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Abstract

Self-reactive T cells have long been known to cause autoimmune diseases. Recently, more precise 

characterization of self-reactive cells in the peripheral T cell repertoire underpinned two important 

notions. First, a surprisingly diverse high frequency of self-reactive T cells can be found in the 

peripheral T cell repertoire of healthy individuals and second, self-reactive T cells can perform 

essential beneficial physiological functions. In this review, we discuss recent developments 

regarding the identification and characterization of self-reactive T cells in the peripheral T cell 

repertoire. A better understanding of these populations, and subsequently a better way to define 

them, will be paramount for the development of strategies to manipulate self-reactive T cells and 

thereby reduce pathological and increase beneficial physiological functions.
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Introduction

T cell antigen receptors (TCR) are randomly generated during T cell development and 

subjected to positive and negative selection on self-peptide/MHC (pMHC) complexes in the 

thymus. The role of the thymus and central tolerance in shaping the peripheral self-reactive 

T cell pool has been discussed in detail in recent review articles [1,2]. These quality control 

steps eventually result in a peripheral pool of mature naïve T cells which are both self-MHC 

restricted and self-tolerant [2,3]. This means that essentially all peripheral T cells are self

reactive. However, this definition is far too broad for useful discourse. Likewise, defining 

self-reactivity based on the presence of destructive effector function is too restrictive as it 

ignores both beneficial self-reactive T cell responses as well as the possibility that cells can 

change from beneficial to destructive (or vice versa) under certain conditions.
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MHC-tetramer positivity for a defined self-antigen or a productive or functional response is 

the minimal requirement for inclusion into the self-reactive T cell discussion. For example, 

peripheral T cells continuously receive tonic survival signals in peripheral lymphoid organs 

that depend on recognizing self-pMHC complexes but they do not become fully activated 

under normal conditions would not qualify. In contrast, different T cell populations respond 

to self-pMHC complexes by proliferating and/or producing effector cytokines. This includes 

classic autoimmune disease-causing T cells, regulatory T (Treg) cells (discussed in Text Box 

1) and, more recently described, T cells involved in tissue homeostasis. Multiple peripheral 

tolerance mechanisms have been installed to keep the first group of potentially harmful 

self-reactive T cell responses at bay, including ignorance, anergy and active suppression [4]. 

As we will discuss in Text Box 2, new immunotherapeutic strategies for fighting cancer 

result in significant changes in peripheral tolerance and the T cell activation threshold and 

thereby unleash these normally innocuous self-reactive peripheral T cells.

Recent methodological advances, described in the following sections, have allowed us 

to more precisely define and delineate the self-reactive T cell population. Specifically, a 

surprisingly high frequency of self-reactive T cells has been found in the peripheral T 

cell repertoire of healthy individuals and these cells have a very broad range of antigen

specificities. Furthermore, in addition to classic pathogenic self-reactive T cells and Treg 

cells, self-reactive T cells with essential and beneficial functions have been discovered.

By the end of this review, we hope to initiate a conceptual framework to eventually define 

self-reactive T cells as pathological or physiological in the context of both normal healthy 

conditions as well as under conditions of altered peripheral tolerance. Research in this 

direction will allow the development of strategies to manipulate the self-reactive T cell pool 

thereby reducing the development of clinical autoimmune diseases and increase the potential 

beneficial contributions to tissue homeostasis and fighting infections.

The self-reactive T cell pool in healthy individuals

Paul Ehrlich coined the term horror autotoxicus, or “the horror of self-toxicity”, to describe 

the concept of destructive self-reactivity over 100 years ago. Since then, many self-antigen 

specific T (and B) cells have been identified in patients suffering from autoimmune diseases. 

The self-reactive cells in these patients occur at an elevated frequency and in a particular 

location and cause overt clinical symptoms; this allows them to be isolated and identified. 

In contrast, self-reactive T cells in healthy individuals are dispersed in the peripheral T cell 

pool at a low frequency for each individual specificity and functionally hidden by peripheral 

tolerance mechanisms. While self-reactive T cells were first serendipitously identified 

in healthy individuals over two decades ago [5] (reviewed in [6]), recent technological 

advancements have led to a rapid expansion of our knowledge of this interesting T cell 

subset.

Identification of individual self-reactive T cell specificities in healthy individuals

Early experiments that identified specific target antigens of self-reactive T cells such as 

myelin basic protein in patients with autoimmune disease also demonstrated that responsive 

cells were present in healthy subjects. Since then, many individual self-reactive T cell 
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specificities have been identified in both mice and man [6,7]. During the last decade, 

significant advancements have been made in peptide-MHC (pMHC) tetramer technology 

that has allowed for the enrichment and identification of very rare antigen-specific 

lymphocyte populations. In contrast to previous techniques that used peptide stimulation 

to identify self-reactivity based on functional read outs (such as proliferation or cytokine 

production), pMHC tetramers can identify self-reactive T cells in their naïve state, which 

allows for a more precise ex vivo characterization of their phenotype, functional status and 

precursor frequency. For example, melanocyte-antigen-specific CD8+ T cells isolated from 

healthy individuals were shown to be in an anergic state that was maintained by Treg cells 

[8] and they were therefore functionally invisible in the peripheral T cell repertoire.

Davis and colleagues, who pioneered the use of pMHC tetramers to track antigen-specific T 

cells in healthy mice and man, recently reported that the precursor frequency of CD4+ and 

CD8+ T cells specific for certain self-antigens (including gp100, fibrinogen, preproinsulin, 

fructose bisphosphate aldolase and keratin) was between one and ten cells per million 

T cells [9]. It was thus in the same range as T cells specific for foreign viral epitopes 

[10,11]. These results are consistent with a previous study showing that the frequency of T 

cells for a particular self-antigen (gp100) was in the range of 0.0001 percent [12]. In this 

study, the authors indirectly determined precursor frequency by comparing pMHC tetramer 

staining on endogenous T cells and a spiked-in titration of gp100-specific TCR transgenic 

T cells four weeks following irradiation, adoptive transfer and vaccination with gp100 

peptide. Compared to these types of elaborate indirect and functional assays, the directly 

ex vivo pMHC tetramer-based enrichment techniques originally developed by Jenkins and 

colleagues [13] and further modified by Davis and colleagues will continue to accelerate 

the identification of self-reactive T cells in normal repertoire. For example, the frequency 

of self-reactive CD8+ T cells specific for a Y chromosome-encoded antigen, SMCY in 

humans and SMCY3 in mice, was compared between males and females: In both species, 

self-reactive T cells were identified and, interestingly, there was only three-fold reduction 

in the frequency in males as compared to females [9] suggesting a surprisingly limited 

imposition of clonal deletion on the self-reactive T cell pool.

Antigen-tetramer technology has also revealed NKT cells that recognize self-lipids 

presented by CD1a and CD1c in the peripheral blood of healthy individuals [14,15]. 

Likewise, self-reactive B cells form part of the healthy peripheral repertoire [16] (reviewed 

in [17]). The development of these techniques to directly and specifically label T and B cell 

antigen receptors has allowed for the identification of these self-reactive cells in their naïve 

state. Unfortunately, this approach is somewhat limited because each tetramer is peptide 

specific. The development of more unbiased tools, such as large peptide libraries, will be 

extremely useful to quantify and characterize the pool of self-reactive T cells at large.

Analysis of the entire self-reactive T cell population

How can the entire peripheral T cell pool be examined for the presence of self-reactive cells? 

Recent evidence showed that Treg cells can induce anergy in self-reactive T cells thereby 

making them essentially invisible in the peripheral T cell repertoire [8]. This suggests that 

the total self-reactive T cell repertoire can only be accurately assessed in the absence of 
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Treg cell-mediated control (or perhaps other peripheral tolerance mechanisms). Transient 

depletion of Treg cells in adult Foxp3-DTR mice has been shown to result in systemic 

autoimmune disease [18–20]. By examining the expression of TCR signaling markers and 

cell division, it was shown that approximately four percent of both the peripheral CD4+ 

and CD8+ T cell populations are self-reactive and normally controlled by Treg cells [20]. 

Intriguingly, these data suggest that the size of the self-reactive peripheral T cell pool is in 

the range of the responses to allo-MHC complexes (1 to 10 percent) [21] or super-antigens 

(5 to 20 percent) [22], and similar to the proposed frequency of self-reactive B cells (10 to 

20 percent) [17]. This surprisingly high proportion of self-reactive T cells so far escaped 

our attention because the population size of self-reactive T cells is only fully revealed in 

the absence of peripheral tolerance mechanisms, such as Treg cells [8,18–20]. This suggests 

that functional assays that abrogate peripheral tolerance mechanisms will provide a more 

accurate account of the entire self-reactive T cell pool. Since other mutations in essential 

tolerance mechanisms display a similar reactivation of self-reactive T cells, e.g., in CTLA-4 

[23] or TGF-β signaling [24], it would be important to confirm the overall size of the 

self-reactive peripheral T cell pool in such model systems. For example, adoptive transfer of 

TGF–β receptor deficient T cells could be such a model. A very recent report by Legoux 

and colleagues supported the above described finding that Treg cells control a large variety 

of self-reactive T cells in healthy mice [25]. This report went a step further and showed that 

for some tissue-restricted self-antigens, immune tolerance entirely relies on non-deletional 

mechanisms [25]. The model system used the Cre-recombinase as a self-antigen. Since 

there is a large variety of mouse strains that express Cre through different tissue promoters 

(e.g., RIP in the pancreas), they could address how the tissue-restricted expression of the 

self-antigen Cre influenced the endogenous Cre-specific T cell pool with MHC-tetramers. 

Their data revealed that, in the four Cre lines tested, negative selection against self-reactive 

Cre-specific T cells was not detectable and these self-reactive T cells were frequently found 

in the periphery. These cells could be reactivated to become effector T cells either by 

Treg depletion or specific immunization strategies [25]. These data are in clear contrast to 

previous findings that self-antigen specific T cells are negatively selected in the thymus 

[26,27]. One needs to carefully address in which respect these different self-antigens were 

Aire-dependently or -independently expressed in the thymus in the model systems where 

negatively selected versus the non-deleting conditions is observed. Irrespective of this, these 

findings open the intriguing possibility that certain self-antigens, maybe specifically a subset 

of peripheral tissue antigens are somehow ignored in the thymus and those self-antigen 

specific T cells are allowed to seed the periphery. Whether those antigens are important 

drivers of physiological self-reactivity in the tissue is currently unclear. In addition to having 

a blind spot for certain self-antigens, it has also been shown that self-reactive T cells with 

low avidity TCRs can also escape thymic negative selection [7,26,28].

Antigen-specificities of self-reactive T cells

The high frequency of T cells that respond to self-antigens described to occur in the 

absence of Treg cell-mediated control and the systemic nature of the autoimmune disease 

that follows implies that a broad range of antigen specificities are involved. In the previous 

section we described some of the classical autoimmune-associated antigen-specificities that 
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have been found in healthy individuals. In this section we will expand our discussion to a 

broader range of these pMHC ligands.

Subthreshold ligands

What was once broken down into simplified binary cognate or non-cognate ligands (or 

interactions) is now understood as a sliding analog scale of T cell responses. All the diverse 

pMHC complexes that can bind to a single TCR are now often labeled with a wide range 

of ambiguous terms, such as selection, maintenance, subthreshold or activation/stimulatory 

ligands. Importantly, all of these TCR:pMHC interactions result in a range of qualitatively 

different intracellular signaling outcomes. It has recently been proposed that the peripheral T 

cell repertoire could be subdivided into small “colonies” that share common non-stimulatory 

sub-threshold ligands, but have otherwise independent cognate ligands [29]. It is tempting 

to speculate that the activation of self-reactive T cells that emerge following alterations 

in peripheral tolerance could conceivably be due to shared subthreshold ligands that are 

derived from ubiquitous self-antigens and therefore widely expressed by APCs. In this 

scenario, a large, but limited, population of T cells would vigorously respond to a previously 

non-stimulatory subthreshold self-antigen due to changes in the activation status of APCs or 

the absence of environmental suppressive effectors, like IL-10 or TGF-β (Text Box 2 and 

Figure 1).

Poly-reactive TCRs

It is now well documented that an individual TCR can recognize a broad range of pMHC 

complexes. This phenomenon has been loosely termed mimicry, degeneracy, cross-reactivity 

or poly-reactivity (as is commonly used in the B cell field) (Figure 1). In fact, it was 

determined that nonamer peptides that bind to the same class II MHC molecule only need 

to share five amino acids to cross-react with the same TCR [30]. Furthermore, probing a 

highly diverse yeast-displayed pMHC (class II MHC) library with soluble TCRs showed 

that 100s of peptides could react with each of the human or mouse TCRs [31]. TCR:pMHC 

binding was dependent on conserved recognition motifs in the TCR contact amino acids 

but independent of class II MHC anchor amino acids. By probing TCR libraries with single 

antigens or, conversely, peptide libraries with single TCRs, the poly-reactivity of human 

self-reactive CD4+ T cells has been firmly established [31,32]. Likewise in the class I MHC 

system, using a peptide library and a diabetes patient-derived preproinsulin-specific CD8+ 

T cell clone, it was shown that a single autoimmune TCR could potentially recognize over 

one million different pMHC complexes [33]. While this is probably an extreme example, it 

nevertheless highlights the poly-reactivity of peripheral self-reactive T cells. Furthermore, 

a very elegant report using an unbiased cloning and retroviral expression system of pre

selection TCRs to study the fates of specific TCRs in vivo, recently demonstrated that 

negatively selected TCRs were more poly-reactive than positively selected or non-selected 

TCRs [34]. Collectively these data suggest that self-reactive T cells can respond to a wider 

than usual range of pMHC complexes. It remains to be determined if this can be used to 

differentiate pathological from physiological self-reactive T cells or if the breadth of the 

reactivity is more critical than the ability to respond to different pMHC complexes.
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It will most likely be impossible to differentiate pathological from physiological self

reactive T cells based on antigen-specificity. It is becoming clear that the same TCR:pMHC 

interaction can stimulate distinct responses, for example when Treg cells suppress effector 

T cells sharing the same TCR (Figure 2) [25]. In this study, Treg cells and self-reactive 

conventional T (Tconv) cells were both specific against the same Cre antigen (as introduced 

earlier in this review). In the end, further identification of antigen specificities of self

reactive T cells might be useful to appreciate the breath of the antigens that are recognized 

and the target tissues that might be effected. It may not answer the question of the functional 

outcome of those self-reactive T cells, e.g. if they are Treg cells, physiological or potential 

pathological self-restricted T cells. That can only be done with additional characteristics 

as the expression of Foxp3, or yet unidentified factors that could differential or predict the 

function of the self-restricted T cells (Figure 2).

Alterations in peripheral tolerance and functional TCR avidity

A further complication of the matter is that potential dangerous self-reactive T cells can 

be functionally disarmed by being tolerized (anergic). This, however, can be overcome 

and that could be related to the functional TCR avidity. The importance of TCR affinity/

avidity and the consequences of TCR:pMHC engagement have been thoroughly reviewed 

in two recent publications [1,35]. The concept of poly-reactive TCRs, with multiple pMHC 

ligands, in the context of changes in the activation threshold is intimately connected to TCR 

affinity and, more critically, functional avidity (Text Box 2). Functional avidity refers to 

the amount of antigen that is necessary to activate a T cell. For example, it was shown 

that T cell responsiveness to a specific pMHC increases more then 50-fold during the early 

stages of viral infection, indicating that T cells can undergo extensive functional maturation, 

increasing the functional avidity, which is independent of changes to the TCR affinity [36]. 

Do changes in peripheral tolerance result in significant changes in functional avidity and 

does this maturation result in activation of self-reactive T cells that otherwise would receive 

a TCR signal that is too weak to respond on the mere basis of TCR affinity (Figure 1)? In 

addition, could this change in functional avidity turn a physiological self-reactive T cell into 

a pathological one (or vice versa)?

CD5 expression as a marker of functional TCR avidity and self-reactivity

The degree of T cell self-reactivity is thought to be linked to pMHC recognition during 

positive selection in the thymus. CD5 expression levels on T cells reflect affinity, or 

signaling strength, of TCR:pMHC engagement during positive selection and these “tuned” 

levels become hard-wired and seem to reflect the levels of self-reactivity in the mature 

peripheral T cell population [2,37,38]. This could be due to the correlation between CD5 

expression and basal CD3 ζ chain phosphorylation levels and/or expression of a number of 

genes linked to the ability of CD5high T cells to better respond to initial activation [2,38,39]. 

This is supported by recent evidence showing that self-reactive T cells express TCRs that sit 

near the activation threshold and are therefore primed for developing overt disease [40].

While these data suggest that CD5high T cells are more prone to self-reactivity, it is 

not implicit that all self-reactive T cells are CD5high. To test this hypothesis, CD5high 
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and CD5low cells were sorted and transferred into Foxp3DTR mice followed by Treg 

cell depletion. A similar number of self-reactive T cells were found within both the 

CD5high and CD5low populations suggesting that in the context of eliminating Treg-mediated 

peripheral tolerance, CD5 high expression was not an exclusive marker of self-reactivity 

[20]. Intriguingly, it has also been suggested a correlation between CD5 expression and 

development of peripherally derived Treg cells [41].

Using Nur77 to monitor functional TCR avidity

A second model system that can report functional TCR avidity in a more dynamic way is 

the Nur77-GFP reporter mouse [42]. Nur77 is an immediate early gene upregulated by TCR 

stimulation in T cells and importantly not by inflammatory stimuli. This model has been 

used to trace the functional avidity of T cells in the thymus as well as the periphery [1,43]. 

In addition, a modified model has been used to define the very sharp functional TCR avidity, 

or signaling, threshold that is required for commitment to cell division both in vitro and in 
vivo. [44]. In this elegant system, the Nur77-GFP reporter was crossed to a Zap70 mutant 

(Zap70(AS) inhibitor system) that can be selectively inhibited in order to manipulate and 

then detect TCR signal strength in a variety of conditions [44]. It will be informative to use 

this system to investigate the self-reactive T cell pool. Intriguingly, naïve peripheral T cells 

express a basal level of GFP that is rapidly lost in the absence of self-MHC [42]. In addition, 

it has been shown that CD5high T cells also express higher levels of GFP, consistent with the 

notion that the CD5high pool more readily responds to (self)-stimulation [39].

Collectively, these results show that the functional TCR avidity, as measured by CD5 or 

Nur77 expression, is an important component of the self-reactive T cell response. It is 

clear that therapies manipulating peripheral tolerance mechanisms result in the emergence of 

pathological self-reactive T cell responses (Text Box 2 and Figure 1). However, it remains 

to be determined if functional TCR avidity can be used to manipulate self-reactive T 

cells, thereby decreasing the destructive and increasing the beneficial self-reactive T cell 

responses.

Is there a beneficial physiological function for self-reactive T cells?

Why do such a high number of self-reactive T cells pass through thymic selection and patrol 

the periphery? Is this incomplete negative selection only potentially harmful (pathological) 

or can it also be beneficial (physiological)? Treg cells are an obvious example of a self

reactive T cell population with beneficial physiological functions (described in Text Box 1). 

In this section, we will describe the beneficial physiological functions for self-reactive T 

cells that act on, or through, non-immune cells. In this case, the large array of self-reactive 

T cells in the peripheral repertoire could conceivably support anti-pathogen responses, organ 

function and tissue homeostasis.

No gaps in anti-pathogen repertoire

It can be argued from a theoretical standpoint that too stringent negative selection would 

result in a restricted repertoire that would be less capable of recognizing a broad array of 

pathogens. Recent evidence in both mice and man lend support to this notion [9,30,45,46]. 
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In mouse CD4+ T cells it was shown that clonal deletion by certain self-peptides also 

reduces the size of the T cell pools specific for foreign-peptides thus reducing the repertoire 

size [30]. In humans, tetramer staining identified CD8+ T cells that respond to peptides with 

every natural amino acid substituted at position 5 of a hepatitis C virus protein including 

a peptide that was previously reported to represent a gap in the TCR repertoire caused 

by thymic deletion [9]. Additionally, the poly-reactive nature of self-reactive T cells could 

lower the required functional TCR avidity threshold for anti-pathogen responses and thus 

allow productive responses with fewer viral pMHC complexes [46]. Finally, it was shown in 

mice that CD5high naïve CD8+ T cells, described in the previous section, are able to respond 

better than CD5low cells to infection [39].

Although this is not a direct benefit of self-reactive T cells, it is thought to be a benefit 

derived from having these cells present in the peripheral repertoire. It is also unclear if this 

effect is a product of potential pathological or physiological self-reactive T cells. On one 

hand, there are many reports of autoimmune diseases following infections [47,48]. On the 

other hand, it is more difficult to observe “the absence of a pathological response” that 

would, in this case, characterize the response of physiological self-reactive T cells.

Tissue homeostasis

An interesting example of directly beneficial self-reactive T cell responses can be found 

in the central nervous system (CNS) [49–51]. CNS-specific, self-reactive T cells seem 

to play an important role in maintaining homeostasis in the central nervous system. For 

example, self-reactive T cells specific for myelin basic protein (MBP) can protect injured 

CNS neurons from secondary degeneration [52]. This is an interesting observation since 

self-reactive MBP-specific T cells have long been known to be able to cause destruction, 

for example, the paralytic disease, EAE [53]. Therefore, as mentioned before, the mere 

specificity of a self-reactive T cell may not predict the function consequence of this cell. 

This may complicate the diagnostic situation, but it will also create a window of opportunity 

to manipulate these pathological responding cells, to convert into either neutral or in the best 

case to beneficial self-reactive T cells, which would not further destroy the tissue, but could 

support the regeneration phase. There is quite a large number of publications that support 

the physiological functions of self-reactive T cells in the brain. This includes many diverse 

functions, ranging from recovery from injury, neurogenesis, to learning and brain memory 

[49–51]. Not only the brain seems to benefit from physiological functions of self-reactive T 

cells. Other examples of beneficial self-reactive T cell responses are being identified in other 

tissues. Self-reactive T cells play important roles in hematopoiesis [54] and skin wound 

healing [55]. For example, human epidermal T cells are able to produce insulin-like growth 

factor 1 (IGF-1) upon activation and promote wound healing [55]. This is an area that is still 

under-investigated and will likely yield in the future existing surprises.

Similar observations have recently been made with Treg cells (Text Box 1). Subsets of 

Treg cells can perform non-immune functions including stabilizing metabolic homeostasis 

[56,57] and supporting tissue repair [58,59]. Subsets of Treg cells can produce soluble 

factors such as amphiregulin, which promote tissue-repair in the injured muscle or in virus
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infected lungs [58,59]. These functions are independent of their classic immune-suppressive 

function.

In parallel, beneficial physiological functions of self-reactive B cells have also been 

reported. Natural IgM (nIgM) produced by CD5+ B1 B cells, can be poly-reactive and a 

major fraction of nIgM has been reported to recognize self-antigens [60]. Natural IgM is 

involved in tissue homeostasis by promoting the removal of apoptotic cells via binding 

to oxidation-associated phosphorylcholine and malondialdehyde epitopes expressed on 

apoptotic cells. This in turn will enhance the clearance of such labeled apoptotic cells 

by phagocytes [61]. These observations emphasize that beneficial self-recognition is also a 

hallmark of the B cell compartment.

The field of beneficial, or physiological, self-reactive T cell immunology is rapidly evolving 

and many open questions remain. Many of the reported functions seem to involve tissue 

resident T cell populations suggesting that the environment plays an important role. It will 

be interesting to determine if the pathological self-reactive T cells that can also be found 

in these peripheral tissues are converted from physiological cells when the environment 

changes or if they compete against them. Determining the stability of these self-reactive T 

cell populations will be critically important.

Concluding remarks

It is now widely recognized that self-reactivity is not just associated with autoimmune 

diseases. Self-reactive T and B cells are present at relative high numbers in virtually every 

healthy individual. Several issues arise from these new insights.

Are all self-reactive T cells potentially dangerous? This question is too broad to be 

answered. With the knowledge of today we can at least subdivide self-reactive T cells into 

three groups: Treg cells, physiological and pathological self-reactive T cells. Currently we 

have very little knowledge to use to discriminate between these more functional definitions. 

Antigen-specificity as measured by MHC-tetramer binding will likely be not sufficient, as 

all three might recognize the same self-antigen, but respond quite differently. While we 

have a fairly good idea how Treg cells look (e.g., expression of Foxp3, CTLA-4, GITR, 

CD25 and others), we have virtually no markers to differentiate the other two groups. The 

exception might be that a fraction of potentially pathological self-reactive T cells may show 

signs of anergy (again a more functional readout). It might be even more complicated, 

as we currently do not know if these are stable “lineage-like” compartments or if they 

can be converted from one to the other depending on the environment changes. We need 

to understand the molecular programs that enable the functional discrimination. This will 

allow us to potentially reprogram these self-reactive T cells, e.g., in an autoimmune setting 

towards beneficial tissue repair or in a tumor situation towards destruction. Although, one 

has to be careful with the latter, as a broad reactivation of self-reactive T cells, by disturbing 

immune tolerance, can be quite devastating as currently seen in a fraction of cancer patients 

treated with checkpoint inhibitors.
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Finally, the notion that self-reactive T cells can also be beneficial is still in its infancy. 

Currently, it is unclear which non-immune functions are performed by T cells in order 

to support organ function. Is there a division of labor between Foxp3+ Treg cells and 

conventional self-reactive T cells? While this is possible for CD4+ T cells, we currently 

do not know the counterpart on the CD8 side, since there are very few Foxp3 expressing 

CD8+ T cells. Is there an alternative salvage pathway for CD8+ T cells to rescue certain 

TCR-specificities during negative selection in the thymus?
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Text Box 1

Treg cells as part of the self-reactive T cell pool

It is believed that the majority of Foxp3+ Treg cells are thymic derived and can recognize 

self-antigens [62]. In fact, diversion into the Treg fate could be a salvage pathway to 

rescue certain TCR-specificity during negative selection in the thymus. This is not to say 

that all Treg cells are self-reactive or that Tregs or TCR specificities that are prone to 

become Treg cells cannot be negatively selected in the thymus [63,64]. Once the Treg 

cell program is induced in the thymus and Foxp3 is expressed, these cells are surprisingly 

strongly hardwired to stay in the Treg lineage, even under challenged conditions in 

the periphery. This is in part due to epigenetic changes of the Foxp3 locus and other 

important Treg identity genes [65,66].

A very recent study by Legoux and colleagues highlighted that self-antigen specific Treg 

cells restricted against peripheral tissue antigens are necessary to control self-reactive 

Tconv cells that are specific for the same tissue antigens [25]. This study was done with 

the model self-antigen Cre-recombinase, which was expressed in mice through different 

tissue promoters (e.g., pancreas, lung and intestine specific expression). Endogenous 

Cre-specific Treg and Tconv cells were analyzed with Cre-specific MHC-tetramers. 

Cre-specific self-reactive Tconvs and Tregs were readily detectable in all model systems 

tested and no deletion of self-reactive Tconvs was observed. These Cre-specific self

reactive Tconvs could be reactivated to become effector cells by removing the Treg cells. 

These data indicate that at least for some tissue antigens, tolerance relies entirely on 

non-deletional peripheral mechanisms [25].

The expression of tissue-restricted self-antigens that are important for negative selection 

and Treg cell generation are at least, in part, controlled by the autoimmune regulator 

(AIRE). The important role of Aire in shaping the Treg cell repertoire was recently 

described by the Mathis group who identified a unique wave of Aire-dependent perinatal 

Treg cells that seed the periphery and cannot be generated later on in life again [67]. The 

importance of a specialized perinatal wave of Treg cells seeding peripheral organs has 

also been observed during establishing tolerance to commensal bacteria in the skin [68].

The propensity of Treg cells to be enriched for TCR specificities recognizing self

antigens stimulates the idea that Treg cells go beyond the classical modulation of 

immune responses and also play important functional roles in tissue-homeostasis or 

–regeneration. This view has recently been supported by several lines of observation 

in different tissues. The first report described the tissue specialization and non-classic 

immune function of Treg cells in the adipose tissue and insulin sensitivity [56]. The 

accumulation and specialization of visceral adipose tissue Treg cells was driven by the 

transcription regulator PPAR-γ. PPAR-γ expression in adipose Treg cells was necessary 

for complete restoration of insulin sensitivity in obese mice with the PPAR-γ agonist 

drug pioglitazone [57]. Although it was not formally proven, the very restricted and 

unique TCR-repertoire of adipose Treg cells suggests that they recognize fat specific self

antigens [56,69]. Two other organ systems where tissue–regeneration mediated by Treg 

cells was demonstrated are muscle repair after injury and lung repair after virus infection 
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[58,59]. Interestingly, in both scenarios amphiregulin, a member of the epidermal growth 

factor family, was required to be expressed by Treg cells to mediate wound healing.

Richards et al. Page 15

Trends Immunol. Author manuscript; available in PMC 2021 October 19.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Text Box 2

New immunotherapeutic strategies

With the rising number of reports on successful cancer treatment based on immune

checkpoint blockade inhibitor therapy [70–72], there has been a massive increase 

in the number of private companies and public institutions attempting to develop 

novel immunotherapeutic strategies for the treatment of cancer and infectious diseases. 

Interfering with peripheral tolerance is just one promising treatment strategy.

Immunotherapeutic strategies can be broadly divided into two distinct categories. The 

first are the antigen-specific strategies such as vaccination and adoptive cellular therapy 

[73]. These are primarily aimed at directly increasing the number of antigen-specific 

T cells in the patient and are, therefore, by nature highly personalized. Lymphocytes 

are removed from the patient, expanded in culture, potentially genetically engineered 

to express conventional TCRs or chimeric antigen receptors (CARs) and reinfused 

into the patient. While there have been impressive results in the treatment of certain 

hematological tumors, there are a number of shortcomings that need to be addressed 

before this type of therapy can be put into broad use. The most promising studies use 

CAR T cells expressing a receptor that recognizes CD19 expressed by B cell lymphomas 

(and normal B cells) [73]. Central to this approach is the judicious choice of the 

correct target for antigen-specific therapy, since many tumor-associated antigens are also 

expressed by healthy tissues. Importantly, developing these personalized therapies for 

widespread use might prove the need to establish a new infrastructure system to locally 

produce the personalized cellular therapy. Moreover, the success of these antigen-specific 

strategies will critically depend on peripheral tolerance mechanisms, which in turn could 

lead to important synergies with the second category of immuno-therapeutic strategies.

This second category, which is generally antigen-independent, can be further divided 

into pro-stimulatory and anti-inhibitory strategies. The now classic immune-checkpoint 

blockade inhibitors, such as CTLA-4 and PD-1 pathway blocking antibodies, are part of 

the latter group, while recent research is focusing on activating pro-stimulatory pathways 

through molecules such as CD137 (4-1BB), GITR, CD40 and OX40 [74]. The existence 

of multiple distinct therapeutic strategies for treating cancer is encouraging, especially 

since combination therapies prove most promising in clinical studies [74,75].

Check-point inhibitor blockade has been widely hailed as the future of cancer therapy 

[75–77]. Although it has been successful at boosting anti-tumor immunity, it has also 

been shown to promote the development of so called immune-related adverse events 

(irAEs). These irAEs emerge because interfering with peripheral tolerance can also result 

in the activation of many self-reactive T cells (Figure 1). In fact, recent clinical trials 

with check-point inhibitor antibodies uncovered that self-reactive T cells are unleashed 

by these treatments. This now constitutes a major limitation for therapies that interfere 

with tolerance and immune homeostasis [78]. Interestingly, many of the irAEs that 

develop following immunotherapy seem to differ from classic organ-specific autoimmune 

diseases in this broader range of affected organs and responding cells [78]. For example, 

in a murine model of manipulating peripheral tolerance through elimination of Treg cells, 
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it has been shown that many different tissues are affected and a broad array of TCRs 

are responsible for this destruction [18–20]. While classic autoimmune diseases target a 

narrower range of specific tissue antigens such as pancreatic ß-cell antigens in type 1 

diabetes or myelin sheath components in multiple sclerosis, these irAEs are more diverse 

and more reminiscent of the breakdown of major immune tolerance pathways [78–81]. 

The proposed first-line treatment with check-point inhibitor blockade in different cancer 

entities will result in an increased number of patients that will develop autoimmune 

diseases. This number might easily exceed the number of “classic” autoimmune patients 

and highlights the urgent medical need to understand the hidden self-reactive T cell 

repertoire.
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Trends Box

• Self-reactive T cells are present in significant numbers in otherwise 

healthy men and mice. These cells are normally contained but have the 

potential to cause pathological autoimmune disease when peripheral tolerance 

mechanisms are alleviated (e.g., novel cancer immunotherapeutic strategies).

• T cell receptors are poly-reactive. One TCR can recognize a wide array 

of pMHC complexes with different functional outcomes. Changes in the 

functional avidity of TCR:pMHC interactions may unleash previously 

tolerized self-reactive T cells.

• Not all self-reactive T cells are destructive. Self-reactive T cells can support 

such diverse processes as maintaining tissue homeostasis in the central 

nervous system, wound healing and boosting immunity against infections. 

These functions can be summarized as physiological (beneficial) self-reactive. 

In this respect, these cells can perform similar functions as regulatory T cells.

• The mechanisms that restrain self-reactive T cells and instruct them to 

perform physiological functions are not understood.
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Outstanding Questions

• Currently, fundamental aspects of self-reactive T cells are unknown. What are 

the self-antigens that they recognize?

• Are tissue-restricted antigen specific self-reactive T cells more abundant 

compared to ubiquitous self-antigen specific?

• How can alterations in peripheral tolerance settings change the functional 

TCR avidity of the self-reactive T cells and allow them to be unleashed?

• Does the contained self-reactive T cell repertoire contribute to the anti-cancer 

effect of the new immunotherapeutic strategies? Or are they just responsible 

for the immune-related adverse events?

• Which mechanisms control physiological (beneficial) self-reactive T cells in 

peripheral tissues to not induce auto-aggression but still allow the production 

of factors that support tissue homeostasis?

• Can a pathological self-reactive T cell be re-programmed to become 

physiological or vice versa?

• How poly-reactive are individual TCRs? Exception or common feature of 

peripheral T cells?
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Figure 1. Functional responses following TCR:pMHC engagement in healthy conditions and 
situations with altered peripheral tolerance.
(A) In healthy individuals, weak signals produced by engagement of TCRs with self

peptide/MHC complexes (self-Ag) can result in multiple beneficial responses ranging from 

survival (maintenance ligand; on the single cell level) to supporting tissue homeostasis and 

foreign antigen responses (poly-reactive TCRs). While strong self-peptide/MHC induced 

TCR signals lead to anergy. (B) In situations where peripheral tolerance mechanisms have 

been altered, such as cancer immunotherapy or Treg cell depletion, the functional avidity 

of TCR:pMHC interactions will be changed. This might shift the activation threshold and 

lead to the emergence of destructive autoimmune diseases. For example, a previously 

non-functional T cell can now be activated by a ubiquitous self-Ag or a physiological 

self-reactive T cell could be converted into a pathological self-reactive T cell.

Richards et al. Page 20

Trends Immunol. Author manuscript; available in PMC 2021 October 19.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 2. Differentiation between self-reactive T cells.
While the different groups of self-reactive T cells may be impossible to discriminated based 

on TCR specificity, they have unique functional outcomes. Except for Treg cells, little is 

known about the unique phenotypic characteristics of physiological and pathological self

reactive T cells, such as transcription factors (TF) or surface protein expression patterns. The 

most promising line of research could involve looking for evidence of anergy in potential 

pathological self-reactive T cells.
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