
The Tolerance Code

How Regulatory T Cells Stop Your Immune System from
Destroying Itself — and What Their Discovery Reveals About

Autoimmunity and Cancer

Dr. Lyra C. Weston



No part of this publication may be reproduced, distributed, or transmitted in
any form or by any means, including photocopying, recording, or other

electronic or mechanical methods, without the prior written permission of the
publisher, except in the case of brief quotations embodied in critical reviews

and certain other noncommercial uses permitted by copyright law.

Published by NOBLETREX PRESS

© 2026 by N O B T R E X LLC. All rights reserved.

For permissions and other inquiries, write to:

P.O. Box 3132, Framingham, MA 01701,
USA

This book is for educational and informational purposes only. The
author and publisher make no guarantees about the accuracy or

completeness of its contents and accept no liability for any loss or
damage resulting from its use. Software tools such as large

language models have been applied to assist in the writing and
editing of this book. All product names, logos, and trademarks

are the property of their respective owners. References to
third-party products or names are for identification only and do

not imply endorsement.



Contents

1 Friendly Fire: Why an Immune System Needs Brakes 9

1.1 Two Armies, One Restless Frontier . . . . . . . . . . 9

1.2 Locks, Fragments, and the Problem of Self . . . . . . 17

1.3 Who Tells the Story of a Threat? . . . . . . . . . . . 25

1.4 Peace Is a Program, Not a Pause . . . . . . . . . . . 32

2 The Peacekeepers: Meeting the Regulatory T Cell 39

2.1 A Badge, a Lineage, a Calling . . . . . . . . . . . . 39

2.2 Not a Pause Button but a Patrol . . . . . . . . . . . . 48

2.3 The Immune System’s Goldilocks Rule . . . . . . . . 55

2.4 When Peacekeeping Becomes a Way of Life . . . . . 62

3 FOXP3: The Gene That Writes the Rules 69

3.1 A Master Switch, Not a Single Lightbulb . . . . . . . 69

3.2 Identity Under Pressure . . . . . . . . . . . . . . . . 77

3.3 The High-Stakes Proof in Rare Disease . . . . . . . . 84

3.4 From Basic Biology to a Therapeutic Target . . . . . 90

4 The Thymus Trial: How T Cells Learn Manners 97

4.1 Boot Camp for a Million Unique Receptors . . . . . 97

3



CONTENTS

4.2 Deletion, Detours, and the Birth of Tregs . . . . . . . 105

4.3 The Problem of Incomplete Curriculum . . . . . . . 111

4.4 Graduation Day: Leaving the Thymus With Rules
and Blind Spots . . . . . . . . . . . . . . . . . . . . 119

5 The Quiet Majority: Peripheral Tolerance in Daily Life 127

5.1 When a Warning Is Missing . . . . . . . . . . . . . . 127

5.2 Red Lights, Yellow Lights . . . . . . . . . . . . . . 137

5.3 Peacekeeping by Postal Code . . . . . . . . . . . . . 144

5.4 The Tutors in the Gut . . . . . . . . . . . . . . . . . 150

6 Three Ways Tregs Stop a War (and One Way They Start
One) 159

6.1 Changing the Weather of a Tissue . . . . . . . . . . 159

6.2 The Hand on the Co-Stimulatory Switch . . . . . . . 166

6.3 Starving the Fire . . . . . . . . . . . . . . . . . . . 172

6.4 When a Peacekeeper Defects . . . . . . . . . . . . . 179

7 Broken Mirrors: How Tolerance Fails and Autoimmunity
Begins 185

7.1 When the Peacekeepers Fall Behind . . . . . . . . . 185

7.2 Risk Is Written in Pencil, Not Ink . . . . . . . . . . . 193

7.3 The Quiet Years Before the Storm . . . . . . . . . . 200

7.4 Why Relief So Often Comes with a Price . . . . . . . 208

8 Three Illnesses, Three Clues: Diabetes, MS, and Lupus 215

4



CONTENTS

8.1 Type 1 Diabetes: When the Pancreas Becomes a Target215

8.2 Multiple Sclerosis: Regulation Behind the Barrier . . 223

8.3 Lupus: The Disease That Refuses to Stay Put . . . . 230

8.4 A Unifying Lens: Same Brakes, Different Roads . . . 238

9 The Tumor’s Truce: How Cancer Turns Brakes Into Ar-
mor 245

9.1 A Fortress That Whispers: The Tumor as a Quieted
Ecosystem . . . . . . . . . . . . . . . . . . . . . . . 245

9.2 Peacekeepers on the Payroll: How Tumors Recruit
Tregs . . . . . . . . . . . . . . . . . . . . . . . . . . 252

9.3 Brakes With Two Faces: Why Checkpoints Can Save
Tissues and Spare Tumors . . . . . . . . . . . . . . . 259

9.4 When the Truce Breaks: Why Treatment Success
Can Resemble Autoimmunity . . . . . . . . . . . . . 265

10 Rewriting the Code: Therapies That Dial Tolerance Up
or Down 273

10.1 Feeding the Peacekeepers: Why Tiny Doses of IL-2
Can Change the Balance . . . . . . . . . . . . . . . 273

10.2 From Blood Draw to Living Drug: The Long Jour-
ney of Treg Cell Therapy . . . . . . . . . . . . . . . 281

10.3 Taking the Brakes Off—Carefully: Cancer Therapy
After the Checkpoint Revolution . . . . . . . . . . . 289

10.4 The Dashboard Problem: How Do You Know
You’ve Changed Tolerance? . . . . . . . . . . . . . . 296

11 The Price of Control: Safety, Fairness, and the Next

5



CONTENTS

Decade 305

11.1 Every Brake Can Skid . . . . . . . . . . . . . . . . . 305

11.2 Pregnancy, Pathogens, and the Art of Temporary Peace313

11.3 Precision for Some, or Care for All? . . . . . . . . . 320

11.4 Teaching Restraint Without Surrender . . . . . . . . 327

6



Introduction

What if the most important cells in your immune system are not the
ones that kill, but the ones that stop the killing?

That sounds backward. We are used to hearing about immunity as
force: white blood cells hunt invaders, antibodies neutralize threats,
inflammation surges like an alarm system with teeth. In popular
imagination, a strong immune system is a vigilant, heavily armed
border patrol. The heroes are the attackers. The story makes intuitive
sense right up until the moment the immune system opens fire on the
body it is supposed to defend.

Then the story falls apart.

Type 1 diabetes destroys insulin-making cells in the pancreas. Multi-
ple sclerosis strips insulation from nerves. Lupus can inflame joints,
kidneys, skin, and blood vessels all at once. Rheumatoid arthritis
eats away at the body’s own tissues. Psoriasis turns skin into a bat-
tleground. Inflammatory bowel disease transforms digestion into a
source of pain. These disorders look different on the surface, but
they share a chilling premise: the immune system has mistaken self
for enemy, or at least has failed to maintain the uneasy peace that
healthy life requires.

And the same system can fail in the opposite direction. A tumor,
which should be recognized as dangerous, can instead settle in, grow,
recruit protection, and persuade the immune system to stand down.
Cancer, in many cases, is not simply a problem of cells growing too
fast. It is also a problem of immune restraint in the wrong place, at
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the wrong time, for the wrong target.

Too much attack, and the body devours itself. Too much restraint,
and cancer finds cover.

That is the tension at the heart of this book.

The crucial players are a small population of immune cells with an
oddly humble name: regulatory T cells, often shortened to Tregs.
They do not sound dramatic. They sound bureaucratic, like some-
thing that approves paperwork. But these cells are among the most
consequential discoveries in modern immunology. They are not
passive dampers, not just immune system “off switches,” and not
evidence that the body occasionally gets cold feet. They are active
peacekeepers. They patrol tissues. They interpret context. They
suppress escalation. They make civilized life possible inside an or-
ganism built, at the cellular level, for suspicion.

Without them, immunity becomes intolerable.

That is not metaphor. In rare children born with defects in the gene
FOXP3, the consequences are catastrophic. The syndrome, known as
IPEX, can trigger severe, early-onset autoimmunity affecting the gut,
skin, endocrine organs, and more. The human body reveals, in these
tragic cases, what happens when one of its most important restraint
systems fails at the foundation. In mice, the parallel condition called
scurfy offered similarly dramatic proof. Work in the late 1990s and
early 2000s, including landmark studies from Shimon Sakaguchi and
others, transformed a controversial idea into one of the central prin-
ciples of immunology: the immune system does not merely avoid
attacking self by accident. It is actively governed.

That claim required a conceptual revolution.

For a long time, immunology was organized around recognition and
destruction. How does the body detect infection? How does it gen-
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erate an enormous diversity of receptors? How does it remember a
pathogen after the first encounter? These are magnificent questions,
and they led to some of the most elegant science of the twentieth
century. But lurking underneath them was a more unsettling puzzle.
If the immune system can make receptors for almost anything, why
does it not routinely destroy us?

Part of the answer had been known for decades. During development,
T cells are educated in the thymus, where many dangerously self-
reactive cells are deleted. The body runs a remarkably strict quality-
control program. Yet this never fully solved the problem. No training
system can show every possible self-molecule in every relevant con-
text. Bodies change with age, infection, injury, pregnancy, diet, and
microbial exposure. New proteins appear in inflamed tissues. Old
proteins are altered. Cells die and release their insides. The immune
system is constantly seeing things it could, in principle, overreact to.

And still, on most days, it does not.

That everyday fact may be the least appreciated miracle in biology.

Think about breakfast. Your immune system encounters food pro-
teins it has never seen before, bacterial molecules from the micro-
biome by the trillions, fragments from worn-out cells cleared after
normal tissue turnover, pollen in the air, tiny abrasions in the mouth
and gut, old viruses kept in check, harmless environmental debris,
and occasional truly dangerous microbes. Somehow it sorts this tor-
rent into categories: attack, tolerate, ignore, repair, remember. It
must make these distinctions continuously, locally, and under con-
ditions of uncertainty. The immune system is less like a simple
defense force than a civilization of cells interpreting law, precedent,
and emergency signals in real time.

Regulatory T cells are among the chief custodians of that law.

They are fascinating not only because they prevent autoimmune
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disease, but because they force us to rethink what “health” means.
Health is not the absence of conflict. It is managed conflict. It is
calibrated force. It is a million molecular arguments ending, most
of the time, in restraint. The body survives not because its defenses
are permanently set to maximum, but because they are tuned with
exquisite care.

Once you see immunity this way, many things look different.

Allergies are not merely hypersensitivity; they are failures of appro-
priate calm. Pregnancy is not just reproduction; it is an immuno-
logical balancing act of astonishing delicacy, in which the mother’s
body must protect against infection while tolerating a fetus that is,
immunologically speaking, partly foreign. The microbiome is not
just a collection of hitchhikers; it is a training partner and chemical
influence on immune tone. Chronic infection becomes a lesson in
negotiated stalemate. Cancer immunotherapy, one of the great medi-
cal advances of our time, reveals its darker symmetry: if you release
the brakes hard enough to help the immune system attack a tumor,
you may also unleash inflammation against healthy tissues.

This is why the subject matters beyond the walls of an immunology
lab.

It matters if you know someone with autoimmune disease, which
statistically means you almost certainly do. It matters if you care
about cancer treatment, because some of the same molecular circuits
that protect your organs are exploited by tumors. It matters if you
are interested in the future of medicine, because a major frontier
is no longer simply boosting immunity or suppressing it wholesale.
The real prize is precision: turning the right immune responses up,
turning the wrong ones down, and doing so in the right tissue, at the
right moment, in the right patient.

That sounds like engineering. In some sense, it is. But first it is a
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story of discovery.

The story has twists. Regulatory T cells were not always accepted.
Their existence was doubted, their identity debated, their markers
argued over. The field had to learn how to distinguish a true reg-
ulatory lineage from an ordinary T cell that happened to be tem-
porarily quiet. The identification of FOXP3 as a master regulator,
through converging work on mouse mutants and human disease in
the early 2000s, helped bring clarity and conviction. Suddenly, what
had looked like a fuzzy phenomenon sharpened into a cell type with
a genetic program, developmental logic, and unmistakable medical
relevance.

Yet clarity brought complexity. Tregs are not all the same. Some
arise in the thymus during early T-cell education; others can be in-
duced in the body’s tissues under the right conditions. They do not
work by one mechanism but by several: calming inflammatory sig-
nals, interfering with activation, competing for growth factors, shap-
ing metabolism, and influencing the antigen-presenting cells that
brief the rest of the immune system on what matters. They are not
equally important in every tissue. A Treg in the gut lives in a very
different world from a Treg in the skin, the pancreas, the placenta,
or a tumor. They are peacekeepers, yes, but local peacekeeping in
biology is never generic. Every neighborhood has its own rules.

That local specificity may turn out to be one of the keys to future
therapies.

For decades, medicine has often treated immune disease with a
sledgehammer. Steroids. Broad immunosuppressive drugs. Global
dampening of inflammation. These approaches can be life-saving,
but they come at a cost: infection risk, side effects, and the perpetual
frustration of controlling symptoms without restoring the system’s
underlying judgment. Newer strategies aim for something more el-
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egant. Low-dose IL-2 seeks to preferentially support Tregs. Cell
therapies attempt to expand a patient’s own regulatory T cells and
return them as a living medicine. Engineered CAR-Tregs may one
day deliver tissue-specific tolerance, telling the immune system not
to attack a transplanted organ, or perhaps not to inflame a particular
autoimmune target. Meanwhile, in cancer, therapies may work by
weakening or bypassing regulatory networks that tumors exploit.

The same cells thus appear on both sides of one of medicine’s deepest
dilemmas. In autoimmunity, we may want more regulatory control.
In cancer, less. Not everywhere. Not forever. Just enough.

This is the tolerance code: the rules by which the immune system
learns when not to destroy.

I do not mean “code” in the simplistic sense of one gene equals
one outcome. Biology rarely offers such neatness. I mean a set of
interacting instructions and interpretations: genes such as FOXP3,
developmental checkpoints in the thymus, environmental cues from
microbes and food, tissue signals from injury and repair, molecu-
lar negotiations among cells, and the evolutionary compromises that
made a powerful immune system compatible with life in a complex
body. The code is not written in one alphabet. It is distributed,
layered, and sometimes rewritten by circumstance.

That is what makes the subject so rich. It lives at the crossroads
of molecular biology, medicine, evolution, and philosophy. It asks
scientific questions that are also strangely human questions. How
does a system remain strong without becoming cruel? How do rules
emerge from danger? What does it mean to distinguish threat from
difference? How much control is protective, and when does protec-
tion become paralysis?

Immunology does not answer these questions metaphorically. It
answers them in proteins, receptors, tissues, and disease. But the
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resonance is hard to miss.

Ahead, we will build the immune system from the ground up, begin-
ning not with obscure markers or signaling pathways but with the
basic problem any defense system faces: how to fight without self-
destruction. We will meet T cells and the fragments they read, and
see why their extraordinary specificity creates extraordinary risk. We
will watch the thymus put young T cells through a ruthless education,
then discover why that education can never be complete. We will
look at regulatory T cells not as abstract suppressors but as working
cells embedded in real tissues, dealing with food, microbes, wounds,
hormones, pregnancy, aging, and cancer.

We will also spend time where the stakes are highest. In rare ge-
netic diseases, nature has performed brutal experiments that reveal
what happens when tolerance collapses. In common autoimmune
diseases, subtler versions of that collapse play out over years. In
tumors, tolerance is hijacked and turned into camouflage. By the
time we reach modern therapies, the goal will not be to memorize
acronyms but to understand the central engineering challenge: how
to tune a system whose power comes from the same mechanisms that
make it dangerous.

That challenge is urgent because the old categories are breaking
down. Cancer doctors now manage autoimmune side effects caused
by successful immunotherapy. Rheumatologists and endocrinolo-
gists are learning to think in terms of immune circuits rather than
isolated organs. Cell therapy is pushing immunology toward a future
where living cells are administered like drugs, except with mem-
ory, adaptability, and unpredictability. The language of “boosting
immunity” is no longer enough. The real question is what kind of
immunity, where, against what, and at what price.

Regulatory T cells sit at the center of that question.
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They are not the whole story, but they may be the clearest window
into one of biology’s grandest balancing acts. If the immune system
is often described as a weapon, Tregs remind us that no weapon
is safe without discipline. If the immune system is a surveillance
network, Tregs show that surveillance without judgment becomes
terror. And if medicine increasingly seeks to reprogram immunity,
then understanding these cells is not optional. It is the difference
between turning a dial and smashing a control panel.

The remarkable thing is that this drama is unfolding inside you right
now, whether you are sick or healthy. Every day, invisible nego-
tiations prevent disaster. Most of us never feel them. We notice
immunity when we get a fever, develop a rash, need a vaccine, or
hear the word cancer. We do not notice the countless moments when
our bodies decline to panic. But that quiet success is not emptiness.
It is work. It is regulation. It is tolerance, actively maintained.

And once you grasp that, the immune system becomes more inter-
esting, more mysterious, and in a way more intimate. It is not just
a defense mechanism. It is a theory of belonging, implemented in
cells.

The question is how that theory holds—and what happens when it
doesn’t.
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Chapter 1

Friendly Fire: Why an
Immune System Needs
Brakes

An immune system powerful enough to kill infected cells and repel
microbes is also dangerous enough to damage the body it serves. The
reader is drawn into a puzzle at the heart of biology: how can a
defense system built for violence learn restraint, and why does that
restraint depend on constant interpretation rather than simple on-off
rules?

1.1 Two Armies, One Restless Frontier

A body is not a walled city. It is more like a long, living border:
lungs that inhale whatever the air happens to carry; a gut that must
welcome food while distrusting much of what comes with it; skin that
is both a barrier and a habitat. Every day, trillions of microbes brush
past these frontiers, and most cause no harm. Some are even helpful.
Yet the boundary is never truly quiet. Tiny injuries open brief gaps.
Viruses slip into cells and turn them into factories. Bacteria find
damp corners. Parasites arrive with a bite. The immune system exists
because this frontier is restless.
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Friendly Fire: Why an Immune System Needs Brakes

It helps to imagine that the immune system fields two armed forces
with different styles of warfare. One acts like border patrol and riot
control: fast, practical, trained to respond the moment something
looks wrong, even if it cannot name the culprit. The other resem-
bles an intelligence-led special forces unit: slower to mobilize, ob-
sessively specific, capable of remembering a face for decades and
returning with a tailored plan. These are the innate and adaptive
immune systems. They do not compete. They cooperate, argue,
and sometimes miscommunicate. Their coordination keeps us alive.
Their coordination also creates opportunities for friendly fire.

The innate immune system is the one you feel first. When a splin-
ter pierces the skin, when a cut reddens, when the throat becomes
sore and swollen, the innate arm has already moved. Its job is not
to identify a particular invader with a name and a dossier; it is to
impose order quickly, to contain damage, to buy time. It does this
with cells that are ready before the crisis begins: neutrophils that
can be dispatched within minutes; macrophages that live in tissues
like resident security guards; mast cells stationed near blood vessels,
capable of releasing chemical alarms; and natural killer cells that
patrol for cells that look hijacked or abnormal. These cells respond
to recurring patterns associated with microbes and to signals released
by injured tissues. They are tuned to the broad categories of danger
rather than the fine print.

That breadth is a feature, not a flaw. If a bacterium doubles every
twenty minutes, waiting days to mount a response would be suicidal.
The innate system therefore relies on sensors that are built into the
genome and shared across humans. These sensors detect common
microbial motifs and the molecular signs of cellular distress. In prac-
tical terms, this means the innate system is biased toward action. It
is not easily impressed by excuses. If tissue is screaming, it assumes
something needs to be done.
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Two Armies, One Restless Frontier

One of the earliest clues that cells could behave like professional
eaters came from a story with the flavor of a small accident turn-
ing into a big idea. In the 1880s, Élie Metchnikoff, working with
starfish larvae, noticed mobile cells gathering around a foreign ob-
ject and engulfing it. He developed the concept of phagocytosis—
literally, cell eating—and argued that this kind of cellular appetite
was a core defense strategy. The idea was controversial in an era
when many scientists were focused on blood-borne factors and an-
tibodies. Metchnikoff’s insight helped establish that immunity was
not only chemistry; it was also behavior. Cells could hunt, swallow,
and digest. They could serve as the first responders of a body under
threat.

If the innate immune system is rapid, why do we need the adaptive
immune system at all? Because speed alone cannot solve the problem
of specificity. Microbes evolve quickly. Many hide inside our own
cells. Some cloak themselves in molecules that resemble our own.
A defense system that only recognizes a handful of generic warning
signs can be outmaneuvered. The adaptive immune system answers
this with a different bargain: it will take longer to respond, but it will
learn the exact shape of a particular threat and build an exquisitely
matched countermeasure.

The adaptive system’s main agents are B cells and T cells. B cells can
become factories for antibodies—proteins that latch onto targets with
high precision. T cells can coordinate, kill infected cells, and shape
the whole immune response. What makes these cells extraordinary is
not that they are inherently smarter on day one. It is that each carries
a unique receptor, and the body generates an enormous diversity of
these receptors in advance, before any particular infection arrives.
This is the immune system’s version of stocking an arsenal whose
weapons have not yet been assigned a mission.

That diversity comes with a cost. To create enough receptor varieties
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Friendly Fire: Why an Immune System Needs Brakes

to recognize almost anything a microbe might invent, the body must
accept randomness. The adaptive immune system is not built by
carefully designing one perfect lock for each possible intruder. It is
built by producing a vast pile of locks with slightly different keyholes,
then selecting the ones that happen to fit a new key. That selection
process is slow because it requires rare cells to find their matching
target, receive the right signals to expand, and then multiply into an
army large enough to matter. The payoff is that once it has been
through this process, the body can remember. Many infections are
endured only once because the adaptive system keeps records in the
form of memory B cells and memory T cells, which can respond far
more quickly on a second encounter.

Vaccination is the everyday triumph of this logic. The immune sys-
tem is shown a harmless version or component of a pathogen, which
lets it build memory without paying the full price of disease. When
smallpox vaccination spread in the nineteenth century, it did more
than prevent a terrifying illness; it demonstrated, in public, that im-
mune memory was real and could be trained. People did not need
to know anything about lymphocytes to grasp the practical fact: the
body could be educated. The adaptive immune system is a learning
system, and vaccines are lessons delivered safely.

Yet the innate and adaptive armies do not fight on separate battle-
fields. The border patrol does not merely hold the line until special
forces arrive; it also decides how loud the sirens should be, how many
roads should be closed, and whether the situation calls for a targeted
arrest or a citywide lockdown. In immunology, that decision-making
is carried by signals: small molecules released by cells that act as
messages, warnings, and instructions. Collectively, these signals are
often called cytokines (pronounced sigh-to-kines), and they work like
a communication network in which the meaning of any one message
depends on the others traveling alongside it.
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Two Armies, One Restless Frontier

Inflammation is what this network looks like from the outside. It is
not simply swelling and heat; it is a coordinated change in blood
flow, vascular permeability, cell recruitment, and tissue behavior.
Blood vessels loosen their junctions so that fluid and cells can leave
the circulation and enter the tissue. Clotting pathways may activate
to wall off damage. Nearby cells may shift their metabolism, slow
ordinary functions, or present molecular flags indicating that they
are under stress. If you have ever watched a minor scrape turn red
and tender, you have witnessed the body deliberately altering a local
ecosystem to make it less hospitable to microbes and more navigable
for immune cells.

This is effective, but it is not gentle. Many of the tools used to kill
microbes can also harm host tissue: reactive oxygen species that
damage bacterial membranes also damage our own; enzymes that
break down microbial components can dissolve healthy extracellu-
lar matrix; the fever that slows pathogen replication also strains the
body. Infections are dangerous partly because microbes injure us,
and partly because our defense methods are inherently destructive.
The immune system is not a polite police force that always arrests
suspects without breaking anything. It is closer to emergency ser-
vices that sometimes have to smash windows to extinguish a fire.

The trickiest part is that the innate system sets the tone for the adap-
tive response. If the innate arm interprets a situation as high danger,
it will encourage a vigorous adaptive attack. If it interprets the same
antigen—the same molecular target—as harmless or routine, it may
promote restraint. This is why context matters so deeply: the im-
mune system does not respond to molecules in isolation. It responds
to molecules in a story, and the story is told by the surrounding tissue,
by the presence of injury, by microbial signatures, and by the current
state of the organism.

A useful way to feel the stakes is to consider what happens when
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Friendly Fire: Why an Immune System Needs Brakes

the immune system escalates too far, too broadly, too long. Severe
infections can trigger a runaway inflammatory response that becomes
dangerous in its own right. In sepsis, the body’s attempt to control
infection can spiral into widespread inflammation, leaky blood ves-
sels, clotting abnormalities, and organ failure. Here the enemy is real,
but the collateral damage becomes life-threatening. The frightening
lesson is that the immune system can defeat microbes and still lose
the patient.

Friendly fire is not only a crisis phenomenon. Even a properly tar-
geted response can hurt if it is aimed at the wrong place or persists af-
ter its usefulness has ended. A cough clears pathogens from airways,
but chronic inflammation can remodel the lungs. An immune attack
may eliminate infected cells, but if it spreads to healthy neighbors,
tissue function suffers. The immune system needs to be forceful
enough to clear threats, yet measured enough to preserve the body
it is defending. This is not a moral aspiration; it is an engineering
requirement.

The division of labor between innate and adaptive forces makes that
engineering more complicated. Because the innate response is im-
mediate, it often shapes the early environment in which adaptive
cells are activated. Because the adaptive response is precise and
can expand dramatically, it can amplify whatever interpretation it
receives. A small misunderstanding at the beginning can become a
large, persistent campaign later on.

One reason misunderstandings are likely is that the immune system
operates with incomplete information. It cannot directly read intent.
It cannot know whether a molecule is present because a bacterium
is invading, because a harmless food protein has crossed the gut
lining, because a tissue cell is dying as part of normal turnover, or
because the body is repairing a wound. Many of the same molecular
fragments appear in multiple settings. The immune system therefore

14



Two Armies, One Restless Frontier

relies on layered cues and probabilities: patterns associated with mi-
crobes, signs of cell stress, the location of the encounter, the timing,
and the chorus of cytokines in the background.

Another reason is that the immune system must balance two kinds
of mistakes. One is failing to respond to a real threat. The other is
responding to a non-threat as if it were dangerous. In ordinary life,
we often design systems to minimize one sort of error at the expense
of the other. A smoke alarm that never produces false alarms may
fail to ring in a real fire. A smoke alarm that is maximally sensitive
may shriek every time someone burns toast. The immune system
faces a similar dilemma, but the costs are higher. Underreaction can
mean uncontrolled infection. Overreaction can mean tissue damage,
chronic inflammation, or the misdirection of immune force toward
the body itself.

That tension is visible even in genetic experiments that remove spe-
cific inhibitory molecules from immune cells. When certain brak-
ing mechanisms are missing, the immune system does not simply
become “better at fighting infections.” It can become catastrophi-
cally self-destructive. Mice engineered in the 1990s to lack CTLA-
4, an inhibitory receptor that normally dampens T cell activation,
developed massive lymphoproliferation and fatal multiorgan tissue
destruction (Waterhouse and Penninger, 1995; Tivol, 1995). The
striking point is not the details of the phenotype, but the principle it
reveals: immune restraint is not an optional refinement. Without it,
an intact, pathogen-free environment is not enough to prevent lethal
immunopathology. The immune system will find targets.

The same principle appears, less explosively but more chronically,
when another inhibitory pathway is disrupted. Mice lacking PD-1,
another negative regulator, were shown by Nishimura and colleagues
(1999) to develop lupus-like autoimmune disease features in certain
genetic backgrounds. Here the immune system’s problem is not a
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momentary inability to stop; it is a long-term tilt toward self-directed
inflammation. Different brakes act at different times and places, and
losing them shifts the balance from protective vigilance toward sus-
tained harm.

These examples are unsettling because they imply that the immune
system is always poised near a threshold. We often imagine health as
the absence of immune activity and illness as its presence. Reality
is closer to a continuous negotiation. Immune cells are constantly
moving through tissues and lymph nodes, sampling, listening, and
making small decisions. Many of these decisions end in silence: a
microbe is cleared without symptoms; a tiny injury heals without
fanfare; a potentially reactive cell is redirected, calmed, or removed.
The body stays intact not because the immune system sleeps, but
because it keeps deciding how much response is appropriate.

The border patrol and special forces metaphor captures another sub-
tlety: the most dangerous moments are not necessarily when either
force acts alone, but when they act out of sync. A strong innate alarm
with a weak or misdirected adaptive response can produce a lot of in-
flammation without efficient clearance, prolonging tissue damage. A
powerful adaptive response trained on a target that resembles self can
become a long campaign against the wrong enemy. And because the
adaptive system can generate memory, a mistake can be remembered.
The body can become, in a sense, trained to overreact.

Seen from this angle, the central puzzle is not why the immune
system sometimes causes collateral damage. The puzzle is why it
usually does not. An organism that can deploy cells armed with
toxic granules, complement proteins, inflammatory cytokines, and
expanding clones of antigen-specific lymphocytes is like a society
that keeps explosives and automatic weapons in every neighborhood
for emergencies. Such a society can respond quickly to threats, but
only if it also invests heavily in rules, training, oversight, and de-
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escalation. A defense system built to escalate force must be built, at
the same time, to recognize when escalation would be more danger-
ous than the threat itself.

That need is written into everyday life at the frontier. Every breath
brings in foreign molecules; every meal delivers proteins that could,
in principle, be treated as invaders; every night, old cells die and
spill their contents to be cleaned up. If the immune system treated
every foreignness and every bit of debris as a full-scale emergency,
the body would live in permanent inflammation. The price would
be too high: scarred tissues, impaired organs, exhaustion. Health
depends on the ability to respond fiercely when needed, and to hold
fire when the safest act is restraint.

1.2 Locks, Fragments, and the Problem of
Self

The adaptive immune system’s great trick is precision without prior
knowledge. It can respond to a virus it has never encountered, and it
can do so with a selectivity that looks almost intelligent: antibodies
that cling to one strain but not another; T cells that destroy infected
cells while sparing nearby tissue. The surprise is what that precision
is aimed at. T cells do not recognize whole microbes the way a person
recognizes a face. They recognize tiny molecular fragments, and
they do it through a peculiar form of reading.

A useful way to picture a T cell is as an inspector moving through
a busy facility, stopping at doors to check what is being produced
inside. Every nucleated cell in the body displays small samples of
its internal proteins on its surface, like excerpts posted on a bulletin
board. Those samples are short pieces of protein called peptides.
A peptide becomes an antigen when the immune system treats it as
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something to respond to. Many peptides are ordinary self-samples;
some are foreign, derived from microbes; some are altered self, pro-
duced by mutations or stress. The posting system is run by a family
of molecules called MHC (major histocompatibility complex). MHC
proteins hold peptides and present them to passing T cells.

T cells patrol and scan these peptide—MHC displays using the T-
cell receptor (TCR), a surface protein shaped to bind a particular
combination of peptide and MHC. The TCR is not an all-purpose
microbe detector. It is a lock designed to fit a small, specific key.
The key is not the entire pathogen; it is a peptide fragment sitting in
the groove of an MHC molecule.

That fragment-based strategy solves a practical problem. Many of
the most dangerous pathogens do not stay outside cells where anti-
bodies can grab them. Viruses, for example, hide in the cytoplasm
and turn the host cell into a production line. A system that only recog-
nized intact microbes in the bloodstream would miss the action. By
forcing cells to display internal samples, peptide presentation turns
the body’s own cells into informants. A T cell does not need to see a
whole virus. It needs only to detect that a cell is presenting a peptide
that should not be there.

Fragment reading also allows broad surveillance. There are unimag-
inably many possible pathogens, but proteins are made from a limited
alphabet of amino acids. Breaking proteins into peptides creates
a searchable set of excerpts. The immune system does not need a
receptor for every bacterium; it needs receptors for peptide patterns
that, in combination, are distinctive enough to matter. This is why
T cell recognition is sometimes described as both narrow and vast:
each individual T cell is highly specific, but the repertoire of all T
cells together can cover an enormous space of possibilities.

The elegance of this system becomes obvious when it succeeds. Con-
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sider the everyday drama of a cold sore, caused by herpes simplex
virus. The virus can hide within cells and re-emerge, and yet the
immune system can keep it largely contained for years. One reason
is that infected cells display viral peptides on MHC, which allows
antiviral T cells to find them. Much of what we experience as the
inflammation of a flare is not only viral damage; it is the immune
system concentrating force in a small area in order to purge infected
cells.

Yet the same design carries a danger that cannot be engineered away:
peptides derived from self are also displayed. Every healthy cell is
constantly presenting fragments of its own proteins. If T cells are
built to respond to peptide fragments, and the body must generate
a vast variety of TCRs to cover the microbial world, then some of
those randomly generated receptors will inevitably fit self peptides.
The immune system’s brilliance creates the immune system’s cen-
tral moral hazard. A defense system capable of recognizing almost
anything is also capable of recognizing the body itself.
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Once this is understood, a common misconception falls away. Self-
reactivity is not some bizarre glitch, like a rare manufacturing defect
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in an otherwise perfect machine. It is the statistical shadow cast by
the immune system’s need for breadth. If the repertoire of TCRs were
restricted only to receptors that could never bind any self peptide,
it would shrink dramatically and leave dangerous blind spots. The
body would become safe from autoimmunity at the cost of being
defenseless against much of infection. Evolution rarely chooses that
kind of bargain.

So the immune system uses screening, training, and restraint. The
first major screening happens during T cell development in the thy-
mus, a small organ above the heart that functions like a rigorous
academy. Immature T cells (thymocytes) generate their receptors
and then undergo selection based on how those receptors interact
with self peptide—MHC. The process has two goals that pull in op-
posite directions. T cells must be capable of recognizing peptides on
self MHC (otherwise they cannot read the body’s peptide displays at
all), and they must not react too strongly to self peptides (otherwise
they become dangerous). This is why thymic education is often de-
scribed as a Goldilocks test: not too little recognition, not too much.

At the heart of this education lies a remarkable and slightly unnerving
fact: the thymus tries to show developing T cells a broad catalog of
the body’s own parts. Central tolerance, as immunologists call it, is
built around testing locks with fragments. Thymocytes are selected or
deleted based on how their TCRs interact with self peptide—MHC,
and clonal deletion is a major mechanism. If a developing T cell
binds strongly to self peptides in the thymus, it is usually eliminated
before it can enter the circulation.

But the body is big, and the thymus is small. How can a small organ
expose developing T cells to self fragments from organs it will never
physically contain, like pancreas, adrenal glands, or skin? One part
of the answer is a gene called AIRE (autoimmune regulator). AIRE
drives expression of tissue-specific antigens in medullary thymic
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epithelial cells (mTECs), broadening the catalog of self fragments
displayed in the thymus. In effect, AIRE helps the thymus run a
strange rehearsal: it makes thymic cells express proteins that nor-
mally belong elsewhere, so that peptides from those proteins can be
presented to developing T cells. The goal is not to build those tissues
in the thymus; it is to expose the immune system to their molecular
signatures in advance.

When AIRE fails, the consequences are not abstract. AIRE defi-
ciency impairs clonal deletion and is linked to a human autoimmune
disease syndrome known as APECED/APS-1. People with this con-
dition can develop autoimmunity affecting multiple organs, because
T cells that should have been screened out are allowed to survive.
The clinical details vary, but the overarching message is stark: the
thymus is not merely a factory for T cells. It is a place where the
body invests heavily in preventing its most powerful weapons from
turning inward.

Even with AIRE, central tolerance is substantial but incomplete. It
cannot be perfect. Some self proteins may not be expressed strongly
enough in the thymus to eliminate every potentially self-reactive T
cell. Some peptides only appear under special conditions, like in-
flammation or pregnancy. The body’s proteins also change over time;
aging, metabolism, and environmental exposures can modify them.
And the immune system faces a simple combinatorial problem: there
are more potential peptide fragments than can be exhaustively tested
in one thymus in one lifetime.

This is why the immune system needs layers of safety. Central tol-
erance reduces risk at the source by eliminating many high-danger
self-reactive clones. Peripheral tolerance manages the rest: the self-
reactive T cells that escape deletion, and the ambiguous situations
where the same peptide might appear in both harmless and danger-
ous contexts. The mere existence of peripheral tolerance tells you
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something profound about the immune system’s architecture. The
body does not bet everything on a single checkpoint. It assumes that
some errors will slip through and plans accordingly.

The fragment-based nature of T cell recognition makes these layers
even more necessary because peptide fragments can blur boundaries.
A microbe and a human protein can share short sequences. A viral
peptide might resemble a self peptide enough that a T cell trained
on infection cross-reacts with host tissue. This phenomenon is often
called molecular mimicry. It does not need to be perfect mimicry,
and it does not require a conspiracy by the pathogen. If the immune
system is reading short excerpts, occasional overlap is inevitable.
Under the right conditions, that overlap can seed an autoimmune
response.

The gut provides another angle on the problem of fragments. It is
constantly exposed to foreign proteins from food and to peptides de-
rived from commensal microbes that are not enemies. The immune
system cannot treat every non-self peptide as a reason to attack. A
healthy person’s immune life therefore depends on discrimination
more subtle than self versus non-self. It depends on learning, locally
and repeatedly, that some foreignness is normal. The same peptide-
reading machinery must support both protective aggression and ev-
eryday tolerance.

When the system works well, it feels effortless: you eat, breathe,
and heal without inflammation turning your organs into battlefields.
When the system fails, it can feel like betrayal. Autoimmune diseases
are often described by patients as exhausting and bewildering not
only because of symptoms but because of the logic they imply: the
body’s own defenses have become a source of danger. The fragment-
reading strategy helps explain why this is so hard to prevent com-
pletely. The immune system cannot simply avoid self-reactivity by
refusing to look at self. It must look at self constantly in order to de-
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tect when self has been hijacked by infection or altered by mutation.

There is also a more personal, almost philosophical discomfort in the
idea. T cells do not attack “a virus” in the abstract. They attack your
own cells when those cells display the wrong fragments. Defense
is inseparable from self-destruction, carefully rationed and context-
dependent. A system like that cannot be run on a simple rule. It
requires judgment implemented in biology: how strongly to respond,
where to respond, and when to stop.

Genetic “stress tests” of immune regulation make this dependence
on active control hard to ignore. A Foxp3 mutation in scurfy mice
causes fatal immune dysregulation and multiorgan inflammation, un-
derscoring that thymic selection alone is insufficient; a dedicated
regulatory lineage is necessary (the gene was identified in 2001 in
work describing the forkhead/winged-helix protein sometimes called
scurfin). What makes this observation so unsettling is that the mice
are not missing antibodies, not missing T cells, not missing the ca-
pacity to respond. They are missing a key element of restraint. The
immune system, left with its accelerators intact but its regulators
impaired, becomes lethal to its host.

All of this returns the focus to the lock-and-key idea with a twist. A
TCR is a lock that fits a key made of fragments, and the immune
system produces a vast set of locks to cover possible microbial keys.
But the body itself generates an endless rain of fragment keys as part
of normal life. The problem of self is not an edge case; it is built
into the everyday mechanics of surveillance. Safety depends on how
those locks are tested, how their use is licensed, and how quickly
force is withdrawn when the only thing being detected is the body’s
ordinary molecular handwriting.
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1.3 Who Tells the Story of a Threat?

A peptide fragment on an MHC molecule is like a quote cut out of
a longer text. On its own, it is incomplete. It tells you what was
present inside a cell, but not why it was present, or whether it signals
danger, normal wear-and-tear, or routine maintenance. The immune
system’s interpretive problem begins here: the same kind of frag-
ment can be derived from a virus, from a harmless food protein that
wandered across a mucosal barrier, or from a stressed tissue cell that
is dying for reasons having nothing to do with infection. Antigens
do not carry labels that say “invader” or “self.” Meaning has to be
constructed.

The cells that do much of that construction are antigen-presenting
cells, especially dendritic cells. If macrophages are the tissue’s hard-
working garbage collectors and first responders, dendritic cells are
closer to investigative editors. They collect material from the periph-
ery, travel to the places where T cells congregate, and then present
peptides with an accompanying interpretation: an implied headline,
tone, and urgency. The same peptide can be shown with the equiv-
alent of flashing sirens or with the calm of a routine memo. T cells
listen to both the peptide and the tone.

This is not poetic license; it is built into the way T cells are activated.
A T cell needs more than the TCR’s recognition of peptide—MHC
(often called “signal 1”). It also responds to a second layer of infor-
mation provided by antigen-presenting cells: costimulatory signals
that encourage activation and proliferation, and coinhibitory signals
that restrain it. When antigen recognition occurs in environments
deficient in costimulation or high in coinhibition, anergy is com-
monly induced. Anergy is a stable hyporesponsive state rather than
cell death: the T cell remains alive but becomes difficult to activate,
even when it later sees the same antigen under more inflammatory
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conditions.

This creates a striking possibility. Two people could, in principle,
display the same peptide fragment, and two T cells with the same
receptor could, in principle, recognize it. Yet the outcome could be
opposite depending on how that peptide was presented. In one case
the T cell expands into an aggressive effector, recruiting allies and
attacking. In another, it becomes quiet or is eliminated. The peptide
does not decide; the context does.

Dendritic cells are exquisitely placed to manage context because they
sit at the interface between tissues and the adaptive immune system.
Many dendritic cells live in tissues that face the outside world—
skin, lung, gut—sampling the environment and taking up proteins
and microbes. When they sense something that looks like trouble,
they change their behavior: they migrate to lymph nodes, upregulate
molecules that provide costimulation, and produce cytokines that
steer the kind of T cell response that develops. When they encounter
antigens in steady state, during ordinary tissue turnover and without
inflammatory licensing, they can do something very different. Den-
dritic cells can induce tolerance in steady state; the same antigen
presented by dendritic cells without inflammatory licensing can lead
to deletion or inactivation and durable unresponsiveness.

That phrase, “without inflammatory licensing,” is the immunologi-
cal equivalent of “without a warrant and without an emergency.” It
implies that antigen presentation is not a neutral act. A dendritic cell
is not merely a truck delivering packages of peptide to T cells. It is a
judge deciding whether the courtroom is even open for prosecution.

One way to appreciate how radical this idea was is to recall what
earlier generations of immunologists were trying to solve. In the
late twentieth century, Charles Janeway emphasized that the immune
system needed a reliable way to recognize microbes as microbes.
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He argued that the innate immune system, through its conserved
pattern-recognition receptors, provides the crucial go-ahead signals
that license adaptive responses. This picture made intuitive sense
and helped organize a huge amount of data: infections generate the
right innate cues, and those cues help ensure that adaptive responses
are mobilized when they are useful.

But this microbial pattern logic did not automatically explain another
everyday fact: the immune system often ignores foreignness. The
gut is full of microbial products and foreign dietary proteins, yet most
people do not live in a constant state of intestinal inflammation. Preg-
nancy involves tolerating a genetically distinct fetus. Even inhaled
particles that are clearly non-self are not always met with immune
aggression. Some other source of meaning seemed to be involved.

In the 1990s, Polly Matzinger articulated what became known as the
danger theory. Rather than framing immunity as a strict self/non-
self discriminator, she argued that the immune system is tuned to
respond to danger signals associated with tissue damage and stress.
The idea was provocative partly because it shifted attention away
from the invader as the sole author of immune meaning and toward
the tissue as a co-author. It also fit with the growing sense that the
immune system is deeply integrated with repair, housekeeping, and
maintenance.

The field did not discard the microbial pattern perspective; instead,
a more realistic picture emerged. Immune meaning depends on con-
text, and context can be supplied both by microbes and by tissues. A
splinter carrying bacteria into the skin provides microbial patterns
and physical injury. A sterile burn provides injury signals without
microbes. A harmless protein drifting across a calm mucosal barrier
provides neither. The immune system reads combinations.

Dendritic cells are the natural hub for this combination reading. They
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carry microbial-sensing machinery, they respond to tissue-derived
alarms, and they control the costimulatory and cytokine environ-
ment that T cells experience. In a sense, they decide what kind
of conversation is possible. Under inflammatory conditions, den-
dritic cells present antigen alongside strong costimulation and pro-
inflammatory cytokines, encouraging T cells to expand and differen-
tiate into effectors. Under calm conditions, presentation can instead
foster tolerance through deletion, inactivation, or the induction of
regulatory programs.

The phrase “peripheral presentation of tissue antigens without cos-
timulation can inactivate mature lymphocytes” captures a key safety
feature. Even after thymic education, mature T cells circulate
through the body with receptors capable of binding some self-
derived peptides. Peripheral tissues therefore need a way to display
self without constantly triggering attack. Steady-state antigen presen-
tation is one way to do this: it can teach circulating T cells that certain
peptides are part of the ordinary landscape, not an emergency.

A concrete example makes the logic tangible. Imagine a burst of
cell death in a tissue that is being remodeled—say, the uterine lining
shedding and regrowing, or muscle fibers micro-injured by unfamil-
iar exercise. Proteins are released, chopped into peptides, and picked
up by antigen-presenting cells. If the immune system treated this as
a microbial invasion, the result would be chronic inflammation tied
to normal physiology. Instead, in many settings the immune system
interprets such self material as a maintenance task. Dendritic cells
presenting these peptides under steady-state conditions can promote
inactivation rather than escalation. The immune system can “see”
the tissue and still refrain.

The story becomes more complicated when tissues are stressed. A
tissue undergoing oxygen deprivation, toxin exposure, or mechani-
cal damage releases alarm signals that can activate local innate re-
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sponses and change dendritic cell behavior. Under these conditions
the immune system may respond to antigens that are technically self
but associated with abnormal cell states. Sometimes that is useful:
stressed or transformed cells can be eliminated before they become
dangerous. Sometimes it creates a trap: if inflammation persists, self
peptides repeatedly presented in a danger context can recruit and
reinforce self-reactive T cells that might otherwise have remained
harmless.

This interpretive system also clarifies why autoimmune disease can
follow infection without requiring a pathogen to directly mimic a
self antigen perfectly. Infections can provide powerful inflammatory
licensing. They can activate dendritic cells broadly and remodel the
cytokine environment. A T cell that recognizes a self peptide weakly
might ignore it in a calm setting but become activated if the same
peptide is presented amid strong costimulation and inflammatory cy-
tokines. The antigen did not change. The story around it did.

Anergy is one of the immune system’s more subtle editorial tools. It
is not a dramatic execution of a dangerous cell; it is closer to cutting
a microphone. Anergic T cells can persist, but they respond poorly,
even when they later encounter their antigen. Ronald Schwartz’s
synthesis of T cell anergy (2003) emphasized that it is commonly
initiated when antigen stimulation occurs under deficient costimula-
tion or strong coinhibitory environments. This is a way of preventing
potentially risky T cell clones from becoming active simply because
they bumped into their antigen in the wrong circumstances.

There is another layer: antigen-presenting cells are themselves edited.
They are not static narrators; they can be trained to be more in-
flammatory or more tolerogenic. One of the most important mech-
anisms here involves regulatory T cells, which, as already noted,
are not merely passive peacekeepers but active managers of immune
tone. Regulatory T cells can modulate antigen-presenting cells, not
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only effector T cells, including via CTLA-4 interactions affecting
CD80/CD86 pathways and downstream regulation. CTLA-4 is a
molecule that can interfere with the costimulatory conversation be-
tween dendritic cells and conventional T cells. In practical terms,
this means regulatory T cells can reduce the ability of dendritic cells
to supply the “go” signals that would otherwise activate effectors.

That point is easy to miss if one imagines immune responses as a
simple duel between a T cell and its antigen. Much of immunology is
triadic: antigen-presenting cells, conventional T cells, and regulatory
T cells form a dynamic system. The “meaning” of an antigen is not
a property of the antigen. It is an emergent property of that system
operating in a particular tissue at a particular time.

The most revealing evidence for dendritic cells as meaning-makers
comes from experimental settings where researchers can control how
antigens are delivered and in what state dendritic cells encounter
them. When antigens are targeted to dendritic cells in the absence of
inflammatory cues, the outcome can be tolerance rather than immu-
nity: deletion, inactivation, or other forms of durable unresponsive-
ness. When the same antigen is delivered with strong inflammatory
stimuli, immunity follows. That stark switch is difficult to explain if
antigens alone are in charge. It makes perfect sense if dendritic cells
are editors and context is their headline.

The immune system’s dependency on narration also helps explain
why some modern cancer therapies can be both miraculous and per-
ilous. Tumors often persist not because the immune system cannot
recognize them at all, but because the tumor environment suppresses
effective narration: antigen presentation can be altered, costimula-
tion can be reduced, coinhibitory signals can be increased, and reg-
ulatory programs can dominate. When therapies disrupt inhibitory
checkpoints, they can restore immune attack against the tumor. But
loosening these brakes can also change the narration of ordinary tis-
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sues, making self peptides read as threats. The same interpretive ma-
chinery that allows powerful anti-tumor responses can also unleash
autoimmune side effects.

At a human level, this interpretive framework offers a different way to
think about the phrase “the immune system overreacted.” Overreac-
tion is not necessarily a matter of too many immune cells or too much
power in the abstract. It can be a matter of misassigned meaning: a
harmless peptide presented with emergency signals, a tissue repair
process narrated as an invasion, an infection that trains a lasting state
of suspicion in the wrong place. The immune system is not only a
weapon; it is a set of conversations about what the body can afford
to ignore.

There is a quiet dignity to the fact that most of the time it gets this
right. Every day, dendritic cells pick up proteins from dying cells,
from commensal microbes, from the food we eat, from the dust we
inhale. They constantly decide what kind of message to carry to T
cells, and what tone to use. Health depends on millions of these
editorial decisions being boring: messages filed without incident,
alarms not pulled, force not escalated.

When that boredom fails—when the immune system starts telling a
story of threat about the wrong material or refuses to stop telling it—
the consequences can echo for years, because adaptive immunity is
not only precise but persistent. The frontier stays restless, but the
most fateful battles are often determined far from the site of first
contact, in the quiet spaces where antigens are narrated into either
danger or peace.

31



Friendly Fire: Why an Immune System Needs Brakes

1.4 Peace Is a Program, Not a Pause

It is tempting to imagine tolerance as laziness: nothing happens, no-
body reacts, the body simply refrains. That picture is comforting
and wrong. The most unsettling lesson of modern immunology is
that potentially self-reactive impulses are not rare accidents; they are
expected byproducts of a defense repertoire large enough to catch
infection. Safety, then, cannot rely on the absence of dangerous
tendencies. It has to be maintained. Quiet is an achievement.

One hint comes from ordinary life at the body’s borders. The gut
is packed with foreign proteins and bacterial products, and yet most
of the time it remains functional rather than inflamed. The lungs
encounter pollen, smoke, and dust with every breath, but they cannot
treat each particle as an emergency without destroying the delicate
surfaces needed for gas exchange. The skin is a barrier and a habitat
at once. These tissues are not immune-free zones. They are crowded
with patrol cells, messaging molecules, and checkpoints. Their calm
depends on active work: sampling, interpretation, and continual de-
escalation.

Part of that de-escalation is architectural. As already described,
thymic education removes many highly self-reactive T cells before
they ever circulate. Peripheral presentation can inactivate mature
lymphocytes when the context is wrong for attack. Anergy can si-
lence a T cell without killing it. But these are not enough, and the
most convincing evidence is brutally simple: when certain regula-
tory elements are removed, the entire system burns itself down, even
in the absence of any exotic pathogen.

A set of dramatic experiments in the 1990s helped clarify just how
essential inhibitory control is. Mice genetically engineered to lack
CTLA-4, a key inhibitory receptor, developed massive lymphopro-
liferation and fatal multiorgan tissue destruction (Waterhouse and
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Penninger, 1995; Tivol, 1995). CTLA-4 is not a decorative acces-
sory. It is a brake whose absence converts normal immune readi-
ness into lethal self-directed damage. A related story emerged for
PD-1: Nishimura and colleagues (1999) found that PD-1 disruption
predisposed to lupus-like autoimmunity in mice, revealing another
non-redundant pathway that keeps chronic reactivity from becoming
pathology. These are different brakes, applied in different contexts,
and the shared message is that restraint is built into the machinery,
not added afterward as a moral preference.

Still, inhibitory receptors alone do not explain the full sophistication
of tolerance. Receptors like CTLA-4 and PD-1 are like the friction
and traction control systems in a car: vital, often invisible when
working properly, catastrophic when missing. But cars also need
drivers who decide when to press the accelerator in the first place. In
immunology, one of the most consequential discoveries was that the
body employs a dedicated class of T cells whose job is not to attack
but to prevent attack from becoming indiscriminate.

The turning point came from a deceptively straightforward set of ob-
servations by Shimon Sakaguchi and colleagues in the mid-1990s.
In 1995, Sakaguchi et al. reported that CD4+ T cells expressing
the IL-2 receptor alpha chain, known as CD25, actively maintain
self-tolerance; depletion unleashes autoimmune disease, supporting
dominant tolerance as an active suppressive program. The phrase
“dominant” matters. It implies that tolerance is not merely what
remains when aggressive cells are deleted or rendered inert. It is
something enforced by living cells capable of overruling potential
aggression in their neighbors.

The finding also had a particular kind of shock value because it in-
verted a common intuition. CD25 is expressed by activated T cells,
so it was easy to think of CD25+ cells as simply the most stirred-up
fighters. Instead, within that population was a subset whose presence
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prevented self-destruction. Remove them, and the balance of the
entire system shifted toward inflammation. The body was not merely
missing a peace treaty; it was missing the people whose full-time job
was keeping the treaty in force.

Later work connected this suppressive lineage to FOXP3, a transcrip-
tion factor that acts as a master regulator of the program. When
FOXP3 is disrupted, the results are grim. The scurfy mouse, de-
scribed genetically in 2001 as a Foxp3 mutation, develops fatal lym-
phoproliferation and multiorgan inflammation early in life. In plain
terms, when this regulatory lineage fails, the immune repertoire does
not simply become a little more reactive. It becomes incompatible
with survival. The lesson is not that FOXP3 is magical; it is that
restraint is a specialized, genetically encoded function.

What do these regulatory T cells actually do? The frustratingly hon-
est answer is: they do many things, and the details depend on the
tissue, the timing, and the type of threat. That complexity is not a
failure of understanding so much as a reflection of the problem being
solved. Restraint has to work in lymph nodes during the first hours of
activation, at inflamed tissue sites days later, and in specialized envi-
ronments like the intestine, the skin, and the placenta. A single trick
would be easy to evade or overwhelm. A repertoire of overlapping
mechanisms makes the system robust.

Treg suppression is multi-mechanistic: inhibitory cytokines (IL-10,
TGF-β, IL-35), antigen-presenting cell modulation via CTLA-4, and
other contact/metabolic mechanisms; different contexts may rely on
different subsets of mechanisms (as synthesized in reviews such as
the 2008 Nature Reviews Immunology account of how regulatory
T cells work, and later work emphasizing redundancy and context
specificity). It can sound like a menu of jargon until it is translated
into everyday logic.
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Cytokines are the immune system’s mood-setting molecules. IL-10
and TGF-β tend to shift local conditions away from inflammatory
escalation. They encourage tissues and immune cells to adopt a
more restrained posture, dampening the production of inflammatory
mediators and limiting collateral damage. In practical terms, these
cytokines help turn a battlefield into a controlled demolition site: still
capable of action, but less likely to spread destruction indiscrimi-
nately.

CTLA-4, by contrast, is a way of changing the conversation at its
source. A T cell does not activate in a vacuum; it is activated by
antigen-presenting cells that provide both the peptide and the cos-
timulatory signals. Regulatory T cells can modulate APCs, not
only effector T cells, including via CTLA-4 interactions affecting
CD80/CD86 pathways and downstream regulation. If costimulation
is the difference between “I recognize this” and “I am authorized to
mobilize,” then Tregs can influence authorization. They can reduce
the ability of dendritic cells to hand out the molecular equivalent of
weapons and ammunition.

Other mechanisms are less intuitive but equally important. Regu-
latory T cells can, for example, soak up IL-2, a growth factor that
activated T cells need in order to expand. This is not a theatrical act
of suppression; it is resource management. If immune activation is
a crowd forming, IL-2 is part of what allows the crowd to become
a mob. By limiting IL-2 availability, regulatory T cells can limit
runaway expansion.

What unites these mechanisms is a simple principle: tolerance is not
a single gate that is either open or closed. It is a network of feedback
loops. Some loops prevent activation from starting. Others prevent
it from spreading. Others promote repair and help tissues return to
baseline. Many of these loops operate at the level of populations
rather than individuals. A single self-reactive T cell might escape
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deletion and become activated. Whether it becomes a clinical prob-
lem depends on whether it is outnumbered, out-signaled, or outma-
neuvered by regulatory influences in its environment.

There is also an emotional dimension to the idea of active tolerance.
Many people who live with chronic inflammatory diseases describe
a sense of bodily mistrust: the feeling that the defenses cannot tell
friend from foe. That description is not wrong, but it can imply that
recognition is the only issue, as if the body needs a better identifi-
cation card. In reality, as already discussed, recognition is inher-
ently ambiguous because T cells read fragments and context supplies
meaning. Regulatory programs are the part of biology that acknowl-
edges ambiguity and manages it. They allow a body to live with an
imperfect, probabilistic recognition system without paying for every
small error as if it were a catastrophe.

Checkpoint molecules make the same point from a different angle.
CTLA-4 and PD-1 are often introduced to the public through cancer
therapy, because blocking them can unleash stronger anti-tumor re-
sponses. The knockout mouse phenotypes reveal the shadow side:
CTLA-4 loss causes lethal systemic immunopathology; PD-1 loss
predisposes to lupus-like autoimmunity. These molecules exist be-
cause the default setting of an adaptive response, once engaged, is
expansion. The system is built to scale up quickly. Brakes are not
optional accessories; they are load-bearing parts.

In a sense, the entire adaptive apparatus is like a well-trained but
heavily armed force deployed inside a crowded city. It can elimi-
nate a hostage-taker, but only if it obeys strict rules of engagement.
Regulatory T cells contribute to those rules. They do not merely stop
fighting; they shape how fighting happens, how long it lasts, and how
much damage is tolerated as the price of control.

There is another subtle consequence of this perspective. If tolerance
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were merely the absence of activation, then one could imagine “fix-
ing” inflammatory disease simply by shutting down activation. But
the body cannot afford a permanent shutdown. It has to fight infec-
tions and surveil for malignant change. Active tolerance is a more
elegant solution: it permits readiness while continually negotiating
restraint. It can be tuned locally. The gut can be tolerant without
making the entire body immunodeficient. A healing wound can
permit some inflammation without turning that inflammation into a
systemic blaze.

Near the climax of this idea, it helps to picture the adaptive response
as a balance between forces that amplify and forces that contain. Ef-
fector T cells and inflammatory cytokines can escalate. Regulatory T
cells and inhibitory receptors can restrain. Antigen-presenting cells
can tilt the system one way or the other, depending on the signals
they receive from microbes and tissues.

The key is that this is not a static scale that occasionally tips. It is
a living feedback system, constantly adjusting as tissues change and
as threats appear and disappear. When it is working, it is almost
invisible. A scratch gets red and then heals. A viral infection triggers
fever and then resolves. The gut remains mostly untroubled by its
crowded contents. The body does not stay intact because it never
risks self-reactivity; it stays intact because it invests in an active,
cellular program that keeps reactive potential on a short leash.

The most honest way to describe tolerance, then, is not “doing noth-
ing.” It is disciplined restraint maintained by specialized labor: some
cells primed to respond aggressively, other cells primed to prevent
aggression from becoming self-destruction, and inhibitory receptors
that make sure the decision to attack is always reversible. Peace is
not a pause between wars; it is an ongoing act of governance carried
out molecule by molecule, cell by cell, minute by minute.
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Chapter 2

The Peacekeepers:
Meeting the Regulatory T
Cell

The immune system is often imagined as an army, but armies that
cannot stand down soon wreck the country they were meant to de-
fend. Hidden among the fighters is a rarer cadre of cells that nego-
tiate truces, restrain overreaction, and preserve the body’s uneasy
peace—until that peace is bent toward autoimmunity, infection, or
even cancer.

2.1 A Badge, a Lineage, a Calling

A T cell can look, at first glance, like a person in a crowd: moving,
scanning, occasionally stopping to talk, sometimes sprinting. Immu-
nologists learned early to sort these cells by the molecular “name
tags” on their surface. Those tags are real proteins, not metaphors,
and they matter because they control who a T cell can talk to, what
signals it can receive, and where it can travel. Yet a tag can also
mislead. A visitor badge gets you through the door; it does not tell
you whether you are staff, security, or simply lost.

Regulatory T cells—Tregs—forced this distinction into the open.
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The tricky part is not that they have markers; it is that several of
their best-known markers can also appear on other T cells for short
periods, especially during activation. So the reader’s practical task
is this: to treat CD4, CD25, and FOXP3 not as a magical spell that
automatically defines a cell, but as clues that point toward a stable
identity. A Treg is not merely a conventional helper T cell (a CD4 T
cell) that happens to be behaving nicely today. It is a CD4 T cell that
has entered, and largely committed to, a particular developmental
program—something closer to a profession than a mood.

The broader family matters because the contrast is the point. Most
people meet T cells as characters in a simple drama: “helper” T
cells coordinate, “killer” T cells eliminate infected targets. Even
that stripped-down view contains a useful truth. T cells are not just
weapons; they are decision-makers. They interpret evidence pre-
sented by antigen-presenting cells (especially dendritic cells), weigh
contextual signals, and then choose whether to escalate. A con-
ventional CD4 helper T cell—often called a Tconv, for “conven-
tional” T cell—tends to treat a convincing alarm as a call to recruit
forces: stimulate antibody-making B cells, summon inflammatory
cells, help CD8 T cells expand, and flood a tissue with the chemistry
of urgency.

Tregs belong to the same CD4 branch, but their default contribution
is different. Their job is not simply to oppose helpers in some car-
toonish tug-of-war. They shape the conditions under which “help”
is allowed to become destructive. That role only makes sense if it
is dependable. The body cannot rely on a last-minute change of
heart in already-angry T cells. It needs a dedicated population whose
internal wiring makes restraint an ordinary output, not an emergency
improvisation.

Here is where the word “lineage” earns its keep. In biology, a lineage
is a path of development: a cell becomes something, and that “some-
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thing” is maintained by a program of gene regulation—genes turned
on, genes kept off, and many kept poised in readiness. In T cells,
lineage is the difference between a transient state (“I am activated”)
and an identity (“I am this kind of cell”). Activation is like shouting;
lineage is like an accent you carry even when you whisper.

CD4 is the least controversial clue. It is a co-receptor: a surface
protein that helps a T cell recognize antigens presented on MHC class
II molecules, the kind typically displayed by professional antigen-
presenting cells. Most Tregs are CD4 T cells, so CD4 places them
in the right neighborhood of the family tree.

CD25 is more interesting, and more historically important. CD25 is
the alpha chain of the receptor for interleukin-2 (IL-2), one of the
immune system’s potent growth signals. When a conventional CD4
T cell becomes activated, it often increases CD25 so it can respond
to IL-2 and proliferate. That makes CD25 a classic “badge” that can
be worn by different people for different reasons. A few decades
ago, immunologists noticed that a small subset of CD4 + CD25 +
cells expressed CD25 even when they were not obviously activated.
These CD4 + CD25 + cells behaved oddly: instead of adding fuel,
they seemed to prevent flames from spreading.

The demonstration that turned this oddity into a concept came from
Shimon Sakaguchi and colleagues in 1995. Working with mice, they
performed an experiment with the elegance of a single missing piece.
They took a population of CD4 T cells and removed the CD25 +
fraction. When the CD25-depleted CD4 T cells were transferred
into mice that lacked their own T cells, the recipients developed
widespread inflammatory disease affecting multiple organs. Putting
the CD25 + cells back could prevent that outcome. The logic was
hard to ignore: something in that CD25 + minority was actively
maintaining self-tolerance in the living animal. This was not a test
tube curiosity and not a subtle effect. Without the “CD25 cells,” the
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body’s internal policing failed.

At the time, CD25 was both a gift and a trap. It gave researchers a
handle—a way to fish out the relevant cells. But because CD25 rises
during ordinary activation, it also left room for a nagging alternative
explanation: perhaps these were just activated helper T cells that
happened to suppress in certain conditions, a temporary state rather
than a distinct population. Immunology has many such state changes.
A cell stimulated for hours can look and behave differently than it did
in the morning.

The most persuasive answer to that doubt came not from a marker
but from genetics, and from a mouse with a memorable name. The
“scurfy” mouse was known long before its molecular cause was un-
derstood. Male scurfy mice develop an overwhelming inflammatory
syndrome early in life: their T cells expand uncontrollably, tissues be-
come infiltrated, and the animals die young. In 2001, Mary Brunkow,
Fred Ramsdell, and colleagues identified the defective gene: Foxp3,
encoding a transcription factor (a protein that controls which genes
are turned on and off). A transcription factor is not just another
surface tag; it is part of the machinery that establishes identity.

The implications were immediate. If loss of Foxp3 caused catas-
trophic immune dysregulation, then whatever Foxp3 normally did
was essential to restraint. The link to humans arrived almost simulta-
neously. In 2001, C. L. Bennett, Brunkow, and colleagues connected
mutations in human FOXP3 to IPEX syndrome—an often-fatal dis-
order of immune dysregulation that appears in infancy, with severe
intestinal inflammation, endocrinopathies such as type 1 diabetes,
eczema, and other signs that tolerance has collapsed. The emotional
punch of IPEX is hard to soften: it is a reminder that “tolerance” is
not philosophical. It is a daily physiological requirement, and when
it fails from the start, the consequences arrive before a child has had
time to accumulate exposures or bad habits.
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By 2003, key experiments by Shohei Hori, Takashi Nomura, and Shi-
mon Sakaguchi, and independently by Jason Fontenot, Marc Gavin,
and Alexander Rudensky’s group, showed that Foxp3 is required for
the development and function of regulatory T cells. In some settings,
forcing Foxp3 expression could push otherwise conventional CD4 T
cells toward a regulatory phenotype. That is the hallmark of a lineage
factor: it does not merely report what a cell is doing; it helps dictate
what the cell can be.

So FOXP3 became more than a marker—it became the most con-
vincing sign that Tregs are not just a fleeting “anti-inflammatory”
mood. And yet, even here, caution is healthy. Biology rarely re-
wards absolutism. FOXP3 expression can be transiently induced in
some activated human T cells under certain conditions, and there are
regulatory-like cells that may not fit every canonical rule. But the
durable, suppressive population that protects against runaway self-
directed damage is best understood as a FOXP3-centered lineage,
stabilized by a broader program of gene regulation. It is a cell type
with a calling.

This helps reframe CD25. In the FOXP3-centered view, CD25 is
not the definition of a Treg. It is one of the occupational tools a Treg
tends to keep at hand. A cell that constitutively expresses high CD25
is poised to respond to IL-2 in its environment. That is not a trivial
detail. IL-2 is produced mainly by activated T cells; it is a signal of
local T cell activity and a resource that shapes how large an immune
response can become. Tregs, by virtue of their high-affinity IL-2
receptor, are exquisitely sensitive to this signal. They do not typically
produce much IL-2 themselves, but they depend on it for survival
and function. The badge and the calling fit together: a Treg is built
to monitor a key growth factor and to live in the same neighborhoods
where activation occurs, while maintaining a restraining influence.

A third surface clue is often used in modern immunology to distin-
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guish Tregs from recently activated conventional CD4 T cells: low
CD127, the alpha chain of the IL-7 receptor. IL-7 is another survival
signal, important for many T cells. Many Tregs display relatively low
CD127 compared with other CD4 T cells. In practice, a common
shorthand for human Tregs in blood is CD4 + CD25high CD127low,
with FOXP3 used as confirmation when cells can be examined inside
as well as on the surface. But the deeper point is not the exact com-
bination. It is why combinations are needed at all: because a single
marker is too easily borrowed by cells passing through a temporary
state.

The “lineage” idea also clarifies a second distinction that can other-
wise feel like hair-splitting: thymus-derived Tregs versus peripher-
ally induced Tregs. The thymus is the organ where T cells are edu-
cated. It is there that developing T cells are tested for how strongly
they recognize self. Cells that react too strongly are usually deleted,
but the process is not perfect—and it may not be desirable to delete
everything that can recognize self. Some self-recognition is useful;
it helps T cells remain responsive and survive. The thymus, then, has
a second strategy: it can divert some self-reactive cells into the reg-
ulatory lineage. These are often called thymus-derived Tregs (some-
times “tTregs” or “natural Tregs”). They emerge already committed
to restraint, as if recruited directly into a civic service.

But the thymus cannot anticipate every challenge. Food proteins,
harmless environmental antigens, and the vast library of microbial
molecules in the gut and skin are encountered after birth and change
with geography, diet, and life stage. The periphery—the rest of
the body—therefore has its own way of generating regulatory cells
from conventional CD4 T cells under the right conditions. These
are peripherally induced Tregs (“pTregs” or “iTregs”). The phrase
“induced” can make them sound optional, but the need is structural:
without a way to learn tolerance to the non-threatening world outside
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the thymus, the body would be condemned to chronic false alarms.

The same core program—FOXP3-centered—can be used in both
cases, but the routes into the lineage differ. The difference matters
because it helps resolve a common misunderstanding. When people
hear “regulatory,” they may imagine a general-purpose brake that
clamps down indiscriminately. The biology is subtler. A large part of
regulation is educated locally, shaped by which antigens are encoun-
tered, when, and in what context. Thymus-derived Tregs provide a
baseline capacity to prevent self-directed destruction. Peripherally
induced Tregs extend that restraint to the sprawling gray zone of
“not dangerous” that includes food and commensals. The term “pe-
ripheral tolerance” captures that expansion of peacekeeping beyond
the thymus, but the cellular mechanism is still specific enough to be
taught.

This also explains why immunologists talk about a “regulatory lin-
eage” rather than “regulatory behavior.” Behavior is flexible, and
flexibility is useful in cells that must fight infections. A helper T
cell can differentiate into different functional types depending on the
cytokines and signals it receives: more inflammatory, more support-
ive of antibody responses, more oriented toward parasites, and so
on. That flexibility is a feature. But for a population tasked with
preventing collateral damage, too much flexibility would be danger-
ous. If regulatory function were merely a reversible mood, the body
would have no guarantee that restraint will be present precisely when
inflammatory signals are loudest.

None of this implies that Tregs are robotic. A lineage program sets
defaults and limits, not a script for every line of dialogue. Tregs can
adapt to tissues and circumstances, and their suppressive tools can
vary depending on the local environment. But the commitment to
being the kind of cell that restrains, rather than accelerates, is the sta-
ble core. FOXP3 is a central part of that commitment, supported by
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a broader network of genes and regulatory elements that help make
the identity durable.

A simple way to hold these ideas in mind is to picture three layers of
definition. First: a Treg sits within the CD4 branch of T cells. Sec-
ond: it bears a recognizable pattern of signs—often high CD25 and
low CD127—because of what it needs to sense and how it survives.
Third, and most importantly: it is anchored by a FOXP3-centered
developmental program that makes it reliably regulatory across time,
not just in a fleeting moment.
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The historical arc—from CD25 as an operational handle to FOXP3
as a lineage anchor—also offers a cautionary tale about how science
progresses. Early work had to rely on what could be seen and sorted.
CD25 was a visible flag, so it became a proxy for the unseen. Once
FOXP3 was identified, it became clear why CD25 had worked: the
regulatory lineage tends to keep the IL-2 receptor at the ready. But
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it also became clear why CD25 alone could confuse: activated con-
ventional CD4 T cells temporarily put on the same badge.

That badge-versus-identity distinction matters outside the laboratory
because it shapes how we think about medical intervention. If a Treg
were just an ordinary helper cell that has been persuaded to quiet
down, then the challenge would be mostly psychological—find the
right signal, flip the mood, and you are done. But if a Treg is a
lineage, then therapies must grapple with development, stability, and
long-term maintenance. They must also confront an uncomfortable
asymmetry: it can be easier to unleash a response than to rebuild
restraint once the relevant lineage has been damaged.

And there is a more personal implication. When tolerance breaks, it
is tempting to imagine that the body has simply made a mistake—
misread a target, confused friend for foe. Sometimes that happens.
Yet the deeper vulnerability is that the body is built to keep some
potentially self-reactive T cells in circulation because the benefits
of a broad, responsive repertoire outweigh the risks. Safety, then,
relies not on perfection but on governance: a standing population that
carries the molecular identity of restraint, that can be recognized by
a combination of badges, and that is committed—by FOXP3 and the
program it controls—to the unglamorous work of preventing internal
harm while leaving room for genuine defense.

2.2 Not a Pause Button but a Patrol

A tempting way to picture regulatory T cells is as the hand hover-
ing over a big red emergency switch: when inflammation starts to
look dangerous, the switch is flipped, and the commotion stops. The
trouble with that picture is that it makes regulation sound occasional,
dramatic, and centralized. Real tissues are noisier than that, and so
is the biology of restraint.

48



Not a Pause Button but a Patrol

Most days, the body’s surfaces and glands are not tranquil be-
cause nothing provocative happens there; they are tranquil because
provocative things happen constantly, and escalation is actively pre-
vented. The gut is washed in foreign proteins from meals and in
molecules from an immense microbial community. The lungs inhale
pollen, fungal fragments, urban dust, and traces of smoke. The skin
is a living border crossing: it is colonized, scratched, sunburned, and
bathed in soaps and cosmetics. Even glands and ducts—the pancreas,
salivary glands, thyroid—are not sealed vaults. Their normal work
releases proteins and cellular debris, and their tissues are supplied
and surveyed by circulating lymphocytes that are perfectly capable
of making a mistake.

In such places, the question is rarely “how do you stop an immune
response once it has begun?” It is “how do you keep routine con-
tact from becoming an emergency in the first place?” That framing
turns regulatory T cells from a pause button into something more
like a patrol: moving through neighborhoods where the potential for
misunderstanding is built into the architecture, checking interactions,
and quietly lowering the odds that a harmless encounter turns into a
full-scale mobilization.

The patrol metaphor also fits a second feature that matters. A pause
button suggests a single mechanism: press here, silence there. Reg-
ulatory T cells do not work that way. Decades of work, distilled
in influential reviews such as Dario Vignali and Lauren Collison’s
(2008) and later syntheses like Josefowicz and colleagues (2012),
converged on a frustrating but realistic conclusion: there is no one
universal “Treg molecule” that explains everything. Instead there is
a toolkit. Some tools rely on direct contact; others involve secreted
factors (cytokines). Some operate by changing how other cells be-
have, especially dendritic cells. Some work by competing for shared
resources. Which tool dominates depends on the tissue, the kind of
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threat, the timing, and the local chemistry of inflammation.

A good way to feel the logic is to imagine what a conventional helper
T cell needs in order to fully commit to a response. It is not eas-
ily impressed. It typically requires at least two categories of signal.
First comes specificity: the T cell receptor recognizes a particular
antigen fragment displayed by an antigen-presenting cell. Second
comes context: “co-stimulation,” a set of additional signals that say,
in effect, this is not a false alarm. Only when specificity and context
agree does a helper T cell tend to proliferate and coordinate a broader
response.

Regulatory T cells spend much of their time meddling with that con-
text, locally and repeatedly. They are less like a censor silencing
every angry speaker, and more like inspectors hovering around the
microphone controls—making it harder to amplify noise into a rally,
while still leaving room for real emergencies to be heard.

One of the most concrete examples of that inspection comes from
CTLA-4, a receptor expressed by regulatory T cells that binds to co-
stimulatory ligands on dendritic cells (notably CD80 and CD86). In
2011, Omar Qureshi, Yong Zheng, and colleagues provided striking
evidence that CTLA-4 can do something physically tangible: it can
remove CD80 and CD86 from the surface of dendritic cells through
a process called trans-endocytosis. In plain language, the regulatory
cell can grab the “go” signals off the dendritic cell and internalize
them. The dendritic cell is left less able to provide the co-stimulation
that conventional helper T cells depend on for full activation.

This is regulation as environmental governance. The regulatory cell
does not need to hunt down every potentially aggressive T cell and
deliver a personal “stop.” It can instead downgrade the quality of the
checkpoint itself. A single dendritic cell can present antigen to many
T cells over time; changing that dendritic cell’s surface changes the
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conversation for everyone who stops to listen.

Another strand of evidence comes from watching cells in action. In
2005, experiments using in vivo imaging (two-photon microscopy)
showed that regulatory T cells can alter the choreography of the ear-
liest activation steps. When conventional T cells encounter dendritic
cells presenting antigen, they often form stable, prolonged contacts—
long enough to collect the signals that push them over the threshold
into proliferation and effector function. In settings where regulatory
T cells are absent or reduced, those stable contacts become more
frequent or longer-lasting. With regulatory T cells present, the in-
teractions are more likely to remain brief and mobile. This is a
very different kind of control from a chemical blockade. It is crowd
management: preventing a lingering huddle that turns a rumor into
a coordinated plan.

Then there is IL-2, the growth signal whose receptor badge, CD25,
sits so prominently on regulatory T cells. IL-2 is produced by acti-
vated T cells as part of the normal amplification of a response. Yet
IL-2 is also central to restraint because regulatory T cells are built
to capture it. With their high-affinity IL-2 receptor, they can act as
a sink—soaking up IL-2 in the local environment and reducing how
much is available to fuel further expansion of conventional T cells.
Even without imagining Tregs as starving other cells deliberately, the
effect is intuitive: growth factors are like money in a small town. If
one group is positioned to capture a large share quickly, the rest of
the economy changes.

A fourth set of tools involves calming cytokines such as IL-10 and
TGF-β, and sometimes IL-35, depending on the context. Cytokines
are small proteins that act as messages between cells. Some mes-
sages accelerate inflammation; others dampen it, tune it, or redirect
it toward repair. When regulatory T cells release IL-10, for example,
they can reduce the intensity of inflammatory signaling in nearby
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cells and encourage a more tolerogenic, less alarmist state in local
antigen-presenting cells. TGF-β can have multiple effects, includ-
ing supporting barrier integrity and shaping T cell differentiation.
Again, the point is not a single “off signal,” but a set of overlapping,
adjustable influences.

Notice a unifying theme: these mechanisms make the most sense
when they are local. It would be biologically disastrous to suppress
defenses everywhere all the time. The lungs should not be calmed
in the middle of a serious viral pneumonia. The gut should not be
stripped of inflammatory capacity during an invasive bacterial infec-
tion. The patrol works because it is distributed—present in many
tissues, responsive to the local state, and able to apply restraint in the
immediate neighborhood of activation.

That neighborhood is often a tissue, not a lymph node, and the cast
of characters in tissues is broader than the blood-centered cartoons
suggest. A patch of skin contains resident memory T cells, dendritic
cells sampling the environment, macrophages clearing debris, and
epithelial cells that can produce alarm signals when stressed. The
gut adds specialized epithelial cells, mucus layers, and a microbiome
that provides both irritants and educators. The lung has its own dis-
tinctive macrophages and a delicate surface where too much inflam-
mation can quickly interfere with oxygen exchange. In such settings,
it helps to think of regulatory T cells not as rare specialists who
appear only during crisis, but as familiar local officials, present in
the background of everyday life.

A concrete example brings this down to earth: eating. Every meal
delivers foreign proteins that would be excellent antigens if encoun-
tered under the wrong circumstances. If the body treated every
new food protein as a potential parasite, life would become a cycle
of gut inflammation. Yet most people can change their diet with-
out developing chronic colitis. Part of the explanation is that the
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gut has evolved multiple layers of tolerance, and regulatory T cells
are central among them. They help maintain a state in which anti-
gen sampling can occur without automatically licensing a damaging
response. When this system malfunctions, food and microbiota—
normally tolerated—can become recurring triggers, and the gut be-
comes a place where routine encounters are repeatedly misread as
threats.

Or take the lungs. Each breath draws in particles that include frag-
ments of plants, molds, and insects. For some individuals, the bal-
ance tips toward allergy and asthma: harmless material is treated
as a reason to recruit inflammatory forces, narrowing airways and
filling them with mucus. While the details differ across conditions,
the broader principle remains: tissues that constantly encounter the
outside world require continuous, local restraint. The patrol is not an
aesthetic choice; it is the price of having open interfaces.

Even glands, which seem sheltered, benefit from on-site regulation.
The thyroid concentrates iodine and produces hormone; the pancreas
produces digestive enzymes and insulin; salivary glands secrete pro-
teins that are exposed to the mouth’s microbial community. These
tissues are not inherently “public,” but they are not invisible either.
They can be stressed, infected, or injured, and their proteins can be
sampled by dendritic cells and presented to T cells. A regulatory
presence in and around such organs can reduce the chance that a
transient injury, a viral infection, or a burst of cell death is translated
into a long-lived, self-directed inflammatory response.

The patrol metaphor also corrects another misleading idea: that reg-
ulation is only about stopping activation. In reality, one of the most
valuable things regulatory T cells do is shape how activation unfolds.
A controlled response can clear a threat while limiting bystander
damage. In that sense, regulation is not anti-defense; it is quality
control. When CTLA-4 strips co-stimulatory ligands from a den-
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dritic cell, the result may be fewer T cells fully committing, or a
slower response, or a response that stays more localized. When IL-
2 is soaked up, the expansion of effector cells may be contained.
When IL-10 and TGF-β are present, inflammation can be nudged
away from tissue-destroying modes and toward repair.

This helps explain why the same underlying regulatory machinery
can be experienced differently by different people. In one person,
tissue-level restraint might be robust enough that everyday provo-
cations remain background noise, while still allowing vigorous re-
sponses to genuine infections. In another, a subtle defect in the
patrol—fewer regulatory cells in a tissue, impaired function, or poor
positioning—might make the same exposures feel like repeated emer-
gencies. What changes is not the existence of triggers, but the gover-
nance of thresholds.

Midway between metaphor and mechanism, it can be useful to hold
a single tissue scene in mind: a border surface where antigen is being
sampled, conventional T cells are deciding whether to engage, and
regulatory T cells are intervening through a handful of routes that
are different in chemistry but similar in intent.

One more reason the “pause button” fails is that it implies perma-
nence. A button stays pressed; a patrol keeps moving. Local regu-
lation must be revisable. If a harmless bacterium becomes invasive,
or if tissue cells begin to die in large numbers, the context changes.
Dendritic cells shift their behavior, produce different cytokines, and
present a different pattern of molecular evidence. Regulatory T cells
are part of this context too: they respond to signals in their environ-
ment, and their suppressive influence can be overcome when danger
is real and urgent. The goal is not to enforce silence; it is to keep
proportion.

The story that emerges is less like a single brake pedal and more like
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the regulation of a city’s daily noise. Sirens should be loud when
a building is on fire. They should not blare for every slammed door.
Regulatory T cells help decide which sounds are sirens and which are
just life. They do it not by issuing one final ruling, but by continually
shaping who gets amplified, who gets co-stimulated, who gets access
to growth signals, and how long potentially decisive conversations
are allowed to last.

In the quiet success of that governance—breathing without asthma,
eating without colitis, healing a scratch without chronic dermatitis—
there is an underappreciated kind of biological competence: the abil-
ity to live at the border with the outside world, day after day, without
turning ordinary contact into self-inflicted injury.

2.3 The Immune System's Goldilocks Rule

Tolerance is often described as a kind of moral achievement: the
body “learns” not to overreact. Biologically, it is closer to a nar-
row engineering specification. Too little restraint and the body’s
own tissues become legitimate targets. Too much restraint and real
dangers—viruses, bacteria, emerging cancers—gain time and space.
The remarkable thing about regulatory T cells is not only that they
exist, but that their everyday work keeps this balance within a viable
range across decades of infections, injuries, pregnancies, new diets,
and changing microbiomes.

The need for such balancing begins with an uncomfortable fact: the
repertoire of T cells is deliberately risky. To recognize the countless
possible pathogens, T cell receptors are generated by shuffling gene
segments in ways that are partly random. Randomness is efficient,
but it produces many receptors that could, in principle, recognize the
body itself. The thymus filters the worst offenders, but it does not
and cannot produce a perfectly “safe” catalogue. Some potentially

55



The Peacekeepers: Meeting the Regulatory T Cell

self-directed clones remain. That is not a failure of design so much
as a bargain: broad readiness in exchange for the ongoing cost of
supervision.

It is easy to miss how ordinary this bargain is. Every day, cells die
naturally and release their contents. Every day, tissues remodel and
shed proteins in forms that the body has not seen before. During
infections, collateral damage increases the flow of debris. If the
line between “self” and “non-self” were sharp and absolute, the task
would be simpler. It is not. Many microbial molecules resemble host
molecules in small but meaningful ways. Many “self” molecules
appear in unusual contexts during stress. The border is fuzzy, and
regulatory T cells are part of how the body lives with that fuzziness
without sliding into chronic self-destruction.

One way to feel the stakes is to return briefly to a historical exper-
iment, not for its technical details but for its blunt lesson. When
Shimon Sakaguchi and colleagues (1995) removed CD25 + Tregs
from a CD4 population and transferred the remaining cells into T-
cell-deficient mice, the result was multi-organ inflammatory pathol-
ogy. The striking feature was its breadth. The problem was not a
single organ and not a single antigen. Removing a relatively small
population of regulatory T cells did not merely produce a mild irri-
tability of the response; it allowed widespread, self-directed damage
to unfold. In a living animal, restraint is not a luxury. It is a structural
requirement.

That is the “too little” side of the Goldilocks rule. Yet the rule has
two sides, and the second can be less intuitive. If regulatory tone
becomes too strong, too widespread, or too well-timed in the wrong
direction, it can blunt protective reactions that need to be sharp.
Infections that should be cleared quickly can linger. Vaccines can
generate weaker memory. And, most ominously, nascent tumors—
collections of mutated cells that ought to be eliminated early—can
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acquire a kind of illicit shelter.

The word “Goldilocks” can make this sound quaint, but the underly-
ing problem is serious. The body must run two incompatible pro-
grams on the same hardware. Program one is escalation: detect
danger, recruit forces, amplify, destroy. Program two is restraint:
limit collateral damage, keep peace at borders, prevent self-directed
harm. Both programs use overlapping signals and the same kinds of
cells. Regulatory T cells sit at the heart of this contradiction. They
are not simply brakes; they are part of the steering mechanism that
determines when braking is appropriate and how hard it should be
applied.

A key parameter in this tuning is IL-2, a molecule with a paradoxical
reputation. IL-2 is often introduced as a growth factor for T cells:
it helps activated T cells proliferate. That description is true, and
yet it misses the balancing role IL-2 plays through Tregs. Thomas
Malek (2004) emphasized a counterintuitive point: tolerance, not im-
munity, crucially depends on IL-2. When IL-2 signaling is impaired
in mice—either by removing IL-2 itself or parts of its receptor—one
might expect feeble responses. Instead, what can appear is lethal,
self-directed inflammation.

The paradox resolves when IL-2 is seen not only as fuel for attackers
but also as sustenance for peacekeepers. Tregs constitutively express
high levels of the IL-2 receptor alpha chain, CD25, which helps them
capture IL-2 efficiently. They rely on IL-2 for their development
and homeostasis: for staying alive, maintaining their identity, and
remaining numerically sufficient. In a sense, IL-2 is part of the
body’s internal accounting system. Activated conventional T cells
produce IL-2; Tregs sense that signal and use it to position them-
selves where activation is occurring, while also depending on it for
their own survival. Remove IL-2 and the regulatory population can
shrink or falter, lowering the threshold for runaway activation among
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the very conventional T cells that still receive other stimulatory cues.

That framing changes how one thinks about “too little” regulation.
It is not only about the absolute number of Tregs. It can also be
about their support system. A tissue can contain Tregs and still lose
balance if the local signals that keep them fit are missing or mis-
timed. Conversely, one can imagine settings where IL-2 is abundant
and regulatory cells thrive, creating a higher baseline of restraint that
might be useful in a chronically inflamed tissue, but potentially costly
during an acute infection.

This makes regulation feel less like a fixed volume knob and more
like a set point maintained by feedback. When activation begins, IL-
2 rises. That rise supports expansion of conventional T cells, but
it also supports Tregs. Tregs, in turn, can reduce the availability of
IL-2 and can diminish co-stimulation and inflammatory messaging,
shaping how large and how destructive the response becomes. It is
a system designed to hover near a workable middle, not to eliminate
all variation.

A second reason the balance is difficult is that the correct level of
restraint is not the same everywhere. The gut, with its constant ex-
posure to food antigens and commensal microbes, needs a higher
everyday tolerance than, say, the blood. The skin needs to be calm
in the face of routine friction and minor injury. The lungs must avoid
inflammation that would compromise gas exchange, yet they cannot
be indulgent toward respiratory viruses. Even within the same organ,
different microenvironments demand different policies. A gland that
produces enzymes may need vigilant containment of inflammation to
prevent self-amplifying tissue destruction, while a nearby lymphoid
structure may need to permit robust activation in response to real
pathogens.

This is why the patrol model matters so much. Tregs do not merely
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broadcast a global suppressive haze; they work locally and adaptively.
They can quiet dendritic cells by reducing co-stimulatory capacity,
alter the stability of T cell contacts during priming, and release anti-
inflammatory cytokines in a neighborhood where collateral damage
is likely. Each of these actions can be dialed. Each can be deployed
in one tissue and not another, or at one time and not another. The
plurality of mechanisms, emphasized by Vignali and Collison (2008)
and Josefowicz and colleagues (2012), is not a messy detail; it is what
makes Goldilocks tuning possible. A single universal brake would
be too crude for a body that must defend lungs, tolerate gut flora, and
monitor tumors all at once.

The “too much” side of the rule becomes clearer with a simple
thought experiment. Imagine a virus that infects a patch of lung.
The ideal response is fast and localized: infected cells eliminated,
virus contained, tissue repaired. Now imagine that local regulatory
tone is unusually high at the start—perhaps because the tissue has
been chronically irritated and has accumulated a strong regulatory
presence to prevent damage from repeated false alarms. That strong
restraint may keep the lung quiet in ordinary circumstances, but it
can also delay the escalation needed to control the virus early. Delay
can be costly: the virus replicates exponentially, and what began as
a small fire can become a blaze. The body may eventually mount
a response, but it may now require a more destructive inflammatory
surge, producing the very tissue damage that regulation was meant
to prevent.

Cancer provides an even more sobering version. A tumor is not
an outsider in the usual sense; it is made of the body’s own cells,
altered by mutation and selection. That makes it a particularly awk-
ward target. The very mechanisms that prevent self-directed injury
can be exploited by a tumor to create an environment of restraint.
Many tumors are infiltrated by regulatory T cells, and the presence
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of these cells can correlate with poorer outcomes in certain cancers,
consistent with the idea that too much local suppression can shield
malignant cells from clearance. The tragedy here is conceptual as
well as clinical: a program evolved to prevent internal harm can be
co-opted to protect a dangerous internal invader.

The Goldilocks rule also has a time dimension. Restraint that is
beneficial late can be harmful early, and vice versa. Early in an
infection, aggressive containment can matter more than preventing
transient tissue damage. Later, when pathogen load is falling and
tissue repair must begin, restraint becomes essential to prevent a self-
sustaining inflammatory loop. Regulatory T cells participate in this
timing, but they are not omniscient. They rely on signals, many of
which are indirect. A regulatory program that is too slow to arrive
can permit damage; a regulatory program that arrives too soon can
permit pathogen spread.

There is a human side to this logic that shows up in clinics even when
the cellular mechanisms are invisible. When people are treated with
powerful immunosuppressive drugs to prevent transplant rejection or
control inflammatory conditions, infections become more common
and certain cancers become more likely. Those drugs are blunt tools,
but they reveal the general principle: turning down responses reduces
collateral damage and relieves pathology, yet it carries a price. Tregs
represent the body’s attempt to pay that price more precisely, with
local governance rather than blanket suppression. Even so, the same
trade-off remains.

The opposite clinical picture—failure of restraint—can be equally
dramatic. Severe defects in the Treg lineage, such as those caused
by FOXP3 mutations in IPEX syndrome, show what happens when
the Goldilocks problem is solved too far in the direction of defense
without governance. The body does not merely become “more im-
mune.” It becomes dysregulated: inflammation spreads into tissues
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that should be protected, often early in life, and ordinary exposures
can trigger outsized reactions. Here again, the lesson is not that reg-
ulation is always good; it is that without regulation, the very capacity
to respond becomes a liability.

Thinking in Goldilocks terms helps correct another misunderstand-
ing: that the goal is to eliminate all self-reactive potential. That is nei-
ther feasible nor desirable. The body instead aims to keep potentially
harmful responses within safe limits and to permit them only when
context warrants. Tregs are part of that context, but they are not the
whole story. Other forms of tolerance exist—cell deletion, anergy (a
state of unresponsiveness), physical barriers, and anti-inflammatory
circuits in tissues. What makes Tregs distinctive is that they are
a mobile, adaptable, cell-based solution: a population that can be
recruited to trouble spots, that can engage in direct cell-to-cell nego-
tiation, and that can integrate signals from many sources.

The most useful way to carry this forward is to treat “tolerance” as
a living variable rather than a binary state. A tissue has a regulatory
tone: a level of restraint that can rise and fall. IL-2 availability, den-
dritic cell activation state, the density of Tregs, and the intensity of
inflammatory cues all contribute to that tone. When the tone drops
too low, ordinary self-related signals can be amplified into pathology.
When it rises too high, truly dangerous signals can be muffled until
it is too late. Between those extremes lies the narrow, dynamic range
in which daily life is possible: eating, breathing, healing, and aging
with defenses intact and self-destruction kept at bay.
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2.4 When Peacekeeping Becomes a Way of
Life

It is natural to imagine a regulatory T cell as a finished object: trained
in the thymus, assigned a role, and then deployed like a uniformed
professional who behaves the same way in every town. Real Tregs
are more like long-term residents who learn the customs of each
neighborhood. The core identity is stable enough to trust, yet the
way it is expressed is tuned by place, age, and circumstance. The
body does not maintain one universal level of tolerance; it negotiates
many local versions of it, continuously.

A clue that something deeper than simple “suppression” is going on
comes from an unexpected place: fat. For a long time, adipose tissue
was treated as inert storage, a pantry of calories. Then it became
clear that fat is also an endocrine organ and an immunological habi-
tat. In 2009, Diane Mathis and Christophe Benoist’s group, with
work led by Feuerer and colleagues, described a population of Tregs
enriched in the visceral adipose tissue of lean mice. These were
not just passers-by from the bloodstream. They looked specialized:
adapted to the metabolic environment of fat, and associated with a
lower inflammatory tone in that tissue. When that local regulatory
population is disturbed, inflammation in fat can rise, contributing to
metabolic dysfunction.

That example is striking because it forces a change in intuition. Re-
straint is not only a response to pathogens, and not only a safeguard
against misdirected attacks on organs. It is also a way tissues manage
their everyday physiology: how they handle stress, repair, and the
constant low-level irritation that comes from living in a messy world.
In that light, Tregs begin to resemble a kind of maintenance crew,
not merely a police force.
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A second surprise comes from injury and repair. In 2013, Burzyn and
colleagues reported that Tregs accumulate in injured skeletal mus-
cle and help orchestrate recovery, influencing local inflammatory
cells and limiting fibrosis—the scarring process that can stiffen tissue
and reduce function. Anyone who has torn a muscle or undergone
surgery has experienced the double-edged nature of inflammation: it
is necessary to clear debris and prevent infection, but if it runs on
too long or too intensely, healing can be replaced by chronic pain
and scarring. The presence of specialized, tissue-associated Tregs
suggests that “tolerance” is intertwined with reconstruction. The
same cellular logic that prevents friendly fire can also help ensure
that the cleanup crew does not demolish the building.

These tissue examples also help explain why Tregs have such a com-
plicated reputation in cancer. A tumor is, in one sense, a wound that
does not heal: persistent stress signals, disturbed tissue architecture,
and ongoing cell death. It is also an evolutionary experiment running
inside the body, selecting for variants that can survive hostile condi-
tions. Many tumors learn to recruit or expand Tregs, increasing local
restraint in precisely the place where vigorous anti-tumor responses
are needed.

A particularly influential early demonstration came from work by
Curiel and colleagues in 2004 on ovarian carcinoma. They found
that Tregs can accumulate in tumor environments and that this en-
richment is associated with impaired anti-tumor immunity and worse
clinical outcomes. In simple terms, a tumor can create a neighbor-
hood where peacekeeping is abundant and well-positioned, turning
what is normally protective governance into a shield for malignancy.
The tragedy is not merely that cancers “hide,” but that they can
weaponize the body’s own rules of proportional response.

Taken together, adipose tissue, injured muscle, and tumor beds point
to a broader principle: Tregs are not a single uniform entity sprin-
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kled evenly across the body. They are a lineage with local dialects.
Their core identity persists, but their “accent”—the genes they em-
phasize, the signals they respond to, the molecules they deploy—can
be shaped by the tissue they inhabit. That tissue imprint can be so
strong that some Tregs become effectively resident, staying put for
long periods and behaving like local officials rather than traveling
agents.

That raises an obvious question: how can a cell remain reliably regu-
latory while also being adaptable? The answer lies partly in stability
mechanisms that sit beneath the familiar surface markers. FOXP3
is central, but a transcription factor alone does not guarantee perma-
nence. Cells can transiently express many genes when stressed or
activated. What makes a lineage durable is a deeper layer of control:
epigenetic programming, chemical modifications to DNA and chro-
matin that influence which genes are easily turned on and which are
kept off.

For Tregs, one of the best-known stabilizing elements is found at the
FOXP3 locus itself: a region often called the Treg-specific demethy-
lated region (TSDR). When this region is demethylated, FOXP3 ex-
pression tends to be more stable across time and cell division. Re-
views such as Kitagawa’s (2013) discussed how epigenetic stabiliza-
tion supports the long-term maintenance of regulatory identity—less
like a decision made anew each morning, more like a commitment
embedded in the cell’s operating system. A later wave of work in
2014 further sharpened the connection between TSDR status and
stability, reinforcing the idea that some Tregs are “locked in” more
securely than others.

This epigenetic angle matters for everyday life because the body
is not constant. Hormones change with age, with stress, with cir-
cadian rhythm, and dramatically during pregnancy. The micro-
biome changes with diet, antibiotics, illness, travel, and development.
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These shifts can tune how Tregs behave without necessarily rewriting
their lineage commitment. A person can have stable peacekeepers
and still experience different regulatory policies in different tissues,
at different times.

The microbiome is one of the most powerful environmental instruc-
tors of tolerance. The gut is not simply colonized; it is co-managed.
Microbes produce metabolites—small molecules that enter host cir-
culation and influence epithelial health and immune signaling. Cer-
tain microbial products encourage the formation or function of pe-
ripherally induced Tregs, particularly in the intestine, where toler-
ance must be learned against a changing backdrop of food and com-
mensals. The result is not a bland suppression of responses but a
selective calm: the ability to coexist with allies while preserving the
capacity to respond to invasive threats.

This helps explain why early life is so consequential. Infancy is a
period when the microbiome is assembled, the diet changes rapidly,
and barriers are still maturing. It is also a time when the immune
repertoire is being educated not only by the thymus but by the
environment—by what is present at the interfaces and how tissues
interpret those encounters. There appear to be critical windows in
which certain regulatory programs are easier to establish, and in
which disruptions may have outsized consequences. The practical
implication is not that early exposures are automatically good or bad,
but that the regulatory tone of tissues can be tuned during develop-
ment in ways that echo for years.

Hormones offer another channel by which context reaches Tregs. Sex
steroids, stress hormones, and metabolic hormones all influence in-
flammatory set points and tissue physiology. The same tissue can
present different molecular “weather” to resident immune popula-
tions depending on hormonal state: different barrier permeability,
different levels of repair signals, different patterns of cell turnover.
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Tregs, which are exquisitely sensitive to local cues, can shift their
function accordingly. This is part of why some inflammatory con-
ditions show sex biases, why flares can accompany stress, and why
the same person can experience different thresholds for inflamma-
tion across life stages. Genes set the stage; hormones often run the
lighting.

Pregnancy is the most dramatic demonstration that tolerance is not
merely a defensive compromise but a sophisticated, actively man-
aged state. A fetus is genetically half foreign to the mother. If the
body treated fetal tissues as it treats a transplanted organ, pregnancy
would be impossible. Yet most pregnancies succeed without the
mother becoming broadly immunocompromised. That feat requires
localized and highly specific forms of tolerance at the maternal—
fetal interface, particularly in the uterus and placenta, alongside pre-
served defenses elsewhere.

Tregs are widely implicated in this balancing act. During pregnancy,
regulatory populations can expand and accumulate at the maternal—
fetal boundary, helping to prevent inflammatory responses that could
damage placental function. The key is that this is not a global shut-
down. Pregnant people can still fight infections, mount antibody
responses, and respond to vaccines—though susceptibility to certain
pathogens changes, reflecting the shifting priorities and altered phys-
iology of pregnancy. The body effectively creates a privileged zone
where tolerance is heightened, while trying to keep the rest of its
defenses serviceable. It is an astonishing example of context-specific
governance: a temporary political arrangement written into biology.

Pregnancy also reveals something emotionally resonant about Tregs.
“Tolerance” can sound like passivity, as though the body is simply
failing to react. But in pregnancy, tolerance is an achievement with
a clear purpose: to permit intimate biological difference without sac-
rificing survival. The maternal body does not ignore the fetus; it
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actively manages the relationship. When that management breaks
down, the consequences can be severe—complications that can in-
clude inflammation at the maternal—fetal interface and pregnancy
loss. In that sense, Tregs become symbols of a deeper truth: healthy
life depends not only on the ability to attack, but on the ability to
coexist.

All of these contextual influences—microbes, development, hor-
mones, pregnancy—raise a final subtlety: the balance between sta-
bility and plasticity. A regulatory lineage must be stable enough
to prevent catastrophic misdirection, yet flexible enough to behave
appropriately in different tissues. Epigenetic mechanisms such as the
TSDR help supply stability, but stability is not the same as rigidity. A
stable cell type can still adapt its tools. A seasoned judge can apply
the same legal principles to different cases; a skilled mediator can
use different tactics without changing allegiance.

This also clarifies why origin can matter. Thymus-derived Tregs,
selected early and often more epigenetically stabilized, may provide
a dependable baseline of self-tolerance. Peripherally induced Tregs,
generated in tissues such as the gut in response to local antigens and
cues, may be more context-sensitive—excellent for learning toler-
ance to food and commensals, and for responding to environmental
shifts. The body uses both strategies: a core cadre trained centrally,
and a distributed capacity to recruit new peacekeepers when life
presents new kinds of “harmless otherness.”

Seen through this lens, a Treg is not merely a cell that suppresses.
It is a cell that participates in the long-term governance of tissues:
keeping inflammation proportionate, enabling repair, learning what
to ignore, and sometimes—when biology is exploited—being drawn
into protecting what should not be protected. The same lineage that
keeps a gut calm after lunch can gather in the wrong place and help a
tumor evade clearance; the same restraint that prevents scarring after

67



The Peacekeepers: Meeting the Regulatory T Cell

injury can, if misapplied, blunt an urgently needed response. Living
well depends on the continual adjustment of that tension, not toward
maximum defense or maximum tolerance, but toward a workable
peace that holds in the midst of change.
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Chapter 3

FOXP3: The Gene That
Writes the Rules

Some genes behave like parts lists; FOXP3 behaves more like a con-
stitution. In the cells charged with restraining immunity, it helps de-
cide which weapons are holstered, which signals are amplified, and
how a fragile peace is maintained—until rare mutations, unstable
cell identities, and modern therapies reveal just how consequential
those decisions are.

3.1 A Master Switch, Not a Single Lightbulb

Genes are often talked about as if they were light switches: flip one,
and a trait turns on. That story works just well enough to be tempting,
and just badly enough to mislead. FOXP3 is a good way to feel the
difference. It matters enormously, but not because it encodes a single
“tolerance molecule,” or because it functions as a simple label you
can stick on a cell and call the job done. FOXP3 is better understood
as a program—a set of instructions that changes how a T cell behaves
across dozens of decisions, from what signals it pays attention to, to
which messages it sends, to how easily it gets pulled into a fight.

A useful way to picture this is to stop thinking about FOXP3 as a
part in a machine and start thinking about it as the conductor of an
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orchestra. A conductor does not play every instrument. Instead, the
conductor sets tempo, brings certain sections forward, quiets others,
and makes the whole piece cohere. FOXP3 does something similar
inside a regulatory T cell: it coordinates other genes so that restraint
is not a vague intention but a stable way of life.

The key concept behind this coordination is something called a tran-
scription factor. A gene is a stretch of DNA that can be read to
make RNA and, often, a protein. But most genes are not read all
the time. They are controlled: turned up, turned down, or turned off
depending on the cell’s needs. Transcription factors are proteins that
bind DNA near particular genes and influence whether those genes
are transcribed. They are the cell’s rule-writers and editors, deciding
which lines in the genetic script are spoken loudly, whispered, or cut
entirely.

FOXP3 is a transcription factor of the forkhead family. That technical
label matters less than the implication: it is built to sit on DNA and
change the pattern of gene activity. Its importance comes from how
many parts of the regulatory T cell way of life it touches at once.
When FOXP3 is working, it encourages the expression of genes that
help a cell calm its neighbors and enforce restraint. At the same time,
it dampens genes that push a T cell toward inflammatory behavior.
The result is not one molecule doing one job; it is a cell whose entire
interpretation of the world shifts.

A historical moment made this idea hard to ignore. In 2003, two
groups—Fontenot and colleagues, and Hori and Nomura—showed
that forcing Foxp3 into ordinary CD4 T cells could make them be-
have like regulatory T cells. This was a striking kind of demon-
stration, the cellular equivalent of taking an actor known for action
roles and, by giving them a new director and script, watching them
reliably play a quiet, persuasive diplomat instead. The studies did
not claim that FOXP3 is magic by itself, creating every detail out
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of thin air. But they did show something profound: changing the
transcriptional control program could redirect identity in a way that
could be measured in function, not merely in markers.

That shift in identity involves two broad categories of genetic
changes. One is activation: turning on or boosting genes that
enable suppression and survival in a regulatory role. Another
is repression: limiting genes that would otherwise steer a cell
toward inflammatory action. Both are essential. A cell cannot be a
convincing peacemaker if it lacks the tools to restrain others, but it
also cannot be a convincing peacemaker if it keeps reaching for a
weapon every time it senses danger.

The “tools” that get supported include familiar features of regula-
tory T cells: the tendency to express high levels of CD25 (the high-
affinity receptor component for IL-2), molecules that can dampen
activation in other cells, and a metabolic and signaling posture that
favors persistence and control rather than rapid expansion and attack.
The “weapons” that get held back include parts of the gene modules
that drive effector behavior—the kinds of programs that push a T
cell to become a dedicated producer of inflammatory cytokines. This
balancing act matters because the same incoming signal can produce
very different outcomes depending on which transcription factors are
present to interpret it.

That last point is easy to miss if you imagine signaling as a simple
chain: receptor senses stimulus, message goes inward, gene expres-
sion follows. In reality, signals arrive like the same sentence spoken
to different listeners. A phrase that sounds like encouragement to
one person can sound like a threat to another, because interpretation
depends on context. Inside a T cell, context is created by transcrip-
tion factors and the networks they form. FOXP3 does not merely add
a new behavior on top of an unchanged cell. It rewires the meaning
of familiar inputs.
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One of the clearest mechanistic examples comes from FOXP3’s
cooperation with NFAT. NFAT is a transcription factor activated
downstream of T cell receptor stimulation. In many T cells, NFAT
helps promote genes associated with activation and effector function.
Work in 2006 showed that FOXP3 can cooperate with NFAT in a way
that reshapes which genes get transcribed in response to stimulation.
The implication is subtle but powerful: FOXP3 does not necessarily
prevent a regulatory T cell from sensing that it has encountered some-
thing worth responding to. It changes how that sensing is translated
into action. In effect, FOXP3 can take a signaling pathway that often
leads to escalation and redirect it toward restraint.

Another partner is Runx1 (also known as AML1), a transcription
factor involved in T cell development and function. Studies in 2007
showed that FOXP3 interacts with Runx1 to control parts of the reg-
ulatory program. Why does this matter to anyone outside a labo-
ratory? Because it breaks the spell of the single-gene explanation.
If FOXP3’s function depends on alliances, then “FOXP3 on” is not
the full story. The cell’s behavior depends on which partners are
present, how strong the incoming signals are, and what the chromatin
landscape allows FOXP3 and its collaborators to access.

Chromatin is the packaging of DNA. DNA is not laid out like an open
book; it is wrapped around proteins and folded in ways that can make
some regions easy to reach and others hard to access. Enhancers—
regulatory DNA elements that help control gene expression—can be
“poised,” meaning they are prepared to act but not fully active. This
matters because transcription factors do not work on blank paper.
They work on a page where some paragraphs are highlighted, some
crossed out in pencil, and some locked behind a sticky note.

Samstein and colleagues (2012) offered a useful framing here:
FOXP3 exploits a preexisting enhancer landscape to specify
regulatory T cell identity. The phrase is technical, but the intuition
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is simple. FOXP3 is not a lone author writing a story from scratch;
it is an editor arriving to shape a draft that already contains hints of
what it can become. This helps explain why FOXP3 is so central
while still not acting in isolation. The cell’s earlier experiences
and developmental path set up a landscape of possibilities; FOXP3
consolidates and stabilizes a particular path through that landscape.

The scale of FOXP3’s reach became even clearer when researchers
began looking across the genome rather than gene-by-gene. Studies
in 2007 examining FOXP3 occupancy showed that it binds many
regions of DNA and targets genes involved in signaling, activation
thresholds, and functional outputs. This kind of result can feel ab-
stract, but it has a concrete meaning: FOXP3 is not just turning on
a few suppressive molecules. It is tuning the cell like a complex
instrument. Some strings are tightened so the cell can persist and
perform its role; others are loosened so it is less likely to jump into
inflammatory action at the wrong time.

The practical consequence is that a regulatory T cell is not simply
a T cell with an added brake pedal. It is a T cell whose steering,
fuel system, and dashboard warnings have been recalibrated. The
cell still receives stimulation through its receptor, still participates in
immune conversations, still moves into tissues and responds to stress.
But FOXP3 changes the default interpretation of stimulation: it sup-
ports restraint as an active decision rather than a passive absence of
response.

This is also why FOXP3 is both essential and, in some contexts, mis-
leading as a measurement. In real tissues, many T cells transiently
express genes as they become activated, and some markers rise and
fall with inflammation. FOXP3, by contrast, is special because it
defines a durable functional stance when it is properly integrated
into the wider regulatory program. Yet even here, a single snap-
shot can deceive. A cell might express FOXP3 briefly without fully
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adopting the stable program, or it might express FOXP3 while being
functionally compromised by its environment. Thinking of FOXP3
as a conductor helps: seeing a person on a podium does not tell
you whether the orchestra is rehearsed, whether the musicians can
hear one another, or whether the hall’s acoustics are sabotaging the
performance.

What does it look like, in everyday biological terms, for FOXP3 to
“activate” some genes and “repress” others? Consider a common
problem that arises whenever the body mounts a response: inflam-
mation is expensive. It consumes energy, risks collateral damage,
and can easily overshoot. A regulatory T cell’s job is not simply to
say “no” to activation, but to steer the response toward something
proportionate. FOXP3 supports that by promoting gene expression
patterns that help the cell survive on limited resources, respond to IL-
2 without demanding to produce it, and maintain close contact with
other immune cells in a way that can dampen their activation. In
parallel, FOXP3 restrains the expression of cytokines and receptors
associated with aggressive effector differentiation. These are not ar-
bitrary choices. They are the molecular underpinnings of an identity
that must remain calm in an environment designed to excite.

It is tempting to reduce “suppression” to one mechanism: perhaps
regulatory T cells secrete an anti-inflammatory molecule, or perhaps
they directly block activation through a single receptor. In reality,
FOXP3’s genius is redundancy. The body is too important to pro-
tect with a single lock. FOXP3 supports multiple overlapping ways
to restrain immune responses. Some involve depriving nearby ef-
fector T cells of growth-promoting signals; others involve changing
how antigen-presenting cells deliver activation cues; others involve
producing inhibitory signals or modulating local chemistry. If one
pathway is weakened, others can partially compensate. That is ex-
actly what you would expect from a system evolved to prevent self-
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destruction: it uses layers.

At the same time, redundancy should not be confused with vagueness.
FOXP3’s network has structure. It preferentially supports certain
gene modules and dampens others, and it does so in a way that de-
pends on stimulation and context. Under activation, the regulatory
program must still operate. A regulatory T cell cannot “take the
day off” during inflammation; that is when it is most needed. So
FOXP3’s program is built to function amid signals that would push
other T cells toward escalation.

A helpful dinner-party way to capture the difference between a
marker and a program is to imagine two passports. One is a novelty
stamp you can buy in a souvenir shop. The other is a real passport is-
sued by a government, linked to databases, laws, and border systems.
Both might look similar to a casual glance, but only one carries au-
thority that can be enforced and maintained. FOXP3 is closer to the
second. It is not merely a label that says “I am regulatory.” It is part
of a regulatory infrastructure inside the cell, connected to partners
and to DNA elements that sustain the identity over time.

That infrastructure also explains why FOXP3 has the kind of domain-
specific impact that geneticists love: different disruptions can pro-
duce different flavors of failure. Because FOXP3 works through
DNA binding and through interaction with other transcription fac-
tors, mutations that affect one interface may not affect another. A
change that weakens FOXP3’s ability to cooperate with NFAT, for
example, could skew how activation signals are interpreted even if
some baseline FOXP3 expression remains. A change that disrupts
interaction with Runx1 could alter a different slice of the gene net-
work. From the outside, all these might be described as “FOXP3
problems,” but mechanistically they can be distinct, and clinically
they can matter.
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The idea of FOXP3 as a network hub can be summarized without
drowning in molecular names. Imagine a central coordinator that
(1) boosts a set of calming genes, (2) dampens a set of inflammatory
genes, and (3) rewrites the consequences of stimulation by partnering
with other factors that are themselves turned on during activation.
That triad is the essence of a master program. It is not that FOXP3
acts once and then disappears; it sits in the logic circuit of the cell.

If all of this sounds like a lot of complexity for one gene, that is
the point. Biology often reserves its simplest mechanisms for dis-
posable tasks. Self-tolerance is not disposable. It is a daily, whole-
body negotiation, in which the price of failure can be diabetes, bowel
inflammation, skin disease, anemia, thyroid destruction, or an array
of other organ-specific disasters. The regulatory T cell solution is
therefore built as an active, multifaceted stance. FOXP3 sits at the
center not because it is the only player, but because it coordinates the
players into a coherent performance.

A final way to appreciate FOXP3’s role is to consider what a T cell
is facing at any moment. It must decide whether a signal is mean-
ingful, whether it should divide, whether it should migrate, whether
it should call for backup, and whether it should use force. Many
of those decisions are made with the same basic inputs: receptor
stimulation, cytokines, and contact with other cells. FOXP3 changes
the decision-making architecture so that “meaningful signal” does
not automatically translate into “attack.” It supports a mode in which
recognition can lead to containment rather than escalation.

That is why calling FOXP3 a master switch is not entirely wrong, just
incomplete. It is a switch only in the sense that it can set a cell onto
a distinct operating system. But an operating system is not a single
application. It is a set of rules that governs how every application
runs, how resources are allocated, and what happens when there is
conflict. FOXP3 writes those rules into gene expression, making
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restraint not a mood but a maintained identity.

3.2 Identity Under Pressure

A regulatory T cell lives with a peculiar assignment: to stay calm in
places that are designed to provoke alarm. It patrols tissues where
microbes land, where cells die and spill their contents, where wounds
demand repair, where tumors distort normal architecture, and where
inflammatory signals can fill the air like smoke. In those settings, it
is not enough to have learned the rules of restraint once. The cell has
to keep reading from the same rulebook day after day, even while its
neighbors are shouting that the rules no longer apply.

That raises a question that is both biological and psychological in fla-
vor. Is a regulatory T cell’s identity more like a profession, reinforced
by training and habit, or more like a mood that can be overwhelmed
by circumstances? The uncomfortable answer is: both. Many regu-
latory T cells hold their identity with impressive firmness. Others be-
come weakened, or drift into something that looks less like restraint
and more like the effector behaviors they were meant to contain. Im-
munologists call this tension stability versus plasticity. Plasticity is
not automatically bad; a cell that cannot adjust at all would be useless
in diverse tissues. The danger comes when adjustment crosses a line
and the cell stops being a reliable guardian of tolerance.

At the center of this tension is a deceptively simple distinction:
FOXP3 being expressed versus FOXP3 being maintained. Expres-
sion can be a snapshot, influenced by immediate signals and transient
activation. Maintenance is a long-term commitment, backed by a set
of molecular reinforcements that keep the FOXP3 program running
even when the environment tries to rewrite it. A cell can display
FOXP3 at a moment in time and still be at risk of falling away from
a truly regulatory state.
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This is where epigenetics becomes more than an intimidating word.
Epigenetics refers to chemical and structural modifications to DNA
and chromatin that affect gene activity without changing the DNA
sequence itself. It is the cell’s way of remembering which parts of
the genome should remain accessible, and which should stay quiet.
Earlier, FOXP3’s CNS2/TSDR region appeared as a particularly in-
formative piece of this story: stable regulatory T cells tend to have
demethylation there, and this correlates with a durable regulatory
identity. The important move now is to treat that demethylation not
as a static badge, but as something that must be protected.

Inflammation does not merely activate effector T cells; it also pushes
on the machinery that preserves identity. Cytokines and stress sig-
nals can tilt the balance of enzymes that add or remove methylation
marks. In the FOXP3 locus, demethylation at CNS2/TSDR is asso-
ciated with stability, and this stability system can be actively main-
tained by TET enzymes that protect against remethylation. The name
“TET” is less important than the role: these enzymes help keep the
regulatory program from being erased under pressure. It is easiest to
think of them as the difference between “ink and pencil.” If FOXP3
identity is written in ink, a sudden surge of inflammatory signals does
not easily rub it out. If it is penciled in, an eraser is never far away.

A striking, slightly unsettling result follows from this. Even if you in-
tervene epigenetically and force the TSDR into a demethylated state,
producing physiological FOXP3 expression, you may still fail to gen-
erate a fully functional regulatory T cell phenotype. FOXP3 expres-
sion is necessary but not always sufficient. This is the kind of finding
that disappoints anyone hoping for a single, clean lever to pull—but
it is also a clue. It suggests that stability is distributed across a wider
network than one region of DNA, and that the regulatory identity
is held in place by multiple reinforcing loops: FOXP3, its partner
transcription factors, enhancer accessibility, cytokine dependencies,
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and the everyday work of maintaining chromatin.

That distributed nature helps explain why tissue context matters so
much. A regulatory T cell in the bloodstream is one thing. A reg-
ulatory T cell embedded in an inflamed intestinal lining is another.
A regulatory T cell in a tumor is another still. Each environment
supplies a different mix of signals: oxygen levels, nutrients, stress
hormones, microbial products, growth factors, and cytokines. Those
signals are not just background noise; they are inputs into the same
signaling pathways that drive gene regulation. A stable cell has to
interpret these inputs without abandoning its core job.

Consider the inflamed gut, a classic site where the line between
protection and pathology becomes painfully visible. The intestine
is a boundary organ, constantly encountering food molecules and a
dense microbiota. When inflammation takes hold there—from infec-
tion, injury, or chronic inflammatory disease—effector T cells are
recruited and activated in large numbers. For a regulatory T cell, this
is like trying to keep a conversation civil in a room where everyone
is yelling. The very cues that summon help and amplify defense can
also destabilize the regulatory program if they persist or intensify.

The tumor microenvironment presents a different kind of pressure.
Tumors often create a chemically harsh neighborhood: low glucose,
low oxygen, acidic byproducts, and persistent stress signals. They
can also flood tissues with immunosuppressive cues, some of which
favor the accumulation of regulatory T cells. That might sound like
a safe haven for FOXP3 identity—but it is not that simple. A cell
that thrives there may be one whose program is not only stable but
also adapted to scarcity and chronic signaling. In such environments,
the difference between a robust regulatory T cell and a dysfunctional
one can be the difference between a tumor being ignored and a tumor
being attacked.
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The idea that regulatory T cells could lose FOXP3 and become some-
thing else was not always welcomed. For a while, the field leaned
toward an appealingly tidy picture: once a regulatory T cell, always
a regulatory T cell. That tidiness began to crack as lineage tracing
studies matured. Lineage tracing is a way to mark cells based on
their past gene expression, not just their present state. When applied
to FOXP3, it allows researchers to ask a pointed question: are there
cells that used to express FOXP3 but no longer do?

The answer, supported across lineage tracing literature summarized
in stability and heterogeneity reviews, is yes. Some regulatory T
cells can lose FOXP3 expression and acquire inflammatory features;
these are often called exTregs. The term can sound like gossip, but
the phenomenon matters. An exTreg is not merely a regulatory T
cell having a bad day. It is a cell that has stepped out of a role that
normally restrains inflammation, potentially adding fuel to the very
process it once dampened. The risk of exTreg generation appears
higher in inflammatory and autoimmune contexts, which is exactly
where stability matters most.

It is worth pausing on the emotional stakes of that idea. Many people
live with chronic inflammatory conditions where their bodies seem to
misread normal tissue as a threat. The concept of exTregs gives that
lived experience a cellular metaphor: not only are there aggressive
cells causing damage, but some of the cells tasked with restraint may
be faltering, switching sides, or simply failing to keep their footing
on a slippery surface.

At the same time, plasticity can be framed in a less alarming way. Not
every change in gene expression is a betrayal. A tissue-resident reg-
ulatory T cell in fat, skin, or muscle may adopt specialized features
that help it communicate with local cells and support repair. Those
adaptations can involve changes in metabolism, receptor expression,
and responsiveness to particular cytokines. A cell that refuses to
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adapt would be ill-suited to tissue life. Stability does not mean rigid-
ity; it means the ability to adapt without losing the central logic of
restraint.

So what pushes a regulatory T cell over the edge?

One pressure comes from cytokines that encourage effector differen-
tiation. Inflammatory cytokines are often produced in bursts during
infection and injury, and in persistent waves during chronic disease.
They can tilt transcriptional networks toward programs that are nor-
mally kept in check. Another pressure comes from strong or repeated
stimulation through the T cell receptor, especially in environments
rich in self-antigen or altered self-antigen. Add metabolic stress—
nutrient competition, hypoxia, oxidative stress—and a cell’s ability
to preserve an energetically demanding identity can be challenged.
Under these conditions, FOXP3 expression may waver, partner inter-
actions may shift, and chromatin maintenance may become harder to
sustain.

The phrase “competing developmental signals” captures a subtle
point. A mature T cell is not a blank slate, but it still has multiple
potential fates encoded in its genome. The effector programs are not
erased; they are restrained. In a stable regulatory T cell, the FOXP3-
centered network keeps those alternatives from taking over. Under
stress, the restraints can loosen. This is why FOXP3’s action appears
constrained or enabled by enhancer landscapes established during
development: if the chromatin landscape leaves certain inflamma-
tory programs poised for activation, pressure can expose them. The
regulatory state, then, is not simply the presence of one factor; it is
the continual success of a governance system in a cell that still carries
the capacity for rebellion.

A concrete way to appreciate this is to think about a cell therapy sce-
nario, because it forces the abstract question of stability into practical
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terms. Imagine expanding regulatory T cells outside the body for a
therapeutic purpose and then infusing them into a person with active
inflammation. Those cells will encounter intense cytokine signals,
activated myeloid cells, damaged tissue, and abundant antigen. If
the infused cells are stable, they can dampen pathology and restore
balance. If a fraction becomes destabilized or turns into exTregs,
the therapy could weaken, or in a worst case potentially aggravate
inflammation. That is why stability is not merely an academic debate;
it is a safety issue.

The epigenetic side of the story provides both reassurance and a warn-
ing. The reassurance is that stable identity has molecular anchors:
demethylation at FOXP3 CNS2/TSDR correlates with stability, and
TET enzymes can actively maintain this demethylated state by pro-
tecting against remethylation. This suggests that the body is not re-
lying on FOXP3 expression alone; it invests in a kind of molecular
memory. The warning is that memory can be imperfect. Pressure can
perturb the maintenance machinery. Even more, forcing one piece of
the epigenetic picture into the “right” state may not generate a fully
functional regulatory phenotype. There are other layers of control,
and they matter.

These insights also change how to interpret observations in human
disease. When clinicians or researchers measure FOXP3 in blood or
tissue, they are often looking for reassurance that regulatory T cells
are present. Yet the more nuanced question is whether the regulatory
program is intact in context. A tissue might contain FOXP3-positive
cells that are numerically abundant but functionally impaired by in-
flammatory signals, metabolic stress, or altered partner networks.
Alternatively, a tissue might contain regulatory T cells that are stable
but overwhelmed by the sheer scale of ongoing inflammation. Count-
ing alone cannot tell these stories, and the biology does not promise
that it should.
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There is a poignant irony here. The most intense inflammatory en-
vironments are precisely where one would want regulatory T cells
to be strongest and most stable. Evolution has indeed built them to
function amid turmoil. Yet the same evolutionary logic that made
effector responses powerful and adaptable also means that the cell’s
genome retains multiple “emergency modes” that can be triggered
when danger signals are persistent enough. Stability is therefore not
a default state that can be assumed; it is a property that must be
continually defended at the levels of transcription factors, chromatin,
metabolism, and intercellular signaling.

Plasticity also offers a different kind of insight: it suggests that tol-
erance is not merely the absence of activation but an active achieve-
ment. A stable regulatory T cell does not drift into restraint because
nothing happens to it. It is constantly being stimulated, constantly in-
tegrating cues, and constantly choosing (through its gene regulatory
network) to express restraint rather than aggression. Under pressure,
that achievement becomes visible precisely because it can fail.

One can feel this logic in everyday life. When a society is peaceful,
laws can look like decorations. Their real function becomes clear un-
der stress: during crisis, when fear and anger rise, and when compet-
ing priorities threaten to fracture a community. In the cellular world,
FOXP3 is part of the legal framework, but the framework still needs
courts, enforcement, and public buy-in. The courts are the partner
transcription factors and enhancer landscapes that interpret signals.
The enforcement is epigenetic maintenance, including the protection
of CNS2/TSDR demethylation by TET enzymes. The public buy-in
is the cytokine and metabolic environment that supports a regulatory
way of being rather than undermining it.

When that entire system holds, a regulatory T cell can enter an in-
flamed tissue and remain an agent of restraint even while surrounded
by cues that would push many cells toward attack. When it falters, the
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result is not merely one less suppressive cell; it can be the emergence
of a former regulator with inflammatory potential. That possibility
helps explain why chronic inflammation can be so hard to extinguish:
the environment does not only activate aggressors, it can also corrode
restraint.

A stable identity, then, is not a frozen label. It is an ongoing act
of maintenance, carried out in real time, in real tissues, under real
pressures. The marvel is not that the system sometimes fails. The
marvel is how often it holds.

3.3 The High-Stakes Proof in Rare Disease

Laboratory biology can be persuasive, but it can also be slippery.
Cells in dishes behave strangely. Mice bred for experiments live
protected lives. Even the cleanest molecular mechanism can leave
room for doubt: perhaps it matters in one strain, in one tissue, under
one set of conditions. Rare human disease has a different force. It
is biology without the safety rails, played at full volume in a living
body, with consequences that cannot be waved away as an artifact.

FOXP3 became unavoidable in exactly this way. For years, immu-
nologists could argue about how indispensable regulatory T cells
really were, or whether their suppressive behavior was a special case
rather than a core feature of healthy immune life. Then nature ran two
parallel experiments: one in a mouse line known as scurfy, and one
in human families with a devastating X-linked syndrome later called
IPEX. The results were not modest shifts in lab readouts. They were
catastrophic failures of restraint across multiple organs.

The scurfy story has the feel of an old-fashioned mystery, the kind
genetics is unusually good at solving. Long before anyone knew the
gene involved, scurfy mice were known for a dramatic phenotype:
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affected male pups became sick early, with uncontrolled lymphocyte
expansion and inflammatory infiltration in many tissues, and they
died young. The scale and speed were the clue. Subtle regulatory
defects might take months to become apparent, or might only emerge
with age. Scurfy looked more like a brake line cut entirely.

In 2001, Brunkow and colleagues identified the defective gene in
scurfy as a new forkhead/winged-helix transcription factor they
called scurfin, now known as Foxp3. The paper is sometimes remem-
bered as a gene discovery, but its deeper message was conceptual: a
single transcription factor could be nonnegotiable for immune home-
ostasis in vivo. It was a stark counterpoint to the comforting idea that
biological systems always have easy redundancy. Some do. This one
did not.

The human mirror arrived the same year. In 2001, Bennett and
colleagues showed that mutations in FOXP3 cause IPEX syndrome:
immune dysregulation, polyendocrinopathy, enteropathy, X-linked.
Even the name tells a story. Immune dysregulation signals gen-
eral loss of control rather than a missing arm of defense. Polyen-
docrinopathy points to multiple hormone-producing organs under
attack, frequently including early-onset type 1 diabetes. Enteropa-
thy captures a severe intestinal disease with relentless diarrhea and
malabsorption, the sort that can be life-threatening in infancy. The
X-linked inheritance pattern, with boys primarily affected, fits the
genetic location of FOXP3 on the X chromosome and echoes the
scurfy pattern in male mice.

A striking feature of both scurfy and IPEX is that the body is not fail-
ing to respond; it is responding too much, in the wrong direction, in
too many places at once. This matters because it reframes what “im-
munodeficiency” can look like. In everyday language, an immune
problem suggests being unable to fight infections. But the immune
repertoire is dangerous by design: it must be able to recognize almost
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anything. If the systems that channel that power into proportionate
responses are broken, the result can be a form of immune failure that
looks like excess—a defensive apparatus firing indiscriminately and
turning tissues into battlefields.

Clinically, IPEX can present with a combination of severe eczema
or dermatitis, intractable diarrhea from intestinal inflammation, and
early endocrinopathies such as type 1 diabetes. The human cost is im-
mediate and personal: infants who cannot keep weight on, children
whose blood sugar becomes unstable because insulin-producing cells
are attacked, families confronting a disease that appears suddenly and
progresses rapidly. The lesson is not merely that FOXP3 matters; it
is that FOXP3-dependent regulation is required for ordinary life.

The intellectual impact on immunology was equally sharp. FOXP3
had already been implicated as a key factor in regulatory T cells,
and experimental work had suggested that it could impose suppres-
sive features on T cells. But experiments can always be met with
skepticism: perhaps the factor is merely associated with suppression,
or perhaps it plays a supportive role that other pathways can cover.
Scurfy and IPEX did not leave much room for that kind of hedging.
If FOXP3 were only a marker or a minor amplifier, breaking it would
not collapse restraint so broadly.

There is another reason rare disease evidence feels so decisive: it
comes with a built-in control group. When a mutation segregates
in families, the contrast between affected and unaffected individuals
is part of the data. When the phenotype is X-linked, with mothers
typically unaffected carriers and sons profoundly affected, the pat-
tern itself points to causality. In 2001, the convergence of mouse
genetics and human pedigrees was a powerful kind of triangulation.
One could argue about how a particular experimental system had
been set up; it was much harder to argue with two species, two lines
of evidence, and one shared gene.
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Yet the rare disease story also taught a more nuanced lesson about
measurements. In the clinic and in research, FOXP3 protein can be
assessed by flow cytometry, a method that counts and characterizes
cells using fluorescent antibodies. It would be comforting if a low
FOXP3 signal neatly identified IPEX, and a “normal” FOXP3 sig-
nal ruled it out. Real biology is more complicated. A key clinical
nuance emphasized in GeneReviews is that FOXP3 protein levels
in peripheral blood Tregs can be decreased or sometimes normal;
definitive diagnosis is genetic, based on a hemizygous pathogenic
FOXP3 variant in affected males.

That diagnostic caveat is not a footnote; it is a window into how tran-
scription factors work. FOXP3 is not merely a protein to be present;
it is a protein that must function: bind the right DNA elements, re-
cruit partners, cooperate with other transcription factors, and shape
chromatin and transcription over time. Some mutations may leave
the protein detectable while impairing its activity. Others might af-
fect regions needed for partnership rather than stability, changing the
program without erasing the signal that an antibody sees. A clinician
looking at a “normal” FOXP3 staining pattern could be looking at a
constitution that looks intact on the cover page but contains clauses
that no longer hold.

The same theme appears in standard immune tests. Many primary
immunodeficiencies show up as missing cell types or poor prolifera-
tion in response to mitogens. IPEX can evade these simple screens.
Lymphocyte counts and mitogen proliferation can be normal, be-
cause the defect is not the ability to generate T cells or to activate
them. The defect lies in regulation: the quality of restraint, not the
quantity of soldiers. A body can have plenty of T cells, fully capable
of responding, and still be in crisis because the institution that limits
and guides that response is broken.

Putting the mouse and human stories side by side also clarifies an-
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other important idea: the phenotype is multi-organ because self-
tolerance is a whole-body requirement. If regulation were a niche
function relevant only in one tissue or one life stage, FOXP3 dis-
ruption might cause a specific disease in a specific organ. Instead,
the failure spills into skin, gut, endocrine organs, and more. The
pattern suggests that FOXP3-dependent regulatory T cells sit in the
background of nearly every tissue, doing the unglamorous work of
preventing the defensive repertoire from becoming a self-attack.

It is tempting to see this as a simple narrative: FOXP3 is the one
gene that prevents self-destruction. But biology rarely allows a sin-
gle hero. An important refinement has emerged as more patients
have been studied: IPEX-like phenotypes can arise from mutations
in other tolerance and Treg-related genes. Clinically, some children
look like they have FOXP3 failure—severe enteropathy, dermatitis,
endocrinopathies, early immune dysregulation—yet genetic testing
does not find a pathogenic FOXP3 variant. Instead, the defect lies
elsewhere in the FOXP3-centered network.

This is not a demotion of FOXP3; it is a clearer map of the system.
FOXP3 is a central node, but a node still depends on wires and sup-
porting infrastructure. If FOXP3 is the rule-writer, then other genes
contribute to enforcing the rules, maintaining the epigenetic memory
that keeps FOXP3 expression stable, providing the cytokine environ-
ment that supports regulatory survival, or shaping the developmental
pathways that lead T cells into a regulatory fate. Break those supports
in the right way, and the clinical picture can resemble IPEX even if
FOXP3 itself is intact.

That network view matters for two reasons. First, it helps clinicians
avoid a diagnostic dead end. A child with an IPEX-like syndrome
needs a molecular diagnosis not because labels are satisfying, but
because management, prognosis, and family counseling depend on
it. Second, it helps scientists avoid a conceptual dead end. If every
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IPEX-like patient were forced into a FOXP3 box, one might conclude
that FOXP3 alone is the entire story of tolerance. The broader spec-
trum shows that FOXP3 is central but not solitary.

The idea of “nature’s experiments” can sound romantic until one
considers their cost. Families living with IPEX face emergencies that
arrive early and with little warning. The disease can progress rapidly,
and treatment often requires aggressive immunosuppression and, in
some cases, hematopoietic stem cell transplantation. The urgency un-
derscores a paradox of immunology: the same powerful mechanisms
that defend against external threats can become life-threatening when
restraint fails. It is not merely that the body “attacks itself.” It is that a
system designed to be adaptable, amplifying, and persistent becomes
those things in the wrong direction.

From a scientific perspective, the scurfy and IPEX stories also offer
a kind of calibration. In many areas of biology, it is hard to know
whether a pathway is truly essential or merely influential. Here, the
magnitude of the phenotype gives an answer. FOXP3-dependent reg-
ulation is not a fine-tuning knob. When it fails completely, the result
is systemic and severe. That tells us something about the normal state
of the body: tolerance is not the passive consequence of ignoring self;
it is an active process that must be continually carried out.

It also casts the everyday experience of health in a new light. Most
people go through life without noticing their own immune regulation
for the same reason most people do not notice their own breathing.
The process is constant, quiet, and crucial. Rare disease makes the
hidden machinery audible. The body’s tissues are ordinarily sites of
compromise—the gut tolerating food and microbes, the skin tolerat-
ing a world of irritants, endocrine organs performing delicate chem-
istry without becoming targets. FOXP3 mutations reveal that this
compromise is earned and maintained, not granted automatically.
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The scurfy mouse and the IPEX child are, in a sense, the same ar-
gument expressed in two languages. One is the controlled language
of genetics and breeding, with clear inheritance patterns and exper-
imental access to tissues. The other is the language of clinics and
families, where the outcome is measured in feeding tubes, insulin
injections, and urgent hospital visits. Together they provide a kind
of proof that is hard to forget: when FOXP3 is broken, restraint is
not merely weakened. It can collapse, and the body’s own defenses
become the source of harm.

3.4 From Basic Biology to a Therapeutic
Target

Once FOXP3 was understood as a control program rather than a
decorative label, it became medically irresistible. A program can
be supported, amplified, starved, blocked, or redirected. A program
can also be measured, at least in principle: if it is running properly,
its outputs should be detectable. That is the moment when a ba-
sic discovery turns into a clinical temptation. If regulatory T cells
prevent the body from attacking itself, why not strengthen them in
inflammatory disease, allergy, and transplantation? If the same cells
can shelter tumors from immune attack, why not weaken them in
cancer?

The trouble is that the very qualities that make FOXP3 biology so
powerful in nature—its networked logic, its dependence on context,
its intertwining with normal tissue life—make it hard to treat like a
simple drug target. FOXP3 is a transcription factor, and transcription
factors are famously difficult to drug directly. They work inside the
nucleus, often through broad protein–protein interactions and DNA
binding, without the neat pockets that small-molecule drugs like to
fit into. Even if direct FOXP3 targeting were easy, it would be risky:
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tinkering with the cell’s constitution is not like nudging one receptor.
You might get the effect you want, but you might also destabilize
identity in ways that only become obvious weeks later.

So modern medicine has mostly approached FOXP3 by working on
the surrounding ecology: by expanding FOXP3+ regulatory T cells,
supporting their survival, or changing how much they can suppress—
without necessarily touching FOXP3 itself. Two opposing therapeu-
tic logics follow from FOXP3 biology: (a) expand or strengthen
FOXP3+ Tregs in autoimmune disease and transplantation, and (b)
reduce FOXP3+ Treg-mediated suppression in cancer. Both logics
are rational. Both have produced promising signals. Both have also
generated sobering surprises.

The first surprise is how slippery measurement can be. In human
tissue, “FOXP3+ cells” can mean several related things: bona fide
stable regulatory T cells, activated conventional T cells that tran-
siently express FOXP3-like features, or cells in a compromised state
that still stain positive for FOXP3 protein but no longer execute the
full program. Clinicians and researchers therefore talk about FOXP3
as a biomarker, but one with limitations. A biomarker is a measur-
able sign that correlates with a biological state. Correlation is not
identity. A blood test can tell you that cells with a certain phenotype
are present; it cannot always tell you whether they are performing the
job you care about in a specific tissue microenvironment.

This matters because the clinical questions are rarely abstract. In
someone with inflammatory bowel disease, a clinician does not
want to know whether FOXP3+ cells exist somewhere in the body;
they want to know whether restraint is functioning in the gut. In
a person receiving a transplant, the question is whether regulatory
mechanisms are strong enough to prevent rejection without leaving
the patient defenseless. In cancer, the question is whether tumor-
infiltrating Tregs are strong enough to blunt anti-tumor responses.
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Sampling the relevant tissue is not always possible, and even when it
is, the meaning of a count depends on where the cells sit, what they
are exposed to, and whether they are stable under pressure.

This is why therapies that aim to manipulate Tregs often focus on
signals that preferentially support them. Among those signals, IL-2
is central. IL-2 biology is central to Treg maintenance; IL-2-based
therapies aim to preferentially expand Tregs but require careful engi-
neering and dosing to avoid broad effector activation. The principle
is intuitive: regulatory T cells are unusually dependent on IL-2 for
survival and function, and they express high levels of the IL-2 recep-
tor component CD25. The danger is just as intuitive: IL-2 is also a
powerful growth factor for other T cells. Deliver too much, or deliver
it in the wrong way, and the therapy intended to promote restraint can
end up energizing the very responses that cause tissue damage.

That tension has shaped modern IL-2 approaches. The aspiration is
selective support: nudging the regulatory population without trigger-
ing widespread effector activation. It is a pharmacological tightrope,
made harder by individual differences in baseline inflammation, tis-
sue distribution of target cells, and the shifting composition of T cell
subsets over time. The biology insists on a kind of humility: a cy-
tokine is not a scalpel. It is more like a hormone, circulating through
a body with many responsive cell types. Fine-tuning is possible, but
the margin for error is real.

The cancer side of the story flips the sign on the same problem. Here,
Tregs are not primarily the heroes; they can be accomplices. Tumors
recruit and exploit them, creating pockets of intense suppression that
make it harder for anti-tumor T cells to do their work. That observa-
tion helped motivate a generation of immunotherapy strategies aimed
at weakening suppression within tumors.

One of the most culturally visible immunotherapy classes is check-
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point blockade, particularly antibodies targeting CTLA-4. CTLA-4
is expressed on T cells and is associated with dampening activation.
A popular mechanistic story took hold: perhaps anti-CTLA-4 works
in part by depleting FOXP3+ intratumoral Tregs, clearing space for
anti-tumor responses. Yet human tissue data complicated that story.
Cancer immunotherapy evidence shows that anti-CTLA-4 in humans
did not reliably deplete FOXP3+ intratumoral Tregs, challenging
a common mechanistic assumption and motivating Fc-optimization
strategies.

This is a useful cautionary tale because it shows how easily a plausi-
ble mechanism can harden into dogma, especially when it fits a satis-
fying narrative. If an antibody is thought to work by depleting Tregs,
then treatment plans and combination strategies may be built around
that assumption. Discovering that depletion does not reliably occur
in humans does not mean the therapy fails; checkpoint blockade can
still be effective. It means that the system is more context-dependent
than the story suggested. It also emphasizes the value of measuring
what actually happens in human tissues, not merely what can happen
in model systems or what would be convenient.

If checkpoint blockade does not reliably remove intratumoral
FOXP3+ cells, perhaps one should target Tregs more directly.
CD25 is an obvious candidate because it is highly expressed on
many regulatory T cells. Yet CD25 is not exclusive to them; it
can also appear on activated effector T cells. Depleting CD25+

cells might therefore remove helpful anti-tumor T cells along with
suppressive ones. The art is to find contexts, dosing, or antibody
properties that tilt the effect toward Treg depletion in the tumor
without causing unacceptable collateral damage.

A concrete recent case study highlights both the appeal and the frus-
tration of this strategy. Selective Treg depletion via CD25 targeting
has been pursued in the clinic; RG6292 phase I studies show dose-
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dependent peripheral and intratumoral Treg depletion with accept-
able tolerability, but limited efficacy in the reported patient popu-
lations. In one sense, this is a success: it demonstrates that the
pharmacodynamic goal—depletion of the target population—can be
achieved in humans. In another sense, it is a sobering reminder
that mechanism is not outcome. Removing suppressive cells does
not automatically translate into durable tumor control. Tumors have
multiple ways to evade attack. They can exclude T cells, starve them
metabolically, induce exhaustion, or reshape antigen presentation. A
tumor may also be so genetically diverse that releasing suppression
reveals a response that is strong but misdirected or too late.

The RG6292 story is also a lesson in what “tolerability” does and
does not mean. Acceptable tolerability in an early-phase trial indi-
cates that catastrophic systemic autoimmunity did not immediately
appear at the tested doses and schedules. That is reassuring, but it
does not prove that the risk is absent. It means the balance between
benefit and harm remains an empirical question, likely to depend on
tumor type, disease stage, baseline autoimmunity risk, and combina-
tion with other therapies.

Behind these details sits the central paradox of tolerance medicine:
the same enforcement arm that prevents self-destruction can, in a dif-
ferent setting, protect dangerous cells from elimination. Inflamma-
tory disease and cancer are therefore linked by a shared governance
problem. In one case, the constitution is not being enforced strongly
enough, or not in the right places. In the other, enforcement is so
strong in the wrong place that it protects a malignant growth.

This paradox becomes sharper when one asks what “targeting
FOXP3” really means in practice. Because FOXP3 is a transcription
factor, most therapies do not change the gene itself. They change the
ecology around FOXP3+ cells: their growth factors, their survival
signals, their ability to access tissues, or their susceptibility to

94



From Basic Biology to a Therapeutic Target

depletion. Even therapies that sound as if they are acting “on Tregs”
are usually acting on shared pathways used by many T cell types.
That is why unwanted effects are not accidental; they are built into
the topology of the network.

Translational researchers therefore increasingly dream of something
more precise: designer approaches that can deliver suppression only
where it is needed. Designer and engineered Treg approaches—
including FOXP3 engineering and CAR/TCR-based specificity—
represent a path to precise, context-localized immunosuppression.
The idea is appealingly concrete. If one could take a person’s own T
cells, engineer them to recognize a particular antigen in a particular
tissue, and ensure they adopt a stable FOXP3-centered program, one
might be able to dampen pathogenic inflammation without broadly
suppressing host defense. It is an attempt to turn tolerance from a
systemic drug effect into a targeted cellular therapy.

Yet here, the earlier biology returns with force. These approaches
face major hurdles: stability, trafficking, and avoiding conversion to
effector-like states. Trafficking means getting the engineered cells to
the right tissue and keeping them there. Stability means maintaining
the regulatory program under inflammatory pressure, not merely ex-
pressing FOXP3 on the day of infusion. Avoiding conversion matters
because a cell engineered for antigen specificity could, in the worst
case, become an antigen-specific effector cell if it drifts away from
restraint. The safety stakes are obvious: a therapy meant to protect
an organ could become an accelerant of organ damage if identity is
not robust.

Even without full-blown cell engineering, the same issues appear in
more modest interventions. When clinicians use low-dose IL-2 or
related strategies to expand Tregs, they are not simply changing a
number on a lab report. They are altering a living population of
cells that must remain stable, must migrate into inflamed tissues,
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and must operate in a network that includes other T cells, myeloid
cells, stromal cells, and the tissue itself. When oncologists attempt
to weaken intratumoral suppression, they are not merely removing
a barrier; they are reshaping a local ecosystem that may respond
by adapting, compensating, or, occasionally, collapsing into broader
inflammation.

The practical consequence is that FOXP3-centered therapies tend to
look less like single, decisive interventions and more like careful tun-
ing. The clinician’s art becomes a kind of constitutional engineering:
how much enforcement is needed, in which tissue, for how long, and
at what cost. Too little and pathology continues. Too much and in-
fection risk rises, or tumor surveillance weakens. Shift enforcement
in the wrong place and the benefit becomes harm.

A gene that writes rules is not easy to turn into a pill. It is easier to
change the incentives around the rule-enforcers: give them survival
signals, deprive them of them, block their access to tissues, or make
them vulnerable to depletion. Each tactic can work, but each comes
with the same underlying demand: precision. The body tolerates
very little sloppiness in the machinery that separates defense from
self-harm, and tumors exploit every slack millimeter in that machin-
ery. The most hopeful therapies are therefore the ones that take the
biology seriously, treating FOXP3 not as a single switch to flip, but
as a living program embedded in a demanding, changeable environ-
ment.
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Chapter 4

The Thymus Trial: How T
Cells Learn Manners

Deep behind the breastbone sits a school unlike any other: a place
where young immune cells are tested not for what they can attack, but
for what they must learn to spare. What emerges from this hidden
academy is not simply an army, but a disciplined force with blind
spots, compromises, and a lifelong need for supervision.

4.1 Boot Camp for a Million Unique Recep-
tors

The thymus is a small organ with an unglamorous address, tucked
behind the breastbone, and for a long time it was treated as a biolog-
ical spare part. Surgeons removed it in infancy to reach the heart;
anatomists argued about whether it did anything at all. Then, in
the early 1960s, the Australian immunologist Jacques Miller carried
out experiments that made the thymus impossible to ignore. When
newborn mice had their thymus removed, they grew up strangely
defenceless: they failed to reject transplanted tissues, struggled to
control infections, and their lymph nodes looked eerily empty. The
thymus, it turned out, was not a graveyard or a gland in search of a
purpose. It was a school.
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Yet calling it a school risks softening what happens there. The thy-
mus takes in enormous numbers of immature T cells and subjects
them to a curriculum that is both essential and ruthless. Essential
because the body needs T cells that can detect infected or malignant
cells. Ruthless because the way T cells are made virtually guarantees
that many of them will be dangerous if released unsupervised.

That danger begins with the receptor.

A T cell’s defining feature is the T cell receptor (TCR), a molecular
“hand” on the cell surface that can recognize small fragments of pro-
teins. This recognition is not direct in the way a key fits a lock. T cells
inspect protein fragments only when those fragments are presented
on a cellular “serving platter” called the major histocompatibility
complex (MHC). MHC proteins sit on the surface of most cells and
display snippets of what is going on inside. A virus-infected cell, for
example, will end up presenting viral fragments; a healthy liver cell
will mostly present liver-cell proteins in pieces. A TCR therefore has
a very particular job: it must be able to read a fragment and the MHC
that presents it. That two-part recognition is the price of surveillance
that is both sensitive and hard to counterfeit.

The difficult part is scale. The world contains far more potential
threats than could be pre-programmed. So the body does something
that feels, at first glance, reckless: it manufactures an astronomical
variety of TCRs by random genetic shuffling. The genes that en-
code the receptor are assembled from segments (V, D, and J for the
TCR β chain; V and J for the α chain) in a process called V(D)J
recombination. Enzymes cut DNA, splice pieces together, and add
or remove a few nucleotides at the joins. The result is a vast library
of receptors that no genome could store explicitly. Each developing
T cell emerges carrying a receptor that, in effect, has never existed
before and may never exist again.
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Randomness is a powerful way to prepare for the unknown. It is also
a powerful way to generate self-recognition.

If you build a million distinct molecular hands and send them out to
grab whatever looks suspicious, some will grab the body’s own pro-
teins. Not because the body is stupid, but because the mathematics is
unforgiving: with enough variety, you will sample shapes that match
you as well as shapes that match pathogens. The thymus exists to
confront that inevitability head-on. It is not trying to make a perfect
repertoire in the sense of “never self-reactive.” It is trying to make a
repertoire that is usable at all, and safe enough to live with.

The first test is surprisingly basic: can the new T cell read the body’s
display system?

An immature T cell enters the thymus without any proof that its
newly assembled receptor works. Many receptors will be malformed,
or will bind nothing in the world of MHC-and-peptide. A T cell
that cannot recognize MHC is not merely harmless; it is useless. It
would drift through the body unable to receive meaningful instruc-
tions, unable to detect an infected cell even if that cell were waving
viral fragments like a distress flag. Keeping such cells would be like
funding an army of radios that cannot tune to any frequency.

So the thymus begins with positive selection, a name that can mis-
lead because it sounds like reward. Positive selection is more like
a basic literacy exam. In the thymic cortex, specialized epithelial
cells present a dense sampling of self-derived peptides on self-MHC.
Developing T cells probe these displays. If a T cell’s receptor cannot
engage self-MHC at all, the cell fails to receive the survival signals it
needs and dies quietly. This is not an act of aggression; it is a refusal
to invest in a cell with no way to communicate.

The key point is subtle but central: positive selection does not mean
“the thymus likes this cell.” It means “this cell can read the format in
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which all future messages will arrive.” It creates what immunologists
call MHC restriction: the T cell repertoire is constrained to recognize
antigens only when presented by the body’s own MHC molecules.
That constraint will matter later, every time a T cell decides whether
a tissue is simply being itself or broadcasting a sign of infection.

Then comes the second test, the one that makes the thymus feel less
like a school and more like a tribunal: how does the new T cell behave
when faced with self?

A receptor that binds self-MHC too weakly fails the first test and dis-
appears. A receptor that binds self-MHC and self-peptide extremely
strongly is a different kind of failure. Strong binding means strong
signalling, and strong signalling in the periphery would translate into
action: proliferation, cytokine release, recruitment of other cells, col-
lateral tissue damage. A T cell that is easily triggered by ordinary self
would behave as if the body were perpetually infected.

So the thymus runs negative selection. In negative selection, develop-
ing T cells that react too strongly to self-derived peptide on self-MHC
are eliminated. The term “eliminated” sounds violent, but in most
cases it is programmed cell death: the cell activates a self-destruct
pathway and is removed by local scavenger cells. The tissue remains
intact; the potential threat is erased before it can become a memory.

Between these two fates lies the narrow band the thymus is trying to
carve out: T cells that recognize self-MHC well enough to function,
but not so avidly that ordinary self becomes a trigger. Those sur-
vivors are “usable” in a precise sense: capable of responding when
something changes, yet not constantly set off by the baseline noise of
living tissue.
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It is tempting to imagine these tests as simple thresholds: weak
binding dies, strong binding dies, medium binding lives. Reality is
messier in ways that matter.

First, binding is not a single number. A receptor can bind briefly
but repeatedly, or bind for longer with fewer contacts. It can trig-
ger different internal signalling patterns depending on how long it
engages, how many receptors are engaged at once, and what other
signals are present on the presenting cell. The thymus is not measur-
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ing “stickiness” alone; it is measuring the developing cell’s capacity
to be activated, restrained, and tuned.

Second, positive and negative selection are not mirror images carried
out by the same teachers using the same lesson plan. The thymus has
specialized micro-environments. In the cortex, epithelial cells are
unusually good at presenting particular sets of self peptides, and they
do so in a way that is well-suited to testing whether a receptor can
engage self-MHC at all. Deeper in, in the medulla, developing T cells
encounter additional presenting cells and a broader, more challeng-
ing sample of self. The architectural separation matters because it
allows the thymus to ask different questions at different stages: “Can
you read?” and later, “Can you be trusted?”

The trust question is also more than a simple safety check. A T cell
that binds self a little more strongly (but not dangerously strongly)
may be a better sentinel. Why? Because pathogens often mimic host
biology. Many microbial proteins resemble human proteins in small
stretches, and cancers arise from self tissues whose proteins have
been subtly altered rather than replaced wholesale. A repertoire that
has zero ability to engage self-like patterns would be robustly safe but
blind to many realistic threats. The thymus therefore has to choose a
compromise that is morally uncomfortable but biologically effective:
it must permit some level of self-reactivity, while preventing that
reactivity from turning into assault.

This compromise is not abstract. It surfaces in the history of trans-
plantation and in the everyday logic of tissue matching. In the mid-
dle of the twentieth century, clinicians struggled to understand why
transplanted organs failed even when surgery went well. The crucial
insight was that rejection is not a generic response to “foreignness”
but a specific response to differences in MHC. T cells are trained
to treat self-MHC as the language of legitimate messages. When
an organ arrives speaking a different MHC dialect, many T cells
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interpret it as unacceptable by default. Transplant matching, and
the immunosuppressive drugs that made transplantation routine, are
practical acknowledgments of thymic schooling: T cells are not born
knowing what a kidney is. They are trained to accept organs that
present peptides on the right molecular accent.

Under that clinical reality lies the deeper point: the thymus has to pro-
duce T cells that will respond vigorously in the right circumstances.
If the training is too lax, self-damage becomes likely. If the training
is too strict, defence becomes brittle. The organ walks a knife-edge,
but it does so with staggering throughput.

Consider the numbers. Developing T cells enter the thymus in great
waves. Most will not leave. Many never pass positive selection.
Many more are deleted during negative selection. Even among sur-
vivors, not all are equally fit. The thymus is therefore not a factory
in the usual sense, where efficiency is measured by how many items
make it to shipping. Its efficiency is measured by the quality of a
small minority, obtained by discarding the rest.

That kind of attrition is hard for human intuition to accept because it
sounds wasteful. But evolution is not paying by the cell. The “waste”
is the cost of probing an immense possibility space. The genetic shuf-
fling that builds the receptor repertoire is powerful precisely because
it does not know what it is doing; it is exploratory, not planned. The
thymus pays the bill by making sure exploration does not spill into
catastrophe.

There is also a psychological twist to the thymus’s method: it teaches
T cells self-reference before it teaches them foreignness. A develop-
ing T cell does not encounter a virus or a bacterium in the thymus;
it is shown the body, again and again, in fragments. Paradoxically,
this repeated exposure to self is what prepares the cell to respond to
non-self. It learns the baseline. It learns what “normal” looks like
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through the narrow window of MHC-bound peptides. Only then can
deviation mean anything.

One way to see why this matters is to imagine a smoke alarm. A
smoke alarm that triggers on any warm air is useless; a smoke alarm
that never triggers is lethal. To be useful, it must be tuned to the ordi-
nary temperature swings of a home and still respond to the distinctive
chemistry of smoke. The thymus is tuning alarms, not building walls.

The tuning is also personal. Each person’s MHC genes are among the
most variable in the human genome. That variability is good for pop-
ulations because it makes it harder for pathogens to adapt to everyone
at once. But it means each individual must train a repertoire suited
to their own MHC. The thymus solves this automatically: it selects T
cells on the MHC molecules the individual actually has. Your T cells
become fluent in your own molecular dialect, not because they were
designed that way, but because every other dialect is filtered out.

At the end of this process, the T cell population that remains is not
simply “non-self-reactive.” It is a set of cells with calibrated sensitiv-
ity. They can recognize self-MHC reliably. They have been tested
against self peptides and prevented from carrying the most danger-
ous levels of self-attachment. Many potentially harmful specificities
have been removed, but the survivors still carry a faint echo of the
self they were trained on: a baseline ability to engage the body’s own
patterns without turning that engagement into an attack.

That final detail is easy to overlook, yet it is the seed of both protec-
tion and peril. A repertoire that retains some capacity to recognize
self-like structures is more capable of responding to tumours and to
pathogens that hide behind mimicry. The same repertoire, under the
wrong circumstances, can drift toward misrecognition. The thymus
does not abolish that tension; it manages it through selective brutal-
ity, producing T cells that can listen to the body’s messages without
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mistaking the message for a crime.

4.2 Deletion, Detours, and the Birth of
Tregs

Deletion sounds decisive, and in many ways it is. A developing T cell
that grabs self too tightly is a clear hazard; removing it early prevents
a lifetime of potential harm. But biology rarely relies on a single tool
when two will do the job better. The thymus is not only a place that
culls; it is also a place that assigns. Some T cells that react strongly
to self are not erased. They are redirected into a lineage whose whole
purpose is to prevent overreaction.

This is one of the most counterintuitive features of immune toler-
ance: a receptor that could have been dangerous can be used to build
restraint.

To see why that might make sense, it helps to step back from the
thymus and think about the problem it is trying to solve with in-
complete information. Every T cell is born into a future it cannot
anticipate. Some will encounter viruses that make infected cells look
subtly different from healthy ones. Some will patrol tissues whose
normal proteins change over time, during puberty, pregnancy, or ag-
ing. Some will confront tumours that are, by definition, altered self
rather than cleanly foreign. A repertoire trained to ignore anything
remotely self-like would be safe but blunt, easily fooled by threats
that mimic the body’s own patterns. A repertoire trained to respond
to anything self-like would be vigilant but catastrophic.

The thymus therefore has an incentive to keep a small population of T
cells whose receptors are especially tuned to self. Those are exactly
the receptors that, in a conventional fighter T cell, would be a liability.
In a cell tasked with policing responses against self, they become an
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asset. A T cell that recognizes self strongly is positioned to notice
when another T cell is getting excited in the wrong place, or when
an inflammatory reaction is starting to spill over into normal tissue.
It can act early, close to the source of trouble, because it is drawn to
the same self cues that draw the troublemaker.

That is the logic of thymus-derived Tregs: self-reactivity repurposed.

The story has a historical edge because, for a long time, immunol-
ogy oscillated between two instincts. One was deletion: the clean
idea that the body prevents self-destruction by removing self-reactive
clones during development. The other was active control: the sus-
picion that tolerance also requires cells that do something to keep
peace. The second instinct was often treated with scepticism because
it sounded like hand-waving. How, exactly, would a cell suppress
another cell without simply poisoning the whole response?

By the late twentieth century, the weight of evidence began to shift.
Researchers studying certain mouse strains noticed a strange phe-
nomenon: if particular T cell subsets were removed, the animals
developed multi-organ inflammatory illness that looked like runaway
self-attack. Put those missing cells back, and the illness calmed.
The idea that a dedicated population of T cells could restrain others
stopped sounding like mysticism and started sounding like a missing
chapter in the story.

The thymus provided the missing chapter.

The developing T cell that becomes a Treg starts life in the same
assembly line as any other. Its receptor is generated by the same
genetic shuffling, with the same gamble. What differs is how the
thymus interprets the cell’s behaviour during self-testing.

The familiar fork in the road is negative selection: strong self-
recognition leading to clonal deletion. The less familiar fork is clonal
diversion: strong self-recognition leading to a regulatory fate. Both
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paths begin with a similar first step: a developing cell receives a
strong signal through its receptor when it contacts self peptide on
self-MHC. From that point, context becomes everything. Additional
signals, delivered through co-stimulatory molecules and cytokines,
can push the cell toward deletion or toward the Treg lineage.

A helpful way to picture this is to imagine an internal affairs division
in a police force. You want people in internal affairs who understand
the organisation intimately and who can spot misconduct that out-
siders might miss. You also want to make sure that people with a
taste for bending rules do not end up on the street with a badge and
a weapon. The same traits that would make someone risky in patrol
can make them valuable in oversight, if the institution has a way to
channel them.

The thymus has that channel.

The most famous molecular marker of the channel is FOXP3, a
transcription factor that acts as a master program for Treg identity.
FOXP3 does not merely label these cells; it helps establish the be-
havioural package that makes them what they are: their way of re-
sponding to stimulation, the molecules they express, and the signals
they produce. When FOXP3 is missing or broken, the consequences
can be severe, because restraint fails in a broad, systemic way. That
clinical reality is one reason FOXP3 became so central to the field:
it is a handle on a lineage that was once defined mainly by function.

But FOXP3 does not turn on at random. The thymus selects for it.

Evidence for this came not only from broad observations but from
remarkably concrete experiments. Jordan and colleagues (2001) pro-
vided a particularly vivid demonstration that a defined agonist self-
peptide can steer developing thymocytes with an autoreactive TCR
into the CD4+CD25+ regulatory fate. The power of that result lies in
its specificity. It argued against a vague idea that Tregs might simply
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be “weakly self-reactive” cells that slipped past deletion. Instead, it
supported a more intentional model: strong self-recognition can be
used as a selection signal for making Tregs, not just as a danger signal
for killing cells.

That does not mean every strongly self-reactive thymocyte becomes
a Treg. Far from it. Deletion remains central. The surprising point is
that the thymus has more than one way to respond to the same kind
of risk.

Why not divert all risky cells into Tregs? Because a Treg is not a
harmless bystander. It is an active cell type with its own costs. Too
many Tregs, or Tregs in the wrong places, can blunt protective re-
sponses against infections and can contribute to the ability of tumours
to hide. Restraint is precious, but it is not free.

So the thymus seems to operate with a kind of scarcity logic. Thymic
Treg development is shaped by TCR specificity and self-reactivity
and is thought to be limited by an antigen-specific niche. A niche,
here, does not mean a physical cubbyhole with a label. It means a
limited set of opportunities: a developing thymocyte must encounter
the right self antigen presented in the right way, and it must receive
the right supporting signals at the right time. Even if many thymo-
cytes could, in principle, become Tregs, only some will be admitted,
because the signals that permit stable FOXP3 expression are not un-
limited.

That idea of limitation helps explain two seemingly conflicting truths.
On one hand, Tregs are essential and robustly generated in healthy
individuals. On the other hand, the thymus does not simply convert
every “almost deleted” cell into a suppressor. It selects a particular
subset: cells whose self-recognition is strong enough to make them
good monitors, but whose developmental context supports a stable
regulatory fate rather than a half-formed, unstable identity.
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The process is also staged, which gives the thymus additional con-
trol. Signals occur in steps: initial TCR stimulation together with co-
stimulation first, then cytokines later to induce and maintain FOXP3.
This staging is more than biochemical detail. It means the thymus
can separate the question “Is this receptor strongly self-reactive?”
from the question “Is this cell being licensed into a lineage that will
use that reactivity safely?”

Cytokines are part of that licensing. Interleukin-2 (IL-2) and related
signals are especially important for supporting the Treg program.
This is another counterintuitive twist for readers who associate IL-
2 with immune activation. IL-2 is indeed a growth factor for T cells,
but it is also one of the ways activated conventional T cells inadver-
tently feed the brakes that will later restrain them. Even at the level of
development, the same signalling family that can amplify responses
can also help produce the cells that keep amplification from running
away.

The thymus is therefore performing a delicate manoeuvre: using
strong self-recognition as a trigger, and then deciding whether that
trigger should lead to deletion or diversion. The decision is influ-
enced by which self antigens are presented, by the type of presenting
cell involved, and by what supporting signals are available in that
micro-environment.

Here, the cast of “presenters” matters. The thymus contains multiple
cell types capable of displaying peptide on MHC, and they are not in-
terchangeable. Some are epithelial cells built for education; some are
dendritic cells that can collect and present antigens; some are B cells
that can participate in tolerance in ways that are still being mapped.
Each cell type can offer a different combination of peptide display,
co-stimulatory molecules, and cytokine context. That diversity is not
decorative. It creates multiple routes by which a developing T cell
can be tested and instructed.
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A related point is that the thymus is not restricted to the proteins
naturally abundant in thymic tissue. The body has evolved ways to
broaden what self looks like inside the thymus so that tolerance is
not limited to “things the thymus happens to express.” AIRE-driven
(and broader APC-driven) self-antigen presentation is foundational
for negative selection and also influences the antigen landscape that
supports Treg selection. In plain terms, AIRE acts as a curriculum-
expander: it enables thymic cells to express, in a controlled and par-
tial way, genes that normally belong to other tissues. That makes it
more likely that developing T cells will be exposed to a meaningful
sample of the body’s diversity before they are released.

This expanded curriculum does not only help deletion. It also shapes
diversion. If a particular self antigen is shown in the thymus, then a
thymocyte whose receptor binds that antigen strongly might either be
deleted or become a Treg, depending on the surrounding cues. If the
antigen is not shown, the cell cannot be tested on it at all, and neither
deletion nor diversion can occur. In that sense, the availability of self
antigens is a gate that sits upstream of both fates.

It is worth lingering on what diversion accomplishes emotionally as
well as biologically. Deletion is a kind of forgetting. It prevents
disaster by ensuring certain recognitions never exist in the mature
repertoire. Diversion is a kind of remembering with purpose. It
keeps a record of self in the form of living cells that are wired to
respond, not with attack, but with constraint. That is a profound
design choice. It suggests that long-term stability is not achieved
solely by removing dangerous possibilities, but also by maintaining
a population of specialists whose very sensitivity to self equips them
to prevent harm when the environment becomes inflammatory and
judgement becomes harder.

The thymus’s judgement is not foolproof. A diverted cell must com-
mit stably, because a half-committed Treg is not merely ineffective;
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it could become a problem. Part of what FOXP3 provides is stability:
a transcriptional program that reinforces the cell’s identity over time.
The importance of stability shows up in the severe consequences
when FOXP3 is missing. Without that program, cells that should
have become suppressive can instead contribute to widespread in-
flammatory illness. The clinical lesson is blunt: restraint cannot be
improvised at the last minute. It has to be built into development.

One last feature of diversion makes it especially elegant. The thy-
mus does not need to anticipate every tissue-specific risk in order to
generate useful Tregs. It needs to generate Tregs with a bias toward
self, and then allow the body’s own experiences to position them
where they are most needed. A self-reactive Treg that recognizes
antigens common in skin will preferentially find itself relevant in
skin. A Treg tuned to gut-associated antigens will be more relevant
in the intestine. The specificities that would have made these cells
dangerous as conventional effectors become the very features that
allow them to patrol sensitive territories.

From a distance, thymic deletion and thymic diversion can look like
opposite decisions: one erases, the other preserves. Up close, they
are two expressions of the same principle. Random receptor genera-
tion is a brilliant way to prepare for unknown threats, but it inevitably
generates recognitions that cannot be trusted. Central tolerance re-
sponds with harsh filtering, yet it also salvages some of that risk by
turning it into a controlled asset. A receptor that binds self strongly
is not simply a red flag; under the right conditions, it is the entry
ticket to a lineage built for self-control.

4.3 The Problem of Incomplete Curriculum

Perfection is the fantasy we reach for when the stakes are frightening.
If a single mistaken T cell can, in principle, contribute to lifelong
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damage, then surely the thymus must aim to show every developing
T cell every relevant piece of “self,” in every tissue, in every life stage,
and in the right biochemical setting. If that were possible, the logic
would be comforting: nothing dangerous would ever graduate.

Biology does not offer that comfort. Central tolerance is inherently
incomplete: thymocytes can only be tolerized to self-antigens that
are present, processed, and presented in the thymus in the right con-
text and abundance. Even an organ as specialized as the thymus
cannot compress the whole body into a perfect lesson plan. There
are too many proteins, too many tissues that change their identity
over time, too many ways a protein can be cut up and displayed, and
too many constraints of space, time, and probability.

The consequence is not a minor loophole. It is a permanent feature
of the system: some potentially troublesome T cells slip through,
not because the thymus is sloppy, but because exhaustive teaching is
physically impossible.

A useful way to grasp this is to think about what a developing T cell
actually “sees.” It does not see intact organs, or whole proteins in
their natural shapes. It sees peptide fragments bound to MHC, of-
fered by thymic cells for inspection. That already narrows the world.
Two proteins that are very different as full-length molecules can share
short peptide fragments. A protein that is abundant in a tissue might
yield very few peptides that fit well into a person's particular MHC. A
protein might be processed differently in different cell types, so that
the fragments displayed in the thymus are not the same fragments
displayed in the pancreas, the retina, or the brain. The thymus is not
showing the body; it is showing an interpretation of the body through
the very specific grammar of peptide presentation.

Even within that narrowed grammar, the vocabulary is vast. The
human genome encodes tens of thousands of proteins, and many exist
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in multiple versions because cells splice RNA in different ways or
chemically modify proteins after they are made. Then there is time:
fetal tissues express proteins that vanish after birth; puberty changes
the endocrine landscape; pregnancy introduces fetal proteins and
unique immune challenges; infections and injuries can alter which
proteins are made, where they are made, and how they are processed.
A thymus would need to be a living museum that continuously up-
dates its exhibits to reflect every tissue at every moment, and it would
need to ensure that every developing T cell had enough time to walk
through every gallery.

A developing thymocyte does not have that kind of time. It migrates
through thymic spaces, sampling what it encounters, and its fate is
determined by those encounters. The thymus can increase the odds
of a meaningful education by organizing the environment in a way
that promotes lots of contacts, but it cannot guarantee that any one
cell will meet any one antigen.

This is where the biology becomes both ingenious and unavoidably
patchy.

One of the most striking solutions to the “how do you teach the whole
body in one organ?” problem is the existence of thymic cells that
behave as if they were many other tissues. In the thymic medulla,
a population called medullary thymic epithelial cells (mTECs) ex-
presses genes that, under normal circumstances, belong in places like
pancreas, skin, gut, or thyroid. This promiscuous gene expression
is driven in large part by a protein called AIRE. AIRE promotes
promiscuous expression of tissue-specific antigens in mTECs, but
expression is variable/stochastic at the single-cell level—broad cov-
erage at the organ level can still leave patchy “blind spots” at the
cell-to-cell level.

That sentence holds a whole philosophy of tolerance. AIRE does not
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create a tidy catalogue where each mTEC displays a comprehensive
set of tissue-restricted proteins. Instead, each mTEC expresses only
a subset, and which subset can vary. Across the entire thymus, the
population of mTECs can collectively represent an impressive range
of the body's antigens. But for any individual thymocyte moving
through the medulla, the curriculum is a matter of chance: which
mTECs it bumps into, what those particular cells happen to be ex-
pressing at that time, and how much of each protein is processed and
loaded onto MHC.

This is not a design flaw; it is the price of scale. If a single cell tried
to express everything, it would be overwhelmed. By distributing the
work across many mTECs, the thymus creates breadth at the organ
level, at the cost of completeness at the single-cell level. The result
resembles a textbook written by a committee in which each member
contributes different chapters on different days. If you could collect
every draft, the book would be thick and comprehensive. If you are a
student who only attends a limited number of lectures, you will miss
some chapters.

The importance of AIRE became painfully clear through human dis-
ease. Children born with damaging mutations in the AIRE gene can
develop a syndrome marked by multiple gland failures and damaging
self-directed inflammation. Clinicians noticed these patients long
before they understood the thymus's molecular machinery: recurrent
infections with Candida in the mouth and skin, endocrine problems,
and a bewildering collection of self-targeting reactions. When AIRE
was identified as the culprit, it provided a direct bridge between a
gene expressed in the thymus and the body-wide consequences of
incomplete central tolerance. AIRE's role made concrete an other-
wise abstract idea: the thymus must display tissue-specific antigens
to teach tolerance, and when that display is narrowed, the body pays
the price.
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Yet AIRE is not the whole story, and that fact itself is telling. FEZF2
is an additional transcriptional regulator supporting thymic tissue-
restricted antigen expression, indicating multiple overlapping pro-
grams are needed for broad antigen coverage. If one program were
enough, evolution would likely have stopped there. The existence
of FEZF2 alongside AIRE suggests that the antigen landscape in
the thymus is so challenging to cover that redundancy is not luxury
but necessity. Even then, coverage remains incomplete, because
overlapping programs still cannot capture everything, and because
“expressing a gene” is not the same as “showing the decisive peptide
on MHC in a way a thymocyte will encounter.”

Expression is only the first bottleneck. The next is processing and
presentation.

A protein has to be cut into peptides. Those peptides have to fit
into MHC binding grooves. Different MHC variants prefer differ-
ent peptide motifs, which means that what is well displayed in one
person might be poorly displayed in another. Then the peptide-MHC
complex has to be presented by a cell that a thymocyte actually con-
tacts long enough to receive a meaningful signal. The thymus is
densely cellular, but that density does not eliminate randomness; it
only changes its statistics.

The cast of cells doing the presenting adds further complexity. APC
diversity and antigen acquisition/transfer pathways (including roles
for thymic B cells and indirect presentation routes) further constrain
what developing T cells actually “see.” Some thymic cells synthesize
antigens themselves; others capture antigens made by neighbouring
cells and present them indirectly. Some specialize in certain process-
ing pathways. Even when two cells present the “same” antigen, they
may not present the same peptides from that antigen. The curriculum
is therefore not only incomplete; it is heterogeneous. Two thymo-
cytes with identical receptors might have different fates because they
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met the antigen on different presenting cells under different condi-
tions.

From the standpoint of a developing T cell, this means that central
tolerance is experienced as a series of encounters, not as a compre-
hensive exam. The thymus can stack the deck, but it cannot dictate
every card.

At this point, a reasonable person might ask: why tolerate such imper-
fection? Why not slow down development, keep thymocytes in the
thymus longer, increase encounters, and approach completeness?

The answer has several layers, and none are negotiable. One is
logistics: the thymus must continually generate new T cells to re-
place those that die naturally and to maintain a repertoire capable
of responding to new threats. Stretching the training period would
bottleneck production. Another is biological wear and tear: the thy-
mus itself changes with age, shrinking and becoming less cellular,
which limits its capacity even under ideal circumstances. A third is
the problem of moving targets: self is not a static list. Many of the
most medically important self-antigens are not reliably present in the
thymus at the same levels, in the same forms, or at the same times as
they appear in peripheral tissues. Central tolerance can be powerful
and still be an approximation.

A further complication is that “self-antigen” is not always a single,
clean entity. Consider insulin. It is a small protein with an outsized
role in physiology and in type 1 diabetes. Insulin is produced in the
pancreas, but elements of insulin expression can occur in the thymus
as part of the tolerance curriculum. Yet the amount and context of
that thymic expression can vary. Small differences in how much
insulin-derived peptide is displayed, and when, can shift the odds
of deleting or diverting particular thymocytes. This kind of antigen
is not simply present or absent; it exists on a gradient. In that gradient
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live the escapees: cells that might have been deleted if the peptide
were more abundant, or if the thymocyte had encountered the right
presenting cell on the right day, but that instead graduate with their
self-reactivity intact.

The existence of escapees can sound like a failure of quality control.
It is more accurate to call it a trade-off made visible. The thymus is
balancing two risks: too much deletion can cripple the repertoire's
ability to recognize dangerous changes in self-like proteins; too little
deletion can permit harmful self-directed responses. Some autoreac-
tivity may also persist due to thresholding/tuning rather than deletion.
That tuning is not merely a consolation prize. A T cell that has been
calibrated to require strong co-stimulation or particular inflammatory
cues before acting may carry a self-reactive receptor without causing
harm under ordinary conditions. It is still a potential liability, but a
managed one.

This is also where the earlier idea of diversion into Tregs matters,
not as a separate story but as part of the thymus's response to incom-
pleteness. If central tolerance cannot delete every risky specificity, it
can at least bias part of the repertoire toward active restraint. A self-
reactive T cell that escapes deletion is less likely to cause trouble
if the body also contains Tregs tuned to similar self cues, ready to
dampen misfires in the tissues where those cues are strongest. Di-
version does not solve the curriculum problem, but it softens the
consequences of missed lessons.

The curriculum problem shows up vividly in cases where the missing
lessons are not subtle but structural. When AIRE is defective, the
thymus's representation of tissue-restricted antigens narrows. Even
when the repertoire still undergoes selection, certain self proteins
are underrepresented or absent in the medulla, and the result is a
higher likelihood that high-avidity self-reactive T cells may escape
if the antigen is absent or insufficiently expressed in thymus. The
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medical outcome is not a single organ being attacked, but a scatter
of vulnerabilities across the body, reflecting the patchwork nature of
what was not taught.

Even with intact AIRE and FEZF2, stochastic expression has impli-
cations that are easy to underestimate. Broad coverage at the organ
level depends on large numbers: many mTECs each expressing dif-
ferent subsets, many dendritic cells sampling and transferring anti-
gens, many thymocytes migrating and making contact. When every-
thing is large, the system works surprisingly well. But “surprisingly
well” is still not “perfect,” because each individual thymocyte is a
finite traveller. It will not meet every instructor. It will not be tested
on every tissue-restricted antigen. It will graduate with blind spots.

Those blind spots are not always dangerous. Many self-reactive cells
that slip through remain quiet for life. They may never encounter
their target antigen in an activating context. Their antigen may be
sequestered behind barriers that T cells rarely cross. The tissue may
be calm, lacking the inflammatory signals that turn recognition into
action. Or the self-reactive cell may be held in check by multiple
layers of peripheral restraint. The fact that most people do not spend
their lives in continual self-directed inflammation is evidence not of
perfect central training, but of robust control layered on top of it.

Still, the inescapable conclusion is uncomfortable: the repertoire
leaving the thymus is not a purified set of perfectly safe recognitions.
It is a workable population shaped by probability, constrained by
what could be shown and when it could be shown, and tempered
by deletion, diversion, and tuning. The body is betting that the re-
maining risk is manageable.

That bet is written into the structure of the thymus itself: an organ
that does not provide a complete library, but a strategically curated
sampler. It teaches enough self to prevent the worst mistakes most
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of the time, and it does so while preserving the flexibility needed
for threats that have not yet appeared. The cost of that flexibility is
that some dangerous ideas survive graduation, not as a sign of negli-
gence, but as a statistical inevitability of learning from an incomplete
textbook.

4.4 Graduation Day: Leaving the Thymus
With Rules and Blind Spots

A mature T cell does not simply wander out of the thymus when
it feels ready. Leaving is an active, regulated step, closer to being
issued papers than finding an unlocked door. This matters because
the thymus is not merely selecting who survives; it is also control-
ling when survivors are licensed to enter the bloodstream and the
lymphatic highways that knit the body together.

The basic intuition is easy: a developing T cell should not be released
while it is still emotionally volatile, so to speak, still experimenting
with how strongly it responds to signals. Yet the deeper point is that
exit is one more checkpoint where biology can insist on a certain in-
ternal state—a certain maturity—before the outside world is allowed
to start shaping the cell.

That outside world is not a controlled testing hall. It is a noisy, dy-
namic place where signals pile up: infections that inflame tissues,
wounds that spill cellular contents, shifts in hormones, changes in
the microbiome, and the slow drift of aging. It is also a world in
which cancer can grow by masquerading as normal tissue while sub-
tly rewriting what “normal” looks like. A T cell that has survived
thymic education is trained, but it is trained on an edited set of expe-
riences.

The first “rule” that graduates carry is MHC restriction, acquired
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through positive selection. That rule sounds technical until it shows
up in everyday clinical reality. A transplanted kidney, heart, or bone
marrow arrives bearing another person’s MHC. To the recipient’s T
cells, that difference is not an obscure molecular mismatch; it is an
alternate language for displaying peptides. The recipient’s repertoire
was selected to interpret its own MHC as legitimate. Many of its T
cells will treat unfamiliar MHC as inherently alarming, even if the
organ is healthy. Transplant medicine is, in part, the art of working
around that deep rule: either matching MHC as closely as possible
or using drugs that blunt T cell activation so the normal reflexes do
not destroy the graft.

The second rule is subtler: a baseline expectation of what “self” feels
like. A T cell leaves the thymus with a threshold for activation that
has been calibrated by the self peptides it encountered during selec-
tion. This is where the thymus’s special machinery leaves a lasting
fingerprint. Positive selection in the cortex depends on specialized
peptide generation by cortical thymic epithelial cells (cTECs); thus
the ‘rules’ of MHC restriction and baseline self-reactivity are influ-
enced by thymus-specific antigen-processing machinery (e.g., β5t
thymoproteasome). In other words, the thymus is not only presenting
self; it is presenting self through a particular biochemical lens. The
peptides made by cTECs are not a perfect mirror of those generated in
every tissue. They are a training set chosen by evolution to produce
functional T cells reliably.

This has consequences that are emotionally resonant if you picture it
as learning by examples. If a person is taught what “dog” means by
being shown only greyhounds, they will still recognize dogs, but the
mental category will be skewed. The thymus teaches “self” using a
sampling strategy and, in the cortex, using peptide processing that is
tailored for teaching rather than for faithfully reproducing the peptide
landscape of every organ. The graduates are competent, yet their
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competence is shaped by the training environment.

Then come the blind spots, which are not mere gaps in knowledge but
structural limitations built into the enterprise. The thymus exports
a repertoire that is ‘useful and safe’ but not perfectly self-tolerant;
blind spots arise from incomplete antigen display and probabilistic
selection constraints. A T cell can only be deleted or diverted into a
Treg lineage based on what it actually encountered. Antigens absent
from the thymus, present at too low a level, or presented in a form
that does not engage a particular receptor strongly enough, will not
reliably trigger deletion. Some potentially harmful specificities are
therefore part of the graduating class.

This does not mean that the thymus is careless. It means that central
tolerance is designed around a reality: the body’s proteins are too nu-
merous and too context-dependent to be exhaustively represented in
one organ. Graduation, therefore, comes with an implicit disclaimer:
“Trained on a broad sample, not on everything.”

The mechanics of leaving enforce that the graduates are, at least,
properly outfitted. Thymic egress is active and regulated; mature
thymocytes upregulate key programs (notably KLF2 and S1PR1) to
respond to sphingosine-1-phosphate (S1P) gradients and exit to the
periphery. A reader does not need to memorize these names to appre-
ciate what they signify. The thymus is using a chemical geography.
S1P is a lipid signalling molecule that is relatively high in blood and
lymph compared to the thymic interior. By increasing expression
of S1PR1, a mature thymocyte becomes capable of sensing that gra-
dient and moving toward it. KLF2, as an upstream program, helps
establish the molecular readiness for that migration.

The beauty of this system is that it makes “leaving” contingent on a
specific internal state. Only cells that have completed certain matu-
ration steps express the right receptors and migratory machinery to
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follow the S1P trail out. It is a final administrative gate that does
not need to know the details of every receptor specificity; it needs to
know whether the cell looks, molecularly, like a graduate.

Once in circulation, the newly minted T cell enters a different moral
universe. The thymus is a place where signals are deliberately ar-
ranged for education. Peripheral tissues are places where signals
are arranged for survival, repair, reproduction, and defence. Context
becomes decisive.

A T cell’s activation outside the thymus depends on more than recog-
nition of peptide on MHC. It depends on co-stimulation: additional
“permission” signals delivered by the cells presenting antigen. Those
permission signals are tightly linked to danger cues. When tissues
are infected or damaged, local sentinel cells increase co-stimulation
and produce inflammatory cytokines. When tissues are healthy, co-
stimulation is generally restrained. This is one reason escapees can
exist without causing immediate harm. A self-reactive receptor is
necessary for trouble, but it is often not sufficient. Without the right
context, recognition can lead to silence, exhaustion, or other damp-
ened states rather than a full response.

Life, however, supplies contexts that thymic schooling cannot model.

Infection is the obvious one. A respiratory virus can inflame lung
tissue, prompting antigen presentation in an environment rich in
danger cues. If an escapee happens to recognize a self peptide that
is abundant in inflamed lung, the combination of recognition and
co-stimulation can push it over its activation threshold. Sometimes
this produces transient collateral damage that resolves. Sometimes
it plants a more lasting problem if the response recruits additional
cells, broadens to related self targets, or persists after the infection
clears.

Tissue damage is another. A cut, a burn, or even a minor ischemic
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injury releases intracellular proteins and changes which peptides are
presented. A protein that was normally hidden from immune view
can become visible. In a calm setting, that visibility might still not
matter. In a setting saturated with inflammatory signals, it can.

Pregnancy presents a different kind of complexity. It is not an infec-
tion, yet it involves extensive tissue remodelling, shifts in hormone
levels, and the presence of fetal antigens that are partly foreign. The
maternal body must tolerate the fetus without abandoning protective
immunity altogether. The thymus cannot fully rehearse this situation,
not least because pregnancy is temporary and unique in timing and
context. Peripheral tolerance mechanisms—including the recruit-
ment and specialization of Tregs in relevant tissues—do much of
the real work. The point, for a T cell graduate, is that “self versus
not-self” is not a simple binary in a pregnant body; it is an evolving
negotiation.

Aging adds slow-motion stress. Over time, tissues accumulate dam-
age, senescent cells, altered patterns of gene expression, and changes
in the microbiome. The antigenic landscape shifts gradually. A T
cell repertoire trained early in life may face new versions of self later
on: modified proteins, altered processing, or new patterns of expres-
sion. Some of these changes are harmless, but some can create novel
targets. Meanwhile, the thymus itself involutes with age, producing
fewer new T cells. The balance between old memory cells, new naïve
cells, and Tregs shifts. The maintenance of tolerance becomes less
about perfect education and more about continuous management of
a changing body.

The microbiome introduces still another twist: a vast community of
bacteria, fungi, and viruses that are not “self” but are part of normal
physiology. Their molecules can resemble human molecules closely
enough for cross-reactivity. A T cell receptor that was selected to be
moderately self-reactive (because overly strict deletion would have
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been too costly) may also be able to recognize microbial peptides.
This can be beneficial, providing rapid responses to common mi-
crobes. It can also create ambiguity: stimulation by microbial anti-
gens in the gut can activate T cells that, under certain conditions, may
also respond to similar self peptides in other tissues. The thymus can-
not predict the exact microbial exposures a person will experience. It
can only provide a repertoire and general rules of engagement.

Cancer is the most psychologically charged test of these rules be-
cause it exploits the blind spots deliberately. A tumour is altered self:
it often carries mutated proteins or abnormal levels of normal pro-
teins, but it still presents them on self-MHC. The thymus’s training
pushes T cells away from strong responses to ordinary self, which is
good for preventing self-destruction. The cost is that many potential
anti-tumour T cells are either deleted, tuned down, or held back by
peripheral restraints. Tumours take advantage of this restraint-rich
environment by shaping local signals to discourage attack and to
encourage suppression. The same brakes that protect healthy tissues
can protect a malignancy.

One of the clearest demonstrations that peripheral context can dom-
inate comes from cancer immunotherapy with checkpoint inhibitors.
These drugs do not give T cells new receptors. They do not re-run
thymic selection. They change the rules of engagement in tissues by
interfering with inhibitory signals that normally restrain T cell activa-
tion. When these therapies work, dormant anti-tumour responses can
surge. When they misfire, patients can develop inflammatory side
effects in organs such as colon, thyroid, skin, or lung—a reminder
that the repertoire contains cells capable of damaging self if the pe-
ripheral brakes are released. Clinicians have learned to treat these
toxicities with immunosuppressive strategies that, in a sense, restore
restraint. The thymus provided the baseline; peripheral signals de-
cide whether that baseline holds under pressure.
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This is why graduation is a beginning rather than a finish, even if
the T cell itself has no concept of “before” and “after.” The thymus
has supplied a disciplined repertoire and has removed or reassigned
much of the most dangerous potential. Yet it has also exported cells
with inevitable blind spots: receptors that never encountered their
key self antigen during development; receptors that were tuned rather
than deleted; receptors that recognize self weakly enough to pass but
strongly enough to matter in inflamed tissue.

The elegance of the system is that it does not pretend those blind spots
do not exist. It builds a second layer of control into the very logic of
activation: co-stimulation requirements, inhibitory receptors, tissue-
specific signalling, and the presence of Tregs that can respond to the
same environments where errors are most likely. A T cell’s educa-
tion, then, is not a single certificate stamped at the thymic exit. It is
a set of constraints and tendencies that will be tested, day after day,
by the messy, changing contexts of a living body—a world in which
“self” is not a static list of molecules, but a moving target that must
be tolerated without surrendering the capacity to fight.
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Chapter 5

The Quiet Majority:
Peripheral Tolerance in
Daily Life

The immune system meets far more harmless things than danger-
ous ones: breakfast proteins, resident microbes, dying cells, and
the wear-and-tear of living. What keeps those daily encounters
from turning into civil war is not passivity but an active, local, con-
stantly updated discipline—one in which dendritic cells, Tregs, and
metabolic cues quietly decide whether to attack, stand down, or help
rebuild.

5.1 When a Warning Is Missing

A peanut protein is a small, ordinary thing: a chain of amino acids
folded into a shape that helps a seed store nutrients. Yet in one per-
son it can pass through the gut in near anonymity, in another it can
provoke hives and wheeze, and in a third it can become the trigger for
life-threatening shock. The molecule itself has not changed. What
changed was the meaning assigned to it when it was first introduced
to the body’s defensive forces: whether it arrived framed by calm
upkeep, by infection and injury, or by the kind of barrier disruption
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that makes ordinary exposures feel suspicious.

That shift in meaning is the heart of peripheral tolerance in daily
life. Proteins from food, fragments of our own worn-out cells, and
molecules from friendly microbes appear constantly at the borders
and within tissues. If every encounter were treated as an emergency,
the result would be perpetual inflammation—a body at war with
breakfast, with its skin flakes, with the debris of routine cell turnover.
The more accurate question is not “is this self or non-self?” but “what
was happening in the tissue when this was seen?”

The crucial translators are dendritic cells. They are often described
as sentinels, but their deeper job is interpretation. A dendritic cell
does not merely pick up an antigen (a molecule that can be recog-
nized by T cells). It samples the surrounding tissue, taking a kind
of “news bulletin” from the local environment: Is there microbial
invasion? Are cells dying violently or quietly? Are repair programs
active? Are the border surfaces intact? It then carries antigenic ma-
terial to the nearest lymph node and presents it to T cells in a way
that encodes this bulletin.

To make sense of that encoding, it helps to slow down and watch
a typical first meeting between a T cell and its target. T cells are
choosy. Each one carries a unique receptor (the T cell receptor, or
TCR) that can bind to a small peptide fragment displayed on the sur-
face of another cell by a molecule called the major histocompatibility
complex (MHC). Dendritic cells excel at chopping proteins into pep-
tides, loading those peptides onto MHC, and holding them out like
samples on a tray. That is the basic recognition event, sometimes
called signal 1. It answers only the question “can you see this?” It
does not answer “what should you do about it?”

A T cell also looks for a second category of input: costimulation,
often simplified as signal 2. Costimulatory molecules on the den-
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dritic cell surface—classically CD80 and CD86 engaging CD28 on
the T cell—act like the hard confirmation that an encounter is worth
responding to. Without that confirmation, recognition can become a
trap: the T cell is pulled into partial activation and then pushed into
long-term unresponsiveness. Immunologists call that state anergy.
The word is technical, but the idea is ordinary. An anergic T cell
is a phone that rings and lights up, yet never connects to a call; the
initial circuitry engages, but the full program does not run. The cell
becomes difficult to rouse even if it later sees the same antigen again.

The older literature sometimes framed this as “signal 1 without signal
2.” That is the warning-missing scenario: a T cell recognizes an
antigen, but the dendritic cell it is talking to is not sounding the alarm.
In everyday tissue maintenance, that is not a failure. It is a design
feature.

Why would a dendritic cell ever present antigen without the alarm?
Because most antigen comes from normal living. Cells age and die.
Barrier surfaces shed and renew. Proteins are digested. Microbes
that belong in the gut release products as they grow and break down.
None of these events should automatically recruit a destructive re-
sponse. Dendritic cells that are not being hammered by danger sig-
nals (microbial patterns sensed by innate receptors, or distress sig-
nals from ruptured cells) tend to remain in a restrained state. They
can still collect antigen and migrate, but they offer it with low cos-
timulation, and often with calming chemical messages—cytokines
such as IL-10 or TGF-β that nudge T cells away from inflammatory
identities.

Another mundane but decisive source of calm signals is the way
dying cells are cleared. Cells can die messily (necrosis), spilling
contents that act as alarms, or they can die neatly through apoptosis,
a tidy self-dismantling. Apoptotic cells display “eat me” cues that
encourage swift engulfment by local scavenger cells, including den-
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dritic cells and macrophages. This kind of clearance is not immuno-
logically neutral. It is actively quieting. The phagocyte that con-
sumes apoptotic material tends to produce anti-inflammatory signals
and to present antigens in a context that discourages attack. Daily life
produces an enormous amount of apoptotic debris: in the blood, the
gut lining, the skin, and virtually every organ. Peripheral tolerance is
continuously rehearsed on this steady rain of self-derived material.

The outcome of an antigen encounter, then, is not a property of the
antigen alone. It is the sum of antigen plus commentary. Dendritic
cells provide that commentary through a mix of surface molecules
and secreted signals, shaped by the tissue environment. Put differ-
ently, dendritic cells translate local conditions into a teaching style.

Three broad teaching styles matter most here.

First, the “full alarm” style: dendritic cells that have received strong
activation cues increase costimulation, produce inflammatory cy-
tokines, and prime T cells into aggressive effector forms. The same
peptide that would be ignored in quiet circumstances can become the
core of an immune response if it is presented during infection or sub-
stantial injury. This is one reason viral infections can sometimes pre-
cede autoimmune flare-ups: not because the body suddenly mistakes
itself for a microbe in a simplistic way, but because self antigens are
displayed while the entire antigen-presentation apparatus is shouting
“danger.”

Second, the “missing warning” style: dendritic cells in steady-state
conditions present antigen with minimal costimulation, often accom-
panied by inhibitory or calming signals. T cells that recognize the
antigen may receive enough stimulation to wake up briefly, but not
enough to commit to proliferation and inflammatory function. Many
will become anergic; some may be deleted; some may simply drift
back into a quiescent state. The key point is that recognition does not
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have to end in a battle. It can end in a form of learned indifference.

Third, the “repair and regulation” style: certain environments in-
struct dendritic cells not merely to avoid triggering effector re-
sponses, but to encourage the development of T cells that actively
suppress excessive inflammation. These are the peripheral (or in-
duced) FOXP3+ Tregs: T cells that acquire the FOXP3 program
outside the thymus when they are primed under particular conditions,
especially at barrier sites. The body is not only trying to prevent
accidental aggression; it is also building a workforce that can calm
future disputes in precisely the places where disputes are most likely.

A concrete example makes the logic vivid: oral tolerance, the long-
observed phenomenon that eating a protein often makes the body less
likely to mount a damaging immune response to it. Immunologists
have known for over a century that feeding an antigen can blunt later
attempts to immunize against it. That fact once seemed counterintu-
itive, because the gut is a major entry point for foreign material. But
from the standpoint of context, it is perfectly sensible. The intestine
is where the body must treat most exposures as routine. The default
lesson at that site is not “attack” but “learn to live with this,” unless
other signs indicate a true invasion.

The gut achieves this through specialized antigen presentation. Den-
dritic cells in intestinal tissues are conditioned by their environment.
They operate amid constant microbial products, dietary molecules,
mucus, and epithelial signals. Some gut-associated dendritic cells (a
well-studied subset marked by CD103) can promote FOXP3+ Treg
induction with the help of TGF-β and retinoic acid, a metabolite
derived from vitamin A. Coombes and colleagues (2007) helped
crystallize this mechanism by showing how these mucosal dendritic
cells can drive regulatory fate in T cells. Retinoic acid does double
duty: it supports the regulatory program and it imprints a homing
“address” on the newly educated cells so they preferentially return to
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the intestinal environment that trained them. Food antigens, in other
words, are not simply seen; they are seen as food, in a context that
favors restraint and ongoing negotiation.

When oral tolerance fails, it can fail in ways that perfectly match the
context principle. A peanut protein encountered with an intact gut
barrier and a stable microbial community may be presented under
calm conditions and become tolerated. The same peanut protein en-
countered during eczema, intestinal inflammation, or viral infection
may be framed by alarm signals and presented by dendritic cells in
a more stimulatory state. The result can be sensitization: the pro-
tein becomes a target. In recent years, the idea that early controlled
exposure to allergens can reduce allergy risk has reshaped pediatric
guidance; the broader immunological insight is that timing and tissue
conditions during first encounters matter because dendritic cells are
taking notes.

There is also a more intimate, internal version of this story: the
quiet handling of our own tissues as they remodel. Consider the pan-
creas, a compact organ whose insulin-producing cells have a heavy
metabolic workload. Proteins specific to such tissues are not always
well represented during thymic education. Peripheral tolerance has
to do a lot of the day-to-day enforcement. In healthy individuals, anti-
gens from normal cellular turnover in the pancreas can be picked up
and presented in a low-alarm context, encouraging unresponsiveness
or regulation. In type 1 diabetes, that restraint breaks down; pancre-
atic antigens are presented in a context that promotes destructive T
cell responses. Many factors contribute, but the context principle is
central: it is not only what is seen, but what the antigen-presenting
cell “believes” about the situation.

A historical anecdote captures how hard-won this shift in thinking
was. In the mid-twentieth century, the dominant conceptual problem
in immunology was sometimes called horror autotoxicus: the puzzle
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of how the body avoids attacking itself. Early answers leaned heavily
on deletion of forbidden specificities. But as tools improved, it be-
came clear that potentially dangerous specificities persist in healthy
people. That realization forced a pivot from a one-time sorting prob-
lem to a continuous governance problem. Dendritic cells emerged as
key governors. By the early 2000s, work synthesizing dendritic-cell
biology and tolerance (including influential framing by researchers
such as Steinman and colleagues, and later conceptual reviews em-
phasizing dendritic-cell state) made it harder to maintain a simple pic-
ture where the presence of self-reactive T cells necessarily implied
disease. The spotlight moved to antigen presentation as a context-
dependent conversation.

Context is not just “infection present or absent.” It is graded and
textured. A cut on the skin, for example, is not the same as influenza,
and neither is the same as a tumor quietly expanding in a tissue. The
local cytokines differ. The forms of cell death differ. The metabolites
and oxygen levels differ. Dendritic cells integrate those features. A
wound rich in signals associated with repair—including cytokines
released by stressed epithelial cells, and mediators that recruit cells
to rebuild tissue—may still activate immunity against microbes, but
it can also encourage programs that limit inflammation and promote
healing. Tregs, as we will later see in their tissue-adapted forms, can
be drawn into that repair setting and help coordinate resolution. The
same antigen present during repair may thus become linked not to
violence but to a disciplined shutdown.

A further clue that dendritic cells are interpreters comes from their
own life cycle. Dendritic cells in tissues often exist in a relatively
“immature” state: highly capable of taking up material, not yet fully
armed to stimulate T cells. When they sense strong innate alarm sig-
nals, they mature. Maturation is not merely becoming “stronger.” It
is a reprogramming: increased costimulation; changes in migration;
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altered metabolism; and a shift in cytokines. The same dendritic cell,
carrying the same antigen, can teach very different lessons depending
on whether it matured under inflammatory pressure.

This solves a puzzle that would otherwise be crippling. If antigen
alone were enough to determine response, then almost every meal
would be a vaccination, and every minor tissue turnover would be a
reason to mobilize. The body would need an impossibly accurate cat-
alogue of forbidden molecules. Instead, it uses a more flexible rule:
treat antigens encountered during calm housekeeping as non-urgent,
and reserve aggressive priming for situations that carry reliable signs
of danger or disruption. That rule is not perfect—no biological rule
is—but it is tractable and adaptable.

The flexibility also helps explain why autoimmune diseases can come
and go, waxing and waning with infections, stressors, and changes
at barrier sites. If meaning is constructed at the moment of presen-
tation, then the same molecular target can sit quietly for years until
a change in the tissue environment alters how it is presented. A self
protein expressed in a normally “quiet” organ may become immuno-
logically loud if that organ undergoes injury, infection, or unusual
cell death. Conversely, a self protein that once provoked an inflam-
matory response can sometimes be re-encountered under calmer cir-
cumstances and gradually become associated with restraint, though
reversing an established immune memory is far more difficult than
preventing it in the first place.

One more everyday paradox shows the elegance of this system: preg-
nancy. A fetus expresses paternal antigens that are certainly not ge-
netically identical to the mother. Yet in the vast majority of cases,
pregnancy is not rejected as if it were a graft. Part of the explanation
lies in the unique immunology of the placenta and the uterine en-
vironment, which tends to encourage restrained antigen presentation
and regulatory programs. The broader point is again contextual: anti-
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gens are embedded in a tissue setting that communicates “support,
remodel, tolerate,” not “invade, destroy.”

All of this sets the stage for a deeper appreciation of tolerogenic
presentation—antigen presentation that teaches restraint. “Tolero-
genic” is not a single molecule or a single receptor. It is a mode. It
can involve low costimulation; higher expression of inhibitory path-
ways; secretion of IL-10 or TGF-β; presentation of antigen derived
from apoptotic cells; and a tissue environment that favors repair over
alarm. The outcomes include anergy, deletion, and the induction or
reinforcement of Tregs. The immune meaning is written not only in
the peptide but in the punctuation around it.

The consequences are practical. Vaccines work because they deliver
antigens with the right kind of warning labels: adjuvants and delivery
systems that activate innate sensing and drive dendritic-cell matura-
tion. Allergy therapies, when they succeed, often do the opposite:
they aim to reintroduce antigens repeatedly in a way that minimizes
danger signals and encourages tolerance. Cancer, too, can exploit
context: many tumors grow while suppressing local alarms and pro-
moting a tissue environment that resembles repair, not invasion. In
such settings, dendritic cells can present tumor antigens in ways that
fail to provoke strong effector responses, and may even foster regula-
tion. The tumor antigen is not invisible; it is framed as non-urgent.

The everyday genius of peripheral tolerance is that it allows recog-
nition without reflexive destruction. It turns constant exposure into
a training set rather than a series of emergencies. Dendritic cells
are the teachers, and the lesson plan depends on whether the tissue
whispers “routine” or shouts “danger,” and whether the dominant
local instruction is to fight, to ignore, or to heal.
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5.2 Red Lights, Yellow Lights

Picture a crowded city intersection at rush hour. It would be mad-
ness to rely on a single rule—“stop when you see danger”—because
danger comes in degrees and from many directions. Modern traffic
control uses layers: lights, signs, speed bumps, and the quiet design
choice that some roads are made narrow so drivers naturally slow
down. Peripheral tolerance works with the same suspicion of single
points of failure. FOXP3+ Tregs are essential peacekeepers, but they
are not the only restraint. Many potentially harmful T cells are kept
out of trouble by subtler fates: failing to fully start, burning out un-
der relentless stimulation, quietly disappearing after a brief surge, or
becoming functionally muffled by their own built-in brakes.

That redundancy matters because the body cannot afford to treat
every recognition event as a referendum on life or death. T cells
meet antigens constantly. Many of those antigens are boring—food
proteins, commensal fragments, debris from normal cell turnover. A
few are urgent. The challenge is not simply choosing between attack
and tolerance; it is preventing the everyday from drifting into chronic
inflammation through sheer accumulation of small, ambiguous en-
counters.

The first layer of restraint is almost disappointing in its simplicity:
sometimes nothing happens because contact never becomes conver-
sation. A T cell can only respond to what it physically meets in
the right place, in the right form, for long enough to matter. Many
antigens are sequestered, diluted, or presented at levels that do not
consistently engage rare T cells. Immunologists sometimes call this
ignorance or quiescence: the cell remains capable, but unstirred. It
is not wisdom; it is geography and probability doing their quiet work.
This kind of restraint is fragile—move the antigen to a lymph node,
increase the amount, or add inflammatory signals, and ignorance can
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end abruptly—but it is still part of the system’s safety architecture.

A second layer begins when a T cell does recognize its peptide-MHC
target yet receives an incomplete activation package. The canonical
outcome here is anergy. The term was sharpened in the 1980s and
1990s, especially through work associated with Ronald Schwartz and
others who were wrestling with a paradox: why would a T cell that
had clearly recognized antigen sometimes become harder to activate
afterward? The answer was that activation is not a single switch.
Recognition through the T cell receptor starts the engine, but without
sufficient costimulation the engine floods. The cell enters a long-
lived hyporesponsive state: it may fail to make enough IL-2 (a crucial
growth factor for T cells), and it rewires internal signaling so that
later encounters with the same antigen do not produce a full response
even if conditions improve.

Anergy is often described as a “red light,” but in real tissues it is bet-
ter imagined as a yellow light that can shade into red. Costimulation
is not binary. Antigen-presenting cells can display many combina-
tions and levels of costimulatory molecules (such as CD80/CD86)
and coinhibitory cues. Small differences in that balance can push
the same T cell toward robust proliferation, a damped response that
fizzles out, or a more permanent nonresponsive state. Rutella and
Danese (2013) emphasized this graded nature in human antigen-
presenting cells: immunogenic and tolerogenic modes are not sep-
arated by a single molecule but by a pattern.

One of the most elegant pieces of this pattern is the competition
between CD28 and CTLA-4. CD28 is the classic “go” receptor on
T cells, binding CD80/CD86 on antigen-presenting cells and ampli-
fying activation. CTLA-4 is a powerful counterweight: it binds the
same ligands with higher affinity, effectively outcompeting CD28
and reinforcing restraint. This is not only a story about Tregs, which
often express CTLA-4 strongly, but about the general logic of T cell
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priming. When CTLA-4 engagement dominates, the interaction tilts
away from sustained activation. It is as though the same handshake
can be read as either a contract or a polite greeting depending on who
grips harder.

Another context-sensitive yellow light comes from IL-10, a cy-
tokine strongly associated with calming, repair-oriented immune
tone. When antigen-presenting cells mature in the presence of IL-10,
they tend to upregulate costimulatory molecules less aggressively,
favoring a tolerogenic phenotype. That does not mean IL-10 sprin-
kles magic tolerance dust; it means that antigen is delivered with
fewer accelerators attached. The T cell may still “see” its target, but
the meaning of that encounter changes. Chen and Mellman (2017)
captured this broader point: presentation of antigen in the absence
of inflammatory context can produce only transient T cell activation
that resolves into anergy or deletion rather than stable effector com-
mitment.

Deletion is the next layer of restraint, and it can feel brutal: the
problem cell is simply removed. Even after incomplete activation,
some T cells die through apoptosis, especially if they receive strong
TCR signals without the supportive survival cues that come with
proper costimulation and cytokines. This is not central tolerance
in the thymus; it is a peripheral quality-control step. The body is
willing to prune clones that repeatedly show up to antigen encounters
without the right context, because such clones are either unnecessary
or potentially risky.

Deletion also happens after a legitimate response. T cell expansions
are dramatic: a rare clone recognizing a pathogen can multiply into
a small army. Once the threat resolves, most of those expanded cells
die in a process often called contraction. Without contraction, every
infection would permanently bloat the T cell pool, and the inflam-
matory aftermath would linger. Contraction is not usually framed as
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tolerance, but it is absolutely a form of restraint: it is how yesterday’s
emergency is prevented from becoming today’s chronic condition.

Then there is exhaustion, a word that sounds psychological but de-
scribes a specific biological state. Exhaustion develops when T
cells are driven repeatedly and persistently by antigen, as can hap-
pen in chronic viral infections and in tumors. Instead of staying
in a high-powered effector mode, they become progressively less
functional: reduced cytokine production, reduced killing capacity,
altered metabolism, and increased expression of inhibitory receptors.
Unlike anergy, which is classically tied to incomplete activation at
the start, exhaustion is a consequence of too much stimulation for
too long. An anergic T cell is a car that never got proper ignition;
an exhausted T cell is a car driven without rest until its performance
drops and warning lights turn on.

These distinctions matter because they reveal a deep principle: pe-
ripheral tolerance is distributed across multiple checkpoints along a T
cell’s life story. ElTanbouly and Noelle (2021) urged immunologists
to think this way explicitly. There is no single “tolerance mechanism”
that can be broken or restored. Instead, there are several opportuni-
ties for the body to say, “Not this way, not now,” using different tools
at different times: ignorance/quiescence, anergy, exhaustion, and
death. Tregs operate alongside these fates, not as the sole guardians
but as a dominant, active circuit that can tip borderline situations
back toward calm.

A concrete example makes the layered design feel less abstract: con-
sider the rise of immune checkpoint blockade in cancer therapy.
Drugs that block inhibitory pathways (the PD-1 axis is the most fa-
mous) can awaken exhausted T cells and produce dramatic tumor
regressions in some patients. The same drugs can also provoke
autoimmune-like side effects: inflammation of the colon, thyroid,
skin, joints, or pituitary, among others. These adverse events are not
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random. They are a clinical demonstration that inhibitory receptors
and T cell hyporesponsiveness are part of everyday restraint, holding
responses below the threshold of pathology. When that layer is phar-
macologically lifted, pre-existing self-reactive specificities that were
previously contained by exhaustion-like states, coinhibitory signal-
ing, or active suppression can become clinically visible.

Historically, CTLA-4 blockade provided one of the first shocks of
this kind. The therapeutic insight was that removing a brake could
allow anti-tumor responses to accelerate. The sobering corollary was
that the same brake was preventing harmful responses elsewhere.
That trade-off is not an accident; it is the cost of having a defense
system that must be both potent and discriminating. The body does
not bet on a single restraint because pathogens evolve and contexts
shift. Instead, it layers restraints so that ordinary stimulation has to
overcome several hurdles before it becomes sustained inflammation.

The yellow-light metaphor is especially useful because it corrects
a common misunderstanding: tolerance is not always silence. A T
cell can receive enough input to become briefly activated—it may
upregulate activation markers, divide once or twice, even produce a
small burst of cytokine—and then settle into a restrained fate. This
can happen when antigen is presented by a semi-mature antigen-
presenting cell: not fully inflammatory, not entirely inert. Daily life
is full of such semi-mature signals. Barrier tissues constantly sample
the world. Minor abrasions heal. Commensals brush up against the
lining of the gut. These situations should not trigger full-scale im-
munity, but complete indifference would also be dangerous, because
it would remove the capacity to respond quickly if a real pathogen
appears. A yellow light is exactly what is needed: readiness without
escalation.

This is also where Tregs fit most naturally into the layered picture.
Their influence is often discussed as though they are a separate police
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force arriving after trouble starts. In reality, they shape the tone of
antigen presentation and T cell priming from the beginning. CTLA-
4-mediated competition for CD80/CD86 is one way to reduce costim-
ulation at the immunological synapse. IL-10 production is another
way to skew antigen-presenting cells toward restrained maturation.
Tregs can also consume local IL-2, limiting the growth signals avail-
able to other T cells, tightening the link between “really necessary”
activation and sustained expansion. None of these mechanisms re-
quires dramatic, visible suppression; much of it is the quiet manipu-
lation of thresholds.

Thresholds are the right mental model here. A tissue is not either
inflamed or not; it has a baseline tone, a set point. A T cell is not
either activated or inert; it occupies a spectrum of readiness, shaped
by recent history and the signals it has encountered. The body’s
safety design keeps raising the threshold for sustained inflammation
unless multiple lines of evidence point in the same direction. Strong
antigen recognition plus strong costimulation plus inflammatory cy-
tokines: green light. Strong antigen recognition without costimu-
lation: yellow trending to red, with anergy or deletion. Chronic
antigen recognition with persistent stress cues: an exhausted state,
functionally restrained. Tregs, inhibitory receptors, and tolerogenic
antigen presentation do not merely stop responses; they shape which
responses are worth the cost.

Another everyday example shows why redundancy is so valuable:
commensal microbes on barrier surfaces. These organisms provide
a constant supply of antigens, and the body must remain on speaking
terms with them. Pure ignorance would be risky because a breach
could turn commensals into invaders. Constant effector activation
would be disastrous because it would inflame the barrier and dam-
age the very surface that keeps microbes in the right place. The
solution is layered restraint: a tolerogenic presentation environment
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that biases toward noninflammatory fates, combined with active sup-
pression when needed, and the capacity to escalate rapidly if barrier
integrity fails. Many inflammatory bowel diseases can be understood
as failures not of one mechanism but of the coordination among these
layers: too many green lights where yellow was safer, or yellow lights
that fail to turn green when genuine pathogens are present.

The layered model also explains an otherwise puzzling observation in
autoimmunity: potentially self-reactive T cells can often be found in
healthy people. Their presence does not automatically equal disease
because peripheral checkpoints are doing their jobs. Some clones
may be ignorant because they rarely encounter antigen. Some may be
anergic because their key encounter occurred under missing-warning
conditions. Some may have been deleted. Some may be held in check
by Tregs. Some may be functionally dulled by repeated low-grade
stimulation, edging toward exhaustion. Disease emerges when mul-
tiple layers fail or when the context shifts so that antigen is repeatedly
presented with stronger costimulation and inflammatory cues.

The most sobering aspect of this design is that it must work without
certainty. The body rarely knows, in the moment, whether a signal
represents a transient disturbance or the start of a serious infection. It
makes probabilistic decisions with incomplete information. Yellow
lights are not hesitations; they are rational compromises. They allow
sampling and learning without committing to a path that is hard to
reverse.

Seen this way, peripheral tolerance becomes something more than
“not reacting.” It is a set of engineered slow-downs: some imposed
by active suppressive circuits, others written into T cell biology itself,
and still others enforced by the conditions under which antigens are
presented. The result is that a potentially inflammatory recognition
event must pass through several gates before it becomes a sustained,
tissue-damaging response. Most days, most encounters never make
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it past the first yellow light, and that quiet restraint is what keeps daily
life from feeling like a constant emergency.

5.3 Peacekeeping by Postal Code

A single rule applied everywhere is usually a bad rule. The same
speed limit makes no sense on a school street and a motorway; the
same etiquette does not work at a funeral and a football match. Pe-
ripheral tolerance has the same local accent. FOXP3+ Tregs are not
dispatched as generic enforcers with a one-size-fits-all script. They
are guided to particular neighbourhoods, and once there, many of
them adapt to the work the neighbourhood requires.

That localism begins with a practical problem: the body is big. The
signals that say “calm down” have to arrive in the right tissue, at
the right time, in the right micro-environment. A Treg sitting in a
lymph node cannot soothe inflammation deep in the lung unless it
can get there. Conversely, a Treg that is very good at living in the
gut is not automatically useful in the pancreas or the skin, where the
threats, the background stimuli, and even the chemistry of the tissue
are different.

Immunologists sometimes talk about homing: the ability of a circu-
lating lymphocyte to exit the bloodstream and enter a specific tissue.
Homing is not mystical, and it is not random. It is closer to the postal
system. Cells carry combinations of surface molecules that act like
postcodes, allowing them to read the “street signs” on blood vessels
and follow chemokine gradients (chemical scent trails) into particular
sites. Wing and Sakaguchi (2012) emphasized that Treg migration
is an active, programmable process rather than passive drift. The
important implication is that tolerance is not just a matter of having
enough Tregs in the body overall; it is a matter of having enough of
the right ones in the right places.
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A thymus-derived Treg typically begins life with a conservative
travel plan: it knows how to circulate through lymphoid organs, scan-
ning for cues in lymph nodes and spleen. That makes sense. Much of
the instruction and decision-making happens there, where antigens
are presented and where different immune lineages negotiate their
responses. But those initial travel habits can be revised. After activa-
tion and priming, Tregs can acquire new homing receptor expression,
effectively being issued a new address label.

The surprising part is who runs the address-label printer. Tissue-
draining lymph nodes do more than filter lymph. They are training
hubs that carry the scent and debris of their associated organs. A
lymph node draining the intestine receives antigens, metabolites, and
migrating antigen-presenting cells that have been shaped by the gut
environment; a node draining the skin receives a different mixture,
influenced by barrier injury, commensals, and keratinocyte signals.
Those differences matter because the antigen-presenting cells arriv-
ing from each tissue do not merely display antigen; they arrive car-
rying the tissue’s “tone” and can imprint distinct homing programs
on the T cells they prime, including Tregs.

This is one of the most elegant pieces of peripheral tolerance: the tis-
sue teaches the lymph node how to teach. When a T cell is primed in
a particular draining lymph node, it can be instructed not only what to
recognize but where it should go afterward. The phrase “postal code”
is not a metaphorical flourish; it captures the combinatorial nature of
homing signals. A single receptor rarely determines a destination.
Instead, multiple surface molecules cooperate, increasing the odds
that a cell will stick to a particular blood vessel wall, crawl through
it, and then respond to chemokines inside the tissue.

The gut provides a concrete example with unusually clear molecular
detail. In the intestine, retinoic acid (a vitamin A derivative) can be
used by mucosal antigen-presenting cells to imprint a gut-homing
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program on T cells. This imprinting includes expression of α4β7

and CCR9, a pairing often described as a gut “address.” The same
chemical cue that promotes a tolerant tone in the gut environment
can therefore help direct the very cells carrying that tolerant program
back to the intestine, closing a practical loop: education and deploy-
ment are linked. It is hard to maintain calm at a busy border if your
peacekeepers are stuck in headquarters.

Skin uses a different set of signposts. Its baseline is exposure: tem-
perature swings, abrasion, detergents, ultraviolet damage, cosmetics,
and a dense community of microbes that belong on the surface but
become dangerous when they cross the barrier. The skin’s problem
is not that it sees too little; it is that it sees too much, and must decide
which disturbances deserve escalation. That context creates a need
for local restraint that does not abolish vigilance. Tregs in skin are
therefore positioned for a balancing act: limiting overreaction to rou-
tine contact while preserving the ability to unleash strong responses
to genuine invasion. Even without naming every chemokine receptor
involved, the principle stands: skin-homing programs differ from
gut-homing programs because skin’s traffic patterns and risks differ.

Internal organs add another twist: many are “quiet” not because they
are unimportant, but because inflammation there can be catastrophic
for function. The endocrine system is a sobering example. A gland
can be small and fragile, yet control metabolism, growth, or repro-
duction through a tiny population of specialized cells. When immu-
nity goes wrong in such organs, the result is not a superficial rash
but a lifelong hormonal deficit. The pancreas in type 1 diabetes, the
thyroid in autoimmune thyroid disease, and the adrenal in Addison’s
disease are all reminders that the cost of misdirected inflammation
is not just discomfort; it is the loss of an irreplaceable physiological
role. Peripheral tolerance in these tissues therefore has a different
kind of urgency: the goal is not only to prevent pain and swelling,
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but to preserve delicate function.

That is where tissue-resident Tregs become especially interesting. As
noted earlier, tissue-resident Tregs are not defined simply by being
present in an organ; they are shaped by that organ’s needs. Reviews
such as Liston and colleagues (2015) drew attention to the hetero-
geneity of tissue-associated Tregs and to the idea that their jobs can
extend beyond classic immune suppression. In some sites, these
cells participate in repair programs, influence stromal cells, and tune
local metabolism. In other words, the “peacekeeping” they provide
is sometimes closer to municipal maintenance than riot control.

Adipose tissue (body fat) offers a striking example of this specializa-
tion because it forces a reconsideration of what counts as “immune
work.” Fat is not inert storage; it is metabolically active and hor-
monally communicative. Inflammation in adipose tissue is closely
connected to insulin resistance and metabolic disease. A population
of Tregs resides there and appears adapted to that environment, inter-
acting with local cues that differ from those in a lymph node or the
gut. Their presence suggests that one task of peripheral tolerance
is to keep metabolic tissues from sliding into chronic, low-grade
inflammatory states that slowly erode health rather than producing
dramatic acute symptoms. This is not the familiar story of defending
against germs; it is a story of preventing a smouldering disturbance
that can last decades.

Specialization raises an obvious question: how does a Treg become
a gut specialist or a fat specialist? Part of the answer is selection and
survival. A tissue provides a particular set of signals—growth fac-
tors, metabolites, cytokines, oxygen tension, stromal interactions—
that can favour the persistence of certain Treg phenotypes and dis-
courage others. Another part is reprogramming. Tregs can adjust
their gene expression and functional repertoire in response to local
cues, acquiring features that make them better suited for that tissue’s
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style of conflict. The result is not a uniform FOXP3+ population
stamped from the same mould, but a family of related cells with
shared core identity and diverse local dialects.

This local education depends on infrastructure that is easy to over-
look: the physical and cellular architecture of lymph nodes and tis-
sues. It is tempting to imagine immune interactions as happening in
a well-stirred soup, with cells randomly bumping into one another.
Real lymph nodes are not soup. They are structured spaces built by
stromal cells: non-immune cells that create reticular networks, guide
cell movement, and position antigen-presenting cells and lympho-
cytes into zones. Cremasco and colleagues (2020) highlighted how
stromal cell networks and spatial organization in lymph nodes shape
where and how cells encounter antigen and cues, influencing whether
the outcome is immunity or tolerance. Architecture becomes a form
of governance. If the relevant cells are steered into the same corridor
at the same time, tolerance can be actively reinforced; if they are
segregated, opportunities for restraint can be missed.

This matters in practical, human terms because spatial organization
changes with inflammation, age, and disease. Lymph nodes can re-
model. Stromal networks can be damaged. Chemokine gradients can
be distorted. When the infrastructure that choreographs encounters
is altered, the same antigen and the same T cell repertoire may yield
different outcomes, not because the biology has forgotten tolerance,
but because the meeting rooms and corridors have been rearranged.

The postal-code logic also clarifies why some therapies have tissue-
specific side effects. Drugs that broadly lift inhibitory signals or
broadly activate T cells do not act uniformly across the body. They
meet different baseline environments: the gut’s constant antigen
load, the skin’s barrier stresses, the lung’s exposure to inhaled parti-
cles, and endocrine organs’ vulnerability. A systemic nudge toward
activation can therefore tip one tissue over a threshold while leaving
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another relatively untroubled. The body is not a single stage; it is a
set of venues with different acoustics.

The reverse is also true and offers a hopeful angle: tolerance can
be supported by directing the right kind of immune education to
the right place. Oral immunotherapies for allergy, for instance, are
not merely about repeatedly presenting an antigen; they are about
presenting it at a site whose default is restraint, using the gut’s ex-
isting machinery for tolerogenic instruction and homing imprinting.
Similarly, approaches that aim to promote tissue repair after injury
increasingly take seriously the idea that Tregs at the injury site may
be doing more than suppressing effector T cells; they may be coordi-
nating a broader return to tissue order.

Organ-specific autoimmune diseases, viewed through this lens, are
not mysterious bolt-from—the-blue betrayals. They are failures of
local agreements. The agreements are enforced by a combination
of antigen presentation context, cell-intrinsic braking programs, and
active suppression, but they also depend on delivery: getting the
right FOXP3+ cells to the tissues that need them, and keeping them
functional in the face of local stress. When those delivery routes
or survival cues falter, an organ can become a permissive arena for
runaway responses even if the rest of the body remains relatively well
governed.

The practical genius of postal-code peacekeeping is that it makes
tolerance scalable. A small number of circulating Tregs cannot mi-
cromanage every tissue at once, but a distributed network of tissue-
adapted Tregs can maintain calm where the friction is highest. The
gut can host a dense community trained for microbial traffic and
dietary exposure. The skin can host cells tuned for barrier life.
Metabolic tissues can host cells that prevent chronic smouldering
inflammation. Endocrine organs can be protected by local restraint
that recognizes how expensive inflammation is in those sites. The
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result is not a single global ceasefire, but a patchwork of local com-
pacts, renewed every day by traffic, training, and the quiet authority
of cells that know exactly where they are.

5.4 The Tutors in the Gut

The intestine is a peculiar place to run a defence policy. Every day
it is showered with foreign proteins from food, coated in molecules
released by trillions of microbes, and scraped by constant mechanical
wear. At the same time it is a thin, living surface—a single layer of
epithelial cells in many regions—separating the body from a dense
chemical and microbial world. If the default reaction were to treat
every unfamiliar molecule as a threat, the result would be relentless
inflammation in the very tissue that must keep absorbing water and
nutrients to sustain life.

So the gut does something that at first sounds risky: it turns much of
its daily exposure into education. It trains restraint as a skill, not as a
passive absence of response. That training does not come only from
genes or from a fixed developmental program. It is continuously
rehearsed, and it depends on tutors we rarely notice: commensal
microbes, the metabolites they make from our diet, and the signalling
molecules produced by the gut wall itself.

One of the most important lessons the gut teaches is that foreign is
not the same as dangerous. The intestine is packed with non-self
material that must be tolerated to keep the border functional. That
tolerance is never absolute. Pathogens still exist, and the gut must be
ready to mount fierce responses when needed. The trick is how to
keep the baseline tone calm while preserving the capacity for rapid
escalation.

Two details anchor this balancing act. The first is that the gut is not
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one uniform tube. The small intestine is a major site of dietary anti-
gen exposure and absorption; the colon is more densely populated
by microbes and therefore rich in microbial antigens. The second
is that the gut is not a single conversation between “microbes” and
“the host”. It is an ecosystem of compartmentalized interactions: ep-
ithelial cells, mucus layers, antimicrobial peptides, innate immune
sensors, antigen-presenting cells, and multiple T cell lineages. The
outcome depends on where a molecule is encountered, which cells
present it, and what else is happening in the local tissue at that mo-
ment.

A particularly influential route to gut tolerance involves a specialized
subset of antigen-presenting cells in the intestinal mucosa: CD103+

mucosal DCs. Their importance became much clearer after work
by Coombes and colleagues (2007), who showed that these cells can
preferentially induce Foxp3+ peripheral Tregs through a TGF-β- and
retinoic acid-dependent mechanism. This is one of those findings
that changes how you picture everyday life inside the body. A piece
of food protein can be taken up in the gut, processed, and presented
in a setting that actively encourages a T cell not to become an at-
tacker, but to adopt the FOXP3+ program associated with restraint
and repair.

Retinoic acid makes the story even more practical. It is derived
from vitamin A, linking diet to immunological education in a direct
biochemical way. Retinoic acid does not merely support a tolerant
direction; it also imprints a gut-homing program on activated T cells,
including expression of α4β7 and CCR9. Those molecules function
as part of a homing “address”, biasing the cell to return to intestinal
tissues. The result is a tight loop: gut-derived cues in gut-draining
lymphoid sites produce T cells that are both inclined toward tolerance
and equipped to come back to the gut, where that inclination is most
needed.
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This has a deeply intuitive logic when placed against the daily prob-
lem of eating. The immune system cannot afford to treat meals as
repeated invasions. Yet it also cannot ignore the intestine, because
microbes and toxins can exploit it. A mechanism that turns ordinary
exposure into local FOXP3+ Treg induction provides a way to keep
the baseline calm without sacrificing surveillance. The body is not
choosing ignorance; it is choosing disciplined coexistence.

A second group of tutors comes from the microbial residents them-
selves. Commensal organisms are not simply tolerated passengers;
they are chemical factories. One of their most discussed contribu-
tions is the production of short-chain fatty acids (SCFAs) such as
acetate, propionate, and butyrate, generated when microbes ferment
dietary fibre. These metabolites can act on host cells, including T
cells, and can bias immune programs through metabolic and epi-
genetic routes. Park, Kim, and colleagues (2015) provided an im-
portant mechanistic demonstration that SCFAs can shape T cell dif-
ferentiation via HDAC inhibition and mTOR pathway modulation.
Those phrases can sound forbiddingly technical, but the core idea
is approachable: SCFAs can alter which genes are easy or hard for
a cell to turn on (an epigenetic effect), and they can tune the cell’s
internal nutrient-sensing circuitry (a metabolic effect). Together, that
can shift the likelihood that a T cell will adopt a suppressive, IL-
10-associated regulatory phenotype rather than a more inflammatory
identity.

There is an important nuance, and it is worth stating plainly because
it protects against a common kind of overinterpretation. SCFAs are
not inherently “tolerogenic” in all settings. Their effects are strongly
dependent on cytokine milieu and context—they can support effec-
tor programs under some conditions and regulatory programs under
others. Even the popular claim that SCFAs drive particular subsets
such as RORγt+ Tregs remains an area of heterogeneous evidence,
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with reviews noting conflicting correlations and suggesting indirect
or context-dependent roles. The gut is not a test tube with one input
and one output. It is a living environment where the same metabo-
lite can be read differently depending on whether the tissue is calm,
infected, injured, or already inflamed.

That context dependence is not a weakness of the concept; it is the
point. In earlier sections, “warning missing” meant antigen pre-
sented without the full set of alarm cues, producing restraint rather
than attack. Microbial metabolites are part of how the gut sets that
baseline. They are among the signals that say, day after day, “this
is a working border, not a battlefield”. But if the border breaks—
if epithelial integrity is compromised, if invasive pathogens appear,
if the cytokine environment shifts dramatically—the same chemical
landscape can be interpreted in a different register.

The gut wall is not passive in all of this. Epithelial cells are ac-
tive participants, both as a barrier and as signal producers. They
secrete mucus, antimicrobial peptides, and molecules that shape the
behaviour of nearby immune cells. When epithelial cells are healthy
and the barrier is intact, much of the microbial community is held
at a polite distance, separated by mucus and antimicrobial factors.
Antigens still reach antigen-presenting cells, but often in a form and
context that favour restrained priming. When the barrier is dam-
aged, microbes and their products move closer, innate sensors are
triggered more strongly, and the tissue produces a different cocktail
of cytokines. That shift can turn the tutoring relationship into a crisis
meeting.

The idea that the intestine educates the immune system has an older
history than the modern molecular details suggest. Long before
FOXP3 was identified, immunologists observed oral tolerance: feed-
ing an antigen could reduce later systemic reactivity to it. The obser-
vation was practically useful and conceptually puzzling. Why would
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exposure through the gut dampen responses rather than strengthen
them? It took decades of work on mucosal antigen presentation,
local cytokine environments, and the migration patterns of T cells to
understand that the gut has a default bias toward tolerance because
it must. Coombes et al. (2007) gave one of the clearest mechanistic
pathways: CD103+ mucosal DCs, TGF-β, and retinoic acid creat-
ing Foxp3+ Tregs. The British Society for Immunology’s teaching
materials later helped popularize the trafficking implication: retinoic
acid imprinting α4β7 and CCR9 as part of gut tropism.

These are not merely textbook details; they illuminate everyday medi-
cal realities. Food allergies provide a poignant example because they
show what happens when the tutoring process goes off-course. In
many individuals, dietary proteins are handled as routine exposures,
leading to tolerance. In others, early exposures may coincide with
barrier disruption or inflammation in ways that bias antigen presen-
tation away from Treg induction and toward sensitization. The gut is
not the only site where sensitization can occur—skin, particularly in
eczema, is now seen as a major route—but the broader point remains:
tolerance is learned at barrier sites, and the conditions of first lessons
matter.

Antibiotics offer another concrete example with a human face. A
course of broad-spectrum antibiotics can be life-saving, but it is also
a disruption to the microbial community that produces many of the
gut’s steady-state signals. People sometimes notice transient diar-
rhoea or discomfort; clinicians worry about overgrowth of oppor-
tunists such as Clostridioides difficile. At a subtler level, antibiotics
can alter the metabolite environment, including SCFAs, and shift the
way intestinal antigen-presenting cells are conditioned. No single
antibiotic course determines a person’s immunological destiny, but
repeated disruptions, especially early in life, can plausibly nudge the
set point of mucosal tolerance. It is not that bacteria are “good” and
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antibiotics are “bad”; it is that the immune system has learned to treat
particular microbial patterns and metabolites as part of its baseline
governance, and sudden changes alter the tutoring curriculum.

Diet is a quieter but more persistent tutor. Fibre is not digested by
human enzymes to any large degree; it is food for microbes. A low-
fibre diet can therefore starve fibre-fermenting microbes and reduce
SCFA production. That change does not directly “cause” an autoim-
mune disease in a simple way, but it can alter the chemical back-
ground against which immune decisions are made. In a system that
constantly integrates context, long-term shifts in background signals
can matter. The gut’s calm is not merely the absence of infection; it
is the presence of a particular metabolic and microbial conversation.

The compartmentalization of the intestine adds another layer of so-
phistication. The small intestine, repeatedly exposed to dietary anti-
gens, must develop tolerance to a torrent of proteins that change meal
by meal. The colon, densely populated with microbes, must manage
a stable but abundant microbial antigen load. These two regions
therefore face different governance problems. A one-size-fits-all tol-
erance strategy would be maladaptive: too much suppression in the
small intestine could increase vulnerability to enteric pathogens; too
little regulation in the colon would risk chronic inflammation driven
by constant microbial stimulation. The mucosal immune system ad-
dresses this by using different antigen-presenting cell subsets, differ-
ent cytokine environments, and different patterns of Treg induction
and maintenance across compartments.

Here the idea of “tutors” becomes emotionally resonant. Much of
what keeps a person well is not dramatic. It is a daily absence of
crisis that requires constant work. The gut’s peace is an achievement,
renewed with every meal and every microbial generation. When
that peace breaks, the consequences are not abstract. Chronic in-
flammatory bowel diseases can be painful, exhausting, and socially
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isolating; food allergies can produce anxiety that shadows ordinary
life; metabolic inflammation can unfold silently for years and then
erupt into diabetes or cardiovascular disease. These are the human
costs of a border that has lost its tutors or begun to misread their
lessons.

And the tutoring relationship is reciprocal. The host shapes the mi-
crobiota through diet, mucus composition, antimicrobial peptides,
and immune factors, which in turn shapes microbial metabolites,
which then tune host immune programs. It is a feedback loop that
can stabilize into a healthy equilibrium or drift into a self-reinforcing
inflammatory state. A disturbed barrier can promote inflammation;
inflammation can further damage barrier integrity; that can change
microbial communities; altered microbes can change metabolite pro-
files; and the immune system, now operating in a sharper, more
alarmed context, may become less able to re-establish tolerance. The
same logic can run in the opposite direction: a stable barrier supports
a stable microbiota; stable microbial metabolites support tolerogenic
conditioning; induced and maintained FOXP3+ Tregs support calm;
calm supports barrier repair and maintenance.

The most striking thing about the gut’s educational programme is
that it blurs the boundary between “immune” and “environmental”.
A person’s microbial community is not an accessory organ, but it
functions as part of the signalling landscape that calibrates immune
thresholds. Fibre is not a vitamin or hormone, but it becomes im-
munologically relevant through fermentation. Vitamin A is not a
tolerance drug, but its metabolite retinoic acid participates in the
programming and trafficking of FOXP3+ Tregs. The intestine is
where these links become unavoidable: biology is not only genes
and cells, but also diet, microbes, and the small molecules produced
between them.

The intestine’s tutoring is therefore not a sentimental story about
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“friendly bacteria”. It is a rigorous governance system built from re-
peated exposure, chemical messaging, and trafficking codes. When
diet supports microbial fermentation, when retinoic acid and TGF-β
are available to shape mucosal antigen presentation, and when the
barrier stays intact, the gut can keep producing FOXP3+ Tregs that
know where to go and how to behave once they arrive. When those
inputs are disrupted, the same border can drift toward a more alarmed
state, and ordinary stimuli begin to feel like provocation.
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Chapter 6

Three Ways Tregs Stop a
War (and One Way They
Start One)

Immune peace is not maintained by one brake but by overlapping
forms of restraint, subtle enough to be missed until they fail. In these
pages, the reader sees Tregs acting as negotiators, disarmers, and
resource strategists—and then meets the unsettling possibility that a
peacekeeper can be stripped of its badge and return to the battlefield.

6.1 Changing the Weather of a Tissue

A useful way to picture a tissue under attack is not as a battlefield
with a single front line, but as a whole region living under a certain
kind of weather. Some days the air is dry and crackling: every spark
catches, every movement feels like a threat, and alarms travel fast.
Other days the same streets are damp and windless: arguments still
happen, but they fizzle out before they become riots. Much of im-
munity works like that. Cells do not act in isolation; they act inside
a chemical atmosphere that makes certain behaviors easier to start,
easier to maintain, or easier to stop.

Cytokines are the language of that atmosphere. They are often in-
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troduced as commands—activate, differentiate, kill. In reality they
behave more like local forecasts and advisories. Their effects depend
on dose, timing, and who is listening; they diffuse, they are con-
sumed, they are blocked, and they rarely fill the whole body evenly.
If a cytokine were truly a single, body-wide switch, each flare-up of
inflammation would risk becoming a global crisis. Instead, the body
tolerates small, controlled storms: a patch of skin around a splinter,
a segment of intestine after a rough meal, a corner of lung after a
viral cough. The job is not to abolish storms, but to keep them from
becoming a season.

Two molecules released by Tregs are central to this kind of climate
control: IL-10 and TGF-β (transforming growth factor beta). Their
reputation can sound simple—the first is “anti-inflammatory,” the
second “suppressive”—but that simplicity hides their real power.
They do not merely tell aggressive cells to stop. They change what
aggression feels like in a tissue. They make it harder to sustain the
emotional logic of escalation.

Start with IL-10. A tissue that is inflamed is full of cells eager to
interpret every signal as danger. Some of the most important in-
terpreters are dendritic cells: roving sentinels that pick up bits of
microbes or damaged material and decide what story to tell T cells.
IL-10 reshapes this storytelling. Under IL-10’s influence, dendritic
cells are less likely to display the full set of “go” signals that turn a
small suspicion into a committed attack. They still see. They still
present. But their tone changes from urgent to cautious.

The consequences are practical. Effector T cells—the ones that per-
form the attack—often need a steady stream of reassurance that the
fight is justified. Without that reassurance they do not simply halt;
they begin to behave differently: they make fewer inflammatory me-
diators, divide less energetically, and become more willing to die
when nutrients and growth signals are scarce. IL-10 helps create

160



Changing the Weather of a Tissue

exactly that environment. It does not erase the memory of danger; it
lowers the volume and shortens the echo.

One of the clearest demonstrations of IL-10’s importance came from
a blunt experiment: remove it and see what happens. In the 1990s,
IL-10-deficient mice were found to develop severe inflammation in
the intestine, a kind of spontaneous colitis. What makes that result
so striking is not merely that the gut became inflamed, but that it
did so in the place where the body most needs to live with constant
provocation. The intestine is not a sterile corridor. It is a densely pop-
ulated ecosystem, and many of its inhabitants are helpful or at least
harmless. An immune response there cannot behave like a scorched-
earth campaign without injuring the host. IL-10, in effect, is part of
the reason the gut can host a microbial metropolis without living in
permanent civil unrest.

That point matters because it clarifies what “suppression” is not. IL-
10 is not a general sedative that makes a person immunodeficient.
People and animals can still mount potent defenses in the right con-
text. Rather, IL-10 biases the local interpretation of events: it raises
the threshold for escalation in places where escalation is expensive
and often unnecessary. It is one reason the gut can remain vigilant
without turning every encounter into a catastrophe.

TGF-β is trickier, and that trickiness is the point. It is tempting to
treat it as IL-10’s close cousin, a second “calm down” signal, but
TGF-β is more like a multipurpose building material that can be used
for either restraint or reconstruction depending on where it is poured.

In many immune settings, TGF-β dampens T cell activation and
helps limit tissue damage. Yet the same molecule is also deeply en-
tangled with repair. A wound needs a coordinated sequence: an early
phase where microbes are controlled and damaged cells are cleared,
followed by a phase where new tissue is laid down, blood vessels
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are stabilized, and barriers are resealed. TGF-β participates in that
second phase. It can encourage the kinds of cellular behaviors that
knit tissue together and restore function. That is why it is found not
only in conversations between lymphocytes but also in the language
that tissue cells use to coordinate healing.

This double identity can sound unsettling—how can a single signal
mean both “restrain” and “rebuild”?—until one remembers that tis-
sues are not abstract arenas. They are physical structures that must
work the next day. In that sense, TGF-β is less like a pacifist slogan
and more like a zoning law: it constrains reckless behavior while
directing resources toward restoration. In some contexts it can even
contribute to scarring or fibrosis, which shows how easily repair can
slide into overrepair. The same mechanism that prevents a wound
from reopening can, if pushed too far, stiffen an organ. Biology
often pays for stability with trade-offs, and TGF-β sits right on that
boundary.

A subtlety that matters for Tregs is that their cytokines rarely act
as long-range broadcasts. The important action is often local and
contextual. A Treg in an inflamed patch of colon may be surrounded
by microbial products, stressed tissue cells, and a dense network of
myeloid cells; a Treg in fat tissue or muscle is living in a different
chemical city entirely. Even when the same cytokines are involved,
the meaning can differ.

Over the last decade, immunologists have become increasingly in-
terested in “tissue Tregs”—Tregs that take up long-term residence
in non-lymphoid organs and adopt specialized programs. Instead of
behaving like generic peacekeepers dropped into any conflict, these
cells can look like local civil servants trained for a particular munic-
ipality. Studies of tissue Tregs around 2020 emphasized that they
share certain features across organs, including expression of the IL-
33 receptor (often called ST2) and production of amphiregulin, a
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growth factor linked to repair. Those details may sound technical,
but their implication is intuitive: a Treg embedded in a tissue is not
only listening to signs of immune activation; it is also listening to
distress calls from the tissue itself.

A concrete example comes from muscle injury. Burzyn and col-
leagues (2013) described a population of Tregs that accumulates
in injured skeletal muscle and carries a distinctive gene-expression
profile. One of the notable molecules associated with these repair-
oriented Tregs is amphiregulin. Amphiregulin is not a classic “anti-
inflammatory” cytokine; it is a factor that can act on tissue cells and
help repair proceed. The message is that calming an immune reaction
and rebuilding the damaged neighborhood are not separable tasks. If
inflammation is a storm, then repair is the work of draining flooded
basements and restoring power lines. A good climate manager does
both: it reduces the chance of lightning strikes and helps the infras-
tructure recover.

IL-33 adds another layer to the story. IL-33 is often released when
tissue cells are injured; it is a sign that something structural has
gone wrong. Tregs equipped with the IL-33 receptor can interpret
that signal as a cue to adopt a reparative mode, including amphireg-
ulin production. Work on human systems in 2019 explored how IL-
33 could stimulate amphiregulin in engineered ST2-positive human
Tregs, suggesting that at least parts of this repair program are not
restricted to mice. Again the lesson is not that Tregs are a universal
off-switch, but that they can translate the meaning of damage into a
response that limits collateral harm.

This is where the weather metaphor earns its keep. A tissue’s atmo-
sphere is not defined by a single molecule. It is a blend of danger
signals, growth factors, oxygen tension, metabolites, and the con-
stant background hum of signals coming from resident cells. IL-
10 and TGF-β matter because they push the blend away from self-
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reinforcing aggression. They make inflammatory circuits less likely
to lock into a loop.

Consider how those loops form. A stressed tissue cell releases media-
tors that attract myeloid cells. Those myeloid cells release mediators
that increase vascular leak and recruit more cells. More cells mean
more cytokines, more cell death, more debris, and more reasons to
stay alarmed. Without some mechanism to change the prevailing
interpretation of events, the reaction can sustain itself even after
the original trigger has passed. IL-10 can interrupt the tendency of
myeloid cells to remain in a highly activating mode; TGF-β can push
the system toward closure and repair. Neither molecule guarantees
peace, but each makes prolonged warfare less natural.

Barrier tissues show why this matters emotionally, not just mecha-
nistically. The lung cannot afford to be filled with fluid and debris
for long; breathing is not optional. The skin cannot be rebuilt from
scratch every time it is scratched; it must remain a flexible barrier.
The intestine cannot sterilize itself; it would destroy its own way of
digesting food. In each of these places, a certain amount of immune
alertness is necessary, but an attitude of constant aggression is dis-
astrous. IL-10 and TGF-β help set a tone in which vigilance can
coexist with restraint.

It also helps explain a common misunderstanding: that anti-
inflammatory signals are merely the opposite of protective immunity.
In practice, they are part of protective immunity’s architecture. A
well-functioning response needs endpoints. It needs a way to declare
victory, or at least to declare that the costs have begun to outweigh
the benefits. The difference between damping a response and
causing immunodeficiency often comes down to where and when.
Local signals in damaged tissue can prevent runaway harm without
preventing a robust response elsewhere, or even in the same tissue
at a different moment.
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That locality has another advantage: it allows compromise. A per-
son’s gut can maintain a tolerant, low-inflammatory baseline and
still mount intense responses to genuine pathogens. The same
molecule—IL-10—can be part of steady-state peacekeeping and part
of the resolution phase after a real infection. The immune system
does not need to choose between being tough and being gentle; it
needs to be able to switch between them without overshooting.

TGF-β’s contextual nature adds nuance to medical debates. Because
it can be linked to repair and, in some settings, fibrosis, it is not a
cytokine one would want to boost indiscriminately. The point is not
that more TGF-β is always better, but that a tissue’s health depends
on the right kind of restraint paired with the right kind of rebuilding.
A response that clears a threat but leaves a scarred, dysfunctional
organ has not truly succeeded.

There is a final, almost philosophical, implication. When people
imagine autoimmunity, they often imagine mistaken identity: the
immune system misrecognizes the self as foreign. That is part of the
story, but the weather framing suggests something broader. Even
when recognition is imperfect, damage depends on whether the lo-
cal atmosphere rewards escalation. IL-10 and TGF-β are among
the molecules that decide whether a misunderstanding becomes a
grudge, and whether a grudge becomes a chronic war.

In day-to-day life, most tissues are not asking for silence; they are
asking for proportionality. They need immune cells that can be brave
without being reckless, suspicious without being paranoid, forceful
without being destructive. The calm influence of IL-10 and the
context-sensitive guidance of TGF-β are two ways Tregs help create
that kind of neighborhood: one where alarms still ring when they
should, but where the air does not stay electrified long after the dan-
ger has passed.

165



Three Ways Tregs Stop a War (and One Way They Start One)

6.2 The Hand on the Co-Stimulatory Switch

A calm tissue is not always calm because someone has whispered
soothing cytokines into the air. Sometimes it is calm because the
machinery that authorizes escalation never quite clicks into place.
One of the most consequential rules in T cell biology is also one of
the most humane: recognition alone is not enough.

A T cell is built to be suspicious. Its receptor can latch onto tiny
fragments of protein displayed on the surface of other cells. Those
fragments might come from a virus, a bacterium, or the ordinary
churn of the body’s own proteins. If recognition by itself were per-
mission to attack, everyday life would be a constant risk of friendly
fire. The immune repertoire is vast and imperfectly edited; even a
well-trained army contains hotheads. So the body adds a second
requirement: a separate, confirmatory signal that says, in effect, yes,
this is worth it.

That second signal is often called co-stimulation. In its most familiar
form, it involves CD28, a receptor on conventional T cells, binding
to CD80 and CD86 on the surface of the cell presenting the anti-
gen. Those CD80/CD86 molecules are not mere decorations. They
are tied to the presenting cell’s sense of context: microbial patterns,
tissue injury, and other cues that indicate whether a displayed frag-
ment is a harmless snapshot of self or a clue to an active threat.
Co-stimulation therefore acts less like a green light and more like a
signature on a legal document. It is the difference between noticing
something and being deputized to act on it.

Once this two-signal logic is in mind, a powerful strategy becomes
obvious: to prevent unwanted attacks, do not only argue with T cells
after they are angry. Interfere earlier, at the moment when permission
is granted. That is where CTLA-4 enters.
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CTLA-4 (cytotoxic T-lymphocyte antigen 4) is an inhibitory recep-
tor, famous in medicine for reasons that will become unavoidable
later, but its everyday job is simpler to describe. It binds to the
same CD80/CD86 molecules that CD28 wants, and it does so with
strong affinity. For years, CTLA-4 was often explained as a kind
of competition: an inhibitory molecule that outcompetes CD28 and
therefore dampens activation. That idea is not wrong as far as it goes,
but it undersells what Tregs can do with CTLA-4.

Tregs express high levels of CTLA-4, and they use it as a tool to alter
the presenting cell itself. Rather than merely blocking a handshake
between CD28 and CD80/CD86, CTLA-4 can physically remove
CD80/CD86 from the surface of the presenting cell through a pro-
cess called transendocytosis. The word is awkward, but the action
is vivid: the Treg pulls the costimulatory molecule into itself, like
unfastening and pocketing the other side’s ammunition. Mechanistic
work has refined this picture, showing ligand-specific behavior and
highlighting CD86 as a particularly important target. The result is not
simply a blocked conversation; it is a change in what the presenting
cell is capable of saying to any T cell that comes along afterward.

A presenting cell with fewer CD80/CD86 molecules is not silent.
It can still display antigen. It can still contact T cells. But it be-
comes harder for it to deliver the decisive second signal. Activation
becomes less likely, and when activation does occur it tends to be
less intense, less self-sustaining, and more open to being steered into
restraint rather than attack.
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CTLA-4’s importance is not a subtle, optional refinement. When
Wing, Onishi, and colleagues (2008) removed CTLA-4 specifically
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from Tregs in mice, the result was spontaneous, severe autoimmunity
with uncontrolled T cell activation—a catastrophic loss of restraint.
That experiment is a kind of moral fable in molecular form. It says
that much of what keeps ordinary T cells from behaving ruinously is
not only their internal self-control, but the presence of another pop-
ulation that can reach across and tune the quality of the permission
slip offered by presenting cells.

The phrase “presenting cell” can make the story sound abstract, as
though these events happen in an academic diagram rather than in-
side living anatomy. The reality is much more spatial. Many immune
decisions are made when material from a tissue is carried to a nearby
lymph node. Cells that have sampled the tissue—often migratory
dendritic cells—arrive bearing antigens and a record of what they
sensed. Recent in vivo analyses emphasize that CTLA-4-mediated
transendocytosis particularly impacts certain subsets of these pre-
senting cells, giving an anatomical specificity to the act of turning
down the switch. The effect is not necessarily to paralyze an entire
immune response everywhere. It can be to soften the initiation of
responses that are being primed from particular tissues at particular
times.

That specificity matters for understanding why this mechanism is so
effective. A Treg does not need to personally police every effector
cell one by one. It can instead target a bottleneck: the cell types and
sites where many T cells receive their marching orders. Alter the
training environment, and you alter the graduates.

It also reframes the emotional tone of what suppression looks like.
IL-10 and TGF-β can change a tissue’s mood, making inflammatory
behavior less attractive. CTLA-4 is closer to disarmament. It acts at
the level of authorization, not persuasion. If co-stimulation is what
transforms a passing irritation into a mobilization, CTLA-4 is the
hand that reaches over and lowers the lever before the siren blares.
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There is another reason CTLA-4 is such a clean example of check-
point logic: it shows how the body builds restraint into the same
wiring it uses for activation. CD28 is not a mistake; it is essential for
effective defense. The problem is not co-stimulation itself, but co-
stimulation offered in the wrong context, or offered too generously.
Tregs use CTLA-4 to make co-stimulation a scarcer commodity. In
ordinary life, scarcity is not always cruel; sometimes it is what pre-
vents waste. A T cell that cannot easily obtain the second signal is
forced into a more cautious posture. It can still respond when danger
is real and persistent, because strong infections provide abundant ac-
tivating cues. But weak, ambiguous, or self-derived triggers become
less able to snowball into full attack.

The molecular mechanics of transendocytosis add a satisfying con-
creteness to this idea. Competition models can feel like etiquette:
who gets to speak first at a crowded table. Transendocytosis feels like
infrastructure: removing streetlights so fewer crowds gather at night.
When CTLA-4 pulls CD80/CD86 off the surface of a presenting cell
and routes those molecules for degradation, the effect persists after
the Treg has moved on. It has edited the environment, not merely
interrupted a single conversation.

This also explains a key feature of Treg action that can otherwise
seem mysterious: why contact matters. Many Treg effects require
physical proximity. That is not because Tregs are incapable of se-
creting useful molecules at a distance; it is because some of their
most potent tools are tactile. CTLA-4 has to touch its ligands to
remove them. That creates a kind of precision. A Treg can patrol,
inspect, and selectively damp the most activating presenting cells
without blanketing an entire organ in a global suppressant.

In practical terms, this looks like a bias toward reducing the prob-
ability of escalation rather than enforcing a universal ceasefire. A
conventional T cell encountering its antigen in the presence of strong
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co-stimulation tends to interpret that event as an emergency requiring
expansion and action. The same encounter with weak co-stimulation
is more likely to produce hesitation, partial activation, or a state
in which the T cell becomes easier to redirect or eliminate. Co-
stimulation is not just a spark; it influences how the cell rewires itself
metabolically and transcriptionally for the days ahead. Turn down
co-stimulation early, and you change the trajectory of the response.

The story becomes even more human when you consider what a pre-
senting cell is really doing. It is not only presenting antigen. It is
also relaying a judgment about the outside world: whether the tissue
it came from feels infected, injured, or merely busy. If that judgment
becomes too hair-trigger, the consequences are chronic. An organ
can be trapped in a cycle where small amounts of damage create
danger signals, danger signals drive activation, and activation cre-
ates more damage. CTLA-4-mediated tuning offers a way to break
that cycle at the moment of decision, before the response acquires
momentum.

The elegance of this mechanism has made it a cornerstone of how
immunologists talk about checkpoints. Checkpoints are sometimes
portrayed as emergency brakes applied late in an out-of-control re-
sponse. CTLA-4 is closer to the ordinary friction in the system, the
routine requirement that big actions need more than one vote. Its
importance in preventing autoimmunity is not an accident; it is the
logical consequence of the two-signal design.

None of this turns Tregs into flawless guardians. The same logic
that protects against self-destruction can, in other contexts, make it
harder to generate a strong response where one might want it. That
tension does not need to be settled here to be felt. The key point is
that Tregs are not limited to chemical diplomacy. They also have
a hand on the switchboard: a direct way to make certain immune
conversations harder to start, by reducing the availability of the very
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molecules that grant permission.

In a healthy body, that hand is rarely dramatic. It does not announce
itself. It simply makes the world a little less combustible. A T cell
can still be brave. It just has to be certain enough, and it has to receive
that certainty through channels that are difficult to counterfeit. When
CTLA-4 does its quiet work, many potential wars never become more
than tense moments, and the silence afterward is not weakness but
good governance.

6.3 Starving the Fire

Fighting is not only a matter of will. It is a matter of budget.

An inflamed tissue looks dramatic under a microscope—cells pour-
ing in, blood vessels widened, chemical signals everywhere—but
what makes it possible is something more mundane: energy, raw
materials, and time. Activated T cells grow, divide, make proteins at
high speed, and rewire their metabolism to support the effort. They
demand oxygen and glucose. They build new membrane. They
churn out cytokines and toxic molecules. Even their movement is
costly: migrating through tissue, squeezing between other cells, con-
tinually reshaping their internal skeleton. A strong response is one
of the most expensive things the body can do on purpose.

That expense creates a vulnerability. You do not always have to de-
feat an inflammatory response in hand-to-hand combat. Sometimes
you can win by making the environment inhospitable to sustained
expansion. Tregs have a talent for this kind of indirect control. They
can change the local economy so that the cells committed to aggres-
sion find themselves short on essentials, surrounded by chemical sig-
nals that penalize excess, and nudged toward a quiet ending rather
than a triumphant victory.
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The most famous example involves IL-2. As already discussed, IL-2
is a growth factor with a deceptively humble name. For many T cells,
especially during the early phase of activation, IL-2 is a survival and
expansion cue: it supports proliferation, reinforces certain activation
programs, and keeps cells from drifting into shutdown. It is not a
luxury; it is closer to payroll. When IL-2 is abundant, activated T
cells can keep hiring, keep building, keep going. When it is scarce,
the strike funds run out.

Tregs are unusually good at soaking up IL-2. They express high
levels of the IL-2 receptor and can capture IL-2 efficiently. That
ability is sometimes described as a kind of selfishness, but in context
it resembles rationing. IL-2 is a communal signal, and like many
communal resources it creates conflict when it is freely available to
everyone. Capture it, limit it, and you force the surrounding activated
cells to prove they are receiving enough genuine danger information
to justify their ongoing expense.

What makes this more than a metaphor is that IL-2 scarcity can kill.

Pandiyan, Zheng, and colleagues (2007) demonstrated that Tregs can
drive effector CD4 T cell apoptosis through cytokine deprivation,
both in vitro and in vivo, with rescue by common gamma-chain cy-
tokines supporting deprivation as causal. In other words: restore
the missing survival signals, and the threatened effector cells can
be pulled back from death. Deprivation is not merely a brake on
division; it can become a decision about whether a cell continues to
exist.

Even more striking, the death pathway is not vague or mystical.
Effector-cell intrinsic apoptosis pathways can be central, with Bim
dependence providing a concrete molecular anchor for “death by
starvation.” Bim is one of the proteins that pushes a cell toward
programmed death when survival signals fade. The cell is not being
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poisoned; it is reading its own internal accounts and concluding that
it cannot safely continue. This matters because it shows how Tregs
can end a fight without needing to destroy their opponents directly.
They can create conditions under which the opponents dismantle
themselves.

A useful place to feel the human relevance of this is the intestine,
where mismanaged inflammation can become relentless. Chronic
inflammatory bowel disease is not just discomfort; it can mean bleed-
ing, malnutrition, fatigue, hospital admissions, surgeries, and a nar-
rowed life shaped around bathrooms and pain. The intestine is the
ultimate high-contact tissue: it must take in foreign material con-
stantly and still avoid turning into a perpetual wound. When this
balance fails, it is often not because a single villain cell appeared. It
is because the entire local ecology kept rewarding escalation.

In experimental models of colitis, the Pandiyan work offered a blunt
but revealing lens: Tregs did not merely calm effector cells by telling
them to be nice. They could deprive them of survival cues and push
them into apoptosis. It is an oddly domestic form of control. Instead
of a police chase, it resembles cutting off the fuel supply to an engine
that is overheating. The engine may still be intact, but it cannot keep
running at destructive speed.

IL-2 deprivation also clarifies something that can otherwise feel con-
tradictory: how the body can allow a strong response when it is truly
needed without inviting chaos the rest of the time. A serious infec-
tion tends to generate not only antigen but the surrounding cues that
sustain co-stimulation, cytokine production, and tissue alarm. In that
environment, activated T cells may produce enough survival signals,
or receive enough from other sources, to keep going. In ambigu-
ous situations—weak triggers, low-grade damage, responses that are
mostly fed by momentum—those supports are harder to maintain. IL-
2 capture makes the difference between a response that can justify its
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cost and a response that is living on borrowed time.

This “resource” view extends beyond IL-2. Activated T cells are
metabolically demanding in a broader sense: they take up nutrients
aggressively and compete for space and oxygen. The tissue microen-
vironment becomes an ecosystem with winners and losers, and in
that ecosystem Tregs can tilt the playing field. The goal is not to
starve the entire tissue. It is to make a very specific program—rapid,
inflammatory expansion—difficult to sustain.

One of the cleverest tools for this involves extracellular ATP and
adenosine, a chemical seesaw that turns damage into information.

ATP is best known as the energy currency inside cells. But when
cells are stressed or injured, ATP can spill into the extracellular
space. There, it stops being a private fuel and becomes a public
alarm. Extracellular ATP is often interpreted as a sign that cells are
being harmed: membranes are rupturing, danger is near, something
physical is going wrong. In many settings, that signal encourages
inflammation. It recruits attention. It amplifies alertness.

Tregs can interfere with this alarm by changing the chemistry it-
self. High-level reviews continue to treat CD39 and CD73 as major
metabolic modules of Treg immunosuppression. These are enzymes
that work together to convert extracellular ATP into adenosine. The
conversion acts as an immunological switch: ATP in the outside
space tends to be pro-inflammatory; adenosine tends to suppress ac-
tivation and promote restraint. The same spilled molecule that once
functioned as a flare can be transformed into something closer to fog.

This is not only elegant biochemistry; it is a way of editing meaning.
A damaged tissue releases ATP, which could invite an ever-growing
influx of inflammatory activity. If CD39 and CD73 convert that
ATP to adenosine, the very presence of damage begins to generate a
counter-signal that discourages overreaction. It is as if the tissue is
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equipped with a chemical circuit breaker: the more ATP leaks out,
the more substrate there is to produce adenosine, and the harder it
becomes to keep the local area in a permanently activated state.

Adenosine’s suppressive effects are broad. It can dampen activation
programs across multiple immune cell types, lowering the likelihood
that the local response will keep feeding itself. In the ecological
framing, adenosine is not a sniper bullet aimed at one cell; it is a
change in air quality. Cells that can tolerate high-energy inflamma-
tory behavior in clean, oxygen-rich, danger-permissive air find that
behavior harder in an adenosine-rich environment. Their signals do
not transmit as well. Their activation thresholds shift. The local
crowd becomes less excitable.

This also makes sense of an everyday clinical intuition: inflamed tis-
sues are not merely sites of fighting; they are exhausted places. They
have hypoxia. They accumulate metabolic byproducts. They have
disrupted blood flow. They have debris. A tissue in chronic inflam-
mation is like a city that has been running on emergency power for
weeks. Under those conditions, a strategy that reshapes metabolism
and resource flow is not secondary; it is decisive.

Putting IL-2 deprivation and ATP-to-adenosine conversion side by
side also highlights how Treg control can be layered. One mecha-
nism targets the internal survival of expanding effector cells: remove
the growth signal and let intrinsic apoptosis pathways do the rest.
The other mechanism targets the external meaning of tissue damage:
convert an alarm molecule into a calming one. Both are ways of
winning without direct violence. They do not require the Treg to kill
opponents one by one. They require the Treg to manage the environ-
ment so that an inflammatory response becomes unsustainable.

The deeper theme is that the body tends to govern conflict the way
stable societies do: not only by punishing bad actions, but by making
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them harder to finance.

Consider how quickly a response can balloon. A handful of acti-
vated T cells can become thousands, then millions, each producing
cytokines, each recruiting other cells. That expansion is part of what
makes adaptive immunity impressive. But it is also what makes it
dangerous. You can tolerate a few misguided cells; you cannot toler-
ate a self-amplifying population armed with inflammatory programs.

Resource limitation is a way to keep amplification conditional. A
response can expand explosively only if multiple conditions are met:
antigen persists, co-stimulation remains strong, survival signals stay
available, and the surrounding tissue continues to look like a place
where danger is real. If any of those conditions fade, Tregs can
sharpen the consequences. Take away IL-2, and the cells that were
living at the edge of viability fall off that edge. Convert ATP to
adenosine, and the tissue becomes less supportive of the emotional
tone of alarm.

This also gives a different feel to what “suppression” means. It is easy
to imagine suppression as an authoritarian act: a powerful cell telling
other cells to shut up. The metabolic view is more like ecology. The
tissue is a landscape. Different cell programs are adapted to differ-
ent conditions. A program built for rapid inflammatory expansion
thrives in nutrient-rich, danger-rich conditions. Change the condi-
tions, and the program no longer fits. Tregs are not merely vetoing
decisions; they are altering the niche.

The nicest feature of niche control is that it can be local without being
narrow. A handful of Tregs positioned in the right place can influ-
ence many other cells because they are altering shared resources and
shared chemical signals. That is the difference between arguing with
every person in a crowd and quietly turning down the music, lower-
ing the lights, and closing the bar. The crowd’s behavior changes
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because the environment changes.

It is also why these mechanisms can be protective without inevitably
producing vulnerability to infection. Starvation strategies are, by
design, conditional. A serious infection can supply many signals
that overwhelm local restraint: robust co-stimulation, abundant in-
flammatory cues, a strong influx of innate cells, high antigen loads.
In that setting, effector cells may still acquire enough survival and
activation support to do their job. But in the common situations
that create unnecessary damage—minor barrier breaches, responses
to harmless antigens, friction from daily wear—the response is less
robustly justified. The same restraint mechanisms make it less likely
to become chronic.

The trade-off is that inflammation becomes a negotiation, not an ex-
ecution. There is no single master lever that ends every response
cleanly. A tissue might need some inflammation and also need to
end it promptly. It might need to clear a pathogen and also avoid
scarring. Metabolic and resource-based control offers a way to tune
duration and intensity, not merely to allow or forbid.

If this sounds abstract, it becomes more concrete when you imag-
ine the lived experience of chronic inflammation: the fatigue that
resembles a constant low-grade illness, the anemia of persistent gut
bleeding, the breathlessness of airway remodeling, the pain of in-
flamed joints that never fully cool. These are not only the results of
misguided recognition. They are the results of a response that found
a way to keep paying its bills. Starve the response, and you do not
merely quiet a symptom; you change the underlying economics that
made chronicity possible.

In a well-governed tissue, an inflammatory reaction is a limited-time
mobilization. Cells arrive, act, and then either leave or die back. The
barrier is repaired. Blood vessels return to normal tone. The chem-
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istry shifts from alarm to restoration. Tregs contribute to that shift
not only by speaking in cytokines, but by making sustained aggres-
sion expensive. They can capture IL-2 so that expansion becomes
a privilege rather than a default. They can use CD39 and CD73
to turn extracellular ATP into adenosine so that damage does not
automatically keep translating into escalating alarm. The fire may
still be lit when it must be, but it finds less kindling, less oxygen, and
fewer ways to keep itself alive.

6.4 When a Peacekeeper Defects

Every society that relies on peacekeepers has a hidden anxiety: what
if a peacekeeper turns?

The immune world has its own version of that fear, and it is unsettling
precisely because it breaks a comforting assumption. It is easy to
imagine that once a T cell becomes a Treg, it has crossed a one-
way border into lifelong restraint. The reality is more conditional.
The FOXP3-centered identity is not a medal that is pinned on once
and then forgotten. It is an active state, maintained by a network of
molecular habits that must be renewed. Under enough stress, that
maintenance can fail. And when it fails, the consequences are not
always a simple absence of restraint; sometimes the former restrainer
becomes part of the problem.

The idea that cell identities can be fragile runs against how we tend
to label biology in everyday conversation. We say this is a Treg the
way we say this is a police officer. But the immune system does not
issue plastic ID cards; it runs on programs. A program can be stable
for years and still be vulnerable to the right combination of pressures.
In inflamed tissues, pressure is everywhere: high concentrations of
activating signals, changing oxygen levels, metabolic strain, and re-
lentless stimulation. The same environments that make Tregs indis-
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pensable can also be the ones most likely to test the integrity of their
identity.

A critical turning point in how immunologists thought about this
came from fate-mapping experiments—methods designed to answer
a deceptively simple question: was this cell always what it appears
to be now? The results were sobering. Foxp3 instability in vivo can
generate exFoxp3 cells that behave as pathogenic memory-like effec-
tor T cells, implying tolerance can fail by lineage instability rather
than simply Treg loss. In other words, it is not only that the brakes
might be missing; it is that some brake pads can be repurposed into
accelerators.

The phrase memory-like matters. A pathogenic effector cell is dan-
gerous enough in the moment, but a memory cell is built for per-
sistence. It can survive, patrol, and respond with speed the next
time it senses its trigger. If an exFoxp3 cell retains memory traits
while adopting inflammatory behavior, it becomes a durable source
of trouble: a cell that does not merely flare up and die off, but can
help sustain chronic disease.

Chronic autoimmune disorders often feel to patients like a story
without an ending. Symptoms wax and wane. Therapies work and
then stop working. New organ systems become involved. The mind
searches for a cause that is both clear and permanent: a pathogen, a
toxin, a single genetic mistake. Sometimes those factors exist, but
the deeper pattern is that the body can become trapped in a self-
reinforcing state. The possibility of exFoxp3 cells adds a particularly
painful twist to that picture. It suggests that a response may not be
fed only by “bad” effector cells that escaped deletion or regulation.
It may also be fed by cells that once carried the FOXP3 program and
then lost their grip on it.

This loss does not need to happen by one single route. ExFoxp3
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cells may derive from both thymic/natural and adaptive/induced Treg
pools, suggesting multiple routes to “defection.” That diversity mat-
ters because it means the weak points may differ across diseases
and tissues. A gut environment, a joint, and a pancreatic islet can
place very different demands on Tregs. Some Tregs may have been
trained early in life in the thymus; others may have been induced later
from conventional precursors in peripheral tissues. Each origin story
carries different vulnerabilities, and inflammation is an opportunist
that exploits whatever vulnerabilities exist.

What, then, holds the FOXP3 identity together when it does hold?

The intuitive answer is “FOXP3 itself,” but that is only a starting
point. As described earlier, FOXP3 operates as a central organizer,
yet it does not act alone. Its stability depends on a broader architec-
ture: cooperative transcription factors, signaling pathways, and, cru-
cially, epigenetic scaffolding. Epigenetics is a term that can sound
like a buzzword until it is translated into something more concrete. It
refers to the chemical marks and structural arrangements that deter-
mine which parts of DNA are accessible and which are locked away,
shaping what genes a cell can reliably express over time.

Mechanistic frameworks for exTreg induction emphasize epigenetic
stability controls, including TET enzymes supporting demethylation
patterns at Foxp3 regulatory elements and chromatin regulators like
Ezh2, and show that perturbations can foster inflammatory exTregs.
Think of these molecules as custodians of identity. They do not
merely turn FOXP3 on or off like a light switch. They keep the
FOXP3-associated regions of the genome in the right configuration
so that the cell can return to its defining state day after day, even as
external signals fluctuate.

This makes the problem of defection feel less mysterious. A Treg is
constantly integrating cues: signals from other immune cells, signals
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from injured tissue, metabolic stress, and perhaps repeated stimula-
tion by antigens. If the epigenetic custodian system is intact, these
cues can be absorbed without erasing identity. But if those cus-
todians are compromised—by genetic variation, by inflammatory
pressure, by metabolic strain, or by repeated stimulation in a hos-
tile environment—the cell’s identity becomes more like a document
written in pencil. It can be smudged. It can be overwritten.

That point is especially relevant in tissues, where Tregs are not
generic. Tissue-adapted Tregs can take on specialized roles, includ-
ing repair-linked programs. Specialization is beneficial, but it can
also create a kind of tightrope. The more a cell is tuned to a specific
environment, the more that environment has leverage over it. An
inflamed tissue is not merely asking Tregs to suppress other cells; it
is pushing on the entire set of pathways that define what the Treg is.
Under chronic strain, the same flexibility that allows Tregs to adapt
can become a liability.

The image of a single, dramatic conversion—a Treg waking up one
morning and becoming an inflammatory effector—is probably too
theatrical for biology. More plausible is a spectrum of failure. A
Treg may become sluggish and less suppressive without fully con-
verting. It may retain FOXP3 expression but lose important func-
tional modules. It may become exhausted. Or it may become an
exFoxp3 cell with a more complete shift in behavior. This is not
hair-splitting; it affects how one thinks about disease. The issue may
not be that the body has too few Tregs. It may be that it has plenty
of cells wearing the uniform but fewer able to do the job, and some
that have actively changed sides.

This is also where modern reviews have shifted the tone of the con-
versation. Current high-authority reviews emphasize multilayered
(FOXP3-dependent and FOXP3-independent) programs maintaining
suppressive function and describe how their failure contributes to
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autoimmune disease. The implication is that there is no single bolt
to tighten. The restraint system resembles engineering redundancy:
multiple circuits, overlapping backups, and a reliance on both tran-
scriptional programs and environmental cues. Such redundancy is
why a person can lose one pathway and not immediately develop
catastrophic autoimmunity. It is also why chronic disease can be
so hard to reverse. A failure can be partial, distributed, and self-
sustaining.

A concrete way to feel this is to imagine a long-running inflammatory
site, such as an autoimmune joint. The environment there can be rich
in cytokines that favor effector differentiation and perpetuate activa-
tion. Cells repeatedly encounter antigen and inflammatory signals.
The tissue itself is damaged, releasing signals that keep innate im-
mune cells activated. Blood vessels deliver nutrients and new cells,
but the tissue is also hypoxic and metabolically strange, with lactic
acid and other byproducts accumulating. In such a setting, Tregs are
asked to do their job in conditions that would challenge any identity:
they must remain calm while everything around them is shouting.

From a distance, autoimmunity can look like a moral failure—a sys-
tem attacking itself for no reason. Up close, it can look like bureau-
cracy under emergency conditions. When a city faces a prolonged
crisis, agencies designed for peacetime can be overwhelmed. Rules
are bent. Exceptions become routines. Corruption becomes easier.
Something similar can happen at the cellular level, not because cells
are immoral, but because their programs are contingent.

The possibility of exFoxp3 cells also changes how one interprets
certain therapeutic hopes and fears. If one wants to use Tregs as a
therapy—to expand them, infuse them, or engineer them—one must
face the question of stability. A therapy that merely increases the
number of cells with a Treg phenotype is not enough if the treated
environment is capable of reprogramming those cells. The environ-
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ment is not a passive stage; it participates. A highly inflamed tissue
is not simply waiting to be calmed. It may push back, chemically and
epigenetically.

This is why the molecular custodians matter beyond academic detail.
TET enzymes and chromatin regulators like Ezh2 are not just names
on a pathway diagram; they are part of the reason a Treg can keep
its identity in the face of provocation. When those supports are per-
turbed, the FOXP3-centered program can fray. The peacekeeper’s
badge is not merely displayed; it must be continually authenticated.

At the same time, it is worth resisting fatalism. Plasticity does not
mean inevitability. Most Tregs do not defect, most of the time. The
fact that identity must be maintained is not evidence of weakness;
it is a realistic feature of living systems. Neurons must maintain
their connections. Skin must continually renew. Memories must
be reinforced. A program that is actively maintained can also be
actively supported, and that offers a different kind of optimism: un-
derstanding the conditions that stabilize Tregs may be as important
as understanding the triggers that inflame tissues.

The darker lesson remains, though: a cell type defined by restraint
is not immune to the forces it restrains. Under enough inflamma-
tory strain, the very architecture of tolerance can become part of the
pathology. The result is not only a failure to stop the war, but the
creation of veteran fighters who remember the battlefield.
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Chapter 7

Broken Mirrors: How
Tolerance Fails and
Autoimmunity Begins

Autoimmunity can look like a case of mistaken identity, but the
deeper story is about a security system losing its sense of proportion.
Beneath the outward diversity of lupus, multiple sclerosis, and type
1 diabetes lies a recurring pattern: tolerance frays, warning signs
accumulate, and treatments reveal how hard it is to quiet immune
damage without dimming immunity itself.

7.1 When the Peacekeepers Fall Behind

A strange fact sits at the heart of autoimmunity: the body carries cells
that can recognize itself, and yet most of the time nothing terrible
happens. Even in healthy people, if you look closely enough, you
can find T cells and B cells with the potential to react against self.
That sounds like a design flaw until you remember what these cells
are built to do. The adaptive arm of defence generates an enormous
variety of receptors by shuffling gene segments, a process that is both
powerful and, by nature, a little reckless. The price of being ready
for almost any microbe is that some of those receptors will fit the
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body’s own molecules well enough to cause trouble.

The deeper story, then, is not why self-reactivity exists, but why it so
often stays quiet. The body’s safety systems do not aim for a fantasy
of zero risk; they aim for a tolerable risk, managed in real time. That
is why it helps to think of health not as a simple on/off state but
as a negotiated truce: pressure to attack is continuously balanced
by pressure to hold back. Autoimmune disease begins when that
balance slips in the wrong direction for long enough, in the wrong
tissue, at the wrong moment.

One reason this can be hard to grasp is that people imagine autoim-
munity as a single mistake: a soldier misidentifies a civilian and
opens fire. But biology rarely behaves like a one-time misrecognition
followed by inevitable ruin. Many individuals have autoantibodies—
antibodies that bind the body’s own components—without any diag-
nosis. Some have T cells that can respond to self in a laboratory dish,
while their joints, kidneys, brain, and pancreas carry on normally.
Self-reactivity is common; self-destruction is not. Something has to
amplify the threat, sustain it, and focus it on a vulnerable target.

That amplifier is often inflammation. Inflammation is not just red-
ness and swelling; it is a whole biochemical mood that changes what
cells do and what they are allowed to do. When tissue is inflamed,
local cells send distress signals, blood vessels become more permis-
sive, and arriving immune cells receive cues that say, in effect, “this
matters.” Under those conditions, a borderline self-reactive cell that
would normally be ignored can be recruited into a real response.
Worse, the response itself damages tissue, and damaged tissue re-
leases more alarm signals, and the cycle feeds itself.

This self-sustaining quality is why chronic autoimmune inflamma-
tion can feel so different from a brief, clean response to a virus. In a
well-resolved infection, danger signals rise and fall, attackers expand
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and then contract, and the area returns to a baseline state. In autoim-
munity, the return to baseline is incomplete. The inflammatory en-
vironment persists in pockets; the local tissue becomes altered; new
immune cells arrive into an already activated setting; and a low-level
fire keeps catching on the same dry kindling.

Yet even that picture is still too simple, because autoimmune diseases
often come and go. Symptoms flare, then retreat. Someone with
multiple sclerosis may have a period of neurological dysfunction—
blurred vision, weakness, numbness—that gradually improves, only
for a new episode to arrive months later. A person with lupus can
feel relatively well for a while, then develop fever, joint pain, rash,
or kidney inflammation. Rheumatoid arthritis can quiet down and
then surge. These patterns are not just quirks of mood or willpower.
They are signatures of a living system that is repeatedly pushed out
of equilibrium and then partially restored.

A useful way to picture this is as a balance between cells that drive
inflammation (often called effector cells) and cells that restrain it
(including Tregs). This is not a static number on a lab report. It
is a contest that plays out in specific tissues and lymph nodes, un-
der the influence of stress hormones, infections, sleep, injury, and
the microbiome. A flare can begin when inflammatory forces gain
an advantage: an infection ramps up alarm signals; a tissue injury
exposes normally hidden molecules; a burst of cytokines changes
how aggressively T cells behave. A remission can occur when the
inflammatory context fades, when regulatory signals regain traction,
or when the most aggressive clones burn themselves out. The per-
son experiences this as alternating chapters of illness and relief, but
underneath it is a shifting local negotiation.

The idea that disease begins when the peacekeepers “fall behind” is
therefore not necessarily a story of total collapse. It can be a story
of timing and placement. Tregs can be present in normal numbers in
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the blood and still fail where it counts. They might arrive late to a
tissue under attack. They might be outnumbered in a particular organ.
They might be perfectly capable of suppressing one kind of response
but not another. They might be pushed into dysfunction by the very
inflammatory signals they are trying to tame. And even when Tregs
function well, they are working against the logic of escalation built
into defence: once enough danger cues accumulate, many immune
cells become harder to restrain.

Autoimmune diseases differ dramatically in which organs suffer
most. Type 1 diabetes targets insulin-producing beta cells in the
pancreas. Multiple sclerosis centres on the brain and spinal cord.
Lupus can be systemic—affecting joints, skin, kidneys, blood cells,
and more. At first glance these look like unrelated catastrophes. But
their shared logic becomes clearer when you focus on three questions:
where self-reactive lymphocytes are activated, where they travel, and
what kind of tissue environment they meet when they arrive.

Consider the pancreas in type 1 diabetes. Beta cells are not just
passive victims; they respond to stress by changing their behaviour,
including how they display molecules that immune cells can rec-
ognize. The pancreas also has a distinctive anatomy: clusters of
beta cells sit in islets, which are highly vascular and metabolically
intense. A small, focused immune infiltration can have outsized con-
sequences because it does not take much damage to impair insulin
production. In multiple sclerosis, by contrast, the central nervous
system has special barriers and immune rules; when inflammation
breaches those rules, even transient demyelination can disrupt nerve
conduction in ways that are immediately felt. In lupus, immune
complexes—clusters of antibodies bound to their targets—can cir-
culate and lodge in organs like the kidney, provoking inflammation
in a way that is less about one precise target cell and more about a
widespread mismanagement of debris and defence.
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Different organs, same theme: a self-directed response gains trac-
tion when local conditions encourage activation and make restraint
difficult.

A concrete historical example helps anchor this. In the late twen-
tieth century, clinicians recognized a rare syndrome in which chil-
dren developed multiple autoimmune problems—endocrine failure,
chronic infections, and unusual combinations of organ-specific at-
tacks. The cause, eventually pinned to mutations in a gene called
AIRE, was devastatingly instructive. AIRE helps the thymus expose
developing T cells to a wide array of the body’s own proteins, a kind
of early “show and tell” that strengthens central tolerance. When
AIRE fails, self-reactive T cells slip through more easily, and multi-
organ autoimmunity can erupt. This syndrome, often called APS-
1, is not the common form of autoimmunity that affects millions,
but it functions like a biological proof-of-principle: when tolerance
checkpoints are weakened, the consequences can be broad, severe,
and strangely eclectic.

Common autoimmune diseases are usually not driven by a single
broken gene in such a direct way, but APS-1 clarifies the logic. It
shows that the body normally lives with an enormous burden of po-
tential self-reactivity, and that layered safeguards are essential. It
also highlights a point that often gets missed: autoimmunity is not
one disease. It is a family resemblance, a shared failure mode that
can be expressed in many tissues depending on which self-reactive
clones are available, which organs are inflamed, and which local cues
favour aggression over restraint.

The B cell side of the story adds another twist. Antibodies are often
treated as mere markers—“positive ANA” in lupus, “anti-CCP” in
rheumatoid arthritis—but they can also be active participants. Anti-
bodies can form immune complexes that trigger inflammation, acti-
vate complement, and recruit cells that damage tissue. They can also
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help present antigen to T cells, tightening the collaboration between
B and T cells that makes immune responses durable. A person can
have autoantibodies for years without symptoms, but the presence of
those antibodies hints that a certain kind of immune conversation has
already begun. In that sense, antibodies can be early footprints: they
suggest that self-reactive cells have met, cooperated, and received
help.

Where do Tregs fit into this? Often, they are imagined as a sim-
ple brake pedal: push harder and the car slows down. But brakes
work differently on ice, and they work differently if one wheel has
lost traction. In inflamed tissue, cells release cytokines—chemical
messages—that can make effector T cells more resistant to suppres-
sion. The tissue itself can become a factory of activating cues. Even
the metabolism of the environment changes: oxygen levels, nutrient
availability, and waste products shift, affecting how well different
cells can function. Tregs can be exquisitely sensitive to such contexts.
A Treg that is perfectly suppressive in one setting can be blunted
in another, or can be pulled away from its stabilizing program by
inflammatory pressures.

Another underappreciated issue is location. Many Tregs are not
generic; they adapt to particular tissues. Skin-associated Tregs be-
have differently from those in fat, gut, or muscle. They express
different homing receptors—molecular “zip codes” that guide them
into certain tissues—and they may rely on local signals to survive and
function. If that trafficking is impaired, the body can have adequate
regulation in the bloodstream but inadequate regulation at the site
of attack. Disease then looks like a local failure even though the
underlying vulnerability is systemic.

This helps explain an everyday clinical puzzle: why laboratory mea-
sures can be frustratingly inconclusive. Someone can have normal
counts of Tregs in peripheral blood and still have active autoimmune
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inflammation in the joint or kidney. Another person can have altered
Treg markers without any clinical disease. Counting peacekeepers at
the city limits tells you something, but not whether they are patrolling
the right neighbourhood, whether their radios work, or whether the
local conditions have made their usual tactics ineffective.

Chronic inflammation, once established, also reshapes the battlefield
in a more permanent way. Tissues remodel. Blood vessels grow
new branches to accommodate ongoing cell traffic. Fibroblasts—
structural cells that help form connective tissue—can become ac-
tive participants in inflammation, producing cytokines and shaping
where immune cells congregate. This can turn a transient skirmish
into an entrenched problem. In rheumatoid arthritis, for example,
the synovium (the lining of the joint) can thicken and become an
aggressive, inflamed tissue in its own right. In multiple sclerosis,
repeated inflammatory episodes can leave scars—areas of gliosis and
axonal damage—that contribute to progressive disability. In type 1
diabetes, once beta cells are lost, the pancreas cannot easily replace
them at a meaningful scale. Even if inflammation is later controlled,
the functional deficit can remain.

The flare-and-remission pattern is therefore not just about immune
activity rising and falling. It is also about what damage has accu-
mulated and what reserves remain. Early flares can be dramatic yet
reversible, because the tissue can recover. Later flares can be sub-
tler but more consequential, because the tissue has less capacity to
bounce back.

All of this leads to a sobering conclusion: many autoimmune dis-
eases may begin not with a single dramatic failure, but with a small
mismatch—too much inflammatory push, too little regulatory pull—
repeated and reinforced until it becomes a new default. The body can
tolerate occasional lapses. It struggles with sustained bias.
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That bias can start from many angles. A self-reactive T cell might
be activated in a lymph node during an infection because microbial
signals create an unusually permissive environment. A self-reactive
B cell might receive help and begin producing antibodies that form
inflammatory complexes. A tissue might be stressed by metabolic
strain, injury, or hormonal shifts, making it more likely to send
distress signals. A person’s genetic background might tilt antigen
presentation, co-stimulation, or inhibitory pathways just enough to
reduce the margin of safety. None of these needs to be catastrophic
on its own. The danger lies in convergence: small advantages for
aggression that line up at the same time.

It also helps to name a psychological trap. When people hear that ev-
eryone harbours potentially self-reactive cells, they sometimes con-
clude that autoimmunity is inevitable and mysterious—something
that might strike anyone at random. In practice, the body’s tolerance
systems are remarkably robust. Autoimmune disease is common, but
not universal; and even in those affected, the disease often takes years
to develop. That time course is itself a clue. It implies that tolerance
is not a single wall but a set of working arrangements that must be
maintained under changing conditions. When maintenance lags—
when the peacekeeping function is late, outnumbered, misdirected,
or overwhelmed—autoimmunity can move from possibility to real-
ity.

Once the process has started, it can acquire momentum in ways that
feel unfair. The body becomes both battleground and witness: in-
flammation changes tissues, changed tissues invite more inflamma-
tion, and the very systems meant to restore calm have to operate in an
environment that resists calm. In that light, the shared thread across
lupus, multiple sclerosis, type 1 diabetes, and many other diagnoses
is not that they all “attack the self” in the same way, but that they all
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reveal what happens when restraint is no longer reliably delivered at
the right place and time. The truce does not end with a single decla-
ration; it erodes through missed signals, delayed responses, and a ris-
ing background of alarm that makes even ordinary self-recognition
dangerous.

7.2 Risk Is Written in Pencil, Not Ink

Family stories about autoimmune disease have a particular tone. A
woman with lupus remembers her aunt’s “bad joints” and wonders if
it was the same thing, unnamed at the time. A man newly diagnosed
with type 1 diabetes is told, almost casually, that a cousin has thyroid
disease and a sister has celiac. People begin to scan their family tree
like a weather forecast: is this storm coming for me?

Genes do matter. Yet the honest answer to most of these anxious
questions is also unsatisfying: genes rarely act like a verdict. They
act like a set of tendencies—small nudges in how easily inflamma-
tory responses ignite, how long they linger, how tightly tolerance
is maintained in the periphery, and how resilient Tregs remain under
pressure. For most autoimmune diseases, that nudge is spread across
many genetic variants, each one modest on its own. The technical
term is polygenic: rather than a single broken part, risk is distributed
across a network of parts, each slightly tuned toward danger or safety.
That distribution is why two siblings can share much of their DNA
and still have very different outcomes, and why someone can inherit
risk and never become ill.

A useful mental image is a pencil mark rather than ink. Ink de-
clares permanence; pencil suggests something that can be darkened,
smudged, partly erased, or overwritten by what happens later. Biol-
ogy is not always so forgiving, of course, but the metaphor captures
the central point: predisposition is real, and it is also negotiable.
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One place where predisposition repeatedly shows itself is in the genes
that control how protein fragments are displayed to T cells. That
display system is built around the HLA region (human leukocyte
antigen). HLA molecules are like molecular serving trays: they hold
short peptides and present them to T cells as evidence of what is
happening inside the body. Small changes in the shape of the tray in-
fluence which peptides fit well and which fall off. Those differences
can tilt the odds that certain self-derived peptides will be presented
in an attention-grabbing way. Across many autoimmune conditions,
HLA class II associations are unusually strong and unusually consis-
tent, as though the first weak point in the chain is the way certain
peptides are shown to the T cell repertoire.

This is not because HLA is “the autoimmunity gene,” but because
antigen presentation sits so early in the cascade. If a peptide is never
displayed, it cannot become the focus of a T cell response. If it is
displayed frequently, stably, and in inflammatory contexts, it has re-
peated chances to be noticed. The HLA region is also extraordinarily
diverse across human populations, shaped by ancient selection pres-
sures from infection. What protected one community from lethal
microbes may, in a modern environment, raise the probability of
particular autoimmune reactions. Nature optimizes for survival to
reproduction, not for freedom from chronic disease decades later.

Then there are genes that do not decide what is presented, but influ-
ence how T cells interpret what they see. CTLA4 is a classic example.
CTLA-4 is an inhibitory pathway that dampens T cell activation; it
is part of the language of restraint. When genetic variants affect
CTLA4 signalling or expression, the threshold for T cell activation
can shift. Not by much—often not enough to cause obvious immune
deficiency or dramatic disease by itself—but enough to reduce the
margin of safety in the ongoing negotiation between attack and re-
straint.
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PTPN22 is another recurring character in this story, a canonical non-
HLA risk gene implicated in rheumatoid arthritis and multiple other
autoimmune diseases. It encodes a molecule involved in immune sig-
nalling, influencing how strongly certain activation signals are trans-
mitted. The frustratingly interesting detail is that mechanistic inter-
pretation remains an active area: the same variant can have context-
dependent effects across immune cell types. That uncertainty is not a
weakness of the idea; it is a clue about the kind of causality involved.
Polygenic risk is not a simple on/off switch. It is a collective drift in
signalling networks, one that can be expressed differently depending
on the environment in which those networks operate.

The recurring appearance of HLA class II, CTLA4, and PTPN22
across multiple autoimmune diseases has sometimes been described
as a shared “master-key”—not because these genes unlock every door
by themselves, but because they seem to fit many locks. They point
to a shared vulnerability: the core circuitry of antigen display and
immune restraint. The particular door that opens—pancreas, joint,
brain, skin—depends on additional factors: which self-peptides are
present and visible in a tissue, what kinds of local alarm signals occur
there, and how the person’s life repeatedly perturbs the system.

Those perturbations begin early. Sex differences are one of the most
visible clues that inherited risk is only part of the equation. Many
autoimmune diseases are more common in women than men. The
pattern varies by disease, and it is not purely explained by healthcare
access or diagnosis bias. Biology is involved. Sex hormones influ-
ence immune tone, including cytokine production, barrier integrity,
and the behaviour of T cells and B cells. Pregnancy is a particularly
dramatic example of immune negotiation: a genetically distinct fetus
must be tolerated without leaving the mother dangerously defence-
less. Many autoimmune conditions shift during pregnancy—some
improve, some worsen, many change again postpartum. These clini-
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cal rhythms are not simply anecdotes; they reveal that the inflamma-
tory set-point is adjustable, and that hormonal landscapes can move
it.

Adolescence, the postpartum period, and menopause can all coin-
cide with changes in autoimmune activity, though the relationship is
messy and personal. The same person can experience improvement
in one phase and worsening in another, underscoring that hormones
are not a single knob labelled “more autoimmunity.” They are a
suite of signals that interact with genetics, sleep, stress physiology,
infections, and microbiota. Their importance lies in their ability to
reshape thresholds: what counts as a strong enough activation signal;
how long inflammation is tolerated before it is shut down; whether
Tregs remain stable in inflammatory contexts.

Infections sit at the centre of many people’s stories of onset. “It
started after a bad flu.” “After glandular fever, I never really re-
covered.” Such narratives can be both true and misleading. True,
because infection can provide exactly the ingredients that turn quiet
self-reactivity into a sustained attack: strong inflammation, tissue
disruption, altered antigen presentation, and a temporary change in
the balance of immune subsets. Misleading, because infections are
ubiquitous while autoimmune disease is not. Most people catch
viruses, sometimes repeatedly, and do not develop lupus or multiple
sclerosis. So infection cannot be a sufficient cause in most cases.

This is where probabilistic causality becomes emotionally difficult
but scientifically honest. A factor can be causal without being deter-
ministic. It can raise risk substantially and still not produce disease in
most exposed individuals, if exposure is common and susceptibility
is limited. EBV—Epstein-Barr virus—illustrates this well. EBV in-
fects a large fraction of the human population. Yet multiple sclerosis
remains relatively uncommon. If EBV contributes causally to MS,
it does so in susceptible contexts shaped by host genetics, immune
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control, and other modifiers. That conditionality is the point: an
exposure can be widespread, and still function as a trigger only for
those whose immune regulation has a smaller buffer.

EBV also has a particular biology that makes it a plausible trouble-
maker. It establishes long-term infection in B cells and can reshape
B cell behaviour. If B cells are not merely antibody factories but also
partners in antigen presentation and immune activation, then a virus
that lives inside them has the potential to distort the conversation be-
tween B and T cells. The details continue to be refined, but the lesson
is already clear enough for a dinner party: the world does not offer
single-cause explanations, and the body’s defences are influenced by
long-term relationships with microbes.

Infections can contribute in other ways besides chronic viral resi-
dence. Molecular mimicry is a famous idea: a microbial peptide
resembles a self-peptide closely enough that a response against the
microbe cross-reacts with the body. This is an intuitively satisfying
mechanism, and it probably occurs in certain cases. But mimicry
is not the only route. A more general route is inflammatory am-
plification. During infection, tissues upregulate antigen presenta-
tion, release distress signals, and recruit activated T cells. A self-
reactive clone that had been held in check may get a burst of co-
stimulation and proliferate. Once expanded, it can persist as a mem-
ory population—cells designed to respond quickly in the future. The
infection may fade, but the expanded repertoire remains, now with a
greater chance of encountering self again under inflammatory condi-
tions.

The microbiome adds another layer of subtlety. The gut is not just
a digestive tube; it is an immunological training ground in constant
contact with foreign molecules. The microbes that live there produce
metabolites that influence immune tone, including signals that can
support barrier integrity and affect T cell differentiation. Changes in
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microbiome composition—through antibiotics, diet, infection, travel,
or illness—can therefore modulate how reactive the immune land-
scape becomes. This does not mean there is a single “good” micro-
biome and a single “bad” one. It means that there are multiple sta-
ble states, and some states may make inflammatory responses more
likely to tip into persistence.

One reason the microbiome is so compelling is that it feels like a
bridge between the personal and the molecular. People change their
diet, experience stress, move cities, take antibiotics, have children,
and encounter new infections. These life events can shift microbial
communities. Those shifts can, in turn, alter the chemical environ-
ment in which immune decisions are made. The appeal of this idea
is also its danger: it tempts us toward simple prescriptions. But biol-
ogy resists one-size-fits-all solutions. The microbiome is not a lever
that can be pushed in a predictable direction in every person; it is a
dynamic ecosystem interacting with a host whose own genetics and
immune history shape what can thrive.

Environmental exposures beyond microbes also reshape thresholds.
Cigarette smoking is a classic example in rheumatoid arthritis risk,
likely because it alters lung tissue biology and local inflammation in
ways that make certain self-proteins more visible or more immuno-
genic. Air pollution, occupational exposures, ultraviolet light, and
diet can all act as modifiers in different diseases and populations.
Their effects may be small compared with the drama of a genetic mu-
tation, but small effects matter when they are chronic and widespread,
and when they accumulate on top of polygenic susceptibility.

What unites these diverse influences—HLA variants, CTLA4 and
PTPN22 signalling tweaks, hormones, infections, microbiome shifts,
exposures—is that they converge on the same few bottlenecks. One
bottleneck is antigen presentation: what peptides are displayed,
where, and in what inflammatory context. Another is peripheral tol-
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erance: whether a potentially dangerous clone is ignored, restrained,
deleted, or repurposed. Another is Treg stability and placement:
whether Tregs retain their suppressive programme in hostile cytokine
environments, and whether they arrive where they are needed. The
convergence is why very different life stories can land in similar clin-
ical syndromes.

A historical anecdote from human genetics gives this a grounded feel.
In the early days of searching for autoimmune risk genes, researchers
often hoped for a single culprit—one broken component whose re-
pair would prevent disease. What they found, again and again, was
messier: HLA signals that loomed large, and then a long tail of non-
HLA variants, each adding a little. This was not a failure of the
research programme. It was a description of the biological architec-
ture. The body’s defence networks are designed with redundancy
and feedback; they are not built around a solitary critical screw that,
once loosened, makes everything fall apart. That architecture pro-
tects most people most of the time. It also means that when disease
does emerge, it can do so through multiple combinations of small
vulnerabilities.

This combination logic has a practical implication that is both reas-
suring and frustrating. Reassuring, because having a risk variant is
not a diagnosis. Many people carry HLA types or signalling variants
associated with autoimmune disease and never become ill. Frustrat-
ing, because it is hard to point to a single cause in any one person. A
diagnosis can feel like a demand for an explanation: why me, why
now? The answer is often a convergence of predisposition and con-
text, played out over years.

It is tempting, when talking about genetics, to slip into fatalism. Yet
fatalism is precisely what the data do not support. Polygenic risk
means that biology is not locked into a single path. It means that the
same genome can be expressed across different immune histories.

199



Broken Mirrors: How Tolerance Fails and Autoimmunity Begins

Infections can be avoided or encountered; hormones rise and fall;
microbiomes shift; stress physiology changes with sleep and social
context; exposures vary with geography and occupation. None of
these offers a guarantee, and none should be blamed on the person
who becomes ill. But together they explain how risk can be real and
still behave like pencil: capable of deepening into a darker line, or
remaining faint enough that the truce holds.

Even the most “genetic” parts of this story are not purely genetic
in their consequences. A variant that slightly lowers inhibitory sig-
nalling might be harmless in a calm immunological environment and
consequential in an inflamed one. An HLA type that presents certain
peptides more effectively might be irrelevant if those peptides are
rarely produced or displayed, and crucial if tissue stress makes them
abundant. A microbiome that encourages inflammatory differentia-
tion might be buffered by robust Treg function in one person and not
in another. The biology of risk is not simply a list of factors; it is a
set of interactions.

And that is why autoimmune disease can cluster in families without
obeying the clean rules of single-gene inheritance. It can appear to
skip generations. It can express as different diagnoses in relatives.
It can be absent entirely in someone who seems, on paper, to “have
the genes.” The pencil mark is there, but what gets written over it—
by infection, hormones, microbiota, and inflammatory life events—
determines whether it becomes a dark, legible script or remains a
faint trace on the page.

7.3 The Quiet Years Before the Storm

The dramatic moment of diagnosis—being told you have rheuma-
toid arthritis, lupus, multiple sclerosis, or type 1 diabetes—invites
a simple story: something went wrong, and now it has been discov-
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ered. For many people, the lived experience encourages that story
too. Symptoms may seem to arrive abruptly: a swollen knee that
will not settle, a rash and exhaustion that suddenly feel different
from ordinary tiredness, a patch of numbness that makes the world
unreliable, thirst and weight loss that finally force a blood test.

Yet biology is rarely that theatrical. In many of these conditions,
there is a prologue written in small print. The first pages can be read
in retrospect, but sometimes they can be detected beforehand: anti-
bodies circulating quietly for years, subtle inflammatory signatures, a
slow drift in how immune responses are restrained in certain tissues.
The striking lesson is not that the body keeps secrets; it is that the
slide into overt illness can be gradual, and that gradualness creates
both an opportunity and a dilemma. The opportunity is prevention.
The dilemma is uncertainty: when early warning signs appear, no-
body can say with perfect confidence what will happen next, or when.

The key idea is that tolerance is maintenance work. As we saw, the
body’s restraint mechanisms are active programs, not a one-time lock
on a door. Maintenance implies wear and tear, temporary patches,
local repairs, and, occasionally, a problem that is contained for years
before it finally escapes its boundaries. That framing makes sense of
why the early phase can be quiet. A person can carry risky clones
and even show signs of self-recognition in the blood, while local
containment keeps tissue injury below the threshold of symptoms.

Type 1 diabetes offers the cleanest example because clinicians and
researchers have agreed on a staging system for its presymptomatic
period. In a 2015 scientific statement from JDRF, the Endocrine
Society, and the American Diabetes Association, type 1 diabetes is
described as a process that can be staged long before someone needs
insulin. Stage 1 is defined as the presence of two or more islet autoan-
tibodies with normal blood sugar (normoglycemia). Stage 2 still has
two or more autoantibodies, but blood sugar regulation is beginning
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to slip (dysglycemia). Stage 3 is the familiar clinical diagnosis, when
symptoms appear and glucose control has clearly failed.

This staging does something deceptively simple: it turns a binary
label into a timeline. It says that the autoimmune attack on pancreatic
islets can be real, measurable, and clinically silent. It also makes
visible a crucial asymmetry. The immune process can simmer for
a long time, but the final loss of function can feel sudden because
the pancreas has reserve. Beta cells can be reduced and stressed for
years while glucose remains normal, until a tipping point is crossed
and the remaining cells can no longer compensate. That tipping point
is experienced as “it came out of nowhere,” even when the prologue
has been unfolding in the background.

Rheumatoid arthritis supplies a parallel lesson in a different lan-
guage: the language of autoantibodies that precede pain. In a 2004
study of serial blood donations, Nielen and colleagues found that
autoantibodies associated with rheumatoid arthritis—IgM rheuma-
toid factor (RF) and anti-cyclic citrullinated peptide antibodies (anti-
CCP)—could be present before symptoms began in around half of
future cases, with a median lead time of about 4.5 years and some
individuals positive more than a decade before diagnosis. Kelmen-
son and colleagues (2020) deepened this picture by showing that
different autoantibody isotypes can rise at different times prior to
diagnosis, suggesting that there are multiple pre-arthritis trajectories
rather than one uniform path.

For a patient, this can be unsettling. Antibodies are often treated as
decisive proof of disease, and in some contexts they are. But the
preclinical rheumatoid arthritis story shows that antibody positivity
can be a forecast rather than a verdict. A forecast still matters: it
tells you the atmosphere has changed. The immune network has al-
ready learned something about the self, and it has learned it strongly
enough to enlist B cells in making durable proteins that circulate
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for years. That learning implies that immune interactions in lymph
nodes and bone marrow have already been reshaped. It also implies
time—time during which interventions might theoretically change
the trajectory before irreversible joint damage occurs.

Systemic lupus erythematosus reveals an even more layered pro-
logue, because lupus is not one target but many. Arbuckle and
colleagues (2003) examined stored blood samples from individuals
who later developed lupus and found that many had lupus-associated
autoantibodies years before diagnosis—sometimes up to about nine
years earlier. The pattern was not random. Some antibodies tended
to appear earlier, such as antinuclear antibodies (ANA), antiphospho-
lipid antibodies, and anti-Ro/La, while others that are more lupus-
specific, such as anti-Sm, often appeared later. This sequence fits
a broader immunological idea: epitope spreading. An epitope is
the specific piece of a molecule that an antibody or T cell recep-
tor recognizes. When inflammation causes tissue injury, more self-
molecules are released and processed, and the targets of recognition
can widen over time. What begins as a relatively narrow response
can become a broader one, not because the body suddenly becomes
“more confused,” but because damage changes what is visible and
what is repeatedly presented.

These examples—type 1 diabetes staging, preclinical rheumatoid
arthritis antibodies, and lupus antibody accrual—share a theme: the
earliest detectable signs are often systemic (in the blood), while the
most consequential injury is local (in pancreatic islets, joints, kid-
neys, skin). That mismatch is one reason early disease can be hard to
see without laboratory tools. It also complicates prediction. Blood
is accessible, but it is not always a faithful diary of what is happening
inside a particular tissue.

Multiple sclerosis pushes this challenge further, because the key
pathology occurs in the central nervous system, behind barriers that

203



Broken Mirrors: How Tolerance Fails and Autoimmunity Begins

normally limit immune traffic. There is growing evidence for a
prodromal period in MS—a stretch of time before diagnosis when
nonspecific symptoms or changes in healthcare utilization become
more common. Marrie and colleagues (2021) reviewed evidence for
such a prodrome, emphasizing both the promise and the limitations:
fatigue, pain, mood changes, and subtle neurological complaints are
common in the general population, and a prodrome signal can easily
be drowned in noise when applied to individuals. Another concept,
radiologically isolated syndrome (RIS), highlights that some people
have MRI findings suggestive of demyelination before they have clas-
sic MS symptoms. Yet RIS does not guarantee progression, and the
ethical stakes are obvious: telling someone they may develop MS
based on an incidental scan can change a life long before disease
does.

The quiet phase raises a practical question: what exactly is happening
during those years? It is tempting to imagine a single slow-moving
process, like a steadily rising tide. In reality, the early period may
involve alternating waves of activity and containment. A transient
infection could trigger a burst of autoreactivity that mostly resolves,
leaving a small residue of memory cells. A tissue injury could briefly
expose new self-antigens, widening the repertoire. Microbiome
shifts could nudge inflammatory tone. Hormonal changes could alter
thresholds. Each event might be insufficient to produce symptoms
on its own, yet each could contribute to a gradual accumulation of
risk: more memory, broader targets, greater ease of recruitment, and
a tissue environment that is less forgiving.

That gradual accumulation is also why timing matters so much. Once
a tissue is irreversibly damaged, calming the attack may not restore
function. The pancreas is the starkest case: insulin-producing beta
cells do not easily regenerate to a degree that solves clinical dia-
betes. Joints, once structurally eroded, may never fully recover their
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original mechanics. The central nervous system can compensate
impressively, but axonal loss and scarring can leave lasting deficits.
The quiet years are therefore not merely early versions of the same
disease; they may be a distinct window in which the most effective
interventions would look different from standard symptom control.

Biomarkers are the obvious tools for recognizing this window. A
biomarker is any measurable signal that correlates with a biological
state: an antibody, a pattern of cytokines, a cell population, a gene
expression signature. But biomarkers are not magical. They trade
one form of uncertainty for another. A symptom is immediate and
personal but nonspecific; a biomarker is objective and quantifiable
but often probabilistic.

Autoantibodies are the most established biomarkers for many con-
ditions, partly because they are stable and easy to measure. They
offer clarity in type 1 diabetes risk staging and substantial predictive
value in some contexts. Yet autoantibodies also illustrate the limits of
prediction. Many people with a positive ANA never develop lupus.
Some people with rheumatoid arthritis-related antibodies may not
develop clinical arthritis for years, and some may never cross the
diagnostic threshold. In other words, autoantibodies can be neces-
sary for certain trajectories, but not sufficient by themselves to dictate
destiny.

This is where the biology of restraint returns to centre stage. The
presence of autoreactivity in the blood suggests that checkpoints have
been traversed, but it does not tell you whether local containment
is holding. Containment depends on cell-to-cell conversations in
lymph nodes and tissues: who is present, what cytokines dominate,
whether inhibitory pathways are intact, and whether Tregs are stable
and appropriately positioned.

It is natural, then, to ask whether measuring Tregs—or the FOXP3
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program that defines them—could serve as an early warning system.
FOXP3 is a master regulator of Treg identity, and changes in FOXP3-
related measurements can be informative. But translating that into a
reliable clinical predictor is difficult. Tregs are diverse, and blood
measurements may miss what is happening in tissues. Numbers
alone can mislead: a person may have plenty of Tregs circulating
but too few in the organ where the skirmish is occurring. Function
matters, and function is harder to measure than presence. Context
matters, because inflammatory environments can make aggressive
T cells more resistant to suppression, even if Tregs are present and
intrinsically competent. A laboratory snapshot can capture a popu-
lation but miss the dynamic contest of recruitment, trafficking, and
local adaptation.

Even defining “Treg dysfunction” can be slippery. In some cases, the
problem may be quantitative (too few). In others, qualitative (less
suppressive). In others, positional (arriving late or failing to home
properly). In still others, the restraint program may be intact but
overwhelmed by the intensity of inflammation. These categories are
not mutually exclusive, and they can change over time. A person
might begin with adequate restraint that gradually loses ground as
chronic inflammation reshapes the tissue environment.

Biomarkers face another challenge: they can be good at group-level
prediction and still be unreliable for an individual. This is a familiar
problem in weather forecasting. Meteorologists can say that a certain
atmospheric pattern doubles the chance of rain tomorrow, and they
can be right in aggregate, even if any given person still experiences
sun. In medicine, this uncertainty becomes ethically charged. If a
biomarker indicates risk, what should be done? Monitor? Treat?
Reassure? Alarm? The answer depends on the balance between the
harm of overtreatment and the harm of missing a preventable dis-
ease. It also depends on the safety of available interventions, which
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is rarely perfect.

And yet the quiet phase is too important to ignore, precisely be-
cause it reframes what prevention could mean. Prevention is often
imagined as lifestyle advice given to everyone, whether it fits or
not. The existence of measurable preclinical stages suggests a more
precise possibility: intervening when biology begins to drift, before
irreversible damage accumulates, and while tolerance mechanisms
might still be reinforced rather than replaced by broad suppression.

The quiet years also change how one understands the moment of
symptom onset. When symptoms finally appear, it may not mean the
first breach of tolerance; it may mean that the accumulated breaches
have finally outpaced repair. A flare that seems “first” might be
the first one to be clinically visible. In type 1 diabetes, the final
metabolic collapse may be the first time the pancreas’s reserve has
been exhausted. In rheumatoid arthritis, the first swollen joint might
be the first time synovial inflammation has crossed the threshold of
persistent pain and stiffness. In lupus, the first unmistakable clinical
picture may emerge only after years of antibody accrual and immune
complex formation.

One of the most human consequences of this biology is the way it
reshapes memory. People look back and re-interpret years of vague
symptoms—fatigue, aches, brain fog—as early disease. Sometimes
that is true; sometimes it is the mind’s understandable attempt to
impose narrative order on uncertainty. The science supports a middle
ground: there can be real biological drift long before diagnosis, but
its signals can be faint, nonspecific, and unevenly distributed across
people. The prologue exists, but it is not always legible.

The most honest way to hold all this is to accept two truths at once.
First, early detectable changes can be real—sometimes strikingly
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real, as in presymptomatic type 1 diabetes staging or years of lupus-
associated autoantibodies. Second, early detectable changes are not
a prophecy carved in stone. The body can contain, compensate, and
renegotiate for a long time. The storm, when it finally arrives, is not
simply the presence of autoreactivity, but the moment when restraint
and repair no longer keep pace with injury, and a once-quiet process
becomes loud enough to be felt.

7.4 Why Relief So Often Comes with a Price

Relief is one of medicine’s most underestimated technologies. When
joints stop throbbing at 3 a.m., when a skin rash fades and sleep
becomes possible again, when a kidney stops leaking protein, when
a person can climb stairs without fearing the next step, something
profound has happened: the body has been pulled back from a state
of self-inflicted injury. For inflammatory conditions driven by mis-
directed immunity, that pull can be lifesaving.

The cruel paradox is that the same tools that calm self-attack can
also weaken the body’s ability to deal with genuine threats. Defence
and restraint are not separate machines with separate wiring. They
share circuits. If a drug turns down the volume on inflammatory
signals, it often turns down the volume on protective immunity as
well. The result is a clinical balancing act that can feel, to patients
and clinicians alike, like being asked to choose between two kinds of
danger: the danger of uncontrolled inflammation now, and the danger
of infection or malignancy later.

This is easiest to understand if you start not with molecules, but with
the lived reality of chronic inflammation. Autoimmune pathology
rarely damages only one thing. It damages tissue directly, but it also
damages life. Persistent pain changes sleep; poor sleep amplifies
pain. Fatigue shrinks the world. Steroids can control symptoms
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quickly but disrupt mood and metabolism. Repeated flares can erode
trust in one’s own body. There are also the silent consequences:
inflammation in the kidney that does not hurt until it is severe, or pro-
gressive scarring in the nervous system that steals function gradually.
Against that background, the appeal of powerful immunosuppression
is not abstract. It is the appeal of getting your life back.

Corticosteroids—drugs related to cortisol, the body’s own stress
hormone—are the classic example of speed and bluntness. They can
shut down inflammation with a force that still feels miraculous in the
clinic. That force comes from their broad reach: steroids affect many
immune pathways at once, reducing cytokine production, altering
immune cell trafficking, and damping activation. They do not “fix”
tolerance; they impose calm. In emergencies, that is exactly what is
needed. In lupus nephritis, for instance, the goal is to protect the
kidneys from rapid damage, and speed matters. In severe ulcera-
tive colitis, steroids can avert surgery. In acute multiple sclerosis
relapses, high-dose steroids can shorten recovery time.

Yet the very breadth that makes steroids effective also makes them
costly. Long-term use can thin bones, raise blood sugar, increase
infection susceptibility, and produce a distinctive set of metabolic
changes that patients recognize in the mirror as well as in lab results.
The medication that quiets the inflammatory storm can also reshape
the body in ways that feel like a second illness.

Other broad immunosuppressants—methotrexate, azathioprine, my-
cophenolate, cyclophosphamide—work differently but share a fam-
ily resemblance: they reduce immune activity by interfering with
cell division, DNA synthesis, or key activation pathways. They can
be highly effective, and for many conditions they are foundational.
But they also carry risks that come from the same logic. Cells that
divide rapidly are not only immune cells; they include hair follicles,
gut lining, and bone marrow precursors. Drugs that suppress the
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immune response can make vaccines less effective and can increase
vulnerability to opportunistic infections. The price can be immediate
(nausea, fatigue, low blood counts) or delayed (infection risk, ques-
tions about long-term malignancy).

These trade-offs were not always obvious at first, and the history of
immunosuppression contains moments of both triumph and sobering
correction. Early organ transplantation in the mid-twentieth century
became feasible only when clinicians found ways to suppress rejec-
tion, and those successes taught medicine how dramatically immune
activity could be manipulated. But they also revealed the shadow
side: infections that would normally be contained became severe,
and certain malignancies became more common. Those lessons
spilled into autoimmunity care. The tools that could prevent a trans-
planted kidney from being attacked could also prevent a person’s own
kidneys from being destroyed by lupus, but neither use came without
consequences.

Over time, the field moved toward therapies that were not just
broad dampeners but targeted interventions. Biologics—engineered
proteins, often antibodies—allowed clinicians to block specific cy-
tokines or pathways rather than turning down everything at once.
This improved specificity, reduced some side effects, and trans-
formed outcomes in diseases like rheumatoid arthritis and inflam-
matory bowel disease.

A concrete example makes the paradox vivid: anti-TNF therapy.
TNF (tumour necrosis factor) is a powerful inflammatory cytokine
involved in many immune reactions. Blocking TNF can dramati-
cally reduce joint inflammation and prevent damage in rheumatoid
arthritis; it can also be transformative in Crohn’s disease. For many
patients, these drugs changed the trajectory of disability and pain.

But suppressing inflammatory pathways can compromise host de-
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fence. Anti-TNF therapies are associated with increased tuberculosis
risk, especially through reactivation of latent infection, which is why
screening and monitoring are standard parts of care. The biology
is coherent: TNF is important for containing Mycobacterium tuber-
culosis in granulomas, the structured immune lesions that keep the
bacteria walled off. Reduce TNF signalling, and a walled-off infec-
tion can escape. The clinical implications are immediate and prac-
tical: before starting anti-TNF therapy, clinicians screen for latent
TB; during therapy, they remain vigilant. This is not an unfortunate
side effect that could have been avoided by better luck. It is a direct
consequence of sharing pathways between harmful inflammation and
protective containment.

That shared-pathways logic also explains why some biologics, de-
spite being more selective than steroids, do not fully restore the truce.
Blocking one cytokine can reduce tissue injury, but it may not rebuild
tolerance in the deeper sense of retraining or rebalancing the network.
The underlying propensity for autoreactivity remains; the drug func-
tions like a dam rather than a redesign of the riverbed. When the
dam is removed, the river may surge again. Some patients achieve
long remissions; others relapse quickly. The variation reflects het-
erogeneity in disease mechanisms, tissue context, and the degree to
which inflammation has already remodeled the target organ.

Long-term immunosuppression raises malignancy questions as well.
Systematic reviews and meta-analyses have examined cancer inci-
dence and recurrence risks across drug classes, and the results em-
phasize heterogeneity and uncertainty rather than a single clear num-
ber. That uncertainty itself shapes shared decision-making. For a
person with severe inflammatory disease, the risk of organ failure
or disability without treatment may be unacceptably high, making a
potential long-term malignancy risk a price worth paying. For some-
one with milder disease, the calculus may differ. Age, past cancer
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history, viral exposures, and other medical conditions all shift the
balance. The clinician’s job becomes less like prescribing a single
correct answer and more like helping a person choose among imper-
fect options with open eyes.

The paradox becomes even more striking when you look at the mirror
image of autoimmune therapy: cancer immunotherapy. For much
of the twentieth century, cancer was treated by cutting it out, poi-
soning it, or irradiating it. Immunology seemed tangential. Then a
new class of therapies emerged that did something counterintuitive:
rather than suppressing immunity, they unleashed it. Immune check-
point blockade—drugs that interfere with inhibitory pathways—can
produce remarkable responses in some cancers by allowing T cells
to attack tumours more effectively.

But enhancing immunity in cancer via checkpoint blockade can
break tolerance and cause immune-related adverse events across or-
gans. These toxicities can resemble autoimmunity: colitis, hepati-
tis, thyroiditis, skin rashes, pneumonitis, arthritis, and more. The
treatments that save a life from cancer can, in some patients, pro-
voke a new inflammatory illness. And the mitigation often requires
immunosuppression—sometimes corticosteroids, sometimes other
agents—underscoring the balancing act. The same tolerance cir-
cuitry that prevents the body from attacking itself also limits the
intensity of anti-tumour immunity. Remove the restraints, and you
may gain tumour control at the cost of collateral tissue damage.

This mirror teaches an important lesson about what tolerance really is.
Tolerance is not a moral failure of the body to fight hard enough; it is
part of the design that makes vigorous defence compatible with long
life. When medicine manipulates these controls, it is not choosing
between health and disease in a simple sense. It is choosing between
different configurations of risk.
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The ethical and emotional weight of these choices is easy to under-
estimate if you have never faced them. Imagine being offered a drug
that could prevent your kidneys from failing but might increase your
risk of serious infection. Or being offered a cancer therapy that could
induce remission but might inflame your colon so severely that eating
becomes painful. These are not hypothetical for many patients. They
are the lived texture of modern immunology in the clinic.

The patient’s perspective also highlights something that biology
alone cannot capture: risk is not just statistical. It is shaped by cir-
cumstance. A teacher exposed to many respiratory infections may ex-
perience immunosuppression differently from someone who works
from home. Someone caring for young children encounters a steady
stream of viruses. Someone in a region where TB is more common
has a different background risk than someone where it is rare. Vacci-
nation history, travel, housing, and access to healthcare all influence
the real-world meaning of a drug’s side-effect profile. So do social
factors: a person with resources can seek prompt treatment for infec-
tions; a person without resources may not. The same medication can
therefore be safer or more dangerous depending on the life in which
it is used.

If broad immunosuppression is blunt and targeted blockade is still
largely about symptom control, what would it mean to restore toler-
ance more precisely? The appeal of Treg-centred strategies comes
from the wish to treat the underlying logic rather than perpetually
fighting the downstream fire. Treg biology underlies many therapeu-
tic strategies aiming to restore tolerance, but it also illustrates trade-
offs. Strengthening regulation, if done indiscriminately, may risk
dampening protective immunity. The dream is not to flood the body
with suppression; it is to increase restraint where it is missing, at the
sites where autoreactivity is becoming destructive, while preserving
the ability to fight microbes and malignancy.
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That dream is technically and conceptually difficult. Tregs are not a
single uniform population; they adapt to tissues, respond to cytokine
environments, and interact with many cell types. Enhancing their
function might mean expanding them, stabilizing their program, im-
proving their trafficking, or making inflamed tissues more receptive
to their signals. Each approach carries its own risks. Too much re-
straint in the wrong place could increase susceptibility to infection;
too much restraint in the tumour microenvironment could aid cancer
immune evasion. The very existence of checkpoint blockade toxici-
ties shows how tightly these controls are tuned, and how hard it is to
change them without unintended consequences.

Still, there is a reason clinicians and patients continue to accept the
price of immunosuppression: uncontrolled inflammation is not a
benign alternative. It scars kidneys, erodes joints, damages nerves,
and shortens lives. The price of relief is not evidence that therapy
has failed; it is evidence that the body’s defence network is a single
integrated system whose levers are coupled. Modern medicine has
learned to pull some of those levers with remarkable effect. The
challenge is to pull them with enough finesse that relief does not
have to be purchased with so much vulnerability.
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Chapter 8

Three Illnesses, Three
Clues: Diabetes, MS,
and Lupus

Autoimmunity rarely announces itself with a single pattern: in one
person it erases insulin-making cells, in another it scars the wiring of
the nervous system, and in another it turns the body’s own molecules
into targets almost everywhere at once. Following these three dis-
eases side by side reveals a deeper logic beneath their differences,
where regulatory T cells act as shared guardians but local tissues,
barriers, and triggers decide how the drama unfolds.

8.1 Type 1 Diabetes: When the Pancreas
Becomes a Target

Type 1 diabetes has a strange kind of precision. The damage is devas-
tating, but the aim is narrow: a small population of cells tucked inside
the pancreas—the insulin-making beta cells—becomes the focus of
an attack that can smoulder for years.

That narrowness is part of what makes the illness so revealing. It is
easier to see the logic of tolerance when the target is so well defined.
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Beta cells do not live in the skin or the gut, constantly exposed to
the outside world. They sit behind layers of ordinary tissue, doing
one job over and over: tasting blood sugar and releasing insulin in
carefully measured pulses. If the body is a city, beta cells are not
patrol officers or border guards; they are quiet engineers keeping the
power grid stable. When the immune response turns on them, it is
not because beta cells are foreign. It is because the usual rules that
keep self-recognition from turning into self-destruction have stopped
working in this particular place, against these particular proteins,
for this particular person.

One reason type 1 diabetes can look sudden is that the body is good
at improvising. As long as enough beta cells remain, the pancreas
can compensate. Blood sugar stays normal. A child can be energetic
one month and dangerously ill the next. Families often remember the
diagnosis as an ambush: constant thirst, constant urination, weight
loss, fatigue that does not fit the week. But the clinical moment is
usually the end of a long story, not the beginning. The earlier chap-
ters of that story are written in immunological ink: the appearance
of antibodies against islet proteins, subtle stress signals in the islets,
small skirmishes in pancreatic tissue that most people will never feel.

The key word is islet. Beta cells live in clusters called islets of Langer-
hans, little islands of endocrine tissue scattered through the pancreas.
They share space with other hormone-producing cells, but beta cells
carry the most famous burden. When type 1 diabetes develops, the
immune reaction is directed at the islet environment. Pathologists
call the classic lesion insulitis: immune infiltration in and around
islets. Modern immunology has put names to some of the main
participants, and a recurring character is the CD8+ T cell—a killer
T cell trained, under normal circumstances, to remove infected or
malignant cells. In type 1 diabetes, some of these CD8+ T cells
behave as if beta cells were infected impostors.
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How does a killer T cell come to that conclusion? Not by reading
a label that says “beta cell.” T cells see fragments of proteins—
antigens—displayed on the surface of cells by molecular billboards
called MHC molecules. Beta cells, like other cells, constantly dis-
play such fragments as a record of their internal life. In type 1 dia-
betes, that ordinary display becomes incriminating. Proteins central
to beta-cell biology—insulin itself, and other islet-associated pro-
teins such as GAD (glutamic acid decarboxylase)—enter an eviden-
tiary chain: picked up, processed, presented, recognised. The result
is a response that is specific enough to be studied in exquisite detail,
yet complex enough to resist any single-cause explanation.

A historical clue that type 1 diabetes was more than a metabolic
disorder came from the discovery of islet-related autoantibodies. An-
tibodies are made by B cells, not T cells, and they do not directly kill
beta cells in the same way. But antibodies can act like footprints in
fresh snow: evidence that an immune response has passed through.
In the 1970s, researchers began to find antibodies in the blood of
people with newly diagnosed type 1 diabetes that reacted with pan-
creatic islet tissue. Those early observations helped shift the field
from viewing diabetes purely as a failure of insulin production to
seeing it as a failure of tolerance.

There is a human drama hidden in that shift. Before autoantibody
testing, families had little warning. A child could go from health
to ketoacidosis—a medical emergency caused by profound insulin
deficiency—with nothing to prepare them except hindsight. Once
autoantibodies became measurable, it became possible to identify
people who were on a path toward diabetes before symptoms ap-
peared. That did not immediately provide a cure, but it transformed
the ethical and emotional landscape. Knowing early can feel like
living under a weather forecast that says a storm is likely but cannot
say exactly when it will hit. It can also create a precious possibility:
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prevention, delay, or at least a gentler arrival.

This is where timing becomes everything. Beta cells are not easily
replaced. They can adapt, and in some circumstances they may re-
generate to a limited degree, but the adult pancreas does not behave
like skin that heals cleanly after a scrape. In type 1 diabetes, the
body’s own repair capacity fights an uphill battle against continued
immune pressure. That sets up a cruel asymmetry: it is far easier
to preserve existing beta-cell function than to rebuild it once it is
largely gone. The nearer you are to diagnosis, the more tempting it
becomes to aim at blood sugar control alone, because that is what
is immediately measurable. Yet the immunological crisis has been
unfolding long before glucose rises, and by the time glucose does
rise, the opportunity to protect a substantial beta-cell population may
already be slipping away.

Genetics adds another layer to the story, and it is revealing where
the risk tends to sit. Many risk variants for type 1 diabetes map
not to beta-cell biology but to immune regulation: antigen presen-
tation, T-cell activation, cytokine signalling. That pattern suggests
a vulnerability in the governance of the response rather than in the
target tissue itself. In other words, the problem is often not that beta
cells are intrinsically strange; it is that the body’s policing has blind
spots, or its brakes wear down, or its rules for restraint are too easily
overridden.

Even so, beta cells are not passive bystanders. Under stress, they can
change what they display and how they communicate with neighbour-
ing cells. Inflammation can alter the local chemistry of the islets,
nudging them into a state that is more visible to T cells. The idea
is not that beta cells cause their own destruction, but that a stressed
tissue can become a brighter beacon. Autoimmunity often thrives on
feedback: small injury creates inflammation; inflammation changes
tissue; changed tissue provokes stronger recognition; stronger recog-
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nition causes more injury. Once such a loop establishes itself, it can
be hard to interrupt without collateral damage.

People often imagine the immune attack as a single decisive battle:
one day the body suddenly turns against itself. In reality, type 1 dia-
betes frequently behaves more like a drawn-out campaign with lulls,
partial recoveries, and bursts of activity. Clinicians see this in the so-
called honeymoon period after diagnosis, when insulin needs may
temporarily fall because remaining beta cells recover some function
once glucose toxicity is relieved and the acute crisis is treated. The
honeymoon is not simply good news; it is a reminder that something
remains worth saving. It is also a reminder that the response is still
active. Without changing the underlying immune pressure, the hon-
eymoon typically ends.

The modern approach to type 1 diabetes increasingly treats the pre-
clinical period as a stage worthy of medical attention in its own right.
Autoantibody screening, especially in relatives of people with type
1 diabetes, can identify individuals at high risk. Some will have
one autoantibody for years and never progress; others accumulate
multiple autoantibodies and move more predictably toward abnor-
mal glucose handling. Different early autoantibody patterns hint that
there may be different entry points into the disease process: for some,
insulin may be an early focus; for others, GAD or related antigens
may dominate. This diversity has led researchers to propose distinct
“endotypes” of type 1 diabetes—not different diseases, but different
flavours of the same basic failure, with differences in age of onset,
residual insulin production, and the cellular composition of inflam-
mation in the islets. The practical implication is sobering: a therapy
that helps one endotype may do little for another.

A concrete example of the power of early intervention arrived in 2022,
when the U.S. FDA approved teplizumab-mzwv (Tzield) to delay
the onset of clinical type 1 diabetes in certain high-risk individuals.
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Teplizumab is an anti-CD3 antibody, meaning it binds to a key part of
the T-cell receptor complex and modulates T-cell behaviour. The ap-
proval did not claim a cure. It was something more modest and, in its
own way, revolutionary: proof that the disease course can be altered
before full clinical diabetes appears. For families living with risk—
especially families who have watched an older sibling go through
diagnosis—even a delay can mean time: time for a child to grow,
time to prepare, time to reduce the chance that diagnosis arrives as
an emergency.

That milestone also raises a deeper question: if modulating T cells
can delay the loss of insulin, could strengthening the body’s own tol-
erance machinery do the same, perhaps more gently and with fewer
trade-offs?

That question brings regulatory T cells (Tregs) into the spotlight.
Tregs are often described as the immune system’s brakes, but the
metaphor can be sharpened. Brakes do not merely stop a car; they
shape every safe turn and controlled descent. Without them, motion
becomes unpredictable and dangerous, especially on steep terrain. In
type 1 diabetes, the terrain is steep because the target is limited and
precious. A small shift in the balance between aggressive T cells and
restraint can have outsized consequences for the remaining beta-cell
population.

The most discussed molecular lever for Tregs in type 1 diabetes is
IL−2 (interleukin-2), a cytokine that functions like a growth and
survival signal for certain T cells. Tregs are unusually hungry for
IL−2. They express high levels of the IL receptor component CD25,
allowing them to respond to lower concentrations than many con-
ventional T cells. This creates a tantalising therapeutic possibility:
low-dose IL−2 might preferentially support Tregs without broadly
stimulating the more aggressive arms of the response.
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The appeal here is conceptual as much as practical. Traditional im-
munosuppression is like turning down the electricity to an entire
building because one room is overheating. It can work, but the costs
are obvious: infection risk, reduced vaccine responses, and a gen-
eral weakening of surveillance against cancer. A Treg-supporting
approach aims for something closer to a targeted repair of gover-
nance: not silencing the whole system, but restoring a missing layer
of restraint that should have been present all along.

The challenge is that biology does not always reward elegant ideas.
Inflammation changes the rules of the local environment. Effector
T cells—the ones doing the damage—can become less responsive
to regulation, as if they have learned to ignore the brakes. Tregs
themselves can become functionally impaired or outnumbered in in-
flamed tissue. Some may be present but exhausted, or diverted into
non-productive states. There is also the delicate matter of dosage:
IL−2 is not a private fuel line serving only Tregs. Give too much,
and other T cells may also expand. The therapeutic window can
be narrow, and the clinical goal subtle: nudge the system toward
tolerance without pushing it into immunodeficiency or inadvertently
boosting the wrong populations.

Yet the logic of trying is compelling, especially early. Before di-
agnosis, when glucose is still normal and the majority of beta-cell
mass may still be present, the task is not to resurrect a devastated
organ; it is to prevent an avoidable loss. In that setting, a modest shift
in immune balance might translate into years of preserved insulin
production. Even after diagnosis, when the honeymoon hints that
some beta-cell function remains, preserving what is left can improve
long-term outcomes. Endogenous insulin production, even at low
levels, smooths glucose control and reduces the risk of severe hypo-
glycaemia. It is the difference between managing diabetes with some
internal buffering and managing it with no safety net.
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A helpful way to think about this is to imagine the islets as a small
village that relies on a single well. If the well is poisoned, delivering
bottled water keeps people alive, but it does not restore the village.
Protecting the well early is a different project than building a new one
after it has collapsed. Insulin injections are lifesaving bottled water.
Tolerance-restoring strategies aim to protect the well.

This is also why type 1 diabetes feels so personal in a way that
many other immune-mediated conditions do not. The daily work
of management is relentless and intimate: counting carbohydrates,
monitoring glucose, adjusting insulin doses based on meals, exercise,
stress, illness. Technologies such as continuous glucose monitors
and automated insulin delivery systems have transformed that work
for many, but they do not erase it. If tolerance could be preserved—
if a person could keep even a fraction of their beta-cell function—it
would not merely shift a lab value. It would change the texture of a
life.

There is another reason the pancreas makes such a clean case study:
it forces honesty about what it means to “treat” an illness. When beta
cells are gone, controlling glucose treats the consequences, not the
cause. That is not a criticism; it is a tribute to one of medicine’s great
triumphs. Insulin therapy, since its first clinical use in 1922, turned
type 1 diabetes from a rapidly fatal diagnosis into a chronic condition
compatible with long lives. But insulin is a replacement for a lost
function, not a repair of tolerance. The persistence of the underlying
immune misrecognition is part of why beta-cell replacement strate-
gies, such as islet transplantation, face such formidable hurdles: even
if new beta cells can be provided, they must be protected not only
from rejection as transplants but also from the same autoimmune
forces that destroyed the originals.

So the deeper lesson of type 1 diabetes is not simply that tolerance
can fail. It is that tolerance can fail quietly, and that the quiet phase
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can be the most actionable phase. The body may offer early signals—
autoantibodies, subtle changes in glucose handling—long before
symptoms force attention. For a long time, such signals were scien-
tifically interesting but clinically frustrating, because there was little
to offer besides observation. That is beginning to change. Immune-
modulating therapies can delay onset in some people; Treg-centred
approaches aim to restore a missing layer of restraint rather than
bludgeoning the response into silence. None of these approaches
is simple, and none erases the need for careful metabolic care. But
they are built around a straightforward moral: when the target tissue
is precious and limited, the best rescue is often the one that arrives
before the fire has consumed the house.

8.2 Multiple Sclerosis: Regulation Behind
the Barrier

In multiple sclerosis, the most unsettling question is not only why the
body turns its weapons inward, but where. The brain and spinal cord
are not just another organ. They are a command centre built from
cells that do not readily regenerate, wrapped in insulation that must
remain intact for thought and movement to feel effortless. When
inflammation erupts there, the consequences can be oddly specific:
a patch of blurred vision in one eye, a strip of numbness down one
side, a foot that drags as if the signal has to fight its way through static.
Then, just as strangely, many people recover partially. Symptoms
ease. Life resumes. Later the trouble returns, not always in the same
place.

This pattern of relapses and remissions has long made multiple scle-
rosis feel like a disease of weather systems: storms that gather, strike,
and move on. But the geography is not poetic; it is biological. The
nervous system is protected by barriers and rules that shape how the
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body’s defences are allowed to behave. To understand why multiple
sclerosis comes in waves and lesions, it helps to understand how hard
it is for circulating immune forces to enter the central nervous system
in the first place.

The key structure is the blood-brain barrier. It is not a literal wall, but
a set of tightly regulated checkpoints built into the smallest blood
vessels of the brain and spinal cord. The cells lining these vessels
are stitched together with unusually tight junctions, limiting what
can slip between them. Supporting cells wrap around the vessels
and help enforce the rules. Nutrients are transported in through con-
trolled gateways; waste is escorted out. Many microbes and toxins
are kept at bay. Most immune traffic is discouraged.

That last point can sound dangerous. If the brain is so protected,
how does it fight infections? The answer is that the central nervous
system is not truly “immune privileged” in the sense of being ignored.
It is selectively protected. It runs a quieter form of surveillance, with
local cells responding to danger and with carefully managed access
for cells arriving from the blood. The goal is not to ban immunity
but to prevent the kind of swelling, heat, and collateral damage that
other tissues can tolerate but neurons cannot. A small mistake in the
skin is a rash; a small mistake in the spinal cord can be paralysis.

Multiple sclerosis is, at its core, a disorder of inflammatory entry
and inflammatory persistence in a place where both are unusually
costly. In the classic picture, the immune attack targets myelin, the
fatty sheath that wraps nerve fibres. Myelin is the insulation that
allows electrical impulses to travel quickly and efficiently. Strip it
away and signals slow down, leak, or fail. The hallmark lesions of
multiple sclerosis are patches of inflammation and myelin loss scat-
tered through white matter tracts of the brain and spinal cord, with
additional injury to the nerve fibres themselves. Over time, neurode-
generation can accumulate, leaving deficits that do not fully recede
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when the inflammation quiets.

A nineteenth-century neurologist, Jean-Martin Charcot, helped
fix multiple sclerosis in medical consciousness by describing the
plaques found in the brains and spinal cords of affected patients
and linking them to neurological signs. The microscope revealed
something the symptoms alone could not: the disease did not strike
the nervous system evenly. It left islands of damage, like burns on a
map. Even without modern immunology, that patchiness suggested
a process that arrived through blood vessels, flared locally, and then
subsided.

Modern imaging made the geography even more visible. MRI scans
can show new lesions appearing with relapses and can reveal silent
lesions that form without obvious symptoms. That silence is another
clue. Inflammation can be present and active in the central nervous
system even when a person feels well, which means the difference
between relapse and remission is not always the difference between
“disease on” and “disease off.” It is often the difference between a
flare that affects a tract essential for a particular function and a flare
that lands in a region with more redundancy, or that is contained
quickly enough for repair to keep pace.

Repair is possible, up to a point. Myelin can be restored by cells
called oligodendrocytes and their precursors, which can remyelinate
damaged axons, especially early in the disease. That capacity helps
explain why many early relapses improve: the underlying wiring may
survive, and re-insulation can restore function. But repeated attacks
can exhaust repair, and damage to axons themselves is harder to re-
verse. The combination of episodic inflammation and gradual accu-
mulation of injury is one reason multiple sclerosis can change char-
acter over time, with some people moving from a relapsing course to
a more steadily progressive one.
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Where do regulatory T cells fit into this picture? The basic balance
between effector forces and Tregs is familiar by now, but multiple
sclerosis forces an extra layer of thinking: regulation is not just about
how strongly cells respond. It is also about where they are allowed
to go and what happens to them once they arrive.

Crossing the blood-brain barrier is not a passive drift. Cells must
adhere to the vessel wall, respond to chemokine signals (molecular
scent trails), and squeeze through in a controlled process called dia-
pedesis. In inflammatory states, the barrier itself changes: adhesion
molecules increase, tight junctions loosen, and signalling molecules
encourage entry. That means the first failure in multiple sclerosis
may not be a dramatic loss of tolerance everywhere in the body. It
can be a local failure of restraint at the interface between blood and
nervous tissue, a moment when the gatekeeping becomes permissive
and the wrong repertoire of cells gets through.

Once inside, the rules change again. The central nervous system is
not simply a quiet version of the rest of the body. It has its own
supporting cast: microglia (resident immune-like cells), astrocytes,
oligodendrocytes, neurons, and a distinctive chemical environment.
These local cues can shape how T cells behave. The research liter-
ature increasingly recognises that Tregs associated with brain tissue
can develop specialised programs, tuned to the needs of immune-
brain crosstalk rather than to a generic suppressive role. That is a
promising idea, because it suggests the possibility of regulation that
is not merely a blanket dampening of responses but an adaptation to
a fragile tissue.

It is also a warning. A Treg that is effective in blood may not remain
effective in the central nervous system. Evidence from the animal
model of MS, experimental autoimmune encephalomyelitis (EAE),
suggests that after entering inflamed nervous tissue, Tregs can be-
come unstable: FOXP3 expression can fall and suppressive capacity
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can weaken. In plain language, the cells that are meant to apply the
brakes can lose their grip in the very environment where the brakes
are most needed. That instability fits a broader theme: intense inflam-
mation is not only destructive to tissue; it is a corrosive environment
for regulation itself.

This helps make sense of a frustrating feature of multiple sclerosis
research: measuring Tregs in the blood does not straightforwardly
reveal what is happening in the brain. Blood is accessible; brain
tissue is not. A blood test might show normal numbers of Tregs, or
subtle functional differences, yet the meaningful failures could be
happening at the barrier, in the cerebrospinal fluid, or within lesions.
Compartment matters. It is entirely possible for the periphery to
look relatively calm while the central nervous system is hosting a
contained but persistent conflict.

The idea of compartmentalised inflammation also helps explain why
multiple sclerosis can be so variable between individuals. Two peo-
ple can share the diagnosis and live with very different realities: one
with occasional relapses and long stretches of stability, another with
a steady erosion of function. Part of that difference comes from
lesion location and repair capacity, but part may come from how
immune activation becomes sustained within the nervous system.
Once inflammatory circuits are established behind the barrier, they
can become semi-independent of what is happening in blood. The
central nervous system can become, in effect, its own immunological
neighbourhood with its own problems of governance.

This is where geography becomes more than a metaphor. A therapy
that changes immune behaviour in the bloodstream may not fully
reach or reshape what is happening inside the central nervous sys-
tem. Many effective MS treatments work by limiting immune cell
trafficking or by shifting immune activation in ways that reduce the
chance of inflammatory entry. Their success underscores a simple
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truth: preventing the wrong cells from reaching the brain can be as
important as suppressing them once they are there.

For Treg-based approaches, that truth turns into a design challenge.
If the goal is to enhance regulatory restraint in MS, the Tregs have
to be present in the right places, at the right times, with the right
stability. It is not enough to have more Tregs in some abstract sense.
They must be able to traverse the blood-brain barrier, resist destabili-
sation in inflamed tissue, and still allow protective responses against
infections. The brain cannot afford a free-for-all, but it also cannot af-
ford to be defenceless. Supporting regulation while preserving host
defence is not a slogan; it is a tightrope.

A concrete example of why this tightrope matters comes from an
everyday clinical dilemma. Many people with multiple sclerosis are
young adults when symptoms begin, in the years when careers are
built and families planned. Disease-modifying treatments can reduce
relapse rates and new lesion formation, but they also change immune
function in ways that can raise infection risks. That trade-off is felt
acutely during pregnancy planning, travel, and even routine decisions
like whether to send a child to daycare during a bad viral season. The
nervous system is asking for protection from inflammation; the rest
of the body is asking for protection from pathogens. A regulatory
strategy that could cool pathological inflammation without broadly
suppressing immunity would not just improve MRI scans. It would
simplify lives.

The relapse-remission pattern can also be recast through the lens of
regulation. A relapse is not merely a surge of aggressor cells; it is
a moment when restraint fails locally. A remission is not merely an
absence of attack; it is a partial restoration of control, aided by repair
mechanisms that can compensate for damage already done. In this
view, multiple sclerosis becomes a disease of failed negotiation at
an interface: between blood and brain, between inflammation and
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repair, between protective surveillance and destructive overreaction.

Lesions add another layer of insight. The fact that damage clusters
into plaques implies focal breakdowns: particular venules, particular
microenvironments, particular moments when entry and activation
align. That focality is exactly what one would expect if access to the
central nervous system is normally restricted and only becomes per-
missive under specific inflammatory conditions. It is also what one
would expect if regulatory restraint is uneven, strained by local sig-
nals, and sometimes overwhelmed. A uniform global defect would
be more likely to produce diffuse inflammation. Multiple sclerosis
so often produces islands.

The nervous system pays a price for those islands even when symp-
toms recede. A person may recover from optic neuritis and read
comfortably again, yet the affected nerve can carry subtle deficits:
reduced contrast sensitivity, fatigue with heat, vulnerability to future
injury. The remyelination that restores function may not be perfect.
The axons that survive may be less robust. Inflammation may leave
behind altered glial scars and changed neural circuitry. These are not
reasons for despair; they are reasons for urgency. They explain why
early control of inflammatory entry and early support of regulation
can have long-term consequences, even when a person feels fully
recovered after a first attack.

The blood-brain barrier is often described as a border, but perhaps it
is closer to a customs office in a city that cannot tolerate riots. Most
travellers are waved through only with the right paperwork; suspi-
cious cargo is turned back; emergency responders are admitted under
strict rules. Multiple sclerosis is what happens when the wrong re-
sponders arrive with convincing badges, and the local authorities fail
to de-escalate quickly enough. The tragedy is not only the damage
done in the moment, but the way repeated emergencies can normalise
a state of heightened alert, making the next flare easier to trigger and
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harder to contain.

When regulation works well, it can be almost invisible: a potential
conflict that never becomes a symptom, a wave of inflammation that
is redirected or extinguished before it strips myelin. That invisibility
is part of what makes multiple sclerosis so psychologically taxing.
People can feel well while worrying about silent lesions. They can
appear healthy while carrying fatigue or cognitive fog that is hard to
explain. They can recover from a relapse and still fear the next one.
Geography is not only a biological theme here; it shapes the emo-
tional terrain, too, because the battleground is an organ that defines
the self.

A hopeful implication follows from the same geography. If entry
and local stability are key constraints, then improving the quality of
regulation in the right compartment could, in principle, have outsized
benefits. It is one thing to calm a systemic inflammatory state; it is
another to prevent a few damaging incursions into a vulnerable tissue.
In multiple sclerosis, a small number of well-placed regulatory inter-
ventions could matter more than a large, indiscriminate dampening
of immunity. The central nervous system does not demand silence
from the body’s defences. It demands good judgement.

8.3 Lupus: The Disease That Refuses to
Stay Put

If type 1 diabetes teaches how narrowly self-recognition can go
wrong, lupus teaches the opposite lesson: self-recognition can fail
in a way that spreads. The most famous sign is on the surface—a
facial rash that can flare after sunlight—but the disease does not stay
on the surface. It can inflame joints, scar kidneys, thin the blood,
cloud the brain, and sap energy in a way that patients describe as
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more than ordinary tiredness. Clinicians learn early that two people
with lupus may share a diagnosis yet have almost different illnesses.

The name itself carries a hint of this unruly character. Medieval
physicians used lupus—Latin for wolf—for destructive skin lesions
that seemed to “bite” the face. That origin is distant from modern
immunology, but the metaphor lingers: a disorder that can leave
marks and then disappear, return, and change its pattern. The modern
term, systemic lupus erythematosus (SLE), adds the missing word:
systemic. The problem is not a single organ gone wrong. It is a whole-
body failure of immune discrimination and restraint, sustained by
self-amplifying loops.

The connective thread is tolerance. In lupus, tolerance failure is
broad enough that the targets are not just one set of tissue-specific
proteins but self-material found in nearly every cell. The most char-
acteristic targets are nuclear antigens—pieces of DNA, RNA, and
proteins that normally live safely inside the nucleus. When those
targets become the focus of attack, the consequences are inherently
wide-ranging. Nuclear material can be released anywhere in the
body when cells die, and it can circulate. That means the antigen
source is both ubiquitous and mobile.

To see why that matters, start with an ordinary biological fact: cells
die all the time. Many die by apoptosis, a controlled form of cell
death that packages cellular components into neat parcels for re-
moval. Under healthy conditions, this debris is cleared quickly and
quietly by scavenger cells. The cleanup is not merely housekeep-
ing; it is part of immune education. Efficient clearance reduces
the chance that nuclear components linger in inflammatory contexts
where they might be mistaken for danger.

Lupus is a disease where this quiet cleanup can fail, or where the de-
bris is produced in unusually inflammatory circumstances. Sunlight
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is a classic example. Ultraviolet (UV) exposure can injure skin cells
and increase cell death near the surface, releasing nuclear material
in a place where inflammatory signals are already present. Many
patients learn, through painful experience, that a sunny afternoon
can trigger not only a rash but a whole-body flare days later. That
link is emotionally potent: something as ordinary as light becomes
a risk factor that must be negotiated, not enjoyed without thought.

Infections can act as another trigger. Epstein–Barr virus (EBV) has
long been implicated in lupus risk, fitting a broader pattern in which
microbes provide inflammatory context, molecular mimicry, or long-
lasting shifts in immune activation. Hormonal factors also shape
susceptibility, part of the reason lupus is far more common in women
than men, especially during reproductive years. None of these factors
acts as a single, deterministic cause. They are better understood as
amplifiers: sparks that catch in a system already prone to misreading
self.

Once the reaction begins, lupus quickly becomes a disease of feed-
back. Antibodies bind to self-antigens to form immune complexes—
clusters of antibody and antigen. Immune complexes are not automat-
ically harmful; they are a normal part of pathogen clearance. In lupus,
the complexes often contain nuclear material, and they can deposit
in tissues or circulate and trigger inflammatory receptors. Wherever
they lodge, they can recruit complement (a cascade of inflamma-
tory proteins in blood) and call in more inflammatory cells. Tissue
damage releases more self-material. More self-material makes more
immune complexes. The loop tightens.

This is part of why lupus is clinically difficult. In an organ-targeted
disorder, there may be one major site of injury. In lupus, the injury
can hop between organs, or strike several at once. A person may
arrive with swollen joints and a rash and later develop kidney dis-
ease; another may present first with low blood counts; another with
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chest pain from inflamed linings of the lungs or heart. Even the same
patient may cycle through different patterns over time.

Kidney involvement—lupus nephritis—is a particularly stark exam-
ple of the stakes. The kidneys filter blood through dense networks of
tiny vessels called glomeruli. Those filters are exquisitely sensitive
to immune complex deposition. When inflammation scars them, the
consequences are not subtle: protein leaks into urine, blood pressure
rises, fluid accumulates, and chronic kidney disease can follow. The
kidney is also a reminder that lupus is not only an illness of symp-
toms but of silent injury. A patient may feel reasonably well while
the kidneys are being damaged, which is why urine testing and lab
monitoring become a kind of vigilance.

The breadth of lupus reflects dysregulation across both innate and
adaptive immunity. “Innate” refers to fast, general danger sensing;
“adaptive” to the more tailored responses of T and B cells. Lupus
involves both. The adaptive arm generates autoantibodies and mis-
directed T-cell help. The innate arm supplies amplification signals
that keep the fire burning.

Type I interferon sits near the centre of this amplification. Interferons
are cytokines originally understood as antiviral alarms; they warn
neighbouring cells, raise defensive posture, and shape immune re-
sponses. Many lupus patients show a strong “interferon signature”—
a pattern of gene expression consistent with high type I interferon
activity. This signature can stratify patients and is not merely an
academic detail; it connects to symptoms and to targeted therapy.

For years, lupus was often described with a simplified picture in
which plasmacytoid dendritic cells (pDCs) act as a permanent in-
terferon factory, continually stimulated by immune complexes con-
taining nucleic acids. That model captured something real—nucleic
acids can trigger innate sensors, and pDCs can be prolific interferon
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producers—but modern reviews have become more cautious. The
sources and timing of type I interferon production may differ between
disease phases, and other cell types may contribute meaningfully.
The mechanistic story is less like a single stuck alarm bell and more
like a neighbourhood where many alarms can be triggered, some-
times sequentially, sometimes together.

The adaptive side has its own specialised geography: the lymphoid
follicles where B cells refine their antibodies. B cells do not produce
high-affinity antibodies on their own. They need help from a subset
of T cells called T follicular helper cells (Tfh). Inside follicles, Tfh
provide survival signals and guidance, selecting B cells that bind anti-
gen strongly. This is normally a powerful way to improve pathogen
defence. In lupus, it can become a way to improve autoimmunity.

There is, however, a regulatory counterpart within the follicle: T
follicular regulatory cells (Tfr), a specialised regulatory T-cell pop-
ulation adapted to this niche. Tfr can restrain the follicular reaction,
limiting excessive B-cell activation and reducing the chance that
harmful autoantibodies are produced. An imbalance among Tfh, Tfr,
and B cells—too much help, too little restraint, or both—is now seen
as a major axis of lupus pathology. This is an important conceptual
shift. Lupus is not only a disease of “too much immunity” in general;
it can be a disease of mismanaged help: the wrong kind of help
delivered persistently to B cells, leading to a durable autoantibody
program.

That durability is another reason lupus “refuses to stay put.” Anti-
bodies are long-lived molecules, and some antibody-producing cells
can persist for years. Once a mature autoantibody response is estab-
lished, it can maintain itself even if the original trigger has passed.
This helps explain why flares can appear disconnected from obvious
events and why treatment sometimes feels like coaxing a complicated
machine rather than flipping a switch.
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The presence of regulatory T cells adds yet another layer of complex-
ity. Lupus is not simply a disorder where Tregs are absent. In many
patients, Tregs can be present but outmatched, functionally impaired,
poorly positioned in tissues, or operating in environments saturated
with inflammatory cytokines that blunt regulation. Effector T cells
and other inflammatory actors can also become resistant to suppres-
sion, shifting the balance in a way that makes “adding more brakes”
insufficient unless the road conditions change too.

The therapeutic implications are delicate. Broad immunosuppres-
sion can reduce flares and protect organs, but it carries costs: infec-
tions, impaired vaccine responses, long-term complications such as
osteoporosis and cardiovascular risks from steroids. Lupus physi-
cians spend much of their time managing this trade-off, aiming not
for maximal suppression but for a sustainable equilibrium.

Two recent therapeutic anchors illustrate how the field is trying to be
more precise.

The first is IFNAR1 blockade. IFNAR1 is a component of the re-
ceptor through which type I interferons signal. Anifrolumab, which
blocks this receptor pathway, has phase 3 trial evidence supporting
its use in lupus. Conceptually, this is an attempt to cut a key am-
plifier wire: if interferon-driven signalling keeps the inflammatory
environment primed, dampening that signal may lower the baseline
volatility and make flares less likely or less severe. Clinically, it is
not a universal answer. Not all patients share the same degree of
interferon-driven biology, and suppressing interferon signalling can
raise susceptibility to certain infections. But it marks a turn toward
mechanism-guided treatment, anchored in a pathway strongly impli-
cated in disease.

The second anchor returns to the “brake repair” idea: low-dose IL-
2. As discussed earlier in a different context, IL-2 supports Tregs
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in a way that is not simply about general T-cell activation. In lu-
pus, low-dose IL-2 approaches have randomized trial evidence, in-
cluding a 2026 phase IIb trial (conducted 2019–2024) that showed
dose-dependent Treg restoration. That phrasing—dose-dependent
restoration—is more than technical. It suggests that at least part of
lupus involves a correctable deficit in regulatory tone, and that the
deficit can be adjusted without turning the entire adaptive response
off.

The emotional appeal of such an approach is obvious. Many lupus
patients are young when diagnosed and will live with treatment deci-
sions for decades. A therapy that strengthens physiological restraint
rather than blunting all responses carries an intuitive promise of
fewer long-term trade-offs. Yet the biology insists on caution. Lu-
pus is a broad, multisystem disease driven by dysregulation across
innate and adaptive immunity. Restoring Tregs may be necessary,
but it may not be sufficient if interferon amplification remains high,
if follicular help remains excessive, or if tissue damage continues to
generate a steady stream of self-antigens.

It is also possible for different phases of lupus to respond differently.
Early disease might be dominated by certain triggers and innate am-
plification, while established disease might be sustained more by
entrenched autoantibody production and tissue-deposited immune
complexes. That phase-dependence complicates treatment design
and helps explain why many patients experience a long diagnostic
odyssey: symptoms can be vague at first, laboratory markers can
fluctuate, and the clinical picture may take time to assemble.

A concrete clinical example makes the systemic nature of lupus more
tangible. Consider a patient who notices a rash after sun exposure,
then develops aching joints and morning stiffness. A few months
later, routine labs reveal low white blood cells, and a urine test shows
protein. None of these findings, alone, defines lupus. Together
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they point to a body-wide process: skin reacting to UV-triggered
injury; joints inflamed by circulating mediators; blood cells affected
by immune-mediated destruction or marrow suppression; kidneys
exposed to immune complexes. The person does not have four un-
related problems. They have one misdirected immune program ex-
pressing itself wherever it can take hold.

This is why lupus can be both frightening and, paradoxically, co-
herent. Frightening, because it can touch almost any organ. Co-
herent, because the same underlying logic—self material becoming
inflammatory antigen, antibodies forming complexes, innate ampli-
fication via interferon, mismanaged T-cell help to B cells, and unsta-
ble regulation—can unify those diverse manifestations. The disease
does not stay put because the targets do not stay put. Nuclear antigens
are everywhere, and the blood is an efficient courier.

The most hopeful aspect of this picture is that lupus also reveals mul-
tiple control points. If a disorder is driven by one essential defect,
it can be hard to treat without high collateral damage. Lupus has
several levers: reduce interferon amplification, reshape B-cell help,
protect organs during flares, and restore regulatory tone. None is
perfect, but together they suggest a future in which treatment is less
about blanket suppression and more about choosing the right lever
for the right patient at the right moment.

For a person living with lupus, the practical goal is often not an ab-
stract immunological victory but a quieter life: fewer flares, fewer
steroids, preserved kidney function, energy that can be spent on
family and work instead of constant vigilance. Achieving that quiet
often requires not only medication but a kind of negotiated peace
with triggers—sun protection, infection awareness, careful planning
around pregnancy, and attention to cardiovascular risk. The disease
refuses to stay put, but with the right combination of restraint and tar-
geted interruption of feedback loops, it can sometimes be persuaded

237



Three Illnesses, Three Clues: Diabetes, MS, and Lupus

to soften its grip.

8.4 A Unifying Lens: Same Brakes, Differ-
ent Roads

Three illnesses can look so different on the surface that it is tempting
to treat them as unrelated: a child who suddenly needs insulin, a
young adult whose vision blurs and then returns, a woman whose
joints ache while her kidneys quietly suffer. Yet the deeper pattern
is surprisingly consistent. The body carries a standing problem: it
must deploy violent tools against infection without turning those
tools inward. Central tolerance reduces the most dangerous self-
reactive clones before they mature; peripheral tolerance adds extra
layers—deletion, anergy (a kind of enforced non-response), and ac-
tive suppression—so that the everyday traffic of T and B cells does
not become an internal civil war. FOXP3+ regulatory T cells (Tregs)
sit near the centre of that peripheral architecture, acting as living
constraints on escalation.

The same constraint machinery is stressed in type 1 diabetes, multi-
ple sclerosis, and lupus. The outcomes differ not because the brakes
are irrelevant, but because the roads are different: the tissue being
attacked, the routes by which inflammation gains access, the domi-
nant feedback loops, and the tissue’s capacity to recover. The most
useful way to think about these illnesses is not as identical failures
repeated in three costumes, but as a shared vulnerability expressed
through local biology.

Start with what is shared. In all three conditions, self-reactive lym-
phocytes are not the rare exception. As noted earlier, some degree
of self-reactivity is an ordinary by-product of creating a broad reper-
toire. What separates health from pathology is the ability to keep
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potentially harmful recognition from becoming a sustained, self-
reinforcing response. That failure can be framed in several non-
exclusive ways.

Sometimes there are simply too few Tregs in the relevant niche at
the relevant time. Sometimes the cells are present but less suppres-
sive, altered by genetic variants in signalling pathways that maintain
FOXP3 expression or by inflammatory cytokines that blunt suppres-
sive programs. Sometimes the issue is stability: Tregs can lose
FOXP3 and drift toward inflammatory states under intense pressure,
a risk highlighted by EAE studies in the central nervous system.
Sometimes the issue is traffic: the right cells exist but do not home
efficiently to pancreatic islets, inflamed brain tissue, or germinal cen-
tres where B cells are being trained. And sometimes the aggressor
side has changed: effector T cells or B-cell circuits become resistant
to suppression, as if the brakes still work but the wheels have less
friction with the road.

This is why it is misleading to speak of “a Treg defect” as though
it were a single measurable entity. Treg biology includes numbers,
fitness, location, stability, and the responsiveness of the surrounding
environment. A blood test can easily miss the most consequential
failures if the relevant deficit is in tissue, behind a barrier, or inside
a lymphoid microstructure.

Now consider what differs across the three diseases, beginning with
the target and the dominant mode of damage.

In type 1 diabetes, the target is small, precious, and functionally
irreplaceable on human timescales. The dominant destructive loop
centres on T-cell-mediated beta-cell injury, with CD8+ T cells play-
ing a prominent role in islet lesions. Autoantibodies are valuable
early signals, but the irreversible event is progressive loss of insulin
secretion. In that setting, the most meaningful victory may be a delay
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or preservation rather than a dramatic reversal, because preserving
residual beta-cell function changes a person’s metabolic life in ways
that technology only partially substitutes.

In multiple sclerosis, the target is not a single protein or cell type but
a functional unit: myelinated neural circuits. The nervous system
adds a unique complication: access is regulated by the blood-brain
barrier and by specialised immune interfaces. The dominant prob-
lem is not simply self-recognition; it is inflammatory entry, focal
lesion formation, and the transition from episodic attacks to more
compartmentalised, sometimes progressive injury. The same Treg
may behave differently in this environment. Trafficking cues differ.
Local signals may destabilise FOXP3 expression. And the price of
collateral inflammation is unusually high, because neural tissue tol-
erates swelling and scarring poorly.

In lupus, the target is self-material that can be released from almost
any cell and carried almost anywhere: nuclear antigens and the im-
mune complexes built around them. The dominant feedback loops
include B-cell-driven autoantibody production and innate amplifica-
tion through type I interferon pathways. Instead of a single tissue
tipping point, lupus often behaves like a body-wide amplifier that
can surge in different organs depending on where immune complexes
deposit and where local triggers, such as UV injury, supply fuel.
Regulation here must operate not only at sites of tissue injury but
also in the lymphoid follicles where B cells receive instruction from
T follicular helper cells, opposed by follicular regulatory T cells. Lu-
pus is therefore a particularly sharp example of why “tolerance” can-
not be reduced to a single checkpoint; it is a distributed governance
problem.

These differences in road conditions shift the meaning of timing.

In type 1 diabetes, timing is harshly constrained by a shrinking target.
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There is a period when autoantibodies and subtle metabolic changes
announce danger while enough beta cells still exist to be saved. That
is why immune interception—such as teplizumab-mzwv (Tzield), ap-
proved in 2022 to delay onset in high-risk individuals—is more than
a technical achievement. It is a practical recognition that late-stage
attempts to restore tolerance are trying to rebuild a burned house
rather than prevent the fire. Treg-supporting approaches like low-
dose IL-2 become especially attractive in the early phase, because
the goal is to tilt the balance toward restraint while there is still tissue
worth preserving.

In multiple sclerosis, timing is shaped by repair. Early lesions may
partially remyelinate; later, repeated injury can exhaust repair capac-
ity and contribute to neurodegeneration. Here, the goal of regulation
is not only to reduce acute inflammation but to protect the possibil-
ity of recovery. A therapy that reduces the frequency or severity
of inflammatory entry into the central nervous system may preserve
function for reasons that only become obvious years later. Support-
ing regulation is conceptually appealing, but it must be compatible
with host defence and with the demands of barrier crossing.

In lupus, timing is shaped by self-reinforcement. Once autoan-
tibody programs and interferon-amplified inflammation are estab-
lished, they can maintain each other. Early intervention might pre-
vent the consolidation of these loops; later intervention often needs
to dampen multiple circuits at once, without pushing the patient into
dangerous immunosuppression. This is the logic behind distinct clin-
ical translation anchors: IFNAR1 blockade (anifrolumab) to blunt
interferon signalling, and low-dose IL-2 strategies with randomized
evidence, including a 2026 phase IIb trial (conducted 2019–2024)
showing dose-dependent Treg restoration. These are different levers
for a system that can run hot in more than one way.

A concrete vignette makes the contrast more vivid.
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Imagine three people who share a genetic predisposition toward dys-
regulated lymphocyte responses. The first is a child whose blood,
years before symptoms, begins to carry islet autoantibodies. Noth-
ing hurts. Nothing feels wrong. The target is microscopic, and
compensation is excellent. Then, after enough beta-cell loss, thirst
and weight loss arrive abruptly. The second is a young adult who
develops a transient patch of inflammation in the optic nerve. Vision
blurs, then improves as swelling settles and myelin partially recovers.
The third develops a photosensitive rash, then joint pain, and later
protein appears in the urine as immune complexes inflame glomeruli.
Three lives, three phenotypes, one underlying vulnerability: self-
recognition is not being held to its usual standards, and restraint is
not consistently enforced. The difference is not only the identity of
the self-antigen. It is the terrain on which the conflict unfolds.

This perspective clarifies why there will never be a single “tolerance
pill” for every condition in this category. Even if Tregs are a common
lever, the therapeutic problems differ.

In diabetes, success may be defined by preventing loss of a scarce
cell population. That pushes the field toward early identification,
staging, and prevention trials. It also pushes toward interventions
that are selective enough to be acceptable in people who are not yet
clinically ill. The tolerance-restoring aspiration is not merely to sup-
press symptoms, but to preserve a biological capacity—endogenous
insulin secretion—that transforms long-term management.

In multiple sclerosis, success depends on placing restraint behind a
barrier without crippling systemic host defence. Treg-based ideas
must contend with trafficking and stability: getting the right cells
into the right CNS niches, ensuring they remain suppressive, and
ensuring that protective responses against infections remain intact.
The core challenge is not only how strongly lymphocytes respond,
but where that response is permitted.
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In lupus, success requires dampening a body-wide storm while avoid-
ing the costs of chronic, indiscriminate suppression. Interferon path-
ways, follicular help to B cells, and tissue injury feed one another,
so therapy must often break loops rather than simply lower overall
activity. Repairing Treg function may be a key element, but the
disease’s breadth means that restoring restraint in one compartment
might be offset by continued amplification elsewhere unless multiple
control points are addressed.

A final, often underappreciated implication follows from this unify-
ing view: the tissue is not just a victim. The pancreas, central nervous
system, skin, kidneys, and lymphoid follicles each provide a microen-
vironment that can support or sabotage regulation. Inflamed islets
can become more visible and hostile; inflamed CNS tissue can desta-
bilise Tregs; UV-injured skin can flood the circulation with nuclear
debris; kidneys can become a landing zone for immune complexes.
The same genetic predisposition can therefore yield different disease
tempos and patterns depending on where triggers occur, how well
debris is cleared, and how the tissue responds to injury.

This is why the phrase “restoring tolerance” is both inspiring and
incomplete. Tolerance is not a single switch that flips from off to
on. It is a set of negotiations carried out in many places at once: in
the thymus and bone marrow during development, in lymph nodes
and blood during ordinary surveillance, in specialised tissue sites
that demand restraint, and in inflammatory environments that can
erode it. Tregs are among the most important negotiators, but they
do not negotiate in a vacuum. They negotiate with barriers, with
tissue stress signals, with cytokine climates, and with effector cells
that may or may not remain persuadable.

When the negotiations fail, the result can be a missing hormone, a
scarred plaque in the brain, or a systemic flare that touches half a
dozen organs. When they succeed—quietly, continuously, without
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ceremony—the outcome is invisible, and that invisibility is the most
profound feature of all.
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Chapter 9

The Tumor’s Truce: How
Cancer Turns Brakes
Into Armor

A tumor is not just a mass of unruly cells; it is a political project,
reshaping its neighborhood until attack begins to look like a mis-
take. What seems, at first glance, like immune failure turns out to
be something subtler and more unsettling: the machinery built to
prevent self-destruction can be recruited to shelter a lethal enemy,
and the effort to reverse that bargain explains both the triumphs and
the toxicities of modern immunotherapy.

9.1 A Fortress That Whispers: The Tumor
as a Quieted Ecosystem

A growing tumor is often described as a mass of renegade cells, and
there is truth in that. But what makes many cancers so hard to erad-
icate is not simply what the cancer cells are. It is what they build.
A tumor does not sit passively in the body like a pebble in a shoe.
It recruits help, reshapes local tissue, reroutes blood supply, and
rewrites the chemical “weather” of its surroundings. The result is a
small, strange neighborhood inside the body: crowded with immune
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cells and yet oddly calm, like a city square under heavy surveillance
where everyone is present but no one is allowed to act.

Immunologists call this the tumor microenvironment: the ecosystem
made from cancer cells plus everything they drag into the plot—
blood vessels, connective tissue, fibroblasts, nerve endings, chemical
signals, and an ever-shifting cast of immune cells. The crucial idea
is that immune failure in cancer is not always a failure of recognition.
Many tumors are noticed. T cells that can, in principle, recognize
tumor-derived antigens may exist in the body. The problem is that
recognition must be followed by access, stamina, and permission.
The tumor microenvironment can block each of these in different
ways, sometimes so effectively that the local immune scene resem-
bles a truce enforced by architecture, by economics, and by law.

A historical example makes the “engineered neighborhood” idea con-
crete. In the 1970s, Judah Folkman argued that tumors cannot grow
beyond a modest size without persuading the body to sprout new
blood vessels—a proposal that sounded implausible to many at the
time, because it implied that a tumor is not only multiplying but
actively remodeling its host. The blood vessels that do appear in
tumors, however, are often abnormal: twisted, leaky, and poorly or-
ganized. That abnormal vasculature does not merely feed the tumor.
It also changes how immune cells enter, where oxygen reaches, and
which chemical gradients form. A tumor’s vascular supply becomes
part of its defensive wall: not a clean barrier, but a chaotic set of
roads that misdirect traffic.

This is the first way a tumor becomes fortress-like without needing
a literal shell. Blood vessels are the main highways immune cells
use to move from circulation into tissue. In healthy inflammation,
those highways are temporarily remodeled to permit a controlled
flood of immune cells: vessels widen, adhesion molecules appear,
and chemokine signals guide cells to where trouble is. In many
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tumors, the opposite happens. Entry points can be sparse or dys-
functional. Some immune cells accumulate at the edges but fail to
penetrate the core, a phenomenon highlighted in influential work by
Joyce and Fearon (2015) as a form of T-cell exclusion. Exclusion is
an underappreciated kind of immune evasion because it can look, at
first glance, like absence: few T cells are found among the cancer
cells themselves, so the tumor seems “non-immunogenic.” Yet the
missing ingredient may be geography rather than ignorance.

Even when immune cells do enter, the tumor interior can be physi-
cally difficult terrain. Many solid tumors contain dense connective
tissue laid down by fibroblasts and other stromal cells, forming a
mesh that changes the tissue’s stiffness and pressure. High interstitial
pressure can compress vessels, worsening blood flow and making it
harder for cells to migrate. Some tumors become compartmentalized
into regions separated by collagen-rich bands: immune cells can end
up corralled into pockets where they circulate without making pro-
ductive contact with malignant cells. A killer T cell cannot eliminate
a target it cannot touch, and modern immunotherapy has forced clin-
icians and researchers to take that literal requirement seriously. The
battlefield is not an open plain; it is an obstacle course.

The second fortress feature is the tumor’s oxygen and fuel economy.
Tumor blood vessels, being disorganized, deliver oxygen unevenly.
Regions of hypoxia—low oxygen—appear as the tumor outgrows its
supply. Hypoxia is not just an inconvenience for cancer cells; it is
a powerful signal that changes gene expression and local chemistry.
One consequence is a shift toward metabolic pathways that generate
energy while producing acidic by-products, including lactate. The
tumor becomes, in places, acidic and nutrient-poor. For immune
cells, that is not a minor detail. T cells need bursts of energy to kill,
proliferate, and produce cytokines. They also need building blocks:
glucose, amino acids, and oxygen. A tumor that consumes glucose
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aggressively and alters the pH is not only feeding itself; it is changing
what immune cells are physically able to do.

This becomes a quiet kind of sabotage. A T cell may arrive primed
for action and still underperform because the environment starves it,
suffocates it, and blunts its signaling machinery. In everyday life,
people recognize the difference between being unmotivated and be-
ing depleted. The tumor microenvironment can impose depletion. It
is one reason exhausted T cells—cells that have been stimulated for a
long time and show reduced killing and altered gene programs—are
such a common theme in cancer. Exhaustion is not purely a choice
the T cell makes; it is also a consequence of chronic antigen exposure
under hostile working conditions.

A third fortress feature is the biochemical language the tumor uses to
redefine what is happening. In an infection, inflamed tissue releases
alarm signals that tell immune cells: danger, breach, act now. Many
tumors do the opposite. They accumulate suppressive cytokines—
chemical messages that dampen activation and encourage restraint.
Two of the most famous are transforming growth factor beta (TGF-
β) and interleukin-10 (IL-10). In healthy contexts, these molecules
are part of tissue protection and repair; they limit collateral dam-
age and help shut down inflammation once the job is done. In the
tumor neighborhood, they can dominate the atmosphere and make
aggressive immunity feel, to an infiltrating cell, like an inappropriate
overreaction.

TGF-β is particularly potent because it can act at multiple levels: it
can directly reduce the killing program of cytotoxic T cells, alter the
behavior of natural killer cells, and push immune responses toward
more restrained phenotypes. IL-10 can calm antigen-presenting
cells, the cells that “show” antigens to T cells and provide the co-
stimulatory signals that make activation robust. A tumor rich in IL-
10 and TGF-β resembles a town where every loud noise is immedi-
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ately met with a request to lower one’s voice. The language of the
place instructs immune cells to interpret tumor antigens not as a call
to arms but as background noise.

This re-education is aided by the immune cells that tumors prefer-
entially host. Not all immune infiltrates are equal. Some are dan-
gerous to the tumor; others are useful. Among the most influen-
tial are suppressive myeloid populations, including myeloid-derived
suppressor cells, and tumor-associated macrophages. Macrophages
are normally adaptable scavengers and coordinators of tissue re-
pair. In tumors they are often nudged into a phenotype that sup-
ports growth, blood vessel formation, and immune dampening—
sometimes described, with simplifying shorthand, as “M2-like” po-
larization. These macrophages can produce IL-10, TGF-β, and other
mediators; they can also express ligands that engage inhibitory re-
ceptors on T cells, and they can physically occupy space in ways that
impede T-cell contact with cancer cells.

The tumor’s neighborhood planning can therefore solve two prob-
lems at once: reduce the number of effective killers that reach malig-
nant cells, and increase the number of cells that enforce calm. It is
an ecological strategy, not a single trick.

A map like this, even when simplified, carries an uncomfortable mes-
sage: a tumor can be filled with immune cells and still be protected.
The presence of immune cells in a biopsy is not the same as the pres-
ence of effective immunity. Clinicians and pathologists have learned
to distinguish “inflamed” tumors, where T cells reach cancer cells,
from “excluded” tumors, where T cells pile up in the surrounding
stroma, and from “desert” tumors, where few T cells appear at all.
These are not just labels; they hint at different obstacles. In one case
the problem is the border; in another, the invitation.

The idea of invitation is not metaphorical. Immune cells follow
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chemokines, small proteins that act like scent trails. A tissue that
wants help releases chemokines that attract the right leukocytes and
guide them to the right compartments. Tumors can distort this guid-
ance system. They may secrete chemokines that preferentially attract
suppressive populations, or they may fail to produce the cues that
attract cytotoxic T cells. Some tumors actively express signals that
repel T-cell entry or keep them in perivascular niches. A T cell, in
that setting, behaves like a person who has arrived at the right ad-
dress only to find every door locked and every hallway leading back
outside.

Even when T cells make contact with cancer cells, the interaction can
become strangely unproductive. Chronic stimulation pushes T cells
toward a state often described clinically as “tired,” but biologically
it is more specific: a shift in gene expression that reduces rapid cy-
tokine production and killing capacity while increasing expression
of inhibitory receptors. This is not purely a tumor invention; it is a
normal adaptation that prevents runaway damage during persistent
stimulation, such as some chronic infections. In cancer, it becomes
a gift to the tumor. The cells capable of recognizing tumor antigens
are repeatedly engaged, repeatedly restrained, and gradually repro-
grammed into a state where their response is muted.

The microenvironment reinforces this muted state by depriving T
cells of the supportive signals they would normally receive from
antigen-presenting cells. For a T cell to become fully activated, it
needs more than antigen recognition; it needs co-stimulation, the
molecular equivalent of a second opinion that says, “Yes, this is truly
worth responding to.” Tumor-associated antigen-presenting cells can
be conditioned to provide less co-stimulation and more inhibitory
signaling. IL-10 contributes to this conditioning, as does the general
anti-inflammatory tone imposed by suppressive myeloid cells. When
the co-stimulatory “green lights” are scarce, T cells default toward
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caution.

It is tempting to blame cancer cells for every aspect of this. But
the ecosystem view is more accurate and, in a way, more unsettling.
Many of the tumor’s protective features are built from normal bodily
programs: wound healing, tissue repair, blood vessel growth, and
inflammation resolution. A tumor resembles a wound that does not
heal, and the body’s own repair machinery becomes part of the ar-
chitecture. Macrophages that would ordinarily help rebuild tissue
after injury begin rebuilding around malignant cells. Fibroblasts that
normally lay down matrix to stabilize a healing site start creating
a rigid scaffold that restricts movement. Cytokines meant to quiet
inflammation after danger has passed are produced in a place where
danger persists. The tumor thrives not by inventing a foreign biology,
but by amplifying ordinary biology in an extraordinary context.

That context includes economics: who gets the limited resources. A
tumor can behave like a greedy organ. It consumes glucose, amino
acids, and oxygen at rates that change what is available locally. Im-
mune cells are not exempt from scarcity. A cytotoxic T cell attempt-
ing to proliferate is like a factory trying to ramp up production; it
needs raw materials and energy. When supplies are limited, it slows.
When waste products accumulate, machinery fails. Lactate and acid-
ity can interfere with signaling pathways and cytokine production.
Hypoxia can affect immune cell differentiation and function. None
of this requires a tumor to “know” it is manipulating immunity; it
only requires that the tumor’s survival strategy creates conditions
under which immunity underperforms.

This is why modern cancer therapy has had to broaden its focus. If
one imagines cancer as purely a duel between a malignant cell and
a killer lymphocyte, the obvious strategy is to strengthen the lym-
phocyte. That approach has saved lives, but it does not always work
because the problem is not only the strength of the attacker. It is the
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design of the neighborhood where the fight must occur.

Consider a patient with a solid tumor that appears, under the micro-
scope, to have immune cells concentrated at the periphery. The body
has mounted some response; the scene is not empty. Yet the cancer
progresses. The ecological view suggests several ways this can hap-
pen at once: abnormal vessels limit entry; dense stroma blocks mi-
gration; hypoxia and nutrient depletion sap function; suppressive cy-
tokines discourage activation; macrophages and other myeloid cells
enforce restraint; and chronically stimulated T cells adopt a dimin-
ished program. The truce is not maintained by a single treaty clause.
It is maintained by many small constraints that add up to paralysis.

There is a human poignancy to this: the body is not indifferent to the
tumor. In many cases it is engaged, trying, surrounding, infiltrating.
The tragedy is that the rules of engagement have been altered locally.
Cancer turns the body’s own restraint mechanisms into a kind of
armor, not by hiding completely, but by persuading the surrounding
tissue to whisper when it should shout.

A tumor that can do this has achieved a particularly stable form of
survival. It does not need to win every skirmish. It only needs to
prevent decisive action. And in the biology of cancer, preventing de-
cisive action for long enough is often the difference between a small,
containable lesion and a disease that spreads its quieted ecosystem
to distant sites.

9.2 Peacekeepers on the Payroll: How Tu-
mors Recruit Tregs

The trouble with a good safety mechanism is that it works anywhere.
A circuit breaker does not ask whether the power surge came from
a lightning strike or from a burglar cutting through a wall; it simply
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trips to prevent a fire. Tregs can be like that. Their job, as we saw, is
to restrain immune attack that would shred healthy tissue. They are
most celebrated when they prevent disaster: when they stop inflam-
mation from becoming self-destruction, when they quiet an immune
response that has outlived its usefulness, when they protect delicate
organs from collateral damage.

In a tumor, that same talent becomes a liability. The tumor is not a
foreign invader in the usual sense; it is altered self. That gives it a
head start: many of the “danger” signals that accompany infection
are absent or muted, and some tumor antigens resemble ordinary
proteins. A Treg, arriving in that setting, does not see a clear moral
drama. It senses inflammation and tissue stress, and it does what it
evolved to do: it leans on the brakes.

What makes this more than bad luck is that tumors can actively
raise the local concentration of Tregs and keep them functional there.
They do this through the same language tissues use to summon im-
mune cells during normal physiology: chemokines, cytokines, and
metabolic cues. The result is a striking reversal. Cells designed to
prevent friendly fire become, in the wrong neighborhood, a protec-
tive detail for malignant cells.

A concrete example comes from ovarian cancer, where the biology
plays out in a fluid-filled environment that can be sampled and stud-
ied. In 2004, Curiel and colleagues working with George Coukos
reported that human ovarian tumors can accumulate FOXP3+ Tregs
and that higher numbers were associated with worse outcomes in
the cohort they examined. That finding mattered because it linked
a recognizable cell type to a clinical pattern. It was not merely that
“immunity fails” in cancer; it was that a specific peacekeeping pro-
gram, normally essential for health, was being concentrated where it
could do harm.
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Their work also pointed toward a mechanism of recruitment: the
chemokine CCL22, produced by tumor cells and macrophages, can
attract CCR4+ Tregs. Chemokines are traffic signs for immune cells.
CCR4 is a receptor on the surface of certain T cells that responds to
CCL22 gradients; it is, in effect, a homing device that says, “move to-
ward higher CCL22.” When a tumor and its associated macrophages
secrete CCL22, they create a chemical pull that biases who enters
and who stays. A tissue that emits CCL22 becomes more hospitable
to CCR4+ Tregs, and a tumor that does this is quietly editing its own
immune entourage.

That last phrase is worth lingering on: editing its entourage. When
people imagine immune evasion, they picture a tumor cloaking it-
self or erasing the flags that identify it as abnormal. Recruitment is
subtler. The tumor does not have to become invisible; it only has to
surround itself with the right kind of company. The body supplies
the cells, because the body always has to keep restraint mechanisms
on hand. The tumor supplies the invitation.

Chemokine recruitment is not the only route. Low oxygen, which
was central to the tumor ecosystem described earlier, can itself be-
come a signal that pulls in Tregs. Facciabene and colleagues (2011)
showed that tumor hypoxia can induce CCL28, a chemokine that
recruits Tregs via CCR10. This is an elegant, unsettling connection:
the harshest part of the tumor microenvironment, the region most
starved of oxygen, can generate a message that attracts the very cells
that dampen immune attack. Hypoxia is both a stress and a strategy.
It challenges cancer cells, but it also reshapes their gene expression
in ways that can protect the tumor from immune pressure.

The hypoxia—CCL28—CCR10 axis also hints at a wider theme: the
boundary between immune suppression and tissue remodeling is thin.
Hypoxia is closely tied to angiogenesis, the growth of new blood
vessels. In the Facciabene study, the recruited Tregs were linked
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not only to immune tolerance but also to pro-angiogenic programs.
Tumors are not simply building a shield; they are building infrastruc-
ture. The same local conditions that demand new vessels can also
invite the cells that keep immune aggression low while that infras-
tructure is laid down.

Once Tregs arrive, the tumor benefits from their classic toolkit.
Much of that toolkit involves tipping the local environment away
from activation, not by a single dramatic move, but by nudging mul-
tiple steps of the immune response toward restraint.

One of the most important tools is CTLA-4, a molecule Tregs often
express at high levels. CTLA-4 interferes with the co-stimulatory
conversation between antigen-presenting cells and other T cells.
Antigen-presenting cells display antigens and provide co-stimulation
through ligands such as CD80 and CD86, which engage CD28 on
T cells to strengthen activation. CTLA-4 competes in that same
space but delivers inhibition. More than that, Qureshi and colleagues
(2011) provided a striking mechanism: CTLA-4 can remove CD80
and CD86 from the surface of antigen-presenting cells by trans-
endocytosis, effectively pulling the co-stimulatory ligands inside the
CTLA-4-expressing cell. This is not merely blocking a signal; it is
taking away the antenna.

In a tumor, that matters because many T cells are already operating
under difficult conditions: poor access, inhibitory cytokines, chronic
stimulation. If antigen-presenting cells are also stripped of their abil-
ity to provide co-stimulation, the threshold for effective activation
becomes harder to reach. A Treg does not have to stop every T
cell directly. By changing antigen-presenting cells, it can enforce a
general atmosphere of “caution” that spreads beyond its immediate
physical contacts.

Tregs also use cytokines such as IL-10 and TGF-β as chemical
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brakes. These molecules, abundant in many tumors, can be pro-
duced by Tregs and by other cells that Tregs influence. IL-10 can
reduce the activation state of antigen-presenting cells and shift them
toward tolerance-promoting behaviors. TGF-β can directly dampen
cytotoxic programs and encourage tissue-repair-like responses. In
healthy physiology, these are the signals that keep inflammation from
tearing a wound open again. In cancer, they can turn a potential
immune assault into a half-hearted skirmish.

Another powerful mechanism is IL-2 capture. IL-2 is a growth factor
that activated T cells produce and respond to; it supports prolifera-
tion and survival in immune responses. Tregs express high levels
of CD25, the alpha chain of the IL-2 receptor, which gives them an
advantage in binding IL-2. By soaking up IL-2, Tregs can reduce
how much is available to other T cells that might otherwise expand
and sustain an attack on tumor cells. This is an example of sup-
pression by resource control rather than direct confrontation. The
tumor microenvironment already imposes nutritional competition;
IL-2 capture adds a layer of competition in the immune signaling
economy.

Tregs can also enforce restraint through metabolism in a more literal
chemical sense. Many Tregs express CD39 and CD73, enzymes that
contribute to the generation of adenosine, a molecule that can sup-
press immune activation in the local environment. Adenosine is part
of normal tissue protection: it tends to rise in contexts of stress and
helps limit damage. In tumors, where tissue is stressed chronically,
adenosine can accumulate and become part of the dampening “air”
that immune cells breathe. It is another example of a normal anti-
inflammatory pathway being prolonged and exploited.

All of these mechanisms share an important feature: they are best
understood locally. Tregs are essential for whole-body health; re-
moving them everywhere would invite widespread autoimmunity.
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Tumors exploit this constraint. They do not need to induce global
tolerance to cancer; they need to build a pocket of tolerance in and
around themselves. The language of chemokines and cytokines is
perfectly suited to that, because it operates on short distances. A
gradient of CCL22 or CCL28 is a local invitation. A cloud of TGF-
β is a local sedative. CTLA-4 stripping CD80/CD86 affects nearby
antigen-presenting cells. IL-2 capture depletes a resource in the
immediate area. The tumor’s advantage is that local manipulation
is harder for the organism to counter without risking damage else-
where.

The tumor also profits from the way Tregs interact with other sup-
pressive populations, particularly myeloid cells such as macrophages.
Myeloid cells in tumors are not passive bystanders; they can par-
ticipate in recruiting and sustaining suppressive programs, includ-
ing producing Treg-attracting chemokines in certain contexts. This
creates feedback loops. A tumor-conditioned macrophage produces
CCL22, bringing in CCR4+ Tregs; Tregs produce IL-10 and shape
antigen-presenting cells; the resulting environment favors further
macrophage polarization toward suppression and tissue repair. Each
participant reinforces the others, and the ecosystem becomes self-
stabilizing.

From the tumor’s perspective, this is a remarkably efficient form of
security. It does not rely on a single genetic mutation that could
be targeted by a drug or erased by immune pressure. It relies on
persuading normal host cells to behave in normal ways, just in the
wrong place and for too long. It also leverages the body’s caution.
Any response strong enough to bulldoze through these brakes risks
harming healthy tissues. That is the terrible symmetry of the situa-
tion: the more tightly the body regulates immunity to protect itself,
the more material a tumor has to build with.

There is also an emotional dimension that often gets lost in the mech-
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anistic telling. People living with cancer frequently describe a sense
of betrayal by their own body: the feeling that something inside
them has turned against them. The science adds a different kind of
poignancy. The “betrayal” is not that the body is malicious. It is that
the body is protective. The very programs that prevent an immune
response from spiraling into permanent damage are recruited into the
tumor’s service.

The word “recruit” can sound intentional, as if a tumor makes deci-
sions. In reality, selection does the work. Tumor cell variants that
create a more suppressive environment survive immune pressure bet-
ter. Tumors that happen to induce chemokines like CCL22, or that
thrive in hypoxic conditions that induce CCL28, become more likely
to persist. Over time, the tumor microenvironment comes to look
designed, because it has been winnowed by survival in the presence
of immune pressure. The end product can resemble an institution
with a payroll, even if there is no conscious accountant.

This also explains why measuring Tregs in tumors has become such
an intense area of research: their presence is not merely a footnote.
It can be a sign that the tumor has succeeded in turning tolerance into
shelter. Yet the clinical challenge remains: Tregs are not villains in
general. They are indispensable guardians in the rest of the body.
The problem is location and context, and the tumor microenviron-
ment is expert at controlling both.

A final detail completes the picture. Tumors do not always eliminate
anti-tumor T cells; they often leave them alive but blunted. A sub-
dued immune infiltrate can be safer for the tumor than no infiltrate
at all, because it reduces the chance of generating the strong inflam-
matory signals that might recruit more dangerous responses. A quiet
skirmish is preferable to an alarm. Tregs excel at maintaining quiet.
They do not need to erase recognition; they need to keep recognition
from becoming action.
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In that sense, the tumor’s relationship with Tregs is not a simple
hijacking. It is a partnership built from shared interests. The body
wants to avoid self-harm. The tumor wants to avoid being destroyed.
In the tumor microenvironment, those interests overlap just enough
for the tumor to take shelter behind the body’s own caution, wrapped
in the molecular language of restraint.

9.3 Brakes With Two Faces: Why Check-
points Can Save Tissues and Spare Tu-
mors

The most confusing thing about immune checkpoints is that they are
not villains. They are safety systems. They exist because a T cell
that can kill infected cells can also kill healthy ones, and because
inflammatory chemistry is powerful enough to damage an organ long
after the original trigger has gone. Checkpoints are built into the
wiring of T-cell responses to prevent a useful reaction from becoming
an uncontrolled one.

Cancer takes advantage of that prudence. A tumor rarely needs to
invent a brand-new brake; it can amplify a brake the body already
trusts. That creates the uneasy feeling that modern immunotherapy
exploits: when a checkpoint-blocking drug works, it is not adding a
new weapon so much as unlocking a padlock that nature installed for
good reasons.

Two checkpoint pathways dominate the modern story: CTLA-4 and
PD-1. They are often mentioned in the same breath, but they police
different moments of a T cell’s life.

CTLA-4 acts mainly at the beginning, when a T cell is first deciding
whether to commit. This decision is made largely in lymph nodes,
where antigen-presenting cells bring samples of what they have en-
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countered and present them to T cells. PD-1 acts mainly later, in
the body’s tissues, especially when stimulation is prolonged and the
risk of ongoing damage rises. Tumors, which can provide chronic
stimulation and a suppressive environment, become places where
PD-1-mediated restraint can be especially strong.

That division of labor is the first key to their “two-faced” nature. The
same molecule can be life-saving in one scenario and life-limiting in
another, depending on whether the more urgent problem is overreac-
tion or underreaction.

CTLA-4 is closely tied to the question, should this response begin
at all? A naive T cell, meeting its antigen for the first time, is
like a person being asked to sign a contract: it needs a strong rea-
son to commit. The “strong reason” is co-stimulation, delivered
largely through CD28 on T cells interacting with CD80 and CD86
on antigen-presenting cells. CTLA-4, by competing in that same
molecular space, reduces the strength of the commitment signal. The
details of this competition were introduced earlier; what matters here
is the logic. In lymph nodes, where many antigens are presented
and where the body must avoid launching full-scale assaults against
harmless or self-derived signals, CTLA-4 is a gatekeeper.

PD-1 is tied to a different question, should this response keep going
here? A T cell in a tissue, repeatedly stimulated by its antigen, is
potentially dangerous. It releases inflammatory cytokines, calls in
other leukocytes, and can injure the tissue it is trying to defend. PD-1
sits on T cells as a sensor of that ongoing stimulation and local con-
text. When PD-1 engages its ligands, it transmits inhibitory signals
that dampen T-cell activity. This restraint is especially relevant in
situations of chronic stimulation, where the cost of sustained attack
may be organ damage.

Tumors can profit from both. They can benefit if CTLA-4 lowers the
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number or intensity of tumor-reactive T cells during priming, and
they can benefit if PD-1 restrains the T cells that make it into the
tumor neighborhood and encounter antigen again and again.

The safety value of these pathways is not theoretical. It was writ-
ten into biology in dramatic experiments long before checkpoint-
blocking drugs entered oncology clinics. In 1995, Waterhouse and
colleagues showed that mice deficient in Ctla-4 developed profound
immune dysregulation and died early. It was a stark demonstration
that CTLA-4 is not a minor fine-tuning knob. Remove it entirely, and
the immune response does not merely become “stronger”; it becomes
lethal. The body cannot tolerate its own unrestrained activation.

A few years later, in 1999, Nishimura and colleagues reported that
disruption of the PD-1 gene could produce lupus-like autoimmune
disease phenotypes in mice. The message echoed the Ctla-4 story,
though with its own nuances: PD-1 is a key mechanism of peripheral
tolerance. In other words, once lymphocytes have left the controlled
environment of lymphoid organs and are acting in tissues, PD-1 helps
prevent those actions from sliding into self-directed pathology.

These genetic stories matter because they turn an abstract idea into
a hard constraint. When oncologists block CTLA-4 or PD-1 to
strengthen anti-tumor responses, they are intervening in pathways
that evolved to stop the organism from harming itself. The clinical
side effects of checkpoint blockade can be surprising in their details,
but not in their overall logic.

The next piece of the puzzle is why checkpoints become such sturdy
protection for tumors in particular. Part of the answer lies in chronic
stimulation. A tumor is not a short-lived infection that is cleared
and gone. It is persistent. Tumor antigens can be present for months
or years. A T cell that recognizes these antigens may be triggered
repeatedly, and repeated triggering changes cell state. Over time,
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some T cells enter an “exhausted” program: they reduce rapid killing
and cytokine production and increase reliance on inhibitory signal-
ing. Exhaustion is not simply fatigue; it is a regulated adaptation that
reduces tissue injury during long-term stimulation. In cancer, it is a
tragic misapplication of a reasonable design.

PD-1 is intimately bound up with this exhausted state. It is often ex-
pressed at higher levels on chronically stimulated T cells, acting as a
reinforcing brake. The tumor microenvironment described earlier—
hypoxia, nutrient scarcity, suppressive cytokines—adds further pres-
sure toward diminished function. In such a setting, PD-1 signaling
can be the difference between a T cell that remains a capable killer
and a T cell that merely survives in place, recognizing but not effec-
tively destroying.

CTLA-4 intersects with tumor immunity in a different, but comple-
mentary, way. It shapes the earliest “go/no-go” decisions and influ-
ences the behavior of antigen-presenting cells. A crucial detail, pro-
vided by Qureshi and colleagues (2011), is that CTLA-4 can act cell-
extrinsically by removing CD80 and CD86 from antigen-presenting
cell surfaces via trans-endocytosis. This mechanism has an almost
administrative feel. It does not shout “stop.” It quietly removes the
paperwork that would authorize action. When antigen-presenting
cells are stripped of CD80/CD86, CD28 signaling in nearby T cells
is reduced, and activation becomes harder to sustain.

This is where checkpoint biology and Treg biology interlock tightly.
CTLA-4 is both a checkpoint and a central Treg effector mecha-
nism, a molecular bridge between tolerance and tumor escape. In
a tumor, Tregs enriched by chemokine recruitment and stabilized
by local cues can bring high CTLA-4 expression into the microenvi-
ronment. They can then condition antigen-presenting cells in a way
that broadly lowers co-stimulation. The result is not only that Tregs
themselves are suppressive, but that they make the neighborhood less

262



Brakes With Two Faces: Why Checkpoints Can Save Tissues and Spare Tumors

permissive for other T cells to mount a strong response.

That neighborhood effect is crucial. A single T cell’s ability to kill
depends on its own receptors and internal state, but it also depends on
whether it is surrounded by supportive signals. If antigen-presenting
cells are poor at co-stimulation, if IL-10 and TGF-β are abundant,
if metabolic conditions are harsh, then the bar for effective action
rises. Checkpoints thrive in such circumstances because they tilt the
balance toward restraint at exactly the moment a T cell would need
to push through.

This dual role—protection from self-harm and protection of
tumors—can be framed with a mundane analogy. A seatbelt is
designed to keep you safe in an accident. Yet if a seatbelt jams and
cannot be released when you need to move quickly, it becomes its
own danger. The paradox is not that the seatbelt is malicious; it is
that the circumstances changed. Checkpoints are like that. They
are designed for a world in which the greatest threat is uncontrolled
inflammation. Cancer creates a world in which the greatest threat,
locally, may be insufficient action against a persistent abnormal
tissue.

Checkpoint blockade therapy depends on this insight. Blocking
CTLA-4 tends to act more on the early phase of T-cell activation
and can broaden the response by making priming more permissive.
Blocking PD-1 tends to act more on reinvigorating T cells at sites
of chronic stimulation, including tumors. The differences are not
absolute, and real biology is messier than any clean diagram, but the
timing-and-location logic is robust enough to guide therapy and to
make sense of the distinct patterns of benefits and risks.

The risks follow naturally from the knockout anecdotes. CTLA-4
deficiency in mice caused catastrophic disease because it removed a
core restraint on activation. PD-1 disruption predisposed to systemic
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autoimmunity-like patterns because it weakened peripheral control.
Drugs that block these pathways do not reproduce genetic deletion,
and they can be dosed and discontinued. Still, they are deliber-
ately pushing in the direction those mouse experiments warned about.
When checkpoint blockade succeeds, it does so by tolerating a higher
level of immune aggression than the body would normally allow.

There is also a subtler point about what counts as “self.” Tumor anti-
gens can include mutated proteins that are genuinely novel, but many
tumor-associated antigens are normal proteins expressed at abnor-
mal levels or in abnormal contexts. A strong response against such
antigens can blur into responses against healthy tissue. Checkpoints
reduce that blur by setting higher thresholds and enforcing restraint
during prolonged stimulation. A tumor that leans on checkpoint path-
ways is, in effect, exploiting the body’s reluctance to risk attacking
itself over signals that are ambiguous.

The conceptual pivot is therefore simple but profound: checkpoints
are not merely “tumor tricks.” They are normal safety systems that
tumors can amplify, localize, or exploit. They are two-faced only in
the sense that biology rarely optimizes for every scenario at once. A
mechanism that prevents lethal immunopathology in infection and
everyday life can, in the setting of cancer, become a shield for cells
that the body would otherwise prefer to eliminate.

That recognition changes how one thinks about cancer treatment. It
moves the discussion away from a simplistic battle between “strong”
and “weak” immunity and toward a more precise question: where,
when, and at what cost should restraint be loosened? CTLA-4 and
PD-1 are not identical padlocks. They sit at different doors, in dif-
ferent buildings, guarding different kinds of catastrophes. Blocking
them can allow a long-suppressed anti-tumor response to act with
startling force, while also revealing why the locks were installed in
the first place.
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9.4 When the Truce Breaks: Why Treatment
Success Can Resemble Autoimmunity

Checkpoint drugs are often introduced to the public as therapies that
“take the brakes off” anti-cancer responses. The phrase is memo-
rable because it captures the emotional experience of some patients:
a tumor that had been advancing despite surgery, radiation, and
chemotherapy can suddenly shrink, sometimes dramatically. Yet that
same phrase can mislead. Brakes are not decorations added by a
cautious engineer; they are load-bearing parts of the design. Loosen
them, and the vehicle does not merely go faster. It changes how it
handles. In immunotherapy, the altered handling is visible in a set
of side effects that, to anyone who has studied autoimmune disease,
look uncomfortably familiar.

These are called immune-related adverse events, often shortened to
irAEs. The name is clinical and deliberately broad, because the
effects can show up in many organs. Skin rashes and itching are
common early signals. The gut can become inflamed, producing
diarrhea and abdominal pain from colitis. The liver can show signs of
hepatitis. The lungs can develop pneumonitis, an inflammation that
makes breathing difficult. Endocrine glands can be targeted, leading
to thyroiditis or other endocrinopathies that may require long-term
hormone replacement. None of these problems are mysterious in
outline: they are what happens when immune restraint is relaxed and
the wrong tissue becomes a target.

Postow, Sidlow, and Hellmann (2018) provided a clear clinical
overview of these toxicities, and their message was not simply “watch
out.” It was that irAEs are an expected extension of mechanism.
Checkpoint blockade does not only change what happens in the tu-
mor microenvironment; it changes what T cells are permitted to do
across the body. A drug that blocks CTLA-4 or PD-1 is not delivered
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exclusively to malignant tissue. It circulates. It acts on lymphocytes
wherever they are, including those that might recognize antigens in
normal organs or respond too vigorously to harmless stimuli.

There is a deeper reason irAEs fit the logic of autoimmunity: the
checkpoint pathways being blocked exist precisely because self-
tolerance is incomplete and because inflammation is risky. Preclin-
ical genetics made that point with brutal clarity. Waterhouse and
colleagues (1995) showed that mice lacking Ctla-4 develop severe
immune pathology and die early. Nishimura and colleagues (1999)
showed that disruption of Pdcd1, the gene encoding PD-1, can pro-
duce lupus-like autoimmune disease phenotypes in mice. These ex-
periments were never performed to forecast the side effects of can-
cer drugs, yet they read in hindsight like a warning label written by
evolution. If the complete absence of these checkpoints produces
autoimmunity-like disease, then partial, therapeutic interference with
them should be expected to drift in the same direction.

The clinical reality is subtler than a mouse knockout. Drugs are
not genes; they can be paused, dosed, and combined. The immune
response also has redundant restraints. Still, the direction of travel
is the same: away from tolerance, toward attack. The body’s truce
with itself is not a philosophical choice. It is enforced continuously,
and checkpoint blockade is an intentional disturbance of that enforce-
ment.

This connection between efficacy and toxicity can feel counterintu-
itive. People often assume side effects are random: an unfortunate
but separate complication. In checkpoint therapy, the side effects
are often biologically entangled with the benefit. A treatment that
restores strong anti-tumor activity is, by definition, allowing more
immune aggression. More immune aggression increases the chance
that normal tissues will be caught in the widened field of fire.
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It is tempting to tell this story as a simple trade-off: more benefit
equals more harm. Reality does not always line up so neatly. Some
patients experience profound tumor regression with minimal irAEs.
Some develop severe toxicity without a major tumor response. Yet
the mechanistic link remains. The same levers are being pulled, and
the same safeguards are being loosened. The unpredictability reflects
how varied the underlying biology is from person to person: which
antigens their tumors express, which self-reactive T cells exist in
their repertoire, how inflamed their tissues already are, what their
microbiome is doing in the gut, how their antigen-presenting cells
behave, and how the tumor ecosystem has been shaping their immune
responses for months or years.

A concrete example makes the logic tangible. Consider colitis after
checkpoint blockade. The colon is not sterile; it is densely populated
with microbes. The gut lining is a barrier tissue that must tolerate
constant exposure to foreign molecules while still being ready to
respond to genuine threats. That balancing act depends heavily on
immune restraint. When checkpoints are blocked, T cells that would
ordinarily remain calm in the gut can become more reactive. The
result can be inflammation that resembles forms of inflammatory
bowel disease: pain, diarrhea, bleeding, and a colon that looks, en-
doscopically, like a tissue under immune assault. The trigger is not
necessarily that the therapy “created” a new immune specificity. It
may have allowed existing, previously restrained responses to expand
and operate with less supervision.

Skin toxicity provides another vivid example. The skin is a public
interface, exposed to trauma, microbes, and environmental insults. It
is also a place where immune surveillance is constant. When check-
point pathways are blocked, activated T cells can accumulate in skin
and provoke rashes that range from mild to severe. For patients, the
rash is not merely a cosmetic issue. It is a signal that the treatment has
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changed the rules of tissue peace, turning a normally quiet interface
into an immunological argument.

Endocrine irAEs are particularly poignant because they can be per-
manent. A thyroid gland attacked by activated lymphocytes may
recover, or it may be damaged enough that the body needs hormone
replacement indefinitely. From a mechanistic viewpoint, this is an
autoimmune-like process: organ-specific inflammation triggered or
unmasked by relaxed checkpoint control. From a human viewpoint,
it means that a therapy designed to save a life can also rewrite that
life’s long-term medical needs.

The paradox deepens when one looks at how irAEs are treated.
Clinical practice guidelines formalize their management. The first
response is often to pause checkpoint therapy and to suppress in-
flammation with immunosuppression, commonly corticosteroids. If
symptoms are severe or do not improve, additional agents can be
used when refractory. The logic is striking: clinicians deliberately re-
impose immune restraint after having deliberately loosened it. The
treatment becomes a form of tuning. It is not a simple on/off switch
but a constant adjustment in response to the patient’s biology.

That tuning requires a moral as well as technical sophistication, be-
cause the clinician is trying to achieve two goals that are not fully
compatible: maintain the anti-tumor response and protect healthy
organs. When inflammation threatens the lungs or the colon, pro-
tecting the organ must come first. Yet there is always the question,
voiced quietly in many oncology clinics: will dampening the immune
reaction also dampen the benefit against the tumor? The patient is
living inside the central tension of immunotherapy: a therapy that
works by increasing immune aggression can also injure the person it
is meant to save.

The biology behind this tension can be understood in more than one
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way. Sometimes irAEs may reflect a kind of shared antigen problem.
If a tumor expresses proteins that are also present in normal tissues, a
newly unleashed T-cell response may not perfectly distinguish malig-
nant from healthy cells. The tumor is altered self, but it is still self. In
other cases, the problem may be less about shared antigen and more
about generalized lowering of activation thresholds. Block CTLA-4,
and T cells may be more easily primed in lymphoid organs. Block
PD-1, and chronically stimulated T cells in tissues may become more
active. Either way, the immune response becomes more willing to
act, and tissues that were previously tolerated can become targets.

It is worth recalling that CTLA-4 and PD-1 are not “cancer
molecules.” They are woven into everyday tolerance. CTLA-
4 restrains early activation decisions; PD-1 restrains ongoing
responses in tissues. Those roles map cleanly onto the kinds of
toxicity seen. A treatment that alters early activation can broaden
the set of T cells that become activated. A treatment that alters
tissue restraint can intensify the behavior of T cells already present
in organs. In practice, both patterns can contribute, especially when
therapies are combined.

The emotional challenge for patients is that irAEs can look like a
betrayal layered on top of cancer itself. Imagine being told that the
most promising therapy works by unleashing an internal force pow-
erful enough to harm your own organs. Yet there is also, for some, a
different emotional reading: irAEs can be a sign that the therapy is
not merely present in the bloodstream but actively shifting immune
behavior. Some adverse effects correlate, in certain contexts, with
active immune engagement. Even when such correlations exist, they
should never be romanticized. Inflammation is not a badge of honor;
it is a medical risk. But the link can change how patients interpret
what is happening: not as random poisoning, but as the predictable
consequence of an immune system allowed to operate with fewer
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restraints.

A historical echo makes the present moment feel less surprising.
Long before checkpoint drugs, physicians understood that stimulat-
ing immunity could cause self-harm. Early immunotherapies, includ-
ing cytokine therapies and nonspecific immune stimulants, some-
times produced dramatic inflammation. What checkpoint blockade
added was specificity of mechanism: instead of broadly activating
immune responses, it targeted known inhibitory pathways. That pre-
cision increased efficacy in many cancers, but it also made the source
of toxicity easier to interpret. When someone develops colitis after
anti—CTLA-4 or anti—PD-1 therapy, it is not because the drug is
directly toxic to the colon in the way a chemical irritant might be.
It is because immune restraint has been relaxed, and the colon is a
place where restraint is constantly needed.

That interpretation changes the ethical and practical framing of side
effects. Side effects are not merely obstacles; they are windows into
the biology of tolerance. They show, in living patients, that the
immune truce is actively maintained and that it can be destabilized
in organ-specific ways. They also show that the body’s protective
mechanisms are not a luxury. They are required for survival in an
organism whose defense system is capable of lethal force.

The challenge for the future is not to abandon checkpoint therapy
because it can cause harm, but to make the tuning more intelligent.
Some approaches aim to predict risk: identifying patients more likely
to develop severe irAEs based on clinical features, biomarkers, or
pre-existing autoimmunity. Other approaches aim to localize treat-
ment effects, pushing immune activation toward the tumor while
preserving restraint elsewhere. Still others attempt to treat irAEs
with more targeted immunosuppression, seeking to calm an inflamed
organ without erasing anti-tumor benefit. All of these share the same
recognition: checkpoint pathways are essential guardians, and tam-
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pering with them demands respect for the biology that makes them
necessary.

In the clinic, the truce breaks in a way that is both frightening and
scientifically revealing. A rash, a bout of colitis, a sudden change
in thyroid function—these are not random complications drifting
in from the side. They are the visible edge of a deeper event: the
immune system, released from some of its customary constraints,
testing old boundaries again. In the space between tumor control and
tissue injury lies the narrow margin where successful immunother-
apy must live.
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Chapter 10

Rewriting the Code:
Therapies That Dial
Tolerance Up or Down

Modern immunology has discovered that the immune system is not
simply switched on or off; it is tuned, coaxed, and occasionally
tricked. In the clinic and the laboratory, that insight has opened a
remarkable possibility: therapies that can feed the cells that enforce
tolerance, engineer them for new missions, or temporarily silence
them when cancer turns restraint into a shield.

10.1 Feeding the Peacekeepers: Why Tiny
Doses of IL-2 Can Change the Balance

A useful way to think about IL-2 is as a note passed between immune
cells that says, you have permission to grow. It is not a message of
morality. It does not say, you are good, you are bad. It says, in effect,
resources are available; expand. In infections that can be life-saving;
in misdirected inflammation it can be disastrous.

That is why IL-2 became famous in two very different worlds. In
oncology wards in the 1980s and 1990s, high-dose IL-2 was used
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as a blunt instrument: flood the system and try to force killer T
cells and natural killer (NK) cells into a state of heightened activity
against metastatic cancer. Some patients with melanoma or kidney
cancer achieved durable remissions that were hard to explain by older
chemotherapies. The price was steep. High-dose IL-2 could trig-
ger capillary leak syndrome, a frightening state where fluid escapes
from blood vessels into tissues, dropping blood pressure and swelling
organs. Treatment required intensive monitoring. It was dramatic
medicine—sometimes triumphant, often punishing.

And yet, in a quieter corner of immunology, clinicians began to ask
a question that sounds almost perverse: what if IL-2, given not as a
flood but as a sip, could do the opposite? Not to whip the immune
system into attack mode, but to support the very cells that restrain
attacks—the FOXP3+ Tregs that act as the immune system’s internal
peacekeepers.

The hinge is dose, but dose in immunology is never just a number.
Dose is also who gets access first, how long the signal lasts, and
which cells are poised to respond. IL-2 is shared currency. Many
immune cells can spend it, but Tregs are unusually well positioned
at the front of the line.

The reason sits on the surface of the cell: the IL-2 receptor. Like
many receptors, it comes in versions with different strengths. Tregs
constitutively express very high levels of CD25, the alpha chain of
the IL-2 receptor, which helps build a high-affinity receptor complex.
In practical terms, this means Tregs can respond to concentrations of
IL-2 that are too low to meaningfully stimulate most conventional T
cells. Give a tiny dose and the cells that feel it most are often the
ones that already specialize in restraint.

This is not magical selectivity. It is a shift in probabilities. At low IL-
2 exposure, you are more likely to strengthen the peacekeeping arm
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than to energize the attackers. Raise the exposure—by increasing the
dose, dosing too frequently, or using a formulation that lingers longer
than expected—and you begin to recruit a broader cast: conventional
T cells, memory T cells, and NK cells, all of which can use IL-2 as
fuel. Missing the window does not merely waste the drug. It can
push in the wrong direction.

That window is why low-dose IL-2 has become one of the clearest
demonstrations of precision tolerance tuning: the same molecule,
handled differently, can tilt the immune system toward calm or to-
ward confrontation.

The first clinical push to test this logic in human inflammatory ill-
ness is often associated with David Klatzmann’s group, who helped
bring low-dose IL-2 from a mechanistic idea into early trials. The
early studies were modest in size, sometimes in patients with com-
plex, hard-to-treat immune-mediated conditions. The excitement did
not come from a single miraculous cure. It came from a repeating
biological pattern: after low-dose IL-2, circulating Tregs—defined
by the familiar immunophenotype FOXP3+CD25hiCD127lo—often
increased, sometimes alongside signs that these cells were more ca-
pable of receiving and acting on IL-2 signals.

To a patient, an increase in a blood cell subset is not the goal. What
matters is whether joints swell less, whether bowel flares become
rarer, whether skin stops blistering, whether fatigue loosens its grip,
whether steroid doses can finally come down without relapse. But
the cellular pattern mattered because it suggested the drug was doing
something coherent and repeatable—not merely stirring the immune
system and hoping.

Low-dose IL-2 is sometimes described as a way of expanding Tregs,
but expansion is only part of the story. IL-2 can also enhance survival
and functional fitness. Peacekeeping is work: Tregs need energy,
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stable gene expression programs, and the ability to operate in hostile
environments full of inflammatory cytokines. IL-2 helps maintain
FOXP3 expression and the molecular machinery that makes a Treg
reliably a Treg rather than a cell that only resembles one for a mo-
ment.

Here an uncomfortable nuance appears. FOXP3 is essential, but it is
not a foolproof stamp. Some activated human conventional T cells
can transiently express FOXP3 without becoming stable suppressors.
That is one reason immunologists lean on additional measures of
lineage stability, including epigenetic markers such as FOXP3 TSDR
demethylation. In the low-dose IL-2 setting, such tools help answer
a crucial question: are we seeing a durable strengthening of the tol-
erance program, or simply a temporary shift in surface markers?

The practical clinician’s version of the question is simpler: are we
feeding the right cells?

Dosing makes that question surprisingly hard. The immune system
is not a static target, and IL-2 is not a slow, gentle vitamin. It is a
fast-acting signal with complex pharmacology. The same injected
amount can behave differently depending on body size, renal clear-
ance, concomitant inflammation, and the baseline state of the im-
mune system. A patient whose immune system is already highly
activated may have more IL-2-responsive effector cells waiting for a
growth cue. Another patient, more suppressed by chronic steroids or
other immunomodulators, may respond differently.

Schedule matters as much as dose. An intermittent regimen can cre-
ate peaks and troughs: brief periods where IL-2 is high enough to
wake up many cell types, followed by silence. A steadier low expo-
sure might maintain Tregs without repeatedly lighting up NK cells or
conventional T cells. Reviews and meta-analyses of low-dose IL-2
across rheumatologic and inflammatory conditions have repeatedly
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circled back to this point: the biology is consistent, but the outcomes
can depend heavily on formulation and regimen.

Then there are the “near misses,” which are often more informative
than the successes. If the dose is slightly too high, NK cells can
expand noticeably. Eosinophils can rise. Patients may experience
injection-site reactions or mild flu-like symptoms. Those side ef-
fects are not merely inconveniences; they are clues that the drug is
no longer acting as a narrow support for tolerance but as a broader
immune stimulant. They warn that the therapeutic window is being
crossed.

In cancer, that broader stimulation was often the point. In immune-
mediated inflammation, it can be exactly what you are trying to avoid.

The goal, then, is not to silence the immune system. It is to re-
weight it. In many inflammatory illnesses, the immune system is
not globally overactive; it is misdirected, overconfident about the
wrong targets, and prone to amplifying its own errors. Clinicians
often rely on steroids as emergency brakes because they work quickly
and broadly. But broad suppression brings infections, osteoporosis,
metabolic changes, mood disturbance, and the chronic dilemma of
dependence: the disease quiets only as long as the drug keeps push-
ing it down.

Low-dose IL-2 offers a different ambition: change the resting bal-
ance so the immune system holds itself in check with less external
force. In practice, that ambition often translates into familiar clinical
endpoints: reduced disease activity, fewer flares, and steroid spar-
ing—the ability to taper prednisone or similar drugs without provok-
ing rebound inflammation.

A concrete example helps. Imagine a patient with a relapsing inflam-
matory condition who has learned the pattern of their own life: a
few good weeks, then a flare that forces a steroid burst, then the slow
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climb down again, never quite returning to baseline. The appeal of
low-dose IL-2 is not that it will act like a painkiller or a fast-acting
anti-inflammatory. The appeal is that it might gradually change the
terms of the negotiation between the immune system and the body—
so that fewer minor provocations escalate into major inflammatory
events.

That is also why measurement becomes inseparable from therapy.
If the drug’s key promise is selectivity, then it is not enough to
say “the patient feels a bit better.” Inflammatory illnesses fluctuate.
Placebo effects are real. Background medications shift. A clinician
needs some way to know whether tolerance circuits are actually be-
ing strengthened, or whether the apparent improvement is temporary
coincidence.

The simplest measurement is counting Tregs in blood. That is easy
to say, but hard to do well. Tregs are rare, and flow cytometry panels
must be carefully designed. FOXP3 staining requires permeabiliz-
ing cells, and surface markers such as CD25 and CD127 can shift
with activation. Absolute counts are often more informative than
percentages, because percentages can change simply because another
population shrank or expanded. And blood is the most convenient
tissue sample, not necessarily the most relevant one. A patient with
inflamed bowel or skin or joints needs Tregs that can function there,
not just circulate politely in peripheral blood.

For low-dose IL-2, a particularly useful functional readout has been
IL-2 signaling responsiveness—often assessed via phosphorylation
of STAT5 (pSTAT5) after IL-2 stimulation. It is a way of asking
whether the cells are not only present but listening. Epigenetic as-
says, including FOXP3 TSDR demethylation, add another layer: are
these cells stably committed to the regulatory lineage, or are they
temporary impersonators produced by recent activation?
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None of these readouts is a complete “tolerance meter,” but together
they can provide something like a dashboard: evidence that the drug
is engaging its intended biological target without spilling too much
into unwanted activation.

The need for a dashboard becomes obvious when considering the
most delicate risk of all: that low-dose IL-2 might, in the wrong
context, strengthen not only the peacekeepers but also a patient’s ca-
pacity for certain infections or malignancies to evade immune control.
This is not a reason to reject the approach; it is a reason to handle
it with the seriousness it deserves. A therapy designed to enhance
restraint must be monitored for the predictable downside of restraint.

That downside can be subtle. Unlike a chemotherapy that causes an
immediate drop in white blood cells, a tolerance-boosting strategy
might not announce itself with a dramatic laboratory abnormality.
A patient might simply begin getting more frequent viral reactiva-
tions, or a chronic infection might become harder to clear. These
are exactly the outcomes clinicians are trained to watch for when
using other immunomodulators, but the mechanism here is different
enough that old heuristics may not always apply.

There is also a more immediate, more mechanical danger: stimulat-
ing the wrong immune cell types by mistake. IL-2 does not recog-
nize your intention. If the delivered exposure climbs high enough
to expand conventional T cells or NK cells, the treatment can drift
toward immune activation. That can mean worsening inflammation,
or simply noise that obscures whether the core idea is working. The
patient experiences side effects, the clinician sees mixed laboratory
shifts, and the trial becomes hard to interpret.

Because of this, a great deal of modern work around IL-2 is not about
discovering that Tregs like IL-2. That part is clear. The work is about
engineering and delivery: finding formulations that bias signaling
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toward the high-affinity receptor configuration, extending half-life
without creating unwanted peaks, and designing schedules that keep
exposure in the “just enough” range.

The deeper lesson of low-dose IL-2 is not only about a cytokine.
It is about how the immune system is wired to respond to scarcity
and abundance. Many of its signals are shared. The system saves
efficiency by reusing the same molecules for multiple purposes, and
then relies on context—receptor levels, competing cell populations,
timing, tissue location—to decide who benefits most. That is elegant
biology, but it makes medicine humbling. If a drug acts on a shared
pathway, precision comes from understanding the competitive land-
scape inside the patient.

That landscape can change over time. Early in an inflammatory flare,
there may be many activated effector cells ready to respond to growth
signals. After treatment, the same patient may have fewer such cells
and a different sensitivity profile. The “correct” low dose may not
be a fixed number for a person across months or years. It may re-
quire adjustment, guided by both symptoms and biomarkers, much
as insulin dosing is adjusted using glucose measurements rather than
hope.

This is where patient experience becomes part of the science. A
person living with chronic immune-mediated illness often becomes
exquisitely aware of patterns: the early sensation of a flare, the lag
between a trigger and symptoms, the side effects that herald too
much immunosuppression. Low-dose IL-2, administered in care-
fully designed regimens, invites a partnership between immunomon-
itoring and lived observation. A mild rash at injection sites, a day
of fatigue after dosing, or a new tendency to catch colds can carry
information—signals that the immune system is being nudged, per-
haps too hard, perhaps in an unintended direction.
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The most compelling promise of low-dose IL-2 is not that it will
replace all other therapies. It is that it demonstrates a style of in-
tervention that immunology has long hinted at but rarely achieved:
not blocking a pathway outright, not carpet-bombing immune cells,
but shifting a competitive advantage toward tolerance by exploiting
a natural asymmetry—Tregs’ readiness to sense and use IL-2 at low
levels.

That may sound like a technical trick. It is also, for patients, a
different vision of what treatment could feel like. Instead of living
under the constant threat of immune flare or the constant burden of
broad suppression, the hope is a steadier state: fewer emergencies,
lower background medication, and an immune system that can still
respond to the world without overreacting to the self. The science
begins with receptors and doses, but the human endpoint is quieter:
the possibility of ordinary days.

10.2 From Blood Draw to Living Drug: The
Long Journey of Treg Cell Therapy

A drug in a bottle is meant to be the same each time you draw it up:
the same molecule, the same dose, the same predictable arc through
the body. A Treg therapy is something stranger. It begins as a small,
hard-to-find population inside a particular person, shaped by that per-
son’s genetics, infections, age, medications, and inflammation. It is
collected, purified, persuaded to multiply, tested, and then returned
as a living intervention that may keep changing once it is back inside
its original host.

The appeal is obvious. If Tregs are part of the body’s own toler-
ance machinery, then returning extra Tregs—or better, returning the
right Tregs—sounds like a way to rebuild restraint rather than merely
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suppress symptoms. But the drama lies in a practical truth that every
cell-therapy team learns quickly: biology that looks elegant on paper
becomes unforgiving when turned into a product.

Tregs are rare in the bloodstream. In a typical vial of blood, they are a
minority within a minority: a subset of T cells, which are themselves
only a fraction of white blood cells. A patient cannot simply “donate”
a jar of Tregs the way one donates blood. The therapy begins with
a logistical exercise: collecting enough starting material to make
manufacturing possible.

Often that means leukapheresis, a procedure in which blood is drawn
from a vein, passed through a machine that separates out white blood
cells, and returned to the body. It is routine in many cancer centers,
but still a real medical event: needles, hours attached to tubing, the
occasional tingling from calcium shifts, the sense of being processed.
For families of children asked to undergo it—say, soon after a new
diagnosis of insulin-dependent diabetes—it can feel like a strange
hybrid of high-tech hope and bodily intrusion. The promise is intan-
gible. The discomfort is immediate.

From there, the work shifts from clinic to cleanroom, and the lan-
guage changes. Patients talk about symptoms and risk; manufactur-
ing teams talk about purity, release criteria, and batch failure. It
can be jarring that a therapy meant to restore self-control must pass
through an industrial gauntlet.
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The first bottleneck is isolation. In principle, you select cells car-
rying a characteristic pattern of markers: high CD25, low CD127,
and FOXP3 expression inside the cell. In practice, each marker is
imperfect, and the cost of imperfection is unusually high. If a con-
ventional T cell slips into the product and then expands vigorously
during manufacturing, it can dilute the therapy or, worse, return as
an unwanted agitator. The goal is not simply to collect “cells that
look like Tregs,” but to minimize the chance of growing the wrong
population.

Sorting strategies therefore become part of the therapy’s identity. A
more stringent sort can yield a cleaner starting population but fewer
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cells, forcing longer expansion later. A looser sort yields more start-
ing material but increases the risk of contamination. The trade-off is
not merely technical. It shapes time, cost, and clinical risk.

Then comes expansion—the step that makes Treg therapy possible
and also reveals its central paradox. To manufacture peacekeepers,
you must temporarily treat them like fighters: you stimulate them to
proliferate. A common approach uses anti-CD3/CD28 stimulation,
essentially providing the activation signals a T cell expects when it
recognizes a threat, and then supplies high-dose IL-2 to drive growth.
The dosage here is nothing like the careful sips discussed for low-
dose IL-2 in inflammatory illness; in the manufacturing flask, IL-2
becomes a forceful growth factor.

This is where rapamycin sometimes enters, not as a generic immuno-
suppressant but as a selective pressure. Under certain conditions,
adding rapamycin can make it easier for Tregs to retain their iden-
tity while discouraging the outgrowth of contaminating conventional
T cells. Manufacturing decisions like this—what stimuli, what cy-
tokines, what culture duration—are not background details. They
influence what kind of living drug is ultimately returned.

Quality control sits at the center of the story because the product is
not defined by a chemical formula. It is defined by a set of tests and
thresholds that stand in for a deeper question: are these cells truly
what we think they are, and will they behave as hoped?

FOXP3 is necessary, but it is not sufficient as a single stamp of
authenticity. Human T cells can transiently express FOXP3 when
activated, and those cells may not be stable suppressors. That is
why FOXP3 TSDR demethylation has become such a valued tool
in this field: it provides evidence of lineage stability that protein
staining alone cannot guarantee. Schmidt and colleagues (2015)
framed this clearly by showing that ex vivo-expanded human Tregs,
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but not in vitro-induced FOXP3+ cells, carry stable demethylation
at the FOXP3 TSDR, supporting their candidacy for therapy. It is
an example of epigenetics—chemical marks on DNA that influence
gene expression—becoming a practical safety and identity assay.

Yet even that does not fully settle the matter. A Treg can be stable in
the flask and struggle in the body. It can be suppressive in vitro and
underpowered in an inflamed tissue. It can be a perfect Treg by every
laboratory measure and still fail to arrive at the right anatomical site.

The problem of “homing” sounds mundane, but it is central. If in-
flammation is concentrated in a joint, the gut, a transplanted kidney,
or a patch of skin, infused cells must exit the bloodstream, follow
chemical trails into that tissue, and persist long enough to matter.
Tissue-resident Tregs, as already discussed, are tuned to their local
environment; a circulating Treg expanded in culture may not auto-
matically acquire the same navigation skills. Some cells may be
trapped in lungs or liver soon after infusion, an initial distribution
pattern seen in multiple kinds of cell therapy. Some may survive
only briefly. Without persistence and appropriate localization, even
a superb product becomes a transient biological event rather than a
durable therapy.

A clinical setting where this logic becomes especially vivid is trans-
plantation. A transplanted organ presents a clear immunological
problem: the graft is foreign in a specific, definable way, and the im-
mune assault risks destroying a life-saving piece of tissue. Standard
immunosuppression can protect the graft, but at the cost of infection,
malignancy risk, and long-term metabolic complications. A Treg
infusion offers a tantalizing alternative: increase immune restraint in
a way that might be more specific to the graft, potentially allowing
lower doses of broad drugs.

Chandran, Tang and colleagues (2018) described a Phase I clinical
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trial using ex vivo expanded recipient Tregs in living donor kid-
ney transplants, a careful feasibility-first attempt that illustrates what
early development looks like in the real world. The clinical ambi-
tion was bold—returning expanded autologous Tregs to shape graft
tolerance—but the immediate priorities were concrete: can the cells
be manufactured reliably under GMP conditions, can they be dosed
in a rational escalation framework, and can they be infused without
triggering obvious harm? This is not a glamorous part of medical
progress; it is the slow construction of trust.

That trust extends beyond infusion day. Tang and colleagues (2024)
emphasized endpoints that sound more like pharmacology than im-
munology: pharmacokinetics, lineage identity, trafficking. The lan-
guage matters. A living drug has a time course: where it goes, how
long it lasts, and whether it maintains its intended state. Without that
information, a negative clinical result is uninterpretable. Did the ther-
apy fail because the idea is wrong, or because the cells never reached
the inflamed graft, or because they survived only a week, or because
they lost FOXP3 lineage features under inflammatory pressure?

The field has also had sobering lessons in conditions where the target
is less geographically obvious than a transplanted organ. A phase 2
randomized trial of autologous polyclonal expanded Tregs in chil-
dren with new-onset type 1 diabetes, reported in 2024, brought mod-
ern manufacturing and sophisticated immunomonitoring to a disease
where the immune attack is focused on pancreatic islets that are dif-
ficult to sample and already damaged by the time of diagnosis. Even
when a cell product can be made and shown to have the expected
properties, clinical benefit can be limited. That gap between in vitro
suppressive capacity and in vivo disease modification is not an em-
barrassment; it is a clue. It points to timing (intervening after too
much tissue is already lost), targeting (cells not reaching pancreatic
islets effectively), and the possibility that blanket Treg infusions are
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too diffuse for a tightly localized, antigen-specific attack.

Those disappointments have helped drive the engineering pivot:
move from polyclonal Tregs, which recognize a broad and largely
unknown mixture of targets, toward directed Tregs that are biased to
act where they are needed. Two approaches are often discussed.

One is antigen-specific enrichment or TCR engineering. Here, the
goal is to provide Tregs with receptors that recognize particular anti-
gens relevant to the disease or graft, so that suppression is preferen-
tially delivered where those antigens are presented. This is conceptu-
ally elegant: it turns a generalized calming influence into something
more like a targeted negotiation.

The other, more widely publicized because of the success of CAR-T
cells in cancer, is the CAR-Treg: a chimeric antigen receptor grafted
onto a Treg. The receptor is designed to recognize a chosen surface
molecule, and the engineered Treg is then expanded and infused
with the hope that it will accumulate and function at sites where that
molecule is abundant. In transplantation, HLA-A2 CAR-Tregs have
been explored as an illustration of how one might direct Tregs toward
a donor-specific feature, moving beyond blanket suppression.

Engineering, however, does not simply add precision; it adds new cat-
egories of risk. A CAR can be immunogenic: the host may recognize
engineered domains as foreign. Target choice can backfire: if the
chosen molecule is present in healthy tissues, engineered Tregs could
suppress the wrong place. Signaling strength can be mismatched:
too weak and the cells do nothing; too strong and they may proliferate
unpredictably or alter their behavior. The central fear is not only in-
efficacy but misdirection—manufacturing a therapy that is powerful,
stable, and aimed at the wrong target.

All of this feeds back into quality control. For a simple polyclonal
Treg product, identity and stability assays already strain what is prac-
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tical at scale. For engineered products, additional tests become nec-
essary: confirming the genetic modification, checking for unintended
editing outcomes, assessing functional responses to the intended tar-
get, and monitoring for emergent phenotypes that could undermine
safety.

Even without engineering, Treg therapy faces a tension that is hard to
escape: standardization versus personalization. The cells come from
individuals, but regulators and clinicians need predictable products.
That means tightly specified manufacturing steps and release criteria
that can be reproduced across sites and time. It means defining what
“enough” FOXP3 TSDR demethylation looks like, what degree of
contaminating effector T cells is acceptable (ideally near zero), what
functional suppression assay—if any—can be run quickly enough to
matter, and how to handle batches that fall short.

Those decisions have a human dimension. A discarded batch is not
a failed chemical synthesis; it is a patient who went through leuka-
pheresis, waited, and then learned that their personalized therapy
cannot be returned. The psychological weight of that is one reason
why teams in this area are so careful about feasibility, incremental
dose escalation, and transparent monitoring. The ethics of a living
drug include the ethics of the waiting period.

Perhaps the most revealing aspect of Treg therapy is that it forces
immunology to be honest about what it does not yet control. In a
petri dish, Tregs can look beautifully suppressive. In a body, they
must survive inflammatory cytokines, compete for growth factors,
navigate tissues, and maintain lineage identity over time. Their suc-
cess is not solely determined by their own internal program but by
the ecology they enter: ongoing infections, tissue damage signals,
metabolic constraints, the presence of other T cell subsets already
committed to attack.
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When a Treg product works, it will likely look less like a dramatic
rescue and more like a quiet rebalancing: fewer episodes of rejec-
tion, a smoother taper of conventional immunosuppression, less flare-
driven tissue damage. When it fails, the failure will rarely be a simple
“no.” It will be a set of clues about dose, persistence, localization,
and stability—clues that gradually turn a compelling idea into a re-
producible therapy.

A striking feature of this field is how often the most advanced science
circles back to a simple clinical wish: to return a patient’s own cells
in a form that helps them coexist with their own tissues, or with
a transplanted organ, without paying for that coexistence through
constant broad immunosuppression. Treg therapy makes that wish
technically demanding, but it also makes it concrete: peacekeeping
can be manufactured, tested, and infused, provided the living drug
can remain itself long enough to matter.

10.3 Taking the Brakes Off—Carefully: Can-
cer Therapy After the Checkpoint Rev-
olution

Cancer forces an uncomfortable admission: the machinery that keeps
ordinary tissues safe from self-attack can also shield a tumour from
being eliminated. The same restraint that prevents colitis, thyroidi-
tis, or blistering skin can, in the wrong setting, become a kind of
accomplice. For decades, that tension sat in the background of on-
cology. Doctors knew that a rare patient with a vigorous anti-tumour
response could do astonishingly well, but they had few reliable ways
to evoke that response without poisoning the person along with the
cancer.

The checkpoint revolution changed the terms of the argument by
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making a simple claim actionable: if inhibitory pathways such as
CTLA-4 and PD-1 normally dampen T-cell activation, then blocking
those pathways might restore anti-tumour immunity. This was not a
claim that tumours are “invisible.” It was a claim that many tumours
are actively protected by normal mechanisms of immune restraint.

A pivotal turning point came with ipilimumab, an antibody that
blocks CTLA-4. In metastatic melanoma, ipilimumab established an
overall survival benefit in pivotal phase III evidence. That statement
is clinically dry, but its emotional weight is heavy if you remember
what metastatic melanoma meant a generation ago: a diagnosis with
few durable options, where remissions were uncommon and often
brief. Ipilimumab did not help every patient; far from it. But it
proved something that had been debated for years in laboratories and
conferences: those brakes exist in patients, they matter in cancer, and
releasing them can produce outcomes that look like a different era of
medicine.

PD-1 blockade broadened the impact. By targeting a different in-
hibitory pathway, PD-1 antibodies demonstrated anti-tumour activ-
ity across multiple tumour types and rapidly became part of standard
care in diseases that had never been thought of as “immunotherapy-
responsive.” In parallel, immune correlates and profiling became
central. It was no longer enough to measure tumour shrinkage; re-
searchers wanted to know which T cells expanded, what states they
occupied, and why some patients experienced dramatic benefit while
others had none.

The Nobel Prize in Physiology or Medicine in 2018, recognising
discoveries that led to checkpoint blockade, marked more than sci-
entific prestige. It marked a change in medical imagination: the idea
that cancer could be treated not only by directly damaging tumour
cells, but by changing the balance of restraint and attack within the
patient’s own T-cell responses.
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But the price of this shift was never hidden. Removing inhibitory
signals can activate autoreactive T cells, producing immune-related
adverse events that resemble autoimmune inflammation across or-
gans. The toxicity is not random; it is mechanistically linked. When
a drug blocks CTLA-4 or PD-1, it does not ask which antigen a T cell
recognises. It changes the rules of engagement, and some T cells that
were previously contained will take the new freedom literally.

Clinicians now manage these toxicities with a level of protocoli-
sation that would have seemed strangely formal when checkpoint
therapy was new. In drug labeling and clinical guidelines, severe
immune-mediated reactions prompt holding or permanent discontin-
uation of the checkpoint inhibitor and treatment with immunosup-
pression such as systemic corticosteroids. In other words, the mod-
ern practice of checkpoint blockade includes a parallel practice of
tolerance management: recognising predictable inflammatory syn-
dromes quickly, grading severity, and intervening before damage be-
comes irreversible.

That clinical choreography captures the core dilemma: in cancer, you
want to weaken restraint enough to let anti-tumour responses do their
work, but not so much that the body becomes collateral damage.

Tregs sit near the centre of this story, not as villains but as profes-
sionals doing the job they evolved to do. Tumours recruit and exploit
Tregs, and as discussed earlier, many tumours accumulate them in
the tumour microenvironment. From the tumour’s perspective, this
is good strategy. A tumour is not a foreign parasite with a fixed
set of antigens; it is altered self, growing in a tissue environment
that is already equipped with mechanisms to prevent unnecessary
inflammation. By attracting Tregs and amplifying inhibitory signal-
ing, tumours can create a local atmosphere in which aggressive T-cell
responses are less likely to ignite or to persist.
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This is one reason checkpoint blockade can work: it interferes with
the local rules that favour suppression. Yet checkpoint inhibitors
do not selectively dismantle only tumour-associated restraint. They
can also affect tolerance in healthy tissues, which is why side effects
can emerge far from the tumour. The field has responded by trying
to widen the therapeutic window: to make restraint weaker in the
tumour while preserving enough stability elsewhere.

Several strategies pursue that goal, and each carries its own trade-
offs.

One approach is Treg depletion. If tumours benefit from a dense
Treg presence, then reducing that population might shift the local
balance toward attack. The problem is that Tregs are not optional
accessories; they are crucial for preventing damaging inflammation.
A systemic Treg-depleting therapy risks creating the very syndromes
that checkpoint blockade already reveals in milder form: colitis, der-
matitis, hepatitis, endocrinopathies. The question becomes whether
depletion can be made sufficiently local or selective—directed to-
ward tumour-infiltrating Tregs rather than the entire body’s tolerance
network.

A second approach aims at functional reprogramming rather than
outright removal: pushing tumour-associated Tregs into a less sup-
pressive state, or interfering with the suppressive mechanisms that
matter most in tumours. This can sound like a neat solution—turn
down suppression without eliminating the cells—but it runs into a
stubborn fact about biology: cells do not always change in the di-
rection you want, and partially reprogrammed states can be unstable.
A therapy that makes Tregs less suppressive in a tumour might also
make them less stable elsewhere, or it might provoke compensatory
mechanisms that restore suppression by other routes.

A third approach is local or tumour-selective targeting. This can
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mean delivering drugs directly into tumours, using antibody formats
that preferentially accumulate in the tumour microenvironment, or
targeting molecules that are expressed more strongly on tumour-
infiltrating Tregs than on their counterparts in healthy tissues. The
attraction is obvious: if you can concentrate the intervention where
the tumour is, you can apply more force with less systemic spillover.
The difficulty is equally obvious: tumours are heterogeneous, drug
distribution is uneven, and metastatic disease often involves multiple
sites. Local success can be undermined by distant failure.

Combination strategies complicate the picture further, but also re-
flect clinical reality. Checkpoint inhibitors are often combined with
radiation, other immunotherapies, or targeted agents. Radiation can
increase antigen release and inflammation within the tumour bed,
potentially making an immune response more likely to start; a check-
point inhibitor can then make that response more likely to continue.
Some combinations aim to recruit more T cells into “cold” tumours
that have few infiltrating lymphocytes, then sustain those T cells once
they arrive. Others try to reshape the tumour microenvironment so
that T cells are not metabolically starved or chemically excluded.

Every combination, however, magnifies the central trade-off. More
immune activation tends to bring more immune toxicity. In practice,
the clinician’s work becomes a constant negotiation: how much in-
flammation is a sign of anti-tumour efficacy, and how much is a sign
of impending harm?

This negotiation is not merely theoretical. A patient might arrive
at an oncology clinic after two infusions of a PD-1 inhibitor feeling
more tired than usual, with mild diarrhoea and a new skin rash. None
of these symptoms is unique to checkpoint therapy. They could be
infection, stress, dietary changes, or the cancer itself. But in the
checkpoint era, those everyday symptoms carry a new seriousness
because they could be early immune-related adverse events. A nurse
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asks about stool frequency not out of routine fussiness but because
delayed intervention can mean escalation to dehydration, hospital
admission, or colon perforation in severe cases. A lab check of
liver enzymes is not just a number; it is an attempt to catch immune-
mediated hepatitis while it is still reversible.

This is where checkpoint blockade has taught immunology some-
thing almost cruelly instructive: tolerance is not an abstract virtue.
It is a day-to-day physiological necessity that can be disrupted in
recognisable patterns. When restraint is reduced, the body does not
fail uniformly. Particular organs become targets, often in ways that
map onto known vulnerabilities: the gut with its constant exposure
to microbial products; endocrine glands with their delicate cellular
architecture; the skin as an immune interface with the world. The
resulting syndromes look like accidental experiments in what those
inhibitory pathways and Tregs normally prevent.

At the same time, the relationship between toxicity and efficacy is not
straightforward. Some patients experience serious immune-related
adverse events without robust tumour responses; others have excel-
lent tumour control with manageable side effects. This unpredictabil-
ity drives the demand for better predictors: markers that can forecast
benefit, markers that can forecast danger, and ideally markers that
can do both in a way that informs real decisions. The fact that such
predictors remain imperfect is not due to lack of effort; it reflects
the complexity of human immune variation and tumour variation
interacting in the same body.

Tregs add another layer of complexity because they can be both a
mechanism of resistance and a buffer against catastrophic toxicity.
A tumour packed with Tregs may be harder for effector T cells to
penetrate and sustain activity within. Yet those same Tregs may be
limiting the spread of inflammation beyond the tumour. Interven-
tions that weaken Treg function might enhance tumour killing while
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simultaneously raising the risk of collateral inflammation. The calcu-
lus becomes especially delicate in patients who already have a history
of immune-mediated illness, where baseline tolerance is more fragile.
For them, checkpoint therapy can be both a chance and a gamble.

Historically, oncology tolerated extreme toxicity in pursuit of effi-
cacy, because the alternatives were often worse. High-dose IL-2,
with its intensive-care-level risks, was an emblem of that era. Check-
point blockade did not abolish toxicity; it changed its character. In-
stead of toxicity dominated by direct drug effects on physiology, it
introduced toxicity dominated by immune misdirection: the patient’s
own T cells attacking healthy tissues. This kind of toxicity can be
dramatic, but it can also be insidious, appearing weeks or months
into treatment, sometimes after an initial period of improvement.

The carefulness in “taking the brakes off” therefore has a practical
meaning. It is not a general plea for caution; it is an operational
discipline. It includes patient education—teaching people to report
diarrhoea early, not heroically endure it. It includes monitoring plans
that look more like endocrine follow-up than classic chemotherapy
surveillance. It includes readiness to treat toxicity with immuno-
suppression, accepting a seeming contradiction: you may need to
dampen the very response you are trying to unleash, because the
goal is not maximum immune activation but a controlled, directed
response that the person can survive.

In the clinic, the most striking successes of checkpoint therapy of-
ten look quiet on the outside. A scan shows tumours shrinking or
stabilising where they once grew relentlessly. A patient returns to
work. A family resumes planning beyond the next few months. The
immunological drama remains hidden in the blood and tissues, in the
shifting balance of activation and restraint. The cost of that success,
when it comes, is sometimes a lifelong endocrinopathy managed with
replacement hormones, or a chronic tendency toward inflammatory
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flares that must be watched long after the last infusion.

Cancer therapy after the checkpoint revolution has made tolerance
feel less like an abstract protective principle and more like a dial
with consequences at every setting. Turn it too high, and tumours
may thrive in a permissive environment. Turn it too low, and the
body becomes the battleground. The clinical art now lies in finding
a setting that is harsh on the tumour but still livable for the person,
with enough humility to recognise that the dial can slip.

10.4 The Dashboard Problem: How Do You
Know You've Changed Tolerance?

A physician treating blood pressure has a luxury immunologists envy:
a cuff and a number. The number is not perfect, but it is close enough
to steer decisions, to compare drugs, to spot danger early, and to
reassure a patient that an invisible risk is being brought under control.

Tolerance-tuning therapies do not come with a cuff.

Low-dose IL-2 can expand Tregs in blood yet fail to calm a joint. An
infusion of ex vivo expanded Tregs can be manufactured impeccably
and then disappear within days. Checkpoint blockade can shrink
tumours while quietly inflaming the thyroid. In each case, the in-
tervention is real and measurable, but the thing you most want to
know is slippery: has the balance of restraint and attack changed in
a meaningful, durable way in the tissue that matters?

That is the dashboard problem. It is not just the challenge of finding
biomarkers; it is the challenge of finding actionable biomarkers—
readouts that can guide dosing, timing, patient selection, and safety
monitoring without misdirecting you. A misleading dashboard is
worse than none at all, because it creates confidence where caution
would be wiser.
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The temptation is to count Tregs. It feels straightforward: take blood,
run flow cytometry (a technique that uses fluorescent tags to count
and characterise cells), and report the proportion of CD4 T cells that
look like Tregs. Many trials do exactly that, and the numbers often
move in the expected direction after low-dose IL-2 or cell therapy.

Yet abundance is not function. A crowd of peacekeepers who cannot
act, cannot persist, or cannot reach the site of conflict is a comforting
statistic and a clinical disappointment. The more closely you look,
the more questions appear.

Start with identity. FOXP3 is the master regulator of Treg fate, and
FOXP3 staining is an essential tool. But FOXP3 is not a passport
that cannot be forged. In humans, activated conventional T cells can
transiently express FOXP3 without becoming stable suppressors. In
an inflammatory setting, that transient expression can increase, and
a simple “FOXP3+ count” can rise without indicating strengthened
tolerance. A dashboard that interprets every FOXP3 increase as a
victory can mistake heat for control.

That is where epigenetics entered the practical vocabulary of im-
munology. FOXP3 TSDR demethylation is a widely used epige-
netic marker for stable Treg lineage identity. It helps distinguish
true lineage Tregs from transient FOXP3 expression and can be used
quantitatively in blood-based assays. It answers a different question
than FOXP3 protein staining. Protein tells you what the cell looks
like today; demethylation tells you something about what the cell has
been committed to over time.

A two-marker failure makes this concrete. Imagine a trial partici-
pant receiving low-dose IL-2. After two weeks, the laboratory re-
port looks encouraging: more FOXP3+ cells in circulation, higher
CD25 on those cells, and a sense of biological activity. But the
FOXP3 TSDR demethylation assay does not budge. That pattern
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suggests a plausible alternative explanation: the intervention may
have expanded activated conventional T cells that temporarily ex-
press FOXP3, rather than expanding stable Tregs. The therapy is
still doing something, but the “tolerance strengthening” interpreta-
tion becomes less secure. Clinically, that might be the patient who
feels unchanged, or whose inflammation improves briefly and then
returns, or who develops side effects that hint at unwanted activation.

This is not a pedantic distinction. It affects how a trial should be
interpreted, whether the dosing window was missed, and whether
the next patient should receive the same regimen.

Identity is only the first dial. Next comes responsiveness. If IL-2
is meant to nourish Tregs, do those cells actually receive the sig-
nal? A common approach is to measure functional responsiveness
through phosphorylation of STAT5 (pSTAT5) after IL-2 stimulation.
pSTAT5 is a molecular relay: when IL-2 binds its receptor, the signal
travels inward and STAT5 becomes phosphorylated, a change that
can be detected with antibodies. It is a way of asking, with some im-
mediacy, whether the pathway is engaged in the intended cell type. In
low-dose IL-2 trials and in monitoring after Treg infusion, pSTAT5
can help separate “cells are present” from “cells are listening.”

Functional suppression is harder still. In a laboratory dish, Tregs
can be mixed with activated responder T cells, and researchers can
measure whether the responders proliferate less or produce fewer
inflammatory cytokines. These suppression assays are conceptually
satisfying and practically maddening. They require fresh cells, care-
ful standardisation, and time. Results can vary with subtle changes
in conditions. They are difficult to run at scale across multi-centre
clinical trials. A hospital laboratory that can reliably deliver elec-
trolytes and blood counts within hours is not necessarily equipped to
deliver a reproducible suppression assay on demand.
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And even a perfect suppression assay raises an awkward question:
suppression of what, exactly? The responder cells in the assay are
usually generic. The disease, however, is not generic. A patient
with inflammatory bowel disease does not suffer from a universal
overreaction; they suffer from a set of responses misdirected at par-
ticular tissues, microbes, or self-components. A suppression assay
that shows general suppressive capacity is reassuring, but it does not
guarantee that the infused or expanded Tregs will suppress the right
response in the right place.

Which leads to the most stubborn problem: blood versus tissue.

Blood is easy to sample repeatedly. It is also, in many conditions,
the least revealing compartment. It is a highway, not the neigh-
bourhood where the conflict occurs. A person can have an inflamed
colon and perfectly normal-looking blood immune profiles. They
can have destructive processes in a transplanted kidney while circu-
lating markers remain subtle. Tumours can be immunologically hot
or cold locally while the peripheral blood looks almost indifferent.

Clinicians and researchers know this, and yet they return to blood
because tissue is hard. Biopsies carry risk and discomfort. They
cannot be repeated weekly. They are subject to sampling error: one
tiny piece of tissue may miss the relevant lesion. Even when biopsies
are possible, they are not always ethically justified in patients who are
improving.

Transplantation offers a partial exception because graft biopsies are
sometimes performed for clinical reasons. This has helped make
transplantation an instructive model for tolerance dashboards. Op-
erational tolerance in transplantation is associated with composite
signatures—gene expression patterns, cellular composition, absence
of donor-specific antibodies, and low donor-reactivity—rather than
one readout. It is a systems-level state, not a single laboratory value.
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Curiously, some operational tolerance signatures have been domi-
nated by B-cell features, surprising audiences primed to see T cells
and Tregs as the whole story. The surprise is useful. It reminds us
that tolerance is an ecosystem property. If a therapy truly reshapes
tolerance, it may do so by shifting multiple interacting populations,
not just the ones that carry the headline gene.

That is why dashboards in interventional tolerance trials are often pre-
specified and composite: standardised flow cytometry panels, gene-
expression signatures, and sometimes tissue-level tracking to infer
local tolerance induction. A composite approach is less elegant than
a single number, but it is closer to the truth. When a system has
multiple failure modes, a single gauge is easily fooled.

The same logic is now applied to low-dose IL-2 and Treg therapy
trials. Dashboards commonly combine phenotypic Treg frequency
and absolute counts, functional responsiveness such as pSTAT5, epi-
genetic stability via TSDR demethylation, and increasingly transcrip-
tomic or single-cell profiling. Transcriptomics reads out which genes
are active; single-cell methods can reveal whether a population that
looks uniform in bulk is actually a mixture of subtypes, some stable
and suppressive, others activated and transient. These methods are
powerful, but they bring their own costs: expense, data complexity,
and the challenge of making measurements comparable across labo-
ratories and time.

The cancer side of the dashboard problem has its own twist because
it splits into two dashboards that do not always align: efficacy pre-
dictors and toxicity predictors.

On the efficacy side, clinicians want to know who is likely to benefit
from checkpoint blockade and who is unlikely to respond. On the
toxicity side, they want early warning of immune-related adverse
events. Candidate predictors of immune-related adverse events in-
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clude baseline autoantibodies and early on-treatment immune shifts,
but predictive power and generalisability remain debated. This is
an especially difficult area because the consequences of error are
asymmetric. A false reassurance can lead to delayed recognition of
a dangerous toxicity. An overly alarmist predictor can deny a patient
a therapy that might have controlled their cancer.

A pragmatic toxicity dashboard might include a baseline autoanti-
body panel, repeated blood counts, liver enzymes, thyroid function
tests, and early tracking of immune subsets after treatment begins.
None of these is a crystal ball. But together they can form a pattern:
a patient with pre-existing autoantibodies and an early surge of acti-
vated T-cell states may deserve closer observation, lower thresholds
for intervention, and more patient education about early symptoms.
The key word is pragmatic. A perfect predictor is not required to
improve care; a better-than-chance guide, applied thoughtfully, can
change outcomes.

This returns us to a deeper point about dashboards: they are not only
about science; they are about decision-making under uncertainty.

Consider a patient enrolled in a trial of low-dose IL-2 for an inflam-
matory condition. The clinician faces choices: keep the dose steady,
increase it, pause it, or stop it. Symptoms fluctuate, and placebo
effects can masquerade as biology. A blood count shows more Tregs,
but does that mean the patient is safer, or only that the bloodstream
has become more crowded with cells bearing certain markers? If
pSTAT5 signaling increases specifically in the Treg gate, that sug-
gests on-target engagement. If FOXP3 TSDR demethylation rises,
that suggests stable lineage expansion. If inflammatory markers fall
and steroid dose can be tapered without relapse, that suggests clinical
translation. No single piece is decisive. The clinician is triangulat-
ing.
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Now consider Treg cell therapy. A manufacturing report may certify
purity and viability at infusion. But the most important questions
begin after reinfusion: Do the cells persist? Do they home to the
inflamed tissue? Do they maintain lineage identity, avoiding con-
version to a more inflammatory phenotype? Tang and colleagues’
emphasis (2024) on pharmacokinetics, lineage identity, and traffick-
ing reflects precisely this reality. Without post-infusion tracking, it
is too easy to treat a living drug as if it were a static dose.

Tracking infused cells can be done in several ways—sometimes by
labeling cells or using genetic barcodes, sometimes by identifying
unique features of the product in the blood afterward. Each approach
has limitations. Labels can dilute as cells divide; tracking methods
can be invasive or indirect. But without some form of tracking, a
trial becomes like testing a new antibiotic without checking whether
it ever reached therapeutic levels in the blood.

The impulse behind the dashboard is to avoid flying blind, yet the
dashboard itself can become a trap if it is treated as a verdict rather
than a guide. A sophisticated multi-omics profile can seduce re-
searchers into believing they understand more than they do. A sim-
ple flow panel can seduce clinicians into false confidence because it
looks familiar and numeric. The right attitude is closer to weather
forecasting than to mathematics: multiple signals, each imperfect,
combined to estimate risk and guide action.

The need for standardisation across trials and clinics is not glam-
orous, but it is foundational. Flow cytometry panels must use compa-
rable gating strategies. Epigenetic assays must be calibrated. Gene-
expression signatures must be reproducible across platforms. With-
out that, a “successful” trial in one centre cannot teach another centre
how to treat patients safely. The problem is magnified in tolerance
therapies because the readouts are subtle. A doubling of a rare popu-
lation might be meaningful or might be noise, depending on how it is
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measured. Inflammation itself can distort measurements by chang-
ing how cells traffic between blood and tissues. Medications like
steroids can reshape cell distributions within hours.

A historical analogy helps keep expectations realistic. When HIV
treatment emerged, early clinical care was transformed by two lab-
oratory advances: CD4 counts and viral load. Neither was perfect,
but together they allowed clinicians to see an invisible battle and to
adjust therapy accordingly. Tolerance medicine is still searching for
its equivalent pair: a measure that reflects the state of restraint, and a
measure that reflects the ongoing assault. The field may end up with
more than two numbers, and they may be disease-specific rather than
universal. But the role will be similar: turning a complex, hidden
process into something that can be steered.

Until then, the best dashboards will be those that respect what tol-
erance is: a distributed, context-dependent programme that can look
stable in blood while failing in tissue, can appear improved by marker
counts while remaining fragile functionally, and can be strengthened
therapeutically in ways that require careful monitoring precisely be-
cause the therapies are powerful.

A patient rarely experiences “tolerance” directly. They experience
the absence of flares, the ability to taper steroids, the freedom to
eat without fear of pain, the relief of a stable transplant function,
the shock of sudden diarrhoea on checkpoint therapy, the long-term
adjustment to hormone replacement after thyroiditis. The dashboard
is meant to connect those lived outcomes to the hidden levers that
medicine is now daring to pull, so that restraint can be dialed up or
down with something closer to judgement than guesswork.
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Chapter 11

The Price of Control:
Safety, Fairness, and the
Next Decade

To teach the immune system mercy is never a simple kindness. The
same cellular brake that can prevent diabetes, multiple sclerosis, or
lupus can also leave the body more permissive to infection, preg-
nancy’s demands, or a tumor’s disguise. By the end of this chapter,
the reader sees that the future of Treg-based medicine turns on three
linked questions: how to make tolerance local rather than blanket,
durable rather than fragile, and available to many rather than a priv-
ileged few.

11.1 Every Brake Can Skid

A few decades ago, a kidney transplant was often a short postpone-
ment rather than a new lease on life. Surgeons could stitch blood ves-
sels with astonishing skill, but the immune system remained unim-
pressed by craftsmanship. It could spot the graft as foreign and de-
stroy it with a stubbornness that felt almost personal. What changed
transplantation was not better sutures, but better restraint: drugs that
quieted immune attack long enough for the organ to settle in.

305



The Price of Control: Safety, Fairness, and the Next Decade

That success story carries an uncomfortable lesson. The immune
system can be made safer by turning it down, but safety is never free.
Every step taken to prevent one kind of harm risks inviting another.
In the language of tolerance, boosting regulatory T cells (Tregs) is
appealing because it aims to reduce collateral damage without flat-
tening immunity altogether. Yet Tregs do not come with a factory-
installed understanding of a clinician’s intentions. They follow sig-
nals, migrate to tissues, and reshape local immune conversations. If
that reshaping goes too far, the same biology that protects joints, gut,
pancreas, or transplanted organs can also loosen the body’s grip on
infections and cancers.

This is why safety is not a footnote in immune intervention. It is
the central logic problem. Immune systems evolved not to maximize
calm but to survive. They must constantly negotiate between under-
reaction and over-reaction, between letting a threat slip by and burn-
ing down the house to kill the intruder. Tregs sit near the heart of that
negotiation. Adjusting them is less like switching a device on and off
than like changing the tension on a complex network of springs.

Consider a simple, everyday analogy. Brakes exist to prevent injury,
but a brake can skid. Press too gently and the car does not slow
in time; press too hard on ice and the wheels lock, the car slides,
and the driver loses steering. The danger comes not from braking
itself but from misjudging the surface, the speed, and the conditions.
Immunological restraint has the same problem. The question is never
merely can we increase tolerance? The question is where, how much,
for how long, and at what cost elsewhere?

The costs come in several familiar forms.

First, there is opportunistic infection: microbes that a healthy im-
mune system usually contains with little drama. When immune pres-
sure is lowered broadly, these organisms can exploit the gap. The
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story is well known from older immunosuppressive drugs used after
transplantation or for severe autoimmune disease. Cytomegalovirus,
certain fungi, and other normally manageable threats can become
medical emergencies. A tolerance-boosting strategy is not automat-
ically the same as blanket suppression, but the boundary is easy to
blur. If a therapy expands Tregs system-wide, or dampens antigen
presentation across many tissues, it may create a body-wide permis-
sion slip for pathogens.

The risk is not only that infections become more frequent, but that
they become harder to recognize early. A vigorous immune response
produces telltale signals: fever, swelling, pain, alarming blood tests.
If those alarms are muffled, an infection can progress quietly. Para-
doxically, a treatment that makes an autoimmune disease look bet-
ter on paper may also make infection look less dramatic until it is
advanced. Safety, in practice, is often about preserving signal: al-
lowing the immune system to remain loud enough that danger is
detectable.

Second, there is malignancy risk. The immune system is not just a
defense against the outside world; it is also an internal quality-control
program. Many emerging cancer cells are eliminated before they
form a detectable tumor. That surveillance is not perfect, and cancer
has many ways to hide, but immune pressure matters. Anything that
increases tolerance broadly can, in principle, lower the odds that early
malignant cells are noticed and destroyed.

This is not a theoretical worry invented to frighten grant committees.
It is the long shadow behind every successful immunosuppressive
regimen. Transplant medicine again provides the clearest human
evidence: long-term suppression can increase the incidence of cer-
tain cancers, including virus-associated malignancies. A tolerance-
based approach that leans on Tregs raises a particular version of the
concern: a therapy designed to teach the immune system not to attack
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self might also teach it to be less curious about cells that are subtly
abnormal. The risk is not necessarily immediate. It may emerge over
years, which makes it harder to study, harder to price into decisions,
and harder to explain in a consent form that a frightened patient can
truly absorb.

Third, there are “on-target” versus “off-target” effects, a distinction
that becomes slippery when the target is a living population of cells
rather than a receptor or enzyme. With a conventional drug, “on-
target” means the molecule binds the intended protein; “off-target”
means it binds something else. With Treg-directed therapies, the
intended effect may be “increase stable, appropriately localized sup-
pression of the harmful immune response.” That intention contains
multiple assumptions. Increase which Tregs? Stable for how long?
Localized to which tissue? Suppression of which immune pathways?

A Treg expansion strategy may succeed at increasing the number of
cells that look like Tregs by common markers, but still do something
biologically messier. Some approaches, for example, use cytokine
support signals to expand Tregs in the body. Low-dose interleukin-
2 (IL-2) is the classic example: a natural immune messenger that
Tregs are particularly good at sensing. The appeal is straightforward.
Instead of manufacturing cells outside the body, why not coax the
patient’s own tolerance machinery to grow?

Yet IL-2 is not a private language spoken only by Tregs. It is part of
the wider immune vocabulary. Clinical experience has shown that,
alongside the desired expansion of Tregs, IL-2-based strategies can
also stimulate other immune populations. In the TILT trial (2021),
which combined low-dose IL-2 with adoptive Treg cell therapy in
patients with autoimmune diabetes, the biological readouts were a
reminder that the immune system rarely grants clean wins. Along
with increases in infused and endogenous Tregs consistent with the
therapeutic aim, there were increases in activated natural killer (NK)
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cells, mucosal-associated invariant T (MAIT) cells, and clonal CD8
T cell subsets. That does not mean IL-2 is “bad”; it means the therapy
presses on a shared control knob. Safety then becomes a question
of whether the extra movement in other compartments stays within
tolerable limits, and whether it undermines the reason for turning the
knob in the first place.

This is the kind of problem that makes immune intervention feel
less like pharmacology and more like ecology. When you enrich
one species in an ecosystem, others respond: competitors expand,
predators shift, niches open. The patient’s immune system is not
empty space waiting for a product; it is a crowded environment with
history, scars, latent infections, and personal variation.

Fourth, there is the risk of immune rebound: the return of inflamma-
tion in an unstable or exaggerated form when a restraining influence
is removed or when immune circuits are nudged into a new config-
uration. Rebound is familiar in other areas of medicine. Stop cer-
tain blood-pressure medications abruptly and the body can overshoot.
Stop long-term steroids and the adrenal system can lag. The immune
system, too, adapts to its restraints. If a therapy creates a temporary
state of high suppression and then fades, the underlying drivers of
autoimmunity may surge back, sometimes with added momentum.

Rebound does not require dramatic withdrawal. It can also arise
from loss of balance. Some infused Treg products can become unde-
tectable months later in earlier studies, raising the practical question:
if the therapy’s effect wanes, does the disease simply return to base-
line, or does it return in a different shape? There is a deeper worry
here that goes beyond duration. If inflammation reshapes tissues and
immune memory over time, then suppressing it temporarily might
change the immune landscape such that the next flare is not merely
the old fire rekindled, but a new fire in a new place.
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Safety, then, is not a single number. It is a moving boundary set by
infection risk, cancer risk, unintended immune stimulation or sup-
pression, and the possibility of unstable dynamics over time.

These risks are often discussed as if they were moral arguments
about caution versus courage. In reality, they are engineering con-
straints. A clinician does not choose between “treat autoimmunity”
and “avoid infection” as if picking a side. The clinician tries to find
a dosing window in which the harmful immune activity is quieted
enough to prevent tissue damage but not quieted so much that de-
fense and surveillance collapse. The existence of such a window
is not guaranteed. The whole promise of next-generation tolerance
therapies is that, by making suppression more selective, the window
can be widened.

Dose, however, is not only a number on a syringe. With living-
cell products, “dose” can mean cell count, cell quality, cell persis-
tence, and the patient’s receptivity. Two people can receive the same
number of Tregs and experience different biological intensity, be-
cause the cells may expand differently, home to tissues differently,
or survive differently. This variability is one reason autologous cell
therapies (made from the patient’s own cells) have such a complex
safety profile: they are, by design, personalized, but they are also,
inevitably, variable.

The challenge is magnified by the fact that the most relevant safety
outcomes may be delayed. A short trial can detect acute infusion
reactions, immediate infections, or obvious autoimmune worsening.
It struggles to capture whether the immune system’s anti-tumor vigi-
lance has been softened in subtle ways that matter years later. Regula-
tors have learned, sometimes painfully, that immune reprogramming
can have long horizons. In the broader world of gene-modified T-cell
therapies, integrating vectors and durable immune changes trigger
expectations of prolonged follow-up, not because harm is certain but
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because it is plausible and consequential.

Faced with this uncertainty, clinical trials try to domesticate risk
through design choices that may seem mundane but are ethically
central.

Patient selection is the first lever. A trial might exclude people with
chronic infections, recent cancer, or specific immune deficiencies.
That protects participants and clarifies signals, but it also creates a
dilemma: the eventual real-world patients are often messier than trial
participants. Many autoimmune diseases occur in older adults, and
older adults are more likely to have latent infections, prior malig-
nancies, or other conditions that complicate tolerance manipulation.
A therapy that looks safe in a carefully filtered group may behave
differently in the clinic.

Biomarker tracking is the second lever. Biomarkers are measurable
signals that stand in for a biological state. For Treg-based approaches,
researchers may track Treg counts, their phenotypic markers, and
signs of activation or stability. They may track broader immune
activity as well, watching for unexpected expansions in other cell
types, changes in inflammatory signaling, or hints that protective
immunity is slipping. The point of biomarkers is not to turn patients
into datasets; it is to gain early warning. If the immune system is
being pushed toward dangerous quiet, there should be signs before
catastrophe. The dream is a dashboard that tells a clinician not only
that Tregs are more numerous, but that their program remains intact
and their influence is landing in the intended tissue.

Dose-finding and schedule are the third lever. With conventional
drugs, the body clears the compound and the clinician can often
adjust quickly. With cell therapies or durable cytokine retuning, the
timeline is slower. That pushes dose-finding toward caution: start
low, observe, and escalate. It also makes timing an art. A short
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pulse of tolerance might reduce damage during a flare without im-
posing long-term suppression. But a pulse that is too short may
simply teach the immune system that it can wait out the treatment.
Conversely, prolonged stimulation intended to “lock in” tolerance
may increase risks that only appear with time: chronic infections
waking up, surveillance dulling, or immune populations drifting into
an unwanted equilibrium.

Long-term monitoring is the fourth lever. Monitoring sounds bu-
reaucratic until you imagine what it means for a patient. It can mean
regular blood tests, cancer screening vigilance, and rapid access to
care for infections that might be shrugged off in someone not receiv-
ing immune-altering therapy. It can also mean living with a partic-
ular kind of uncertainty: the sense that a successful treatment today
comes with a longer-term responsibility to watch for rare but serious
consequences.

A concrete historical comparison helps here. When chimeric antigen
receptor (CAR) T cell therapies began producing dramatic remis-
sions in certain leukemias, the field rapidly learned that powerful
immune manipulation brings its own syndromes: cytokine release
syndrome, neurotoxicity, prolonged immune deficits, and infections
that require new preventive strategies. Over time, clinical teams de-
veloped monitoring routines, supportive care protocols, and triage
systems. The therapy did not become safe by becoming gentle; it
became safer by becoming managed. The same arc is likely for tol-
erance therapies that are strong enough to reshape disease. Safety
emerges not only from molecule design or cell engineering, but from
clinical habits: knowing what to measure, when to worry, and how
to intervene early.

There is a final safety complication that rarely fits on a consent form:
the immune system does not treat all tissues equally. A tolerance
boost that is beneficial in the gut might be dangerous in the lung,
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where constant exposure to airborne microbes makes surveillance
crucial. A tolerance boost that protects an islet transplant might be
harmless in a young person but riskier in an older person with a
history of skin cancer. “Too much tolerance” is not a single state;
it is a patchwork of local consequences.

This is why the most persuasive safety argument for Treg-focused
intervention is not “Tregs are natural, therefore safe.” Nature is full
of dangerous things. The argument is that the field is learning how
to narrow the effect: to reduce the need for high, body-wide suppres-
sion by concentrating restraint where it does the most good. When a
therapy cannot yet do that, safety becomes a matter of humility and
instrumentation: assume the system will respond in multiple direc-
tions, measure widely enough to notice, and build stopping rules that
protect patients more than reputations.

A person living with autoimmunity often knows the price of immune
excess intimately: pain, fatigue, organ damage, fear of the next flare.
It can be tempting, then, to treat restraint as an unalloyed good. But
restraint also has a price, and it is paid in vulnerabilities that are
easy to underestimate until they arrive. The goal is not to make
the immune system quiet. The goal is to make it appropriate—
forceful where danger is real, restrained where damage would be self-
inflicted, and stable enough that today’s solution does not become
next year’s problem.

11.2 Pregnancy, Pathogens, and the Art of
Temporary Peace

If tolerance were simply a matter of turning down defence, pregnancy
would be a biological scandal. A fetus carries half its genes from
another person. In any other context, that kind of genetic mismatch
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is a reliable way to trigger rejection. Yet most pregnancies do not
end in an immunological attack. The puzzle is old enough to have a
name. In the 1950s, Peter Medawar framed it as a paradox: why is
the fetus not rejected like a transplant?

The most tempting answer—“because maternal immunity switches
off”—is also the most misleading. Pregnant people still fight colds,
heal cuts, and respond to vaccines. They can mount fevers and make
antibodies. The remarkable feat is not global silence. It is a negoti-
ated, local, time-sensitive accommodation that allows a genetically
distinct tissue to grow while leaving much of the rest of the body’s
protective repertoire intact.

That accommodation is built at a particular boundary: the maternal—
fetal interface. This is not a simple seam where fetal tissue sits po-
litely behind a wall. It is an active, evolving contact zone in which
maternal cells and fetal cells exchange signals, remodel blood ves-
sels, and coordinate the transfer of oxygen and nutrients. The pla-
centa is often described as a temporary organ; it is also a temporary
diplomatic mission, staffed with biological specialists.

Tregs are among those specialists. Their numbers and activity
change during pregnancy, and pregnancy-focused reviews empha-
size that when Treg dynamics are dysregulated—too few, mistimed,
or misplaced—reproductive pathology becomes more likely. That
is a sobering point for anyone who imagines tolerance as an uncom-
plicated good. In this setting, restraint must be strong enough to
protect the fetus and placenta from attack, but not so indiscriminate
that it invites disaster from the microbial world or leaves the pregnant
person unable to respond to danger.

What makes pregnancy particularly instructive is that tolerance is
spatially and temporally regulated. Spatially, much of the softening
happens where fetal and maternal tissues meet. Temporally, the de-
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mands change across trimesters. Implantation resembles a controlled
wound: tissues are invaded, blood vessels are altered, and inflam-
matory signals appear that look, at first glance, like trouble. Later,
as fetal growth accelerates, the balance shifts again. Near labour,
inflammatory processes rise because birth itself requires coordinated
tissue remodelling and muscle activation. A single, permanent damp-
ening would be the wrong tool for a job that changes month by month.

This is the first lesson nature offers: successful tolerance often looks
like temporary peace with boundaries, not a permanent ceasefire
across the whole body.

A second lesson is subtler and, from a therapeutic point of view,
even more valuable: durable restraint can be selective. Experimental
evidence suggests that pregnancy can induce antigen-specific, long-
lived restraint of fetal-specific maternal T cells while preserving
other protective immune functions. That phrasing matters. It implies
that the maternal repertoire is not broadly numbed; instead, certain
T cell populations that recognize fetal antigens are held in check in
a way that can persist. In other words, tolerance can be taught with
a subject line, not merely broadcast as a general instruction to stand
down.

This kind of selectivity is exactly what clinicians would like to im-
itate. Most autoimmune disease is not a uniform blaze; it is a per-
sistent argument between particular immune clones and particular
tissues. A therapy that can calm the argument without lowering
the volume of every protective response is safer by design. Preg-
nancy shows that biology already knows how to do something close
to that—not perfectly, not in every case, but often enough to have
carried mammals through evolution.

The details of how this is achieved are complex, involving hormones,
specialised uterine immune populations, and placental strategies for
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shaping local signalling. The important point for a general reader is
simpler: pregnancy tolerance is not an all-purpose switch. It is an
arrangement that is negotiated in a particular place, with timing cues,
and with a strong bias toward protecting one relationship (mother and
fetus) without abolishing every other defensive relationship.

That framing also helps explain why pregnancy is sometimes called
an immunological tightrope. Too little restraint at the maternal—
fetal interface raises the risk of miscarriage, pre-eclampsia, and
other complications linked to abnormal placentation. Too much, or
the wrong kind, can increase susceptibility to certain infections or
worsen their course. Nature is not choosing between good and bad;
it is balancing incompatible needs.

Chronic infection provides the darker counterpart. Here, tolerance-
like processes are not necessarily protecting a baby. They may be
protecting tissue from being destroyed by an endless fight. And they
may also be protecting the pathogen from being eliminated.

Anyone who has had a bad flu knows that symptoms are often caused
as much by immunity as by the virus. Fever, muscle aches, and
fatigue are part of the body’s own alarm system. In chronic infec-
tions, that alarm cannot ring at full volume forever without causing
serious harm. Persistent microbes therefore set the stage for a long-
term standoff: if defences are too aggressive, tissues are damaged; if
restraint is too generous, the invader settles in for years.

Tregs are frequently part of that standoff. From the host’s perspective,
restraining a never-ending inflammatory response can be a form of
self-preservation. The liver, lungs, gut, and brain are not replaceable
parts; limiting collateral damage matters. From the pathogen’s per-
spective, the same restraint can be an opportunity. Many persistent
microbes exploit regulatory pathways, encouraging an environment
in which they are tolerated enough to survive.
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This is the second lesson nature offers: the very circuits that prevent
self-destruction can be co-opted. A tolerance programme can be
protective, but it can also be manipulated.

A concrete way to feel the dilemma is to imagine the clinical choices
around chronic viral infection. If a virus cannot be cleared, the host
may be better off limiting the harm caused by repeated immune at-
tacks on infected cells. That can preserve organ function for decades.
But if restraint is too effective, viral replication continues at a low
burn, seeding inflammation, mutations, and complications. The
“best” outcome is not eradication or surrender, but a managed equi-
librium that keeps both viral damage and immune-mediated damage
within survivable bounds.

Therapeutic tolerance has to operate in that same world. A patient
with rheumatoid arthritis, inflammatory bowel disease, or multiple
sclerosis does not live in a sterile bubble. They carry latent viruses.
They encounter respiratory pathogens. They may have an undetected
pre-cancerous lesion that would normally be removed by surveil-
lance. A treatment that boosts Treg activity, directly or indirectly,
enters the body’s ongoing negotiations with microbes and abnormal
cells. If it pushes too far, it does not create calm; it creates an open-
ing.

That opening can be local or systemic, and that difference matters.
Pregnancy again provides a clue. Much of its restraint is concen-
trated at the maternal—fetal interface. Chronic infections, by con-
trast, can create regulatory environments in the very tissues where
the pathogen resides, sometimes with wider spillover. A lung in-
fection that persists can shape lung immunity in ways that influence
responses to other inhaled threats. A gut pathogen can reshape toler-
ance in the intestinal wall and affect responses to food antigens and
commensal bacteria. Location is not an afterthought; it is the point.
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Therapeutic design increasingly tries to exploit this idea: that it is
safer to create restraint where it is needed, for as long as it is needed,
and not as a blanket condition of the whole body. In the previous
discussion of safety trade-offs, the risks were framed in broad cate-
gories: opportunistic infection, malignancy, off-target suppression,
and rebound. Pregnancy and chronic infection supply an ecological
view of why those risks are hard to separate. The body is not a
single arena; it is a patchwork of micro-environments. A therapy
that changes the rules in one patch can ripple into others.

Historical anecdotes can make this less abstract. Medawar’s original
paradox did not emerge from modern immunology; it emerged from
the transplantation experiments and wartime skin graft work that
helped define the field. The fetus looked like an obvious graft, and
the expectation was rejection. The surprise forced immunologists to
rethink what recognition and tolerance meant. That rethink later fed
back into transplantation itself: rather than imagining that tolerance
is impossible in adults, researchers began to ask what sort of context
and timing could make it possible.

The context-and-timing idea is precisely what pregnancy models in
a vivid way. Early implantation has an inflammatory flavour because
tissues are being remodelled; later pregnancy emphasizes protection
and growth; birth demands a different immunological posture again.
A simplistic therapy that aims for constant suppression misses that
rhythm. It may overshoot during quiet periods and undershoot during
turbulent ones. It may also create the sort of instability that clinicians
recognise as rebound: a system held down too firmly that springs
back when control loosens.

Chronic infection also teaches a time lesson. Persistent pathogens
do not merely trigger a response; they shape it over months and
years. The host adapts, and the pathogen adapts back. Regulatory
circuits can become entrenched, not because the body has “decided”
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the pathogen is acceptable, but because perpetual high-grade inflam-
mation is not compatible with organ survival. That entrenchment
has consequences. It may blunt responses to vaccines. It may alter
the baseline activation state of T cells in a tissue. It may create a
long-term vulnerability that is invisible in a short clinical trial.

Against this backdrop, the appeal of pregnancy-like tolerance be-
comes clearer. The most desirable form of therapeutic restraint
would have several features that pregnancy approximates: it would
be strongest at the tissue where conflict is occurring; it would be
adjustable over time; it would preserve broader protective compe-
tence; it would be selective enough to target the relevant antigens or
immune clones rather than indiscriminately lowering defences.

Nature does not provide a ready-made prescription. Pregnancy is not
a drug regimen, and chronic infection is not a therapeutic strategy.
They are demonstrations that the body can, under certain pressures,
tune restraint with remarkable sophistication—and that the same so-
phistication can be exploited.

The emotional stakes are not evenly distributed. For a pregnant
person, the consequences of mistimed tolerance are immediate and
intimate: the difference between a continuing pregnancy and loss,
between a healthy placenta and a dangerous complication. For some-
one living with chronic infection, the stakes may be the slow accu-
mulation of organ damage or the persistent fatigue of an immune
stalemate. For someone with autoimmunity, the stakes are often
measured in pain-free mornings, preserved kidney function, eyesight,
mobility, and the ability to plan a life without bracing for the next
flare. The temptation is to seek the strongest possible brake.

Pregnancy and pathogens argue for a different ambition: not the
strongest brake, but the most context-aware one. Restraint that can
be turned on in a particular place, at a particular time, and then eased
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without instability is closer to how biology already solves its hardest
tolerance problem. A tolerance programme that is too blunt may
prevent autoimmune damage at the cost of trading it for infection,
malignancy risk, or a fragile equilibrium that cannot hold.

Temporary peace, in other words, is not a consolation prize. It is
often the smartest form of control that living systems can achieve.

11.3 Precision for Some, or Care for All?

On paper, personalised tolerance medicine sounds like an obvious
moral good. If a treatment can be tuned to the person in front of
you—their disease pattern, their immune wiring, their risk of infec-
tion, their tendency to rebound—then fewer people should be harmed
by blunt dosing and more people should benefit. The trouble be-
gins when the word personalised quietly changes meaning. It can
mean “biologically tailored”. It can also mean “available only to
the patients who can reach the right building, at the right time, with
the right paperwork, the right support, and the right money behind
them”.

Some of the most advanced Treg-based interventions are not pills.
They are closer to bespoke manufacturing. Blood must be collected,
cells isolated and expanded, the product tested, shipped, infused, and
followed with careful monitoring. Those steps do not happen in a
general clinic with a refrigerator and a prescription pad. They happen
in specialised centres that have staff trained in cell handling, labora-
tory partnerships, and the ability to manage complications quickly.
The practical reality is simple: when the therapy becomes sophisti-
cated, the healthcare delivery system becomes part of the therapy.

Equity enters through that delivery system long before any bioethics
committee meets.
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Start with measurement. Tregs are not a single easy-to-count entity
like red blood cells. Clinicians and researchers rely on combina-
tions of surface markers, functional assays, and molecular readouts
to estimate both quantity and quality. The quantity question sounds
straightforward: how many Tregs are there in the blood, and how
does that number change? The quality question is harder: are the
cells stable, do they maintain the FOXP3 programme, do they behave
predictably under inflammatory pressure, and do they reach the tissue
where they are needed?

These are not trivial laboratory tests. Flow cytometry panels require
expensive machines, expertise in gating and interpretation, and care-
ful calibration across sites. Molecular assays for FOXP3 and related
stability signals can be sensitive to how samples are handled and
stored. Functional assays—tests that ask whether the cells actually
suppress unwanted activation in a dish—are time-consuming and dif-
ficult to standardise. The more a therapy depends on such measure-
ments for personalised dosing, the more it depends on infrastructure
that is unevenly distributed.

This is a familiar story in modern medicine. The most advanced
cancer care has often clustered around major academic hospitals, not
because community clinicians care less, but because the machinery
of precision is heavy: imaging, pathology, genomics, infusion suites,
intensive-care backup. Treg-based medicine risks repeating that ge-
ography.

The comparison that keeps appearing in policy discussions is CAR-
T cell therapy, another living-cell approach that moved rapidly from
breakthrough science to real-world constraint. Equity analyses from
CAR-T access literature highlight structural barriers likely to recur
for Treg cell therapies: limited center availability, geography, time
and caregiver burden, and social determinants impacting referral and
completion of treatment. The biology of CAR-T and the biology
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of tolerance are different, but the logistics rhyme. If a treatment
requires repeated visits, prolonged monitoring, and management by
a small number of accredited centres, then access becomes a function
of postcode, work flexibility, family support, and the ability to travel.

A concrete example helps. Imagine two people with the same disease
and the same biological suitability for a Treg-based cell therapy. One
lives within an hour of a major centre, has paid leave, and has some-
one who can drive them home after appointments. The other lives
four hours away, works an hourly job, has childcare responsibilities,
and cannot easily take time off for multiple visits. The therapy may
be “approved” for both. In reality, it is accessible to one and aspira-
tional to the other. The difference is not motivation; it is structure.

Costs amplify these structures. Real-world payer and health system
reports show that total cost often includes more than the product
(site of care, hospitalization/monitoring), which can widen dispari-
ties even if a therapy is clinically transformative. Living-cell treat-
ments are rarely a single bill. There is the collection procedure, the
manufacturing run, the release testing, the infusion, the observation
period, and the management of side effects. There may be emergency
visits if fever appears, prophylactic medications to prevent infection,
and repeated blood tests. Families often carry invisible costs: travel,
accommodation, time away from work, and the burden placed on
carers.

The price tag, in other words, is not simply the price of a vial. It
is the price of a healthcare choreography that not every patient can
perform.

Manufacturing turns this from a policy concern into a scientific one.
Manufacturing realities (scalability, dose determination, cost, and
quality attributes such as potency/stability) are major determinants
of whether Treg therapies can become broadly available or remain
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boutique interventions. “Boutique” is not an insult; it is a warning
about scale. A therapy that requires artisanal production for each per-
son may remain confined to a small number of patients, not because
it fails, but because it cannot be made and delivered widely enough.

The first generation of Treg cell therapies has largely leaned on autol-
ogous platforms, meaning the cells come from the patient. Autolo-
gous platforms have more mature safety experience but intrinsically
limit scalability and increase variability between patients (starting
material differences, individualized manufacturing). That sentence
contains several layers of reality.

“Starting material differences” means that patients do not donate
identical raw ingredients. Someone who has been ill for years, or
who has received immunosuppressive drugs, may have fewer usable
Tregs or Tregs with altered behaviour. Someone older may have a
different immune composition than someone young. “Individualized
manufacturing” means each patient’s product is its own batch, with
its own timing and its own potential for delay. If the disease is flaring
and time matters, a manufacturing delay is not just an inconvenience;
it is a clinical risk.

It also makes standardisation difficult. In a conventional drug, a batch
can be tested and released with clear chemical criteria. With a living
product, the question “Is this potent?” is not always answered by a
single number. Potency and stability are biological properties that
can shift during culture. The field has been frank about this: lack of
standardised potency assays and inter-trial comparability remains a
barrier. That barrier affects safety, because clinicians cannot easily
compare doses across studies, and it affects fairness, because the cost
and complexity of testing feed into price and centre concentration.

Alternatives aim to change the economics. Allogeneic products,
made from a donor rather than the patient, promise economies of
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scale: one manufacturing run could treat many people. Induced
pluripotent stem cell (iPSC)-derived approaches imagine an even
more industrial model, with standardised sources and consistent pro-
duction. These ideas are attractive not only scientifically but socially.
If successful, they could move tolerance therapies from a bespoke
service to something closer to an “off-the-shelf” medicine.

Yet those alternatives carry their own obstacles. A donor-derived
cell product can be recognised as foreign. Rejection is not merely a
transplant problem; it is a problem for any allogeneic cellular therapy.
There is also the risk of graft-versus-host-like reactions if contaminat-
ing cells with the wrong behaviour are present. The more engineered
the product, the more regulators and clinicians worry about long-
horizon outcomes, comparability between manufacturing lots, and
rare failure modes. The very features that could broaden access may
also demand more stringent oversight, which can slow deployment
and raise costs.

This is where the promise and the peril of “precision” collide. Preci-
sion often implies complexity. Complexity often implies centralisa-
tion. Centralisation often implies inequality.

The inequality is not only about wealth. It is also about whose biol-
ogy becomes the reference point. Clinical trials recruit from partic-
ular regions, languages, and healthcare systems. They tend to over-
represent patients who have stable housing, reliable transport, and
the time to attend frequent visits. When trials for advanced thera-
pies lack diversity, the result is not merely unfair; it is scientifically
limiting. Autoimmune conditions vary across ancestries and environ-
ments. Infection histories differ. Baseline cancer risks differ. The
distribution of HLA types—the immune “ID cards” that matter for
antigen recognition—differs. If the data are drawn from a narrow
slice of humanity, the resulting dosing rules and biomarkers may fit
that slice best.
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This is not an abstract complaint. It shows up in the way side effects
are recognised, in the confidence clinicians have when treating pa-
tients outside the original trial demographics, and in the unspoken
question of whether a patient feels that a therapy was designed with
them in mind. Representation is not cosmetic; it is part of safety.

There is also a quieter inequity: the inequity of diagnosis. Person-
alised tolerance medicine begins with identifying who is likely to
benefit and who is likely to be harmed. That requires specialists who
can recognise disease subtypes, order the right tests, and interpret
them. In many healthcare systems, specialist access is uneven. If the
referral pathway is slow or fragmented, patients may arrive too late—
after organ damage is established, after multiple rounds of broadly
suppressive drugs, after their baseline risk profile has shifted. A
therapy that works best early can become, in practice, a therapy for
those who are diagnosed early. Early diagnosis, in turn, is shaped by
education, insurance, geography, and trust in healthcare.

A historical analogy makes this point without jargon. When dialy-
sis became feasible in the mid-20th century, it was life-saving but
scarce. Committees infamously decided who would receive it, and
those decisions reflected social biases as much as medical need. The
technology eventually scaled, criteria became more transparent, and
access broadened, but the early period revealed a pattern that repeats:
when a therapy is powerful, expensive, and capacity-limited, society
ends up deciding who counts as an appropriate recipient. Today’s
cell therapies are not subject to the same kind of explicit committee
in most places, but scarcity still exists, expressed through waiting
lists, centre eligibility criteria, insurance pre-authorisations, and the
ability to complete the required monitoring.

Fairness problems can be addressed, but only if they are treated as
design constraints rather than afterthoughts.
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Some of the solutions are plainly technical. If biomarker assays can
be simplified, made cheaper, and standardised across hospitals, per-
sonalised dosing becomes less dependent on elite laboratories. If
manufacturing can be streamlined, shortened, and made more robust,
more centres can participate. If products can be stored and shipped
reliably, geographic barriers loosen. If potency and stability assays
become clearer and more comparable, regulators and clinicians gain
confidence, which can accelerate adoption and reduce the “boutique
premium”.

Other solutions are organisational. Shared-care models could allow
a specialised centre to initiate therapy while local clinics handle por-
tions of monitoring. Telemedicine can reduce some travel burdens,
though it cannot replace infusions or emergency care. Patient sup-
port programmes can cover accommodation and transport, but they
raise uncomfortable questions about relying on charity-like fixes for
structural inequity. Insurance policies can be adjusted to recognise
that the site of care and monitoring are not optional extras; they are
integral to safety.

Some solutions are ethical and cultural. Trial recruitment can be
designed to reach under-served communities, not merely to satisfy
a demographic checkbox but to improve the science. Consent pro-
cesses can be made more realistic about logistics: time off work,
caregiver needs, travel, the likelihood of hospitalisation for monitor-
ing. Clinicians can be trained to recognise referral bias, where some
patients are offered advanced options and others are not, based on
assumptions about adherence or support. Health systems can track
completion rates and reasons for dropout, treating those metrics as
quality indicators rather than patient shortcomings.

A final tension remains: the therapies that are most biologically se-
lective may not be the simplest to deliver. A treatment that requires
personalised cell processing and careful biomarker-rich follow-up
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could, in principle, produce the safest form of tolerance. But if only
a narrow group can receive it, the social result is a new kind of in-
equality: not the absence of treatment, but the unequal distribution
of how safe and how tailored that treatment can be.

It is easy to celebrate a future where tolerance can be tuned like
a bespoke suit. A harder, more urgent ambition is a future where
the tailoring does not require an exclusive atelier. When restraint
becomes a medicine, fairness becomes part of its pharmacology: not
a moral ornament, but a factor that determines who actually gets to
be protected.

11.4 Teaching Restraint Without Surrender

The first time a clinician uses a powerful immune therapy, they learn
a peculiar kind of humility. The drug may do what it promised in the
brochure—reduce swelling, calm a rash, spare a transplanted organ—
and yet the body answers back in its own dialect. A latent virus
reappears. A fever arrives without a clear source. A disease that
had been quiet for years flares when treatment stops, as if it had been
waiting behind a door. None of this is proof that the idea was wrong.
It is proof that control, in biology, is a moving target.

The ambition now is not to press harder on tolerance. It is to teach re-
straint without surrender: to create calm in the specific places where
self-attack is happening, for a chosen length of time, while leaving
the rest of host defence and tumour surveillance as intact as possible.
That shift sounds like a matter of better drugs. It is, more deeply, a
matter of writing instructions that living cells can follow reliably.

Four problems define whether the next decade feels like a series of
incremental tweaks or a genuine change in what tolerance therapy
can be.
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The first is specificity. If the goal is to protect a pancreas islet graft,
calm inflammation in the bowel wall, or prevent a particular autoim-
mune attack, then a body-wide increase in suppression is a crude
instrument. It can work, but it purchases benefit with risk. Pregnancy
hinted at a better template: tolerance that is intense at a boundary, not
broadcast everywhere. Translating that into therapy means answer-
ing a practical question: can Tregs be guided to act mainly where
they are needed?

Polyclonal Treg therapies—infusing a mixture of Tregs with many
unknown antigen specificities—were a sensible starting point. They
made use of a patient’s own cells, and the field could learn ba-
sic lessons about manufacturing and immediate safety. Yet poly-
clonal Treg therapies with unknown antigen specificity may require
larger cell doses, increasing the risk of off-target immunosuppres-
sion; antigen-specific CAR-Tregs are proposed to concentrate sup-
pression where it is needed. That sentence captures the logic driving
many labs: if you can make the infused Tregs recognise the relevant
target, you might need fewer cells, and you might avoid quieting
immune activity in tissues that are not part of the problem.

To understand why antigen specificity is so powerful, it helps to recall
how T cells behave in daily life. A T cell that recognises something
in the kidney will tend to spend time in the kidney once it is activated
and has learned the relevant trafficking cues. A T cell that recognises
a molecule present mainly in the gut is more likely to be drawn into
the gut’s immunological environment. Specificity is not just a lock-
and-key event; it is a way of deciding where a cell lingers, whom it
talks to, and how strongly it responds.

CAR-Tregs are a direct attempt to exploit this. A chimeric antigen
receptor (CAR) is an engineered receptor that gives a T cell a chosen
recognition ability. In cancer therapy, CAR-T cells are built to attack
tumour antigens. In tolerance therapy, the aspiration is inverted: a
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CAR-Treg would recognise an antigen in a target tissue and deliver
suppression there. In transplantation, a CAR-Treg might be built
to recognise donor HLA patterns or other graft-associated signals,
encouraging the Treg to patrol the graft and calm the immune ag-
gression in that specific context. In autoimmunity, an analogous idea
would aim at antigens associated with the attacked tissue, though
choosing the right target can be much harder.

The promise of CAR-Tregs is not simply that they are clever. It is that
they might make safety less precarious. If fewer cells are needed, the
chance of unintended systemic dampening can fall. If activity is con-
centrated in a tissue, the rest of the body is less likely to experience
global suppression. This is not guaranteed; engineered recognition
can misbehave, and tissues are not immunological islands. But the
direction of travel is toward narrower effects.

The second problem is durability without drift. A therapy that lasts
only days may fail to protect an organ whose inflammation smoulders
for years. A therapy that lasts for years may create a new vulnerability
if it cannot be stopped. The best outcome is not maximal persistence
but chosen persistence: long enough to change the underlying dis-
ease dynamics, not so long that the clinician loses the ability to steer.

Durability is complicated by the fact that Tregs are not inert. They
are cells with identities that must be maintained. As was emphasised
earlier, FOXP3 is central to the Treg programme, but living cells can
be pressured by their environment. Inflamed tissues can be chem-
ically harsh neighbourhoods. Signals associated with infection or
tissue damage can push T cells toward more aggressive behaviours.
The nightmare scenario for a Treg-based therapy is not only failure;
it is misdirection: a cell product that loses the intended programme
or behaves unpredictably when it encounters a storm of signals.

This is why the conversation about stability has become insepara-
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ble from the conversation about effectiveness. Modern translational
reviews frame future success as combining specificity (local) with
stability/durability (resistant to inflammatory reprogramming) and
manufacturability (standardized potency readouts and consistent pro-
duction). In plain language, that means three things must be true at
once. The cells must go to the right places. They must keep doing
the right job after they arrive. And they must be producible in a form
that clinicians can trust across patients and across hospitals.

The third problem is reversibility. Every therapy that affects toler-
ance carries the question, “What if we need to undo this quickly?”
That need might arise because an infection appears, a cancer is de-
tected, surgery is required, or a side effect emerges that was not pre-
dicted. Traditional immunosuppressive drugs can often be stopped
and cleared, with all the caveats of rebound and withdrawal. A living
product that persists, expands, or becomes self-sustaining poses a
different challenge: the clinician may not be able to take it back.

Reversibility can be built in at several levels. The simplest is time-
limited dosing of supportive factors that keep infused Tregs active,
allowing activity to fade if support is withdrawn. More ambitious
strategies aim to give clinicians a “remote control”.

Selective “remote control” of therapeutic cells via orthogonal cy-
tokine/receptor systems is an explicit strategy to avoid systemic acti-
vation of non-target immune cells and to time-limit suppression. The
phrase “orthogonal” means, roughly, a private communication chan-
nel. Cytokines are immune messengers. IL-2 is a classic example,
and it powerfully influences Treg biology. But natural IL-2 is heard
by many cell types, which is part of the safety tension discussed
earlier. An orthogonal IL-2/IL-2 receptor system, by contrast, is
engineered so that only cells with the matching engineered receptor
respond. In principle, a clinician could administer the orthogonal
cytokine as a control signal: activate the therapeutic Tregs when
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needed, and stop the signal when restraint should ease.

The elegance of this approach is that it turns living cells into some-
thing closer to a programmable medicine. It does not make therapy
risk-free. But it changes the shape of the risk. Instead of giving a
broad stimulus and hoping it mostly feeds Tregs, the clinician gives
a narrow stimulus intended to feed only the engineered population.

The fourth problem is separating Treg support from unintended acti-
vation elsewhere. IL-2 is again the key character. The story of IL-2
in tolerance medicine is a lesson in how biology resists our categories.
Low-dose IL-2 can expand Tregs and reduce inflammatory disease in
some settings, but it can also stimulate other arms of immunity. This
is not a flaw in IL-2; it is a reminder that immune messengers were
not invented for our convenience. They coordinate communities, not
single cell types.

IL-2 engineering (muteins; receptor-biased or proximity-enabled ap-
proaches) is a major route to separate Treg expansion/activation from
NK/effector T cell expansion, addressing a core safety tradeoff ob-
served with low-dose IL-2 approaches. A “mutein” is a mutated ver-
sion of a protein designed to alter how it binds receptors. “Receptor-
biased” IL-2 aims to favour the receptor configuration that Tregs
use most efficiently, thereby reducing activation of other populations.
“Proximity-enabled” strategies go further, trying to make activation
contingent on being close to a particular receptor component en-
riched on Tregs. The goal is not merely higher potency, but cleaner
potency: a signal that strengthens the desired restraint without simul-
taneously revving up other immune actors.

A historical analogy makes the appeal of this engineering feel less
futuristic. Early insulin therapy transformed diabetes management,
but it also caused dangerous hypoglycaemia because dosing could
not easily match daily fluctuations in meals, activity, and stress. Over
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time, longer-acting and faster-acting insulin formulations, pumps,
and glucose monitors turned insulin from a blunt rescue into a
controllable system. Tolerance therapy is heading toward a simi-
lar kind of “closed-loop” thinking: measure, adjust, measure again.
The point is not that immune interventions should resemble insulin
pumps, but that powerful biology often becomes safer when it be-
comes steerable.

Steerability depends on measurement. “Real-time immune monitor-
ing” sounds like science fiction, but much of it is an extension of
what clinical immunology already does: tracking cell subsets, acti-
vation markers, cytokine patterns, and tissue damage indicators. The
difference is purpose. Rather than using tests mainly to diagnose, the
tests become part of control. Clinicians do not merely ask, “Is the
disease active?” They ask, “Have we achieved enough restraint in
the target tissue, and are we drifting toward dangerous suppression
elsewhere?”

Biomarkers that matter in this context are not only those that count
Tregs. They include signs that the FOXP3 programme is intact, hints
that cells are homing to the right tissue, and warnings that other pro-
tective populations are being unintentionally weakened or activated.
The complexity is daunting, but the alternative is to fly without in-
struments.

All of this leads to a shift in what “a therapy” means. The future
version is not just a cell infusion or a cytokine injection. It is a control
strategy: a way of measuring the current state, pushing the system
toward a chosen zone, checking whether the push had the intended
effect, and adjusting without overshoot.

The technologies that make this loop feasible are arriving from mul-
tiple directions.

Engineered specificity, such as antigen-specific CAR-Tregs, aims to
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reduce the dose required and to focus action where it is needed. Selec-
tive activation, such as orthogonal cytokine/receptor systems, aims to
give clinicians a dial rather than a one-time push. Cytokine retuning,
such as IL-2 muteins and proximity-enabled approaches, aims to feed
Tregs without energising the wrong populations. Manufacturing and
testing advances aim to make potency and stability more predictable,
so that “dose” has a consistent meaning from one patient to another.

None of these strategies eliminates trade-offs. Every gain in preci-
sion can introduce new failure modes: mis-targeting, unexpected
persistence, loss of programme, or blind spots in monitoring. Yet
there is a clear direction of travel. Earlier tolerance medicines often
relied on broad suppression and hope. The next generation is trying
to rely on narrower mechanisms and verification.

A final realism is worth keeping in view. The immune landscape of
a person with chronic inflammation is not a blank canvas. It contains
scars: altered tissues, entrenched memory populations, microbial his-
tories, and the after-effects of prior drugs. Teaching restraint in that
landscape may require not a single intervention but a sequence: calm
the most dangerous inflammation first, then consolidate tolerance lo-
cally, then maintain it with the lightest touch that still holds. Some
patients may need therapies that can be reversed rapidly; others may
benefit from durable local restraint. The same disease label may con-
tain multiple biological subtypes, each demanding a different kind
of control.

The most hopeful sign is that the field is no longer satisfied with the
question “Can we expand Tregs?” The question has become more
mature, and more human: can we build restraint that protects a threat-
ened organ without granting blanket cover to pathogens or tumours,
and can we adjust that restraint as the patient’s life changes?

The answer will not be a single magic product. It will be a collection
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of tools that make tolerance behave more like a carefully supervised
agreement: specific enough to be useful, stable enough to last, and
reversible enough to remain under care rather than beyond it.
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