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Abstract

Tregs are the immune system’s in-house combatants against pathological immune activation.
Because they are vital to maintenance of peripheral tolerance, it is important to understand

how they perform their functions. To this end, various mechanisms have been proposed for
Treg-mediated immune inhibition. A major group of mechanisms picture Tregs as skilled thieves
stealing a plethora of molecules that would otherwise promote immune effector functions. This
suggests that several million years of evolution have endowed Tregs with efficient ways to deprive
immune effectors of activating stimuli to prevent immunopathology for survival of the host.
Although we are still long way from deciphering their complete set of tricks, this review will focus
on the types of “crimes” committed by these master thieves in both secondary lymphoid organs
and non-lymphoid tissue.

Introduction

Regulatory T cells play a nonredundant role in homeostasis via suppressing aberrant
immune responses. The concept of immunotolerance evolved early in the metazoans
coincidingly with immunity itself probably in the form of a simple discrimination of self
from non-self using pattern recognition. In later metazoans however, compartmentalization
of cells with similar functions into tissues and exposure of different barrier tissues to a
uniquely diverse array of antigens rendered the simple binary system for self-discrimination
insufficient. A more complex system required a set of changes in immune system by
introducing mutations for randomly rearranging genes that encode antigen receptors?.
Despite maximizing specificity of immune recognition, this random process came with

a cost of self-reactivity that had to be counterbalanced via mechanisms such as clonal
deletion in the primary lymphoid organs. Not surprisingly, central elimination of self-
reactive cells does not completely prevent unwanted immune responses against innocuous
foreign antigens such as those in the diet and or derived from commensals that are
introduced only at the barrier sites after birth. Additionally, central deletion of autoreactive
lymphocytes is not fully efficient, therefore some self-reactive lymphocytes inevitably
escape to the periphery. These weaknesses were gradually counterbalanced by developing
immunoregulatory pathways via natural selection. Foxp3 orthologs first appeared in jawed
vertebrates and displayed ability to bind ROR-yt, supposedly to tolerize against commensal
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and dietary antigens2. However, fully functional Foxp3 with a proline rich region emerged
in mammals possibly as a result of the need for protecting the fetus from the maternal
immune system. Thus, regulatory T cells first emerged in placental mammals. However,

it is worth noting that although a Foxp3 ortholog has not been identified in birds, CD4*

T cell subsets with high expression of IL-2Ra have in vitro suppressor activity2:3. One
probable explanation for the evolution of Tregs as a distinct cellular component is the need
for specialized immunoregulatory cells to detect and suppress aberrant immune responses
against self-antigens, fetal antigens and innocuous foreign antigens deposited at barrier
tissues. An alternative view is that Tregs, while favoring the recognition of self-antigens, can
recognize pathogen-derived antigens and have evolved to protect the host against exuberant
responses to pathogens. All placental mammals have Tregs and lack of Tregs result in
devastating autoimmunity. Therefore, it is important to define and fully understand the
immune inhibitory mechanisms used by Tregs.

Tregs constitute 5-10% of the peripheral CD4* T cell pool with a unique transcriptional
program controlled mainly by the transcription factor, Foxp3. Foxp3 is responsible

for the stability and function of Tregs and congenital defects in Foxp3 expression

cause a multiorgan autoimmunity syndrome called IPEX (immune dysregulation,
polyendocrinopathy, enteropathy, and X-linked) in humans and a wasting disease in mice#-5.
Similarly, strategies for chronic ablation of Foxp3 expressing cells in adult mice result in
death due to severe immunopathology’. Tregs reside in and recirculate between lymphoid
organs and non-lymphoid sites. Recently, they were found capable of adapting their
transcriptional program to various different non-lymphoid niches such as skin, lamina
propria of small and large intestine, liver, lung, adipose tissue, heart, skeletal muscle,

and the tumor microenvironment®-13. In non-lymphoid sites, Tregs play tissue-specific
immunoregulatory roles and help wound healing. As Tregs can be generated in both the
thymus and peripheral lymphoid tissues, the heterogeneous make-up of the Treg population
is a result both of their ability to be generated in the thymus (tTreg) and periphery (pTreg)
as well as their capacity to adopt some of the transcriptional programs of T effector cells
resident in non-lymphoid sites

Studies over the past two decades have resulted in the identification of more than a

dozen Treg suppression mechanisms#15. However, we still lack a clear explanation for

the specific mechanisms used in in vivo partly because it has been difficult to translate

from highly reductionist in vitro settings to the complex wiring of immune cells in vivo.
Furthermore, one mechanism does not have to be mutually exclusive to another, and several
mechanisms may work in unique combinations depending on the anatomic location and type
of the immune response. Here, we will review the immunoinhibitory mechanisms used by
Tregs and have classified these mechanisms into two categories (Fig. 1): “active” such as
the production of suppressor cytokines and functioning as killer cells and “counter-active”
including mechanisms where they have evolved to steal drivers of the immune response such
as antigen, costimulatory molecules, cytokines, and inflammatory mediators.
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Active Suppression Mechanisms Used by Tregs

Tregs have the ability to produce and utilize cytokines that have immunoregulatory
functions. Most prominent immunoregulatory cytokines actively produced by Tregs are
IL-10, TGF-B and IL-35. Tregs can also function as classical cytotoxic T cells by producing
cytotoxic molecules such as granzyme and perforin resulting in target cell lysis in a contact-
dependent manner in limited in vivo settings.

IL-10 is a pleiotropic cytokine produced by leukocytes, epithelial cells and keratinocytes.
The heterotetrameric receptor for IL-10 is comprised of a ligand binding IL-10R1
homodimer and signaling IL-10R2 homodimer and is expressed on all the hematopoietic
cells. While I1L-10 can inhibit phagocyte function, antigen presentation, co-stimulatory
molecule expression, T cell proliferation, IL-2 and IFN+y production, it can also promote
NK cell activity, B cell activation and isotype switching!®. The immunoregulatory role

of IL-10 at mucosal tissues is well conserved among mammalian and hon-mammalian
vertebrates and defects in IL-10 signaling result in inflammatory bowel disease in mouse
and man?’. This suggests that IL-10 is employed to promote tolerance against microbiota
and dietary antigens and to protect the integrity of epithelial barriers8. Mice with a Treg
specific deletion of IL-10 display spontaneous colitis and develop augmented epithelial
pathology during Gl and lung immune challenges!®. Thus, IL-10 produced by Tregs plays
a nonredundant role in promoting tolerance in intestinal mucosa. However, mice with a
Treg-specific deletion of IL-10 do not recapitulate the severe multi-organ autoimmunity
associated with the germline defects of Foxp3 or systemic ablation of Tregs confirming the
existence of multiple Treg suppressor mechanisms?®.

The TGF-p superfamily emerged approximately 1.1 billion years ago as a common ancestor
of arthropods and vertebrates, playing crucial roles in homeostasis in a multitude of
species?0. TGF-B, the prototypical member of the superfamily, can be produced by all
immune cells and signals through the heterotetrameric TGFBR1-R2 complex to regulate
functions of all innate and adaptive immune cells. TGF-B1 is the most common isoform
associated with immunoregulatory functions and primarily signals through phosphorylation
of Smad proteins in all immune cells?l. Global deletion of TGF-B1 results in an early onset
wasting disease with multiorgan immunopathology?223, TGF-B1 provided by the innate
immune system plays important roles in the Treg-independent restriction of autoreactive

T cells and also in the development of thymic and peripheral Tregs24-26. However, the
immunoregulatory effect of TGF-B1 produced by Tregs is controversial. While initial studies
described a key role for TGF- secreted by Tregs in inhibiting immune responses in

vitro, subsequent studies failed to confirm these experiments27-29. Nevertheless, subsequent
studies demonstrated that Treg and activated platelets express a cell surface molecule,
Glycoprotein-A repetitions predominant protein (GARP), which is rapidly mobilized to
Treg surface upon activation. GARP binds latent-TGF-p intracellulary and transports it to
the cell surface. It is also capable of binding secreted latent-TGF-B30-31, Latent TGF-p is
comprised of the TGF-B homodimer non-covalently linked to Latency Associated Protein
(LAP). Release of active TGF- requires mechanical dissociation or proteolytic cleavage

of LAP by aV integrin heterodimers that bind to the integrin binding Arginine-Glycine-
Aspartate motif on LAP32:33, While Tregs are the only lymphoid cell type that expresses
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the GARP-latent TGF-p complex, the function of this complex remains unclear. One role
might be to provide active TGF- locally to antigen-specific effector T cells in an integrin
dependent manner to convert them into antigen-specific induced Tregs, or to Th17 cells
depending on the availability of IL-2 and IL-6 in the microenvironment34:3%, Some studies
suggest that aV integrins expressed by mucosal DCs are crucial to activate Tregs and

to promote their local release of TGF-B36-38, Yet, whether activated Tregs detach from

DCs and roam to target antigen primed effectors for engaging in direct T-T interactions,

in other words performing infectious tolerance, remains elusive3®. While some studies
suggested that Tregs use TGF-P1 as an active suppressor mechanism at mucosal sites to
suppress antigen-specific effector T cells for food and commensal antigens, other studies
demonstrated that TGF-B1 deficient Tregs are functional and mice with Treg-specific
deletion of TGF-B1 are phenotypically normal314041, The differences between the studies
may reflect differences in the bacterial flora in the animal rooms. Mice with a Treg-specific
deletion of GARP did not develop spontaneous autoimmune disease, while other studies
demonstrated enhanced susceptibility to colitis*243. In a xeno-GVHD model, antibody
mediated blockade of GARP reversed the suppressive effects of co-transferred Tregs without
affecting their numbers#4. Taken together, TGF-B1 produced by Treg does not appear to be a
major Treg suppressor mechanism. In a manner similar to IL-10 it may be required in certain
situations characterized by high levels of inflammation to help “put out the fire.”.

IL-35 is a member of IL-12 family of cytokines. While this family is composed of

cytokines with proinflammatory activity, IL-35 displays immunosuppressive properties.

It is a heterodimer of the 1L-12 p35 subunit and Epstein-Barr virus-induced gene

3 (Ebi3) that binds to I1L-12RB2 and gp130 respectively*®. Although it presents an
unconventional signaling pattern with the ability to transmit signals through IL-12RB2 or
IL-27R homodimers, it exerts optimal immunoregulatory function through the heterodimeric
receptor?®. While 1L-35 has been claimed to be secreted by Tregs, co-expression of Ebi3 and
p35 has also been detected in peripheral B cells, y& T cells, CD8* T cells, and placental
trophoblasts#’48, While Ebi3 expression is readily detected in Treg, it has been difficult to
detect mRNA for p3549. Detailed studies of the role of IL-35 in Treg biology have been
hampered by the lack to reagents and the ability to produce recombinant IL-35. While
Ebi3~~ mice do not display an autoimmune phenotype>0, Ebi3~/~ Tregs failed to protect
from colitis in a cell transfer model of colitis suggesting that Tregs produce IL-35 when
there is an active breach of peripheral tolerance®l. More recently, IL-35 expressing Tregs
were found to promote T cell exhaustion in the tumor microenvironment further supporting a
local, niche-specific immunoregulatory role for 1L-35%2,

Counteractive mechanisms of suppression

IL-2 depletion

IL-2 is the major cytokine produced by T cells to promote their survival, proliferation

and immunoregulation. IL-2 exerts its activities in autocrine and paracrine fashion through
its receptors IL-2Ra (CD25), IL-2Rp (CD122) and common gamma chain (yc) receptor
(CD132) shared with IL-7 and IL-15%3. Medium affinity IL2-R@ and yc heterodimers are
expressed by mostly CD8 memory cells and NK cells in the steady state, and activation
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signals transiently induce the expression of high affinity heterotrimeric receptor complex
on T cells, B cells, DCs. IL-2 signals propagate through the intracellular domains of
IL-2Rp and -yc via JAK1 and JAK3 binding. This results in the phosphorylation of

STATS that serves as the molecular switch to implement biological functions of 1L-25455,
Phosphorylated STAT5 (pSTAT5) activates gene expression of a series of lineage specific
transcription factors such as Foxp3, Thet, GATA3 thus promoting Treg, Thl, Th2 functions
while it represses IL-17A production and Bcl-6 expression, thus inhibiting Th17 and Tth
programs®®:57. Additionally, high levels of IL-2 favor the development of short-lived effector
cells, while low levels of 1L-2 signaling promote memory T cell formation8:59, Although
Tregs are unable to produce IL-2, their development, homeostasis and functional stability
are heavily dependent on it. To acquire a mature Treg phenotype with CD25 and Foxp3
expression, thymic Treg precursors rely on IL-2Rp for I1L-2 signals provided by thymic
medulla®®. In the periphery, they require IL-2 produced by effector T cells to maintain their
homeostasis and function. Binding of pSTAT5 to the promoter and the noncoding intronic
regulatory element CNS?2 is required for Foxp3 induction and stability62.

The expression of the IL2-R on Tregs can also play an important role in Treg suppression.
IL-2 production by effector T cells has long been proposed as a major target for Treg
mediated suppression. Early in vitro studies demonstrated that once activated, Tregs
downregulated 1L-2 transcription by effector T cells in a contact dependent manner2.63,
An alternative view is that IL-2R on Tregs senses the local IL-2 gradient and positions
Tregs around potential zones of immune activation and then acts like a sink to deplete

IL-2 and drive T cells into an apoptotic state due to cytokine withdrawal. This was

initially confirmed by the resistance of T cells lacking proapoptotic molecule Bim to

Treg mediated suppression®4. It was also demonstrated that in an inflammatory bowel
disease model induced by the adoptive transfer of Bim™~ CD4*CD45RB"Y" T cells into a
lymphopenic host, co-transfer of Tregs failed to suppress Bim™~ T cells, while later reports
that used the same experimental setting failed to show any significant difference in Treg
suppression of WT and Bim™~ T cells®®. Furthermore, T cells lacking other key molecules
that are implicated in cytokine withdrawal associated programmed cell death were found

as susceptible to Treg-mediated suppression as WT T cells, suggesting that induction of
apoptosis may not be an outcome of Treg mediated IL-2 depletion. Thus, the IL-2 depletion
model of suppression mechanism remains controversial, especially in vivo. Indeed, as Tregs
do suppress the production of I1L-2, the source of the IL-2 that must be depleted remains
obscure.

Recently, the cell extrinsic role of Treg IL-2Ra was readdressed in elaborate mouse models
of Treg specific loss of the IL-2R and gain of constitutive STAT5 activation®®. Treg-specific
deletion of IL-2Ra and IL-2Rp both resulted in a similar systemic autoimmune disease
that was more severe than that is seen in global deletions of the same receptors possibly
due to defective IL-2 signaling and impaired T effector function in the global knock outs.

In healthy female mice that are heterozygous for IL-2Rp-sufficient and IL-2Rp-deficient
Tregs due to random X chromosome inactivation, IL-2RB ™~ Tregs were less represented in
the Treg pool, displayed lower levels of Foxp3 and Treg associated markers, without any
defect in the percentage of activated Tregs perhaps due to ongoing inflammation. Yet, these
Tregs were unable to suppress effector T cells upon adoptive transfer in vivo. When either
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mice with a Treg specific deletion of the IL-2Ra or IL-2Rp were transduced with a gain of
function mutation for constitutive activation of STAT5, thymic development and suppressor
function of Tregs were rescued despite ongoing CD8" T cell mediated autoimmunity. This
indicated an indispensable cell-extrinsic role for Treg IL-2Ra in suppressing CD8* T cell
activation, but not CD4* T cell activation. For CD4* T cells, intact STAT5 signaling in
IL-2Ra deficient Tregs seemed to be sufficient®6. Lack of IL-2Ra may alter the thymic
selection of Treg repertoire differently and thus may confound the interpretation of effects of
IL-2Ra deficiency on post-thymic mature Tregs.

In a mouse model where the IL-2Ra. was inducibly deleted from Tregs after thymic
development, IL-2Ra. ™/~ Tregs were found to maintain a Foxp3* pool despite a reduced
level of Foxp3 expression. They also displayed reduced CTLA-4 expression and provided
decreased protection in an EAE model®”. However, in such a model it is difficult to
extrapolate how the effector T cells are affected as the deletion is temporary and rapidly
compensated by the unperturbed recent thymic immigrants. Lastly, detailed imaging of naive
lymphoid tissue showed that while resting Tregs are located inside the T cell zone, Tregs
expressing pSTATS are located at T-B border as multiple heterogenous clusters®8. These
clusters were found in close proximity to IL-2 producing CD4* T cells in both germ free
and single pathogen free mice suggesting that IL-2 production is triggered by presentation
of self-antigens on MHCI|I. It was also demonstrated that clusters failed to form when

TCR expression is disrupted in the Treg compartment, while Tregs with unperturbed TCR
made tight contacts with DCs and expressed pSTATS5. These suggest while TCR-pMHCI|I
interaction activates Tregs and also positions them in close proximity to CD4* T cells.
Initially it was claimed that STAT5 signaling in Tregs is indicative of active suppression via
IL-2 removal. Because activated Tregs suppress CD4* T cells using mechanisms other than
IL-2 removal, STATS activity should rather be interpreted as a marker of IL-2R signaling,
indicating activation of suppressive ability, but not the actual suppression.

Removal of inflammatory mediators and metabolic regulation

Release of intracellular purines, particularly ATP, is used as a way of communication
between immune cells. While some stimuli such as pathogen associated molecular patterns
stimulate a controlled release of ATP through specialized channels, excessive inflammation
and tissue damage can cause an uncontrolled release of intracellular content including
ATP®, Elevated extracellular ATP (eATP) concentration serves as a danger signal and
induces immune response via inflammasome activation. While low levels of eATP activates
CD4" and CD8™ T cells, increasing levels become toxic and may drive cells to apoptosis
through the very receptors that activate them’%71, There are mechanisms evolved to cope
with rising extracellular ATP such as the expression of membrane ectonucleotidases CD39
and CD73. CD39 metabolizes ATP into non-toxic AMP while CD73 catabolizes AMP into
adenosine. CD39 and CD73 are expressed by innate and adaptive immune cells including
DCs, macrophages, neutrophils, B and T cells’2. Among T cells, Tregs express high levels
upon activation’273, Adenosine can bind to receptor Ay receptors that are expressed by
many cells including DCs and effector T cells and binding of adenosine to ApaR results

in inhibition of T cell activation”4. However, generation of extracellular adenosine is not
restricted to Tregs and in fact, adenosine can be generated by many cells including innate

Cell Immunol. Author manuscript; available in PMC 2022 December 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Akkaya and Shevach

Page 7

immune cells and endothelium?>76, Thus, the effect of adenosine produced by Tregs may
not be significant, as Tregs constitute a small portion of immune cells at inflammatory

sites. Instead, CD39-CD73 activity may play a role in tuning Treg activity in inflammatory
environments and/or providing Tregs protection from apoptosis. Another possibility is that
the upregulation of CD39-CD73 expression may not indicate active use of ATP degradation
as a suppression mechanism, but may rather demonstrate that Tregs have high suppressive
ability. To this end, CD39-CD73 mediated ATP removal and adenosine production may have
a limited role in Treg suppression and represent a context and niche dependent mechanism.

Another metabolic strategy used by Tregs is the disruption of optimal milieu for effector
T cells to thrive and function’’. This effect is mediated via reverse signaling through
CDB80-CD86 upon engagement of CTLA-4 in APCs. This interaction results in the
induction of the enzyme indolamine-2,3-dioxygenase (IDO) that catabolizes the essential
amino acid tryptophan into kynurenine. Kynurenine binds aryl hydrocarbon receptors in
APCs, thus helping them assume a tolerogenic phenotype’®79, Depletion of tryptophan

in the environment is also sensed by the effector T cells and Tregs. It induces cell

cycle arrest of T cells and increases T cell apoptosis by inhibiting the mechanistic target
of rapamycin complex 1 (nTORC1), and inducing a stress response that activates the
integrated stress response kinase GCN280:81, Furthermore, trythophan depletion increases
the conversion of effector T cells into iTregs and stabilizes Treg phenotype via reducing
Akt phosphorylation82:83, DO activity has been detected in both innate and adaptive cells
of the immune system as well as in solid tissue in niches such as intestinal lamina propria
and tumor microenvironment1284.85 Therefore, Treg mediated regulation of IDO activity is
possibly limited.

Single cell transcriptomic analyses of tissue-resident and lymphoid Tregs identified unique
TCR landscapes and transcription profiles in tissue-resident Treg subsets dictated by their
anatomic localization rather than ontogeny®6-88, Tissue resident Tregs may also utilize
unique suppressor mechanisms tailored for their environment. Visceral adipose tissue (VAT)
associated Tregs express PPAR+y and play an important role in reducing insulin resistance
associated with inflammation of fat tissue®?. Recently it was found that both human

and mouse Tregs express the enzyme 15-hydroxyprostaglandin dehydrogenase (HPGD),
that catabolizes prostaglandin PGE2 into 15-keto-PGE2 and HPGD activity is especially
pronounced in VAT associated Tregs due to PPARy expression. 15-keto-PGE2 acts on
effector T cells and reduce their proliferation. While Treg-specific deletion of HPGD did not
result in autoimmunity, the mice developed a metabolic syndrome over time characterized
by decreased insulin sensitivity and impaired glucose homeostasis. Fat tissue of these mice
acquired an inflammatory phenotype with age that is characterized with larger adipocytes,
infiltration of NK cells and inflammatory macrophages®. Overall these findings support the
concept that tissue resident Tregs use site-specific suppressor mechanisms that are not used
by their lymphoid counterparts. Further study of the metabolic regulation of tissue Tregs
may reveal other unique suppressor mechanisms that potentially can be manipulated for
treatment of organ-specific autoimmune diseases.
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Tregs as robbers of surface molecules.

In a manner similar to effector T cells, Tregs must be activated through their T cell receptor
(TCR) to function. This process requires a full-on synapse with antigen presenting cells
(APC), similar to a T cell that needed to turn on effector functions®. The Treg-APC synapse
has long been considered as merely a permissive step for all the subsequent actions of Tregs.
However, recently it was discovered that Treg-APC contact might actually dictate the fate of
Treg mediated inhibition. Tregs were shown to bind DC with high avidity and engulf parts
of DC membrane containing pMHCII and costimulatory ligands via a process similar to
trogocytosis®2. Depending on the initial antigen load, this was shown to cause a significant
loss of DC surface pMHCII and thus a complete abrogation of effector T cell priming

in vivo. Surprisingly, when APCs present two antigens, Tregs specific for one of them
capture only its cognate antigen leaving the presentation of the other antigen intact. In an
antigen limiting environment in vivo, this was shown to result in complete antigen-specific
inhibition of effector T cell proliferation. Although the B7 family of costimulatory ligands,
such as CD80, CD86 and ICOSL are also acquired by antigen-specific Tregs, APCs that are
stripped off of a particular pMHCII were able to sustain the proliferation of other effector

T cells that recognize another antigen presented on APC, suggesting that APC function was
not globally impaired. It is likely that APCs replenish the costimulatory ligands on cell
surface because the mRNA transcripts of the B7 family molecules continue being detected
after Treg contact®3. Although pMHCII capture might not work as an efficient suppression
mechanism in antigen abundant system such as infection, where there is a constant supply
of high doses of antigen (Fig. 2), it may present an ideal way to suppress the spontaneous
presentation of self-antigens on MHCII, before detection by a rare self-antigen specific
clonal escapee. Because thymic Treg output constitutes a more self-skewed repertoire than
that of effector T cells, the likelihood of a self-specific Treg to come across its antigen is
theoretically higher. This numeric advantage and unique pMHCII stripping together may
jointly endow Tregs with the ability to constantly prune self-antigen-MHCII complexes

and thereby prevent autoimmunity. This model is further supported by the mouse models

of Treg-selective TCR ablation suggesting that continuous pMHCII-TCR interactions are
indispensable for Treg-mediated suppression of autoimmunity94:95.

CTLA-4 is another important molecule implicated in the contact-dependent inhibition of
APC function by Tregs. It is the most well-known inhibitory T cell coreceptor homologous
to CD28 with shared binding partners, CD80 and CD86. Unlike constitutive surface
expression of CD28, CTLA-4 expression is induced upon TCR stimulation in effector

T cells%. CTLA-4 has been considered to play a cell intrinsic role in limiting T cell
activation to prevent immunopathology. Because CTLA-4 expression is temporally distinct
from TCR and CD28 signals, it had been thought that it shuts down the activating

signals later in activation by outcompeting CD28 at the synapse by its higher affinity

for ligands. More recently, it was described to remove CD80/CD86 from the synapse via
transendocytosis in both effector T cell and Treg®”98. Because Tregs express CTLA-4
constitutively this has been proposed as a major suppression mechanism by which Tregs
prevent autoimmunity®8-100, Germline deficiency of CTLA-4 results in lethal autoimmunity
3-4 weeks after birth191, This lethal phenotype indicates that CTLA-4 plays an important
role in immune tolerance. However, the role of CTLA-4 in Treg compartment remains
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obscure. While Treg specific deletion of CTLA-4 from birth results in fatal autoimmunity
with slightly later onset than in the global knockout, deletion of Treg CTLA-4 in adult
mice does not reduce their suppressive function and in fact enhances it and renders the
mice resistant to EAE102, This raises the possibility that CTLA-4 plays a role in the thymic
development of Tregs and somehow renders the Tregs with germline CTLA-4 deficiency
less functionall92:103_ Yet, the role of CTLA-4 in immunotolerance is intertwined and more
studies are needed to fully dissect out how Tregs use CTLA-4 for suppression.

CTLA-4 is not specifically expressed on Tregs, therefore all the regulatory effects of
CTLA-4 cannot be attributed to them. Yet, the constitutive expression of CTLA-4 in Tregs
vs. inducible expression in effector T cells may provide a time frame for Tregs to prevent
unwanted immune responses. Therefore, Tregs may use it in addition to pMHCII removal
to ensure the downmodulation of costimulatory ability of the APC (Fig. 2). These dual
effects may serve as a safeguard to deprive effector T cells of second signals when antigen
removal by Tregs is incomplete due to overwhelming antigen load and/or low affinity of
Treg TCR for antigen. Alternatively, incomplete antigen removal may deliberately be used
to direct effector T cells to antigen expressing APCs which lack co-stimulatory ability thus
resulting in T cell anergy. In addition, the immune events that take place at epithelial barriers
and in infectious settings are inherently antigen abundant due to continuous exposure to
commensal microorganisms, dietary antigens and pathogens. In mucosal tissue, there are
multiple factors, such as TGF-, dietary vitamin A, short-chain fatty acids etc. that have
evolved to ensure a tolerogenic environment favoring a high (p)Treg/effector T cell ratio.
Tregs may also use captured pMHCII to form synapses with antigen-specific effector T
cells and render them tolerant and/or convert them to pTregs via membrane-bound TGF-f.
Overall the role of Treg in infectious settings is complex as they must allow a strong
anti-pathogen response and depletion of pMHCII is unlikely to be operative in the presence
of high amounts of antigen. Later in the course of infection, when the level of pathogens
has been reduced, pMHCII depletion may be a highly effective mechanism for the control of
immunopathology.

Conclusion

Tregs are the swiss army knife of immune tolerance with a hidden toolkit that is only
revealed after TCR signaling. While the TCR stimulus licenses Tregs to suppress via
multiple mechanisms, pMHCII depletion dampens the presentation of cognate antigen
without disabling other APC functions and provides important clues about what additional
mechanisms should be in place for handling the situation optimally. Here, we propose a
three tier regulation by Tregs with TCR binding and capture of pMHCII being tier one,
tuning costimulation being tier two, and use of active suppression mechanisms being tier
three (Fig. 2).

Although mouse models for the global and Treg specific deletion of key mechanistic
targets have been immensely helpful, we still need more elaborate study designs to
distinguish altered function in “otherwise normal” Tregs from the “inherently defective”
Tregs. This is likely to require a more rigorous effort to watch normal Tregs and catch the
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mechanisms in action. However, further progress might require hiring a detective instead of
an immunologist to identify additional “master thieves” of the immune system.
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Two fundamentally different suppressor modes characterize Treg suppressor mechanisms.
In the “active” mode, Treg secrete immunoinhibitory molecules that exert their effects

on other cell types. In contrast, in the “counteractive” mode Treg are actively engaged

in removing vital components from other cells types including antigen, costimulatory
molecules, cytokines, and inflammatory signals thereby decreasing the activation of T
effector cells.
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Figure2.
The “stealing” of pMHCII complexes from DC surfaces functions most effectively under

limiting antigen conditions (left panel). The process can be helped by simultaneous removal
of costimulatory molecules. In contrast, in the presence of high concentrations of antigen,
the theft of pMHCII complexes is unlikely to be an effective suppressive mechanisms (right
panel). More active mechanisms such as the secretion of inhibitory cytokines must be called
into action.
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