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ABSTRACT

The adaptive immune system is expected to protect the host from infectious agents and malignancies, while avoiding
robust activation against self-peptides. However, T cells are notoriously inept at protection whenever the pathogen or
tumor is persistent in the body for longer periods of time. While this has been thought of as an adaptation to limit the
immunopathology from continued effector T-cell responses, it is also likely an extension of the T cell’s intrinsic
mechanisms which evolved to tolerate self-peptides. Here we deliberate on how the need to tolerate self-peptides

might stem from a paradoxical requirement—the utility of such molecules in maintaining a diverse repertoire of
pathogen—specific memory T cells in the body. Understanding the mechanisms underlying this intriguing nexus,
therefore, has the potential to reveal therapeutic strategies not only for improving immune responses to chronic infections
and tumors but also the long-term efficacy of vaccines aimed at cellular immune responses.
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INTRODUCTION

The adaptive immune system is quite efficient in controlling the
vast majority of infections we face over our lifetime. Typically,
the cellular response is initiated by the activation of pathogen-
specific T cells within hours to days of an infection (Lanzavec-
chia and Sallusto 2000). These activated T cells go through rapid
waves of cell division, resulting in a clonal expansion of over a
1000-fold within a week. Along the way, some of the expanded
cells differentiate to acquire effector functions required for the
T cells to either directly kill infected cells or help other cells
of the immune system to do so. If all goes according to the
evolved plan, the pathogen is controlled and the T-cell response
shuts down. In this contraction phase, most of the expanded
pathogen-specific T cells undergo apoptosis while some are re-
tained as memory cells to deal with future infections (Kaech,

Wherry and Ahmed 2002). This orchestration usually plays out
quite well when the pathogen in question is transient—i.e.
it causes an acute infection. However, in many of the cases
where a pathogen persists in the body for more than a few
weeks, the T-cell response intentionally shuts down without suf-
ficiently clearing the target (Moskophidis et al. 1993; Wherry and
Kurachi 2015). Such a shutdown of the T-cell response is known
in specific models as exhaustion, anergy, tolerance, desensi-
tization, silencing, tuning, etc. Discussions and comparisons
of these models are already available the literature, and so
are not further elaborated here (Choi and Schwartz 2007; Schi-
etinger and Greenberg 2014; Grossman and Paul 2015; Wherry
and Kurachi 2015). But perhaps a common thread that runs
through these phenomena is a nearly global silencing of the
T cell, such that its ability to make new responses is greatly im-
paired (Fig. 1). This process is referred to as tuning, to reflect
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Figure 1. Tuning is a negative feedback in T cells responding to chronic stimuli. A simplified cartoon summarizing key elements of a T-cell response to acute (left
column—A to D) and chronic (right column—E to H) stimulation, focusing only on the cell types and biochemical events that are discussed in this article. Although
I use a self-tissue-derived antigen to illustrate a chronic stimulus in E-H, chronic infections can also provide similar sources. An animated version of this cartoon
is available at http://nevillab.org/index.php/projects/immune-tolerance. (A) Stimuli that can be eliminated quickly (typically <2-3 weeks) from the host are thought
of as acute ones. In this case, the peptides from such agents are carried from the infected tissues to the draining lymph nodes by activated antigen-presenting
cells. Typically naive T cells are activated by dendritic cells when the presented peptide leads to intracellular signaling downstream of the T-cell receptor (TCR). These
activating intracellular signals (+ signals) include kinases such as LCK, FYN, ZAP70, etc. and eventually results in gene activation via a network of transcription factors.
(B) The genes that are activated for expression include cytokines (such as IFNy, TNF, IL4) and lytic molecules (including granzyme and perforin) which constitute the
effector response of the T cell. As a result of an effective response, the pathogen is cleared from the system. (C) The clearance of the acute infection also results in loss
of strong antigenic stimulation. Since the TCR signals are no longer present, the immune activation subsides and the response ends. (D) Therefore, the acute immune
response can be thought of as starting and stopping as a consequence of antigen appearance and ‘disappearance’ (or containment). (E) In the case of the chronic
antigen, the initial activation of the TCR is broadly similar to A and B. Differences in dendritic cell activation, inflammatory cytokines, action of regulatory T cells, etc.
are certainly factors at this stage, but are not shown in the interest of focusing on clarifying the TCR-based tuning process. (F) The continued response of the T cell
can lead to effector responses, and tuning may be involved in silencing this process. However, it should be pointed out that the development of an effector response
before tuning kicks in is not necessary. And in the case of low-affinity ligands, the silencing by tuning may be recruited even before an effector response is elicited.
(G) The central element of tuning is the development of negative feedback downstream of the antigen-sensing machinery (TCR, etc.). The tuning down of the T cell
essentially dampens the cellular responsiveness. So although the T cell is around, it does not make robust responses to the stimulation. As a result, this T cell can
be categorized as a ‘poor’ memory cell or an exhausted one. This simplified cartoon does not represent many other factors that also contribute to or are markers of
the exhausted/tuned/tolerant state of the T cell, but illustrates the cellular negative feedback or tuning, that we expect to be a shared feature of many of these states.
Although we and others have shown multiple effects that the negative feedback has on TCR-proximal kinases, the precise molecules sensing chronicity and enforcing
tuning are not yet known. Elucidating these will be critical in understanding the commonality between multiple states of T-cell tolerance. (H) The major difference
between an acute and chronic stimulus is that, by definition, the first one is cleared from the system with the help of the immune response. As a result of the loss of
stimulus from the system, the major effector response from the T cells stops. In the case of chronic stimuli, T cells can stop ‘themselves’ as a result of intracellular
negative feedback.
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the fact that such silencing can be quantitative and reversible
(Rocha, Tanchot and Von Boehmer 1993; Tanchot et al. 2001,
Singh and Schwartz 2003). While this behavior of T cells can
be a problem in the context of not being able to clear chronic
infections, tumors, etc., its beneficial role in the limiting of by-
stander immunopathology and autoimmunity has also been dis-
cussed (Blackburn et al. 2009; Nakamoto et al. 2009; Lucas et al.
2011; Okazaki et al. 2011; Topalian, Drake and Pardoll 2015). Mod-
els of lymphocyte tuning have a long history, being developed
as a structured theory by Zvi Grossman and the late William
E Paul in 1992 (Grossman and Paul 1992). This progression is
documented in many publications (Sinclair and Anderson 1994;
Grossman and Paul 2015), and is not reviewed here. Instead,
we summarize our laboratory’s approach to understanding the
T cell’s curious relationship with persistent proteins using this
framework (Singh and Schwartz 2003; Singh, Chen and Schwartz
2006; Singh, Bando and Schwartz 2012; Steinert, Schwartz and
Singh 2012) and discuss possible teleological incentives under-
lying this self-reverence. The conceptual perspective presented
here is that self-reactivity in T cells evolved as a mechanism
to maintain the diversity of protective memory T cells and that
mechanisms which turn off T-cell responses to chronic stimuli
were necessary to prevent lethal autoimmunity from such a nec-
essary self-reactivity.

ON THE ORIGINS OF THE T CELL'S
PARALYZING FEAR OF PERSISTENT STIMULI

Speculating on the physiological merits or the selective advan-
tages that spurred the evolution of a pathway of T-cell silencing
is not trivial. One possibility is that shutting down a T cell’s effec-
tor response evolved as a host-protective feedback mechanism.
In this line of reasoning, continuing inflammatory responses
against a non-clearable pathogen could potentially cause accu-
mulated bystander damage to host tissues. Shutting down this
seemingly futile response limits the unwelcome immunopathol-
ogy and improves the fitness of the host. Although intuitive, this
postulate is not without its challenges. It can be argued that al-
lowing the pathogen to persist by shutting down the T-cell re-
sponse before it clears the microbe completely can have poten-
tially deleterious consequences of its own. The morbidity from
the infection, the potential for variant microbes that can grow
faster and eventually kill the host anyways, etc. are some. Im-
portantly, this persisting pathogen can now use the host as a
reservoir to the spread through the local population. Of course,
the immediate targets would be the kin (relatives, offspring, etc.
which share genetic kinship) of the infected individual. The evo-
lutionary benefits of saving the host whose cells failed to clear
a pathogen, while exposing his/her genetic compatriots to a
fitness-reducing infection, is challenging to gauge. From a cel-
lular point of view, it is also surprising that the silencing of the
T cell is nearly global. Although there are known biological path-
ways that can be activated to surgically turn down particular ef-
fector responses (Hochrein et al. 2000; Owyang et al. 2006; Villar-
ino et al. 2007; Palmer and Restifo 2009), the silencing in T cells
seems to operate at a TCR-proximal level (Chiodetti et al. 2006).
This would impinge on almost all pathways of T-cell activation
by choking off the initial ligand sensing. Silencing does seem
to be a progressive state (Wherry 2011) and despite these argu-
ments, the ‘global’ shutdown may be construed as a last-ditch
effort to avoid continued responses. But even so, it is surprising
that proliferative functions are shut down prior to effector func-
tions, if the goal was to avoid immunopathology from the latter
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(Ohlen et al. 2002; Wherry et al. 2003). The weight of these argu-
ments does not mean that limiting immunopathology is not an
important purpose behind T-cell silencing, but it is worth con-
sidering if it is really the preeminent objective behind it.

A second motivation for the evolutionary fixation of path-
ways of T-cell silencing could be to limit responses to non-
pathogen-derived peptide-MHC complexes that T cells are con-
stantly exposed to. There are two major sources of these
peptides—proteins from our body (self) and those from com-
mensal microorganisms. As regards the latter, in recent years
the critical role of commensals supplementing various physio-
logical functions ranging from digestion to neurodevelopment
has been appreciated (Goyal et al. 2015). Given their many ad-
vantages, the immune system could have been under pressure
to avoid clearing such microbes from the body—even though it
is not trivial to distinguish effectively between pathogenic and
non-pathogenic microbes. The result is the evolution of a mul-
tilayered system that (i) limits commensals beyond epithelial
barriers by using specialized innate immune mechanisms and
(ii) modifies T-cell responses at these barrier sites to have a non-
inflammatory and barrier-promoting function (Hooper, Littman
and Macpherson 2012; Belkaid and Hand 2014; Mukherjee and
Hooper 2015). So, from the point of view of the T cell, a combi-
nation of ignorance (due to the innate barriers) and regulation
(specialized responses and regulatory T-cell activity at the bar-
rier sites) serves to maintain a fine balance between sustaining
commensals and avoiding their systemic dissemination. Desen-
sitizing a TCR to be insensitive to specific commensal antigens is
plausible, but needs further study. In fact when the innate barri-
ers are breached, even by another acute pathogen, the responses
mounted by T cells against commensals are not very different
from those that they would mount against another pathogen
(Hand et al. 2012). This conventional response lasts till the bar-
riers are restored and mirror one to an acute ‘infection’ rather
than a chronic one.

However, compared to limiting immunopathology to non-
clearable pathogens or avoiding responses to commensals, the
arguments for self-tolerance are considerably more engaging. As
a source of peptides that cannot be shielded from T cells by way
of barriers alone, potential immune responses to self-tissues can
be debilitating. Most self-proteins are available in the body for
the person’s lifetime and are chronic by definition. Of course,
the potential for self-reactivity is an abiding concern of the im-
mune system and mechanisms to mitigate that are evident at
every stage of T-cell development. Of the over 108 potential TCRs
that can be generated randomly in the thymus, strongly self-
reactive ones are eliminated by negative selection (Singh and
Schwartz 2006). Special mechanisms to ectopically express ad-
ditional tissue-specific peptides in the thymus using molecules
such as Aire and Fezf2 improve upon the efficiency of negative
selection (Anderson et al. 2002; Takaba et al. 2015). Even so, it is
clear that this step only leads to the elimination of T cells sens-
ing abundant or ubiquitous proteins (Legoux et al. 2015; Malho-
tra et al. 2016). Many T cells specific for tissue-specific (chronic)
proteins complete thymic selection and patrol the periphery
(Legoux et al. 2015; Yu et al. 2015). Importantly, while a short-lived
(acute) response against these proteins is likely to be tolerated by
the host, chronic immune responses to such tissues can be fatal.
Therefore, silencing T cells that mount anti-self-responses can
be critical to the survival of the species.

Nevertheless, even overt self-reactivity to tissue proteins, as
commonly discussed in the literature, is only an issue for a
fraction of the TCRs. But the aspect of self-reactivity that can
dramatically expand this scope and arguably underscore the
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importance of evolving robust control mechanisms in every T
cell stems from a stage in T-cell development known as posi-
tive selection (Lo and Allen 2014). After a developing T cell com-
pletes the gene rearrangements needed to generate a receptor,
this new TCR is tested for its ability to functionally signal into
the cell. This ‘quality control’ step, known as positive selection,
involves the TCR engaging a peptide-MHC complex in the thy-
mus. Only those T cells whose new TCRs transmit a prosurvival
signal into the cell at this stage are allowed to develop further.
In cases where the peptides used in positive selection have been
identified, they are invariably derived from broadly and persis-
tently expressed self-proteins (Hogquist et al. 1997; Santori et al.
2002; Ebert et al. 2009; Lo et al. 2009). Therefore, every single T cell
that we can find in our peripheral immune system is paradoxi-
cally guaranteed to be self-reactive (Davis et al. 2007). Of course,
it has been argued that this does not pose a ‘real’ threat of au-
toimmunity because positively selecting self-peptides are very
low affinity ligands. But, as we will discuss further below, the
lack of agonistic activity is more a reflection of changes that
happen in the T cell rather than a purely biophysical property
of the particular peptide-MHC complex. It has also been sug-
gested that positively selecting peptides may be generated us-
ing a thymus-specific machinery and therefore not well repre-
sented in the periphery (Honey et al. 2002; Xing, Jameson and
Hogquist 2013; Sasaki et al. 2015; Takada et al. 2015). Although
these pathways, from what is reported so far, only seem to in-
fluence a subset of TCRs (Nitta et al. 2010), the identification of
additional peptides that positively selecting specific TCRs will
allow us to resolve these questions.

THE TUNABLE LYMPHOCYTE

The ability of mature T cells to effectively ‘ignore’ the contin-
ued presence of positively selecting peptides in the body often
leads us to discount them when discussing potential peptides
that TCRs can engage. Typically, any given TCR would have a
very low affinity for its positively selecting ligand to start with
(since high-affinity ligands are likely to trigger negative selec-
tion in the thymus) (Klein et al. 2014). But it is important to note
that positively selecting ligands are perfectly capable of signal-
ing via the TCRs they select. Furthermore, it is also emerging
that the T cells continue to sense and derive some (poorly un-
derstood) signals from these ligands even as mature peripheral
cells (Davis et al. 2007; Lo and Allen 2014). The reason these TCRs
can avoid making an effector response against such ligands is
thought to involve an adaptation process. A series of alterations
in the molecular complexes associated with the TCR in develop-
ing T cells significantly dampens the sensitivity of the T cell to
peptide (Pircher et al. 1991; Davey et al. 1998; Lucas et al. 1999).
As a result, even though a TCR on a mature peripheral T cell
might structurally bind the self-peptide that once positively se-
lected it, this does not lead to a strong enough intracellular sig-
nal required to fully activate the T cell. This adjustment process
is the first instance of the T cell invoking ‘tuning’ or receptor-
sensitivity modulation to avoid making autoimmune responses
(Grossman and Paul 1992; Grossman and Singer 1996).
Although it is not very typical to equate the low-affinity self-
peptides that mediate positive selection with the strong ago-
nistic self-peptides that may trigger autoimmune disease, as
we understand the mechanisms underlying tuning better, this
distinction is being increasingly challenged (Davis et al. 2007;
Morris and Allen 2012; Hogquist and Jameson 2014). For in-
stance, one intriguing regulator of the tuning process that fol-

lows positive selection is the microRNA mir181a (Li et al. 2007).
Mir181a is highly expressed in the double-negative stage of thy-
mocytes at the time they are undergoing positive selection and
gets downregulated in later stages of maturation. Since this mi-
croRNA downregulates multiple phosphatases including SHP1,
SHP2, DUSP1, etc., the activity of kinases that transduce sig-
nals downstream of the TCR is further enhanced. This allows
the thymocyte to sense the weak signal from the endogenous
positively selecting pMHC. As the expression of mirl8la wanes
by the mature T-cell stage, the levels of multiple phosphatases
in the cell are increased. This increased phosphatase activity
dampens the activity of TCR proximal kinases, reducing the sen-
sitivity of the TCR at a global level. The idea is that such changes
tune the TCR’s sensitivity to peptide, effectively minimizing the
cell’s ability to be activated by the low-affinity positively selec-
tive peptide. Importantly, when the authors then manipulated
mirl8la expression in the fully developed mature T cells, these
T cells could in fact sense the endogenous peptide (Li et al. 2007;
Ebert et al. 2009). Therefore, the same peptides that mediate pos-
itive selection are not only present in the periphery but are also
capable of functioning as agonists if the tuning mechanisms in
peripheral T cells break down.

In order for tuning to be effective in restraining T cells from
autoimmunity, the process has to be dynamic. First, the levels of
self-peptide that the T cell encountered in the thymus may not
be the same as it will be exposed to in the periphery. Second,
these levels may change during the lifetime of the individual.
This implies that a T cell must have the ability to constantly cal-
ibrate its sensitivity in conversation with the levels of ambient
peptide levels. As proposed originally by Zvi Grossman and the
late William E Paul (Grossman and Paul 1992), an endogenous
sensor in T cells must constantly detect and adjust to the lev-
els of chronic stimulation (Grossman 1993; Grossman and Paul
2000). This of course raises an intriguing question. If peripheral
T cells are capable of dynamic tuning to ligands such as their
positive selecting ligand, could they also not use the same ma-
chinery (linked to the same TCR) tune to a persistent agonist?
In other words, since (or if) the same TCR machinery is used to
detect positively selecting peptides and a canonical agonist, the
machinery can also be activated when the T cells engage an ago-
nist, leading to tuning. Perhaps, this is the underlying reason for
the dampening of responses to chronic (and even some acute)
agonists that is widely observed.

Indeed, several years ago, we showed that peripheral T cells
are quite capable of tuning to different levels of their agonistic
peptide in vivo. In these studies, we and others have used adop-
tive transfer approaches that enable the quantitatively tracking
of the fate of mature peripheral T cells in vivo (Rocha, Tanchot
and Von Boehmer 1993; Akkaraju et al. 1997; Adler et al. 1998;
Pape et al. 1998; Jordan et al. 2000; Singh and Schwartz 2003;
Knoechel et al. 2005; Steinert, Schwartz and Singh 2012). Our
own strategy involved the adoptive transfer of a model peptide-
specific T-cell population to mice where they can then encounter
their cognate ligand either as a chronic self-peptide or be immu-
nized acutely using the same peptide (Singh and Schwartz 2003).
In such models, otherwise naive and fully responsive T cells
which encounter the chronic stimulation in vivo rapidly down-
regulate their peptide sensitivity even without the presence of
regulatory T cells (Singh, Chen and Schwartz 2006; Singh, Cox
and Schwartz 2007). The loss of responsiveness is progressive,
over a 5-8-day period and importantly, is reversible. Removal
of these tuned T cells from the chronic-stimulation milieu re-
sults in a gradual recovery of functionality in these cells. Finally,
the same T cell can also be shown to tune its responsiveness at



multiple levels, based on the steady-state intensity of peptide
presentation in vivo (Tanchot et al. 2001; Singh and Schwartz
2003). Tuning is also evident in altered TCR-proximal signaling
events starting with dampened activity of the enzyme ZAP70
which phosphorylates elements of the TCR complex within sec-
onds of pMHC engagement (Singh and Schwartz 2003; Chiodetti
et al. 2006; Choi and Schwartz 2007). Similar tuning of the T cell
has been reported using other models as well (Marquez et al.
2005; Teague et al. 2008).

Therefore, a process of dynamic tuning can be observed in
T cells after undergoing positive selection on self-peptides as
well as reacting to chronic conventional high-affinity agonists.
Since we do not have a clear molecular understanding of either
process, it is of course too early to ask if they are ‘the same’.
Indeed, apart from the affinity differences for the TCR-pMHC,
the developmental stage of the cells and the peptide-presenting
cells involved in positive selection versus peripheral activation
are quite different. Although the data suggest that the T cell
should be able to maintain tuning to positively selecting ligands
even in the mature peripheral naive T-cell stage, it is still pos-
sible that the mechanisms that T cells use to enforce silence to
those can be quantitatively or qualitatively different from that
they invoke in response to a strong agonist. This may simply
stem from the fact the low-affinity ligand may not elicit the
same number or type of signaling events in the T cell and there-
fore can be silenced by a subset of negative feedback processes.
Nevertheless, given the engagement of the same TCR, it is quite
likely that proximal mechanisms used to sense continued ligand
presence are shared between the two pathways. The identifica-
tion of these and other mechanics in the T cell would be key in
further defining how we approach breaking T-cell tolerance to
tumors and chronic infections, while restoring tolerance to an
ongoing autoimmune response.

THE SELF-REACTIVITY THAT DOESN’T KILL
YOU, MAKES YOU STRONGER

The need to avoid autoimmunity is critical for the individual’s
survival. As discussed above, a robust mechanism of tuning may
help in this process. Perhaps the evolutionary impetus for a tun-
ing machinery is in large part driven by the need to restrain this
universal self-reactivity of the T-cell repertoire. Following this
teleological argument, one then wonders why all T cells had to
be universally self-reactive in the first place. In other words, it is
challenging to understand why every T cell comes out of the thy-
mus only after being certified to be self-reactive and then neces-
sitate additional mechanisms to ensure that this self-reactivity
does not lead to self-destructive autoimmunity. This in essence
is a question of why positive selection operates the way it does
and has been litigated previously in the literature (Matzinger
1993; Jameson, Hogquist and Bevan 1995; Benoist and Mathis
1997). Indeed, appreciating the dangers of selecting an exclu-
sively self-reactive repertoire during positive selection, classical
challenges initially questioned if selection was indeed peptide
specific at all (Matzinger 1993). If the purpose of this step in T-
cell development was essentially to perform ‘quality control’ —
i.e. to ensure that the newly rearranged TCR works, there are po-
tential ways to do that without using peptide specificity. Avoid-
ing specific peptide recognition at that stage also seems more
frugal in an evolutionary sense, since it might also reduce selec-
tive pressures for maintaining an elaborate tuning machinery in
the thymocyte. However, it is now quite clear that positive selec-
tion involves a specific TCR-pMHC pairing. While there is some
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degeneracy, so that one particular peptide can potentially select
multiple TCRs, each TCR does require a specific peptide ligand
for selection (Liu et al. 1997; Chmielowski, Muranski and Igna-
towicz 1999; Ebert et al. 2009; Lo et al. 2009). Indeed, in the in-
triguing pair of papers where this has been studied, two different
T cells that recognize the same foreign ligand in the periphery
use different positively selecting peptides to develop in the thy-
mus (Ebert et al. 2009; Lo et al. 2009).

The likely reasons for maintaining peptide-specific positive
selection as a critical step in T-cell development have been
actively discussed in the recent literature (Paul, Milner and
Grossman 2013; Hogquist and Jameson 2014; Lo and Allen 2014;
Vrisekoop et al. 2014). An emerging consensus is that the selec-
tion on self-peptides anticipates a critical role that these same
peptides will play during the activation of the T cell by a periph-
eral foreign ligand. One such role is that of a co-agonist, wherein,
as a naive T cell is being activated by exceeding low (possibly
as low as one) numbers of foreign peptide-MHC complexes, the
TCR gets a little help from being able to engage an additional
PMHC in order to increase its rate of activation (Wulfing et al.
2002; Krogsgaard et al. 2005; Gascoigne 2008). Since ubiquitous
self-peptides are always likely to be displayed on patrolling den-
dritic cells, positive selection may help ensure the optimal sen-
sitivity of the TCR (Mandl et al. 2013; Persaud et al. 2014; Fulton
et al. 2015). Similarly, endogenous peptides may also help pro-
mote the ability of naive T cells to be activated, by keeping them
‘tickled’ at a low level so that the TCR signaling apparatus is
always in a poised state, ready for rapid activation at the first
sign of a foreign target (Stefanova, Dorfman and Germain 2002;
Fischer et al. 2007). This connection between heightened self-
recognition and foreign responsiveness has now been reported
during responses to immunizations as well as infections (Mandl
et al. 2013; Persaud et al. 2014; Fulton et al. 2015). In these stud-
ies, T cells which express markers consistent with stronger en-
gagement of self-peptides (e.g. CD5) are preferentially selected
during responses to unrelated cognate peptides. Paradoxically,
the system prefers to use the exact subset of cells for fighting
a pathogen that also presents the greatest threat of triggering
autoimmunity (Hogquist and Jameson 2014), if the tuning me-
chanics were not sufficiently robust.

A SELF-REVERENTIAL MEMORY OF PAST
INFECTIONS

So, to revisit the original question then, why positive selection?
(Matzinger 1993) i.e. why was a mechanism that ensures uni-
versal self-reactivity of the repertoire selected through evolu-
tionary time to become an integral part of T-cell biology? As
discussed above, the helpful role that self-reactivity plays to-
ward improving responses to foreign antigens as well as T-cell
homeostasis is certainly a consideration. But such functions do
beg the hypothetical question i.e. ‘couldn’t another (non-self-
peptide driven) mechanism have evolved to do the same job and
without the associated cost of autoimmunity?’ Indeed, other ac-
cessory molecules can be envisioned to play similar roles to the
co-agonistic activity of self-pMHC and prosurvival signals for
homeostatic purposes could be (and are) provided by non-TCR-
ligand interactions. Although it can be an axiomatic trap that
evolutionary processes eventually retain only the least costly so-
lution (Hedrick 2004), the argument is raised here because there
is potentially a more robust alternate incentive. This relates to a
fundamental mandate of the adaptive immune system, that of
remembering all the infections that the body encountered over
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Figure 2. Structure of the memory T-cell population in vivo. A simplified cartoon comparing how memory T cells competing for cytokines alone (A) or endogenous
peptide-MHC complexes (termed subthreshold ligands or STLs after Grossman and Paul) alone (B) may be visualized. An animated version of this cartoon is available
at http://nevillab.org/index.php/projects/immune-memory (A) Cytokines such as IL-7 and IL-15 are critical mediators of memory T-cell survival. In the simplistic ‘well-
mixed-pot’ model, all memory T cells are able to compete along equal lines for access to such factors. Along the lines of a population biology framework then, the
amount of such factors in vivo will limit the total number of T cells that can be maintained in the body. The question of how limiting such factors are and how rigid
the population ceilings imposed by such limits are still under investigation. (B) If the T cells compete for a specific STL, then the niche that they can compete in can be
quite small—as opposed to a global competition cartooned in (A). Although only STLs are shown in (B), in vivo, it could be a combination of both cytokines and STLs.
The important point would be that the diversity element would come from the inclusion of STLs into the competitive framework.

one’s lifetime. Importantly, it is unlikely in this context that any
other mechanism can replace the diversity of ligands offered by
self-pMHC to retain memory T cells.

The ability of the immune system to specifically remember
past infections is the basis of the protection we acquire from
childhood infections and of course, vaccines (Kaech, Wherry and
Ahmed 2002). Over time, an individual is exposed to a wide va-
riety of infections and toxins. As the child is nursed by parental
care through these exposures, the immune system also remem-
bers the response it made against each of them. This memory
is usually accomplished by keeping few of the antigen-specific
cells that responded to the first exposure around to fight the
next one—ensuring that the host can survive returning infec-
tions with minimal morbidity. In order for this process to work
effectively, the immune system must remember most (if not all)
of these infections, for the rest of the person’s life. In the case
of T cells, this implies retaining an extensive complex reper-
toire of memory T cells that were previously able to repel any
of the hundreds of infections that the person is likely to be
re-exposed to.

After the initial response to the pathogen is successful, a het-
erogeneous pool of memory T cells remains either in the tissues,
lymphoid organs or circulates through multiple sites. While the
factors regulating the pool of tissue resident cells (Try) are not
well understood (Schenkel and Masopust 2014), the long-lived
cells in the lymph nodes, spleen and bone marrow are thought
to be maintained with the help of trophic factors that support
a slow homeostatic turnover of the cells (Schluns and Lefran-
cois 2003; Grossman et al. 2004; Surh and Sprent 2008). In the
case of CD8 T cells, the dominant trophic factors are the cy-
tokines IL-7 and IL-15 (Fig. 2A). Since the levels of these cytokines
are thought to be relatively constant in the niches supporting
T-cell survival, the system effectively imposes a ceiling on the
number of memory cells that can be maintained in the body
(Freitas and Rocha 2000). Indeed, while the existence of such a
fixed compartment size is not evident for resident or effector
memory subsets of CD8 T cells, the size of both central mem-

ory CD8s and the CD4 memory pool does appear to be relatively
constant over time (Vezys et al. 2009). In this context, if a new
memory T cell is generated, it can potentially displace a pre-
existing memory T cell—by competing with the latter for the
same trophic factor (Fig. 3B and C).

The inherent danger in such a competition is that newly
minted memory T cells could eliminate previous memories
(Fig. 3C). Since we are likely to have a few different clones of
memory T cells for each pathogen and multiple copies of each
clone in the pool as well, it can be argued that some degree of
such replacement is unlikely to dent the protective potential of
the system. But this may not be the case for rarer memory cells,
representative of childhood vaccines for rare (yet potentially
lethal) diseases. Furthermore, soon after any recent infection,
the number of new ‘memory’ T cells for that pathogen is likely
to be far in excess of the frequency of any other particular mem-
ory cells in the pool (Fig. 3A). Arguably, this numerical advantage
can potentially lead to a disproportionate loss of pre-existing
cells in favor of new memory T cells (Fig. 3C). With each repeat
infection (e.g. seasonal episodes of flu and malaria), the mem-
ory pool would thus progressively loose diversity, as the memory
T cells for the most recent pathogen expand and contract, eras-
ing cells that help remember other infrequent (yet potentially
deadly) diseases. Clearly, this calls for a regulated mechanism
to ensure an orderly succession, whereby new memory T cells
take their place without indiscriminately eliminating the criti-
cal diversity of other memory cells acquired over a lifetime.

A potential solution to this problem arose from studies on
the homeostasis of peripheral T-cell populations (Freitas and
Rocha 2000). In many models, the survival of peripheral T cells
and/or their stem-like turnover is influenced by the diversity
of endogenous peptide-MHC complexes (Kieper and Jameson
1999; Viret, Wong and Janeway 1999; Moses et al. 2003; Min et
al. 2004; Hataye et al. 2006). A similar phenomenon was also un-
covered by our own studies on the mechanisms by which a CD4
T-cell response undergoes contraction (Singh, Bando and
Schwartz 2012). Tracking the fate of a monoclonal T-cell cohort
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(A) Antigen-specific T cells expand beyond the limits of their niche during an immune response

Steady state
memory niche

N,
After pathogen-clearance new memory T cells compete with the old ones for niche resources that are:
(B) Equally accessible to most cells (e.g. cytokines) or (C) Shared among a few T cells (e.g. STLs )

Repeated competition may yield different outcomes, based on the nature of the niche
(D) Worst case scneario for public competition (E) Worst case scneario for STL competition

@ @ @ =
state niche
Lis) @ @>

Figure 3. Potential consequences of public versus private competition on the diversity of memory T cells. The basic concept of memory maintenance on the basis of
cytokines and STLs is cartooned here, using a hypothetical ‘worst-case’ scenario to illustrate my point that rampant competition between T cells without a restriction
of niches can potentially have deleterious consequences on the repertoire. (A) Consider a memory repertoire with a diverse population of memory T cells that have
accumulated over time in the individual (cartoon shows T cells 1-9 and X). The frequency of each is relatively low and this allows the total population to exist stably
in the niches available in the immune system (niche boundaries marked by gray box). Upon pathogen entry, the appropriate T cell (here marked by X) expands to
large numbers, which can even numerically be equal 10%-50% of the total repertoire. The key issue is what happens next. After the pathogen is cleared, this clone
of T cells—expanded to large numbers—can go back to competition for resources in the immune niche. The potential drawback of using only public factors for this
process is illustrated in (B) and (D), while the solution potentially offered by weak self-ligands (i.e. subthreshold ligands or STLs) is shown in (C) and (E). (B and D) Since
X can stochastically compete with all other T cells (provided they have the receptors for the cytokine), it is possible that it can replace some of the rare memory T cells
who are at a numerical disadvantage to the larger numbers of X. This can be costly, since the rare memory T cell that was lost in the process could represent a vital
protective agency against a future infection by a less frequently appearing but debilitating pathogen. One way the number of new memory T cells that can compete
for the cytokine niches (i.e. X competing for IL-7 and IL-15 here) is reduced is by regulating the expression of cytokine receptors on X. But even so, the large numbers
of receptor positive cells that are available and the threat of repeated infections do offer a significant threat to the repertoire. Regardless of whether the total memory
T-cell number at this point (after multiple infections) stays the same or slowly increases with time, it is important to note that only a small fraction of the effector
cells are retained. So, a large number of the new ‘memory recruits’ can potentially compete with pre-existing memory T cells for their survival niches. As a result of
this (shown in D), T-cell clones remaining after the recent infection can occupy every niche—theoretically capable of displacing in a stochastic fashion most of the
other pre-existing memory T cells in the process. If the pool size can grow a little, this is unlikely to be a serious concern. However, over time the repertoire will be
disproportionally biased toward clones remaining from the most repetitive infections—e.g. seasonal flu as opposed to rarer (and potentially more deadly) infections.
(C) In the case of competitive niches defined by STLs (in addition to or instead of cytokines), the new recruits (X) only compete with a specific subset of T cells that
engage that particular STL. If the diversity of STLs is large enough, each niche is likely to be quite small. Unlike the fixed scope for sources of IL-7/15, etc. in the body,
the niche of STLs can be expanded—by using new sources of self-ligands or commensal antigens as the individual’s repertoire grows. In this case (cartooned in E),
even after repeated responses by a clone, in the ‘worst-case’ scenario, replacement of all the other receptors in a particular niche is unlikely to make a serious dent
in the complexity of the total repertoire. As discussed in the text, since multiple TCRs specific for the same antigen can segregate randomly across multiple STLs, the
repertoire is likely to retain a broad suite of T cells representative of the individual’s pathogen exposures, with this mechanism.
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in vivo, we found that its frequency was regulated by neighbor-
ing polyclonal CD4 T cells. Among the polyclonal T cells, only 1
in 2000 could compete against the monoclonal T cell we studied.
Importantly, rather than competing for cytokines or even for the
same agonistic antigen, this rare T cell was just better at sensing
the same positively selecting ligand as the monoclonal T cell. We
interpret these data to suggest that effector T cells compete only
against others which recognize the same endogenous (perhaps
the same positively selecting) ligand. When applied to memory
T cells, this offers an intriguing model for ensuring that the di-
versity of the repertoire is robustly maintained (Singh, Bando
and Schwartz 2012).

Memory T cells are generated from naive T cells. Each TCR
requires its own specific positively selecting ligand in the thy-
mus to develop. This selecting peptide is rather specific such
that even two TCRs specific for the same foreign peptide may
undergo positive selection of two different thymic self-peptides
(Ebertetal. 2009; Lo et al. 2009). At the same time, one thymic self-
peptide can support the development of a fairly diverse reper-
toire of T cells (Ignatowicz, Kappler and Marrack 1996). Taken
together, this implies that (i) the peripheral pool of T cells can
be divided fairly rigidly into groups based on their thymic pos-
itively selecting ligand and (ii) the groups that are so divided
are likely to contain a random assortment of unrelated foreign
peptide-specific T cells (Fig. 2B). It is estimated that there are
thousands of positively selecting peptides in the thymus (Lo and
Allen 2014). If maintenance of the memory repertoire is criti-
cally dependent on recognition of these pMHCs in the periphery,
then we can divide the peripheral memory repertoire into thou-
sands of ‘colonies’ (Fig. 2B). Accordingly, after an antigen-specific
response (Fig. 3A) T cells are expected to compete for survival
(Freitas and Rocha 2000) only within these small colonies (Fig. 3D
and E). Unlike a general competition with the entire T-cell popu-
lation (Fig. 3B), this limited competition (Fig. 3D) would be ex-
pected to affect only a thin slice of the total memory T cell.
Even if the same infection were to return seasonally, repeated
expansions and contractions of the same clones of memory cells
would have no consequence on the broad repertoire. Rather, any
loss of other specificities would be limited to the relatively few
that share its own niche peptide (Fig. 3C and E).

The robustness of this strategy depends on how many such
self-peptides are available in the system and therefore how
many colonies the T cells can be fractionated into. Of course,
a number >1 (as you would get from a cytokine-competition
alone) is still better, but self-peptides clearly are much more di-
verse (Lo and Allen 2014). In our study, the frequency of com-
peting cells for the one TCR we used was estimated to be 1 in
2000 of the polyclonal repertoire (Singh, Bando and Schwartz
2012) (based on fractionating the polyclonal cells into 100 cell
pools and assaying how many of these could compete against
one TCR). This matches closely with estimates for the abun-
dance of dominant self-peptides gleaned from studies in which
naturally bound peptides were eluted from MHC molecules. Al-
though we have so far discussed positively selecting peptides as
the source of such colony-determining ligands, it is also possi-
ble that there are other self-peptides that are expressed only in
the periphery which fit the bill. The two key features that these
peptides have to satisfy for this strategy to work is that they
(i) are consistently present in the immune system and (ii) do not
activate the T cell fully to trigger effector functions. The latter
property prompted us to classify such peptides as subthreshold
ligands (STLs) for the T cells (Fig. 2B) (Grossman and Paul 1992;
Singh, Bando and Schwartz 2012). Taken together, it is possible

that the universe of STLs can be well over our estimates of 2000—
suggesting that even if one entire colony of pre-existing memory
T cells is displaced by a wave of new memory T cells, >99.99% of
the pre-existing repertoire is still preserved. While factors such
as the potential for redundant recognition of multiple STLs by
different TCRs can affect these calculations, the model offers a
preliminary framework for trying to understand how a complex
repertoire of memory T cells can be stably maintained in the im-
mune system.

It is important to note that the concept of a fixed population
limit in the memory compartment as envisioned in the origi-
nal population biology models (Freitas and Rocha 2000) is used
here for the sake of simplicity. It is possible (and has been docu-
mented with aging and with increasing number of pathogen ex-
posures) that the actual size of the memory T-cell pool, at least
for some T-cell subsets, can increase over time (Vezys et al. 2009).
But of course, even when the population limit has some room for
growth, not all effector or (‘pre-memory’) T cells that remain at
the end of a response are retained as memory T cells (Williams,
Ravkov and Bevan 2008). The few that remain are likely to ac-
tively compete with the pre-existing repertoire for the survival
factors that they all require. Unlike cytokines such as IL-7 and IL-
15 whose cellular sources can be limiting in this context, STLs of-
fer a malleable resource since new sources of ligands (new self-
proteins in tissues, commensals, etc.) can be recruited to accom-
modate the need for an expanding pool. Therefore, even in the
context of a somewhat malleable size of the memory T-cell com-
partment, STL dependence reduces the likelihood of competitive
losses of the pre-existing repertoire. Of course, this also offers a
strategy to therapeutically manipulate the size of the memory
population if the nature and signals emanating from STLs can
be understood molecularly.

CONCLUSION

The prospect of using self-peptides to organize the niches of
memory T cells, it is argued, offers a teleological reason for
peptide-specific positive selection. Since the diversity of mem-
ory T cells is best organized by TCR specificity, it is hard to envi-
sion an alternate pathway that could have been equally effective
in maintaining polyclonality. The strategy does carry the cost of
paradoxically ensuring that the entire T-cell repertoire is essen-
tially self-reactive. The ability of T cells to tune their TCR signal-
ing apparatus allows the system to dodge the pathogenic con-
sequences of this self-reactivity. Of course, once self-reactivity
was engineered into the framework of a T cell’s circuitry it could
have found use in many other aspects of T-cell biology including
calibrating sensitivity to foreign responses. This suggests that
understanding the molecular mechanics of tuning and colonial
behavior of T cells can have a significant impact on a wide range
of translational contexts. Pharmacological modification of the
tuning apparatus in T cells has the potential to not only help re-
juvenate responses to chronic infections and tumors but also,
conversely, dampen autoimmunity and transplant rejection.
Similarly, STLs can offer a new avenue for improving the stability
of T-cell memory at the boosting stage of vaccinations. Of course,
these are early days and the framework will no doubt evolve as
more data emerges about self-reactivity, tuning and the main-
tenance of the peripheral memory repertoire. Nevertheless, the
conceptual framework outlined in this perspective allows us and
other laboratories to design experiments that probe a potentially
critical yet poorly understood nexus in T-cell biology.



Postscript: Can self-reactivity have evolved to maintain diversity of
the naive T-cell repertoire?

In the interest of including some valuable discussions that I
have had with the reviewers of this article, I include below some
thoughts on the relative roles of self-reactivity in the mainte-
nance of naive versus memory T cells. Indeed, much of the
what we have learned about the role of self-peptide STLs in T-
cell survival are derived from studies primarily examining naive
T cells (Kieper and Jameson 1999; Viret, Wong and Janeway 1999;
Moses et al. 2003; Min et al. 2004). Naive T cells not only com-
pete for access to self-peptide STLs but can also differentiate
into a memory phenotype population based on the recognition
of such ligands (Tanchot et al. 2002). This leads to a ‘repertoire-
filling’ effect, where the absence or loss of specific T cells drives
naive T cells to expand and fill this ‘hole in the repertoire’ (Min et
al. 2004). These studies have prompted previous proposals that
the teleological incentive for ensuring that the peripheral reper-
toire is self-reactive is to aid in maintaining the naive (and in
some cases the memory or homeostatically expanded ‘mem-
ory’) repertoires (Paul, Milner and Grossman 2013). This article
extends this discussion, but argues that the selective pressures
underlying the need to preserve the diversity of the pathogen-
specific memory repertoire was perhaps a robust driver for evolv-
ing mandatory self-reactivity.

Can a similar urgency for maintaining diversity in the naive
repertoire also have contributed to the evolutionary hardwiring
of self-reactivity into every TCR? After a new TCR is generated in
the thymus, the immature T cell undergoes only a small number
of cell divisions before being sent out into the periphery. As this
process is repeated for many years, thymic output continues to
be a major source of a diverse naive T-cell repertoire in the pe-
riphery (Berzins et al. 1999; McFarland et al. 2000). The frequency
of naive T cells specific for any epitope is typically very low and
a wide diversity certainly ensures that the system can react to a
broad range of future threats. However, there is no reason to ex-
pect that any particular randomly generated TCR-bearing naive
T cell currently living in the periphery is likely to be more valu-
able (i.e. can potentially recognize a future pathogen) than an-
other one that just came out of the thymus. In other words, there
is no clear advantage in preserving pre-existing diversity in the
naive repertoire—as long as an overall broad repertoire is main-
tained by a combination of thymic output and peripheral pres-
ence. In fact, it might make more sense to replace older thymic
emigrants that are still naive (and have therefore not proven to
be useful against any infection so far) with other new specifici-
ties from the thymus (Berzins et al. 1999). Second, naive T cells
also do not typically undergo clonal expansions without an anti-
genic stimulus (Tough and Sprent 1994) although some basal re-
newal is observed (Grossman et al. 2004). Thus, the risk of a few
clones of naive T cells outcompeting a diverse repertoire and dis-
placing them with an oligoclonal one is minimal. In light of these
arguments, it is not clear that a TCR-centric process for ensur-
ing the diversity of naive T cells in the periphery is necessary.
A mechanism (e.g. survival based on cytokine availability) that
simply assures that a large enough number of naive T cells are
maintained might have been sufficient to ensure diversity.

Contrast this with the repertoire of pathogen-specific mem-
ory T cells. The TCRs in these cells have proven their ability to
recognize (and potentially repel) a pathogenic threat. Therefore,
they have a definite advantage against a future infection (i.e.
when the same pathogen returns). A mechanism that ensures
that this advantage is not lost is likely to confer a selective edge.
Second, the most significant threat to the diversity of memory
T cells comes from the fact that during each infection, a few
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clones can expand to large numbers. This large number can then
compete against the remaining ‘resting’ memory repertoire and
challenge their survival, if the competition was broad in scope.
Therefore, although both the naive and memory repertoire re-
quire diversity, it is hard to argue that an STL-based mechanism
with its cost of potential autoimmunity was selected for main-
taining naive T cell diversity. However, it is not surprising that
once it evolved as a mechanism of choice for maintaining mem-
ory T-cell diversity, STL-based-mechanisms are also then used
to maintain naive T cells. Since this is a TCR specificity-based
process, and both naive and memory T cells use the same TCR,
it would not only be a thrifty evolutionary strategy, but also a
necessary one.

Finally, while the discussion of T-cell intrinsic tuning is the
focus of this article, it is important to point out that several other
cellular and molecular pathways that enforce self-tolerance are
well characterized. These include controls on dendritic cell acti-
vation, costimulation, the activity of regulatory T cells, etc. and
are extensively reviewed in the literature (Singh and Schwartz
2006).
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