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T cell homeostasis commonly refers to the maintenance of relatively stable T cell numbers in the peripheral 
lymphoid organs. Among the large numbers of T cells in the periphery, T cells exhibit structural diversity, i.e., the 
expression of a diverse repertoire of T cell receptors (TCRs), and functional diversity, i.e., the presence of T cells at 
naïve, effector, and memory developmental stages. Although the homeostasis of T cell numbers has been extensively 
studied, investigation of the mechanisms underlying the maintenance of structural and functional diversity of T 
cells is still at an early stage. The fundamental feature throughout T cell development is the interaction between the 
TCR and either self or foreign peptides in association with MHC molecules. In this review, we present evidence 
showing that homeostasis of T cell number and diversity is mediated through competition for limiting resources. 
The number of T cells is maintained through competition for limiting cytokines, whereas the diversity of T cells is 
maintained by competition for self-peptide-MHC complexes. In other words, diversity of the self-peptide repertoire 
limits the structural (TCR) diversity of a T cell population. We speculate that cognate low affinity self-peptides, 
acting as weak agonists and antagonists, regulate the homeostasis of T cell diversity whereas non-cognate or null 
peptides which are extremely abundant for any given TCR, may contribute to the homeostasis of T cell number by 
providing survival signals. Moreover, self-peptides and cytokines may form specialized niches for the regulation of 
T cell homeostasis. Cellular & Molecular Immunology. 2005;2(1):1-10. 
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Introduction 
 
Homeostasis refers to the tendency of the body to preserve its 
internal steady state, allowing it to return to a normal set 
point following perturbation. The term was first used by the 
American physiologist Walter Cannon in his seminal work, 
Wisdom of the Body, in 1932 (1). He emphasized the 
dynamic nature of homeostasis, stating that while it ensures 
stability of the organism, homeostasis “does not imply 
something set and immobile, a stagnation” This dynamism is 
evident in the homeostasis of the adaptive immune system 
where rapid fluctuations in the number, diversity, and 
function of lymphocytes occur during immune responses. Yet, 
for the efficient function of the immune system, the 
population and activation states of T cells need to remain 

relatively stable in the long term (2). The term lymphocyte 
homeostasis has been used to refer to the maintenance of 
lymphocyte numbers as well as the maintenance of lympho- 
cyte diversity (3, 4). Increasing evidence suggests that the 
homeostasis of both T cell number and diversity is regulated 
through competition for limiting resources, including self- 
peptide-MHC complexes (spMHC) and cytokines such as 
IL-7 and IL-15 (5). As the homeostasis of T cell numbers has 
been reviewed recently (2, 6), this review focuses on the 
homeostasis of T cell diversity. 
 
Two types of T cell diversity 
 
It is useful to take a closer look at the meaning of diversity. 
The diversity of a population refers to both the variety and 
abundance of the constituent individuals or in the case of T 
cells, the constituent clones. However, there is no universal 
measure of diversity. Different measures that are used to 
quantify diversity account for the variety and abundance of 
constituent species in different ways (Figure 1). We can thus 
speculate that the immune system monitors diversity in its 
own unique manner. As will become apparent in this review, 
the immune system does not always try to maximize the 
diversity of T cells but rather optimizes their diversity during 
various rounds of selection and competition that occur during 
different stages of T cell development. 
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In normal individuals, T cells are diverse in both structure 
and function. The diversity among T cells due to the 
expression of different TCRs is called structural diversity 
(Figure 2A). Unless otherwise specified, the term “diversity” 
will be used to refer to structural diversity of T cells in this 
review. During T cell development in the thymus, a diverse 
population of T cells each expressing a different T cell 
receptor (TCR) is generated by random recombination of 
TCR gene segments. Following positive and negative 
selection a small fraction of the thymocytes mature and exit 
the thymus, constituting αβ, γδ, and NK T cells in the 
periphery. Depending on the co-receptor expression, αβ T 
cells are further divided into CD4+ and CD8+ T cells. Among 
the various types of T cells, αβ T cells are the most abundant 
and therefore will be the focus of this review. 

When stimulated with appropriate antigens, naïve CD4+ 
and CD8+ T cells become activated and undergo clonal 
expansion. The resulting T cells acquire effector functions 
and migratory properties that allow them to clear antigens in 
both lymphoid and non-lymphoid organs. Subsequently, most 
of the effector T cells die by apoptosis and only a small 
fraction survive and differentiate into memory T cells. Thus, 
T cells expressing the same TCR can exist in different 
functional states: naïve, effector or memory. We refer to this 
as functional diversity (Figure 2B). Furthermore, studies 
have shown that memory T cells are heterogeneous in terms 
of development, effector functions, surface phenotype and 
trafficking properties (7, 8). “Central” memory T cells are 
long-lived, reside in the lymphoid organs and expand upon 

re-stimulation by appropriate antigen. In contrast, ‘effector’ 
memory T cells reside in the non-lymphoid organs and 
exhibit immediate effector function without first undergoing 
proliferation. Memory cells can also arise directly from naïve 
T cells without an intermediate effector stage in lymphopenic 
conditions by a process called lymphopenia-induced 
proliferation (LIP) (Figure 2B) (9, 10). Thus, T cells are 
diverse in both structure, i.e., the TCR repertoire, and 
function, i.e., the different developmental states of T cells.  

The structural diversity of different functional T cell 
compartments can vary significantly. Most T cell diversity in 
the periphery is evident in the naïve T cell population, which 
is generated by thymopoiesis and persists throughout life. In 
contrast, effector T cells are short-lived, pauci-clonal 
expansions of antigen-specific T cells. The memory T cell 
repertoire is estimated to contribute less than 1 percent of the 
total diversity of T cells in young adult humans although the 
memory population comprises one-third of the total T cells 
(11). This results probably because only a small proportion of 
naïve T cells encounter a cognate antigen during an 
individual’s lifetime. In addition, only a small fraction of 
naïve T cells in normal individuals is likely to undergo direct 
conversion into memory-like cells by LIP in the face of stiff 
competition by bystander T cells. Thus, the diversity of T 
cells present in different T cell compartments is markedly 
different. Despite fluctuations in cell numbers in different 
compartments during immune responses, the immune system 
maintains both the numbers and diversity of T cells in the 
naïve and memory compartments during an individual’s 
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Figure 2. Structural and functional diversity of T cells. (A)
Structural diversity of T cells refers to T cells expressing different 
TCRs. (B) Functional diversity refers to T cells that have the same 
TCR but are at different stages of development. Both antigen-
induced and lymphopenia-induced proliferation and differentiation 
of naïve T cells are depicted. 
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Figure 1. Indices used to measure diversity: which population is 
more diverse? Population A and B are each comprised of seven 
clones but in different proportions. Which population is more 
diverse in this case? Population A is considered to be more diverse 
in terms of both the variety of the clones present as well as their 
relative abundance. Shannon-Weaver index and Simpson’s index 
are two indices that are commonly used to compare the diversities 
of populations with varying proportions of comprising species. (si is 
the frequency of an individual clone in the population and N is the
total number of clones.) 
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lifetime. This is accomplished through competition for 
spMHC and cytokines.  
 
Central theme in lymphocyte homeostasis: 
Competition for limiting resources 
 
Competition for extraneous and limited resources that are 
required for the survival and proliferation of T cells emerges 
as a central theme in the regulation of lymphocyte 
homeostasis. In contrast to other known biological systems in 
which population numbers are regulated, such as quorum 
sensing in bacteria (12) and community effect in Xenopus 
embryonic mesoderm (13, 14), T cell homeostasis does not 
involve competition for autocrine ligands produced by the T 
cells themselves but for extraneous factors such as cytokines 
and spMHC that are produced by dendritic cells and stromal 
cells in the lymphoid tissues. These limited and limiting 
resources, which are often referred to as “space”, set the 
limits on the numbers and the diversity of an individual T cell 
population. Table 1 summarizes the factors for which αβ T 
cells compete (15). These factors include both pro-survival 
cytokines as well as spMHC. The major pro-survival 

cytokines, IL-7 and IL-15, are produced constitutively by 
dendritic cells and stromal cells in the lymphoid tissues (16, 
17). spMHC is also expressed at high levels by dendritic cells, 
which are believed to be the most important source of 
spMHC for T cells. Because recognition of particular spMHC 
depends on TCR specificity, whereas interactions between 
cytokines and their receptors is independent of T cell 
specificity, the pro-survival cytokines regulate total T cell 
numbers while spMHC regulates the T cell repertoire (Figure 
3). 

The homeostasis of T cell numbers and diversity is 
brought about through a balance of generation, proliferation, 
survival, death and differentiation of T cells (18). T cells are 
generated in the thymus and the naïve T cell compartment is 
primarily replenished by thymic output. At the extremes of 
life, i.e., in neonates and in old age, the thymic output is not 
adequate to fill the peripheral T cell compartment. Under 
these circumstances, increased survival and proliferation of T 
cells in the periphery is believed to compensate in a manner 
that maintains the total number of T cells. This highlights the 
importance of peripheral mechanisms such as proliferation, 
survival, death and differentiation in the regulation of T cell 
homeostasis under normal physiological conditions.  

T cells in different compartments turnover at different 
rates. For example, naïve T cells rarely proliferate while, in 
contrast, memory T cells undergo a slow but steady prolife- 
ration that depends on availability of IL-15 (19). Naïve T 
cells require both IL-7 and spMHC for survival (20, 21). 
However, spMHC are not required for the survival of both 
CD8+ and CD4+ memory T cells (22, 23), but rather are 
needed for the maintenance of their function (24). The lack 
of dependence of memory T cells on spMHC probably 
ensures the long-term maintenance of memory cells that are 
selected by a particular antigen experience, without being 
subjected to the skewing effects of the self-peptide repertoire. 
Pro-survival cytokines such as IL-7 and IL-15 increase the 
levels of anti-apoptotic factors such as Bcl-2 and Bcl-xL in T 
cells, while the lack of access to survival cytokines results in 
their apoptotic death (25). Upregulation of anti-apoptotic 

Antigen presenting cells and stromal cellsSelf pMHC
 

 
Figure 3. Competition for spMHC regulates the T cell repertoire while competition for pro-survival cytokines regulates the total T 
cell number. Circles of different colors represent T cells of different specificities and triangles of a particular color represent the set of 
spMHC displayed in steady-state conditions on the surface of APCs that can be recognized by T cells of the corresponding specificity. The 
gradient of blue represents the limiting availability of survival cytokines, IL-7 and IL-15, that are constitutively produced by antigen 
presenting cells and stromal cells in the lymphoid tissues. T cells are driven to occupy the available space and the T cells that do not have 
adequate access to space consequently die out (represented by broken circles). While interaction with spMHC is TCR specific, signaling by 
cytokines does not depend on the TCR specificity.  

Table 1. Factors required for the homeostasis of αβ T cells 
 
 Cytokines Self-peptide MHC 

Naïve 

IL-7 is needed for survival 
of both CD4+ and CD8+ T 
cells. IL-7 is essential for 
LIP of naïve T cells. 

Interaction with spMHC is 
necessary for survival of 
naïve CD4+ and CD8+ T 
cells and for LIP. 

Memory 

IL-15 is needed for basal 
proliferation. IL-7 or IL-15 
can support acute LIP of 
memory T cells. 

spMHC are not required 
for memory T cell survival 
but are necessary for the 
maintenance of memory 
cell function. 
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factors such as Bcl-2 is especially important in the long-term 
maintenance of memory T cells (26). Competition for 
limiting pro-survival factors, which becomes especially 
pronounced in densely crowded lymphoid organs, is a key 
mechanism for maintaining T cell homeostasis. 

Rapid proliferation of naïve T cells can occur under two 
circumstances and in both cases it is accompanied by 
concomitant phenotypic change or differentiation into 
effector or memory cells. When stimulated by antigens, naïve 
T cells are activated and undergo rapid proliferation and 
concomitant differentiation into effector cells and sub- 
sequently into memory cells. Naïve T cells also proliferate in 
a lymphopenic setting, but in this case they differentiate 
directly into memory-like cells or “homeostatic” memory 
cells by a process that is dependent on IL-7 and spMHC (9). 
These “memory-like” cells are indistinguishable from con- 
ventional antigen-induced memory cells based on a variety of 
functional and molecular assays (27). LIP also occurs under 
physiological conditions, as in neonates when the thymic 
output has yet to fill the peripheral space with mature T cells 
(28). It is also believed to be important in old age when 
lymphopenic conditions may be present due to a severe 
decline in thymic output or other physiological changes. LIP 
is often equated with homeostatic proliferation by some 
investigators. We prefer not to use this term because LIP of 
naïve T cells does not result in the replenishment of the naïve 
T cell compartment even in the long term (29). Rather LIP 
results in differentiation of naïve T cells into memory cells 
and therefore contributes to homeostasis of the memory 
compartment. Thus, T cell numbers and diversity are 
maintained throughout life through a balance of generation, 
proliferation, survival, death and differentiation. 
 
Competition among naïve T cells of different 
specificities 
 
Competition among TCR-different T cells for specific 
spMHC maintains the structural diversity of T cells. Several 
studies have examined the competition between T cells of 
different specificities for both CD8+ and CD4+ lineages. 
Some examples from studies on CD8+ T cells are outlined in 
this section and similar conclusions can also be drawn for 
CD4+ T cells. Naïve polyclonal T cells proliferate when 
adoptively transferred into TCR transgenic hosts, but not into 
syngeneic wild-type hosts, which have a much greater TCR 
diversity. These findings suggest that the proliferation of 
donor cells depends on the T cell repertoire of the host. CD8+ 
T cells expressing the P14 TCR proliferated when transferred 
into OT-1 TCR transgenic mice or vice versa but P14 or OT-1 
cells did not proliferate when transferred into mice 
expressing the same TCR (30). Therefore, it appears that 
TCR transgenic mice have additional “space” for TCR- 
different T cells. This is consistent with the observation that 
TCR transgenic mice have fewer numbers of T cells than the 
corresponding numbers of CD4+ or CD8+ T cells in wild-type 
mice. For example, there are approximately 20 million CD8+ 
T cells in 2C TCR transgenic mice on the RAG-/- background 

whereas there are about 40 million CD8+ T cells in wild type 
mice. Thus, competition for spMHC affects both the number 
and diversity of T cells. 

There are dramatic differences in the ability of T cells of 
different specificities to undergo LIP. For instance, HY T 
cells do not undergo LIP in syngeneic female lymphopenic 
hosts (31). F5, 2C and OT-1 T cells undergo increasing 
degrees of LIP, in that order, when transferred into syngeneic 
RAG-/- hosts. The ability of T cells to undergo LIP is 
correlated with the strength of interaction between the TCR 
and spMHC as indicated by the levels of CD5 (32). LIP of 
naїve CD8+ T cells of a particular specificity is dramatically 
inhibited when adoptively transferred into TCR transgenic 
hosts expressing a TCR whose interaction with spMHC 
exceeds that of the donor T cells (32). In this particular study, 
it was shown that 2C TCR transgenic mice have space for the 
proliferation of OT-1 cells but have little or no space for the 
proliferation of F5 cells. This is notable because F5, 2C and 
OT-1 T cells probably compete for different self-peptides. 2C 
TCR transgenic mice clearly have space for additional 
TCR-different T cells. But why is it then that only some T 
cells such as OT-1 proliferate and others such as F5 do not 
proliferate in the 2C TCR transgenic recipients? One possible 
explanation is that the spMHC and cytokine signals are 
spatially and temporally coupled. In such a scenario, the T 
cells that are better at competing for spMHC, due to a greater 
interaction with spMHC, could have better access to 
pro-survival cytokines. This could result in an added 
dimension of complexity in the competition for resources 
among T cells such that the ability to access to one resource 
may ensure better access to a second resource. Consistent 
with this notion, it has been recently shown that IL-15 is not 
free in vivo but is “presented” by cells that produce it, bound 
to IL-15Rα on those cells (33). Thus, it is possible that IL-15 
may be co-presented by the same APCs that present spMHC 
to T cells for homeostatic regulation. This mechanism would 
allow T cells to be signaled by spMHC only on certain 
specialized cell types such as dendritic cells for the purposes 
of T cell homeostasis. Co-presentation of cytokines and 
spMHC in specialized niche areas may also serve to avoid 
the danger of autoimmunity. Thus, cytokines and spMHC 
interact in complex ways with a diverse repertoire of T cells 
in the lymphoid tissues in order to maintain homeostasis of T 
cell diversity.  
 
Competition between naïve and memory T cells 
 
T cells in the periphery exist in two pools: naïve and memory. 
Unlike naïve T cells, memory T cells undergo significant 
basal proliferation in the periphery in the absence of cognate 
or non-cognate spMHC. Since this process occurs without 
displacing the naïve T cells, it was initially believed that 
naïve and memory T cells are independently regulated for the 
purposes of T cell homeostasis (34). However, more recent 
studies have suggested that this is only partially correct. 
Although the sizes of the naïve and memory T cell 
compartments may be independently regulated because they 
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compete for different cytokines, the naïve and memory T cell 
repertoires are interdependent and homeostasis of naïve and 
memory T cell diversity is not independently regulated (32, 
35). For example, naïve 2C T cells do not undergo LIP when 
transferred into lymphopenic mice containing a small 
population of memory 2C cells generated either by LIP or 
antigen-induced proliferation (32). Although memory T cell 
survival does not require TCR-spMHC interaction, these 
cells do engage spMHC in order to maintain their functional 
reactivity. In addition, both naïve and memory T cells express 
the IL-7 receptor. Thus, naïve and memory T cells having the 
same TCR compete for spMHC as well as for cytokine. 
Competition for the same spMHC prevents naïve T cells 
from undergoing LIP and thus keeps them naïve. 
Competition for cytokines limits the total number of T cells 
of a given T cell specificity. TCR-different memory T cells 
also compete for the same cytokine, thus keeping the total 
number of memory cells steady.  

Competition for spMHC between naïve and memory T 
cells can also occur under steady state conditions and shape 
their respective repertoires. It has been shown that infusion of 
polyclonal T cells into RAG-/- mice inhibits the proliferation 
of additional newly transferred polyclonal T cells in a way 
that depends upon the repertoire of the pre-existing T cells 
(35). The second population of transferred polyclonal T cells 
was shown to proliferate, as if to fill up the available “holes 
in the repertoire”. While LIP is generally studied in the 
extreme case of complete lymphopenia, it is entirely possible 
that an analogous process occurs under steady state 
conditions allowing spontaneous conversion of certain naïve 
T cells into memory cells. It is possible that the conversion of 
naïve to memory cells by LIP occurs at low levels under 
physiological conditions whenever there is a “hole” in the 
memory repertoire of the same specificity as the proliferating 
naïve T cells. In such a case, although there is no total 
lymphopenia, a hole in the repertoire can be viewed as a 

selective lymphopenia that is restricted to T cells of a 
particular specificity (Figure 4). Thus, the spontaneous 
conversion of naïve to memory cells may contribute to the 
diversity of memory T cells. 
 
Diversity of self-peptides in the periphery 
 
The immune system uses a diverse array of spMHC, not only 
to select a diverse TCR repertoire in the thymus, but also to 
keep a diverse population of naïve T cells alive and poised to 
respond in the periphery (36, 37). It has been estimated that 
in both mice and humans, more than 1015 different TCRs can 
be generated in the thymus but only about 1 to 30 in a 100 
(i.e., ~1013) can survive thymic selection (38, 39). However 
there is space in the periphery of a mouse for only about 108 

T cells and in humans for about 1012 T cells (11, 40). Thus, 
selection for certain TCR specificities is likely to occur in the 
periphery due to competition for specific spMHC. The 
homeostasis of T cell numbers and diversity is interrelated in 
the sense that both processes involve competition for 
resources. While the homeostasis of T cell numbers involves 
competition for resources that are shared among all T cells, 
the maintenance of T cell diversity requires competition for 
access to a diverse set of peripheral self-peptides.  

The diversity of the self-peptide repertoire has been 
estimated and some quantitative estimates are presented 
below for the class I spMHC repertoire and similar 
arguments can be made for the class II spMHC repertoire. 
From a total of 30,000 distinct proteins present in the mouse 
or human with an average length of 400 amino acids, it can 
be calculated that nearly 107 peptides of 8-9 amino acids in 
length can be generated. This estimate assumes no preference 
for specific protease cleavage sites. For a peptide to be 
presented on class I MHC it needs to be 1) generated by 
proteases, 2) transported by TAP into the endoplasmic 

*

Naïve         Memory Naïve         Memory

Homeostatic
mechanisms

* “Hole” in the repertoire
 
 
 

Figure 4. Homeostasis of T cell 
diversity in the naïve and memory T 
cell pools. Both naïve and memory T 
cells compete for spMHC. In the steady 
state, naïve T cells divide occasionally in 
the periphery while memory T cells 
undergo significant basal proliferation. 
However, there is a hole in the repertoire 
created by the absence of memory cells 
of a certain specificity, it can be filled up 
by endogenous proliferation of naïve T 
cells in the absence of foreign antigen 
analogous to the process of LIP. The 
circles represent T cells of a particular 
specificity and the rectangles represent the 
corresponding cognate spMHC that are 
displayed on the surface of APCs. The 
circular arrows represent the cycling or 
basal proliferation of cells. 
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reticulum, and 3) bound by an MHC molecule. When a 
peptide sequence corresponding to a naturally occurring 
epitope is inserted anywhere into a protein, it is nearly 
always displayed on the cell surface but at widely varying 
levels depending on its flanking sequences unless the epitope 
carries an obligate protease cleavage site (41). There may be 
some selection for transport of particular peptides occurring 
at the level of TAP (42) but the major bottleneck for display 
of a peptide on the surface lies in its ability to form stable 
peptide MHC complexes. Evidence suggests that the a priori 
probability for any random peptide to bind relatively stably 
to MHC is about 1% (43). This leaves only around 105 of a 
total of 107 peptides that can be generated in the animal to be 
presented on the surface of APCs as peptide-MHC complexes 
per MHC allele.  

Experiments suggest that majority of the self-peptides on 
class I MHC are derived from abundant housekeeping 
proteins such as ribosomal proteins, N-terminal leader 
sequences, histones and heat shock proteins (44). The 
~30,000 distinct proteins expressed in the mouse or human 
are present in widely varying quantities in the body. Since 
there are only around 100,000 MHC class I molecules 
expressed by each APC, equal representation of peptides on 
MHC class I molecules from each of these proteins is not 
possible (45). It has been found that the population of MHC 
class I molecules on uninfected cells simultaneously displays 
about 1,000 to more than 10,000 different ‘‘naturally 
processed’’ peptides with a broad range of copy number. A 
few of these peptides are present at 10,000 copies per cell, 
whereas the remaining are presented at less than ten to a 
couple of hundred copies per cell (46). Thus, assuming a 
mean of 100 copies per peptide, a single APC presents about 
103 different self-peptides albeit in widely varying quantities. 

In comparison, the total number of distinct spMHC 
complexes in an animal can be estimated to be about 105 (see 
above) which is many orders of magnitude smaller than the 
TCR diversity. This disparity implies that the spMHC 
molecules are shared among different TCRs, highlighting the 
degree of competition for the same spMHC that can occur 
among T cells expressing different TCRs.  

From a single TCR perspective, self-peptides can be 
divided on the basis of their biological activity into agonist 
peptides, weak agonists, partial agonists, antagonists or null 
peptides (Table 2). However, these are not all present in 
identical proportions (Figure 5). Peptides that are null 
(non-cognate) are likely to be the most abundant. Agonist 
peptides for a given TCR are likely to be the least abundant 
because they are most TCR specific and because T cells that 
strongly recognize self-peptides are negatively selected in the 
thymus. It seems counterintuitive that αβ T cells specific for 
any agonist self-peptides can survive negative selection 
under the physiological conditions. Not all self-antigens are 
expressed in the thymus at adequate levels to allow strict 
negative selection. Such T cells could recognize self-antigens 
as agonists in the periphery and are potentially autoreactive 
but are kept in check by various mechanisms of peripheral 
tolerance (47). Nevertheless, in the self-peptide repertoire, 
the fraction of agonist peptides for a given TCR is likely to 

agonist

weak agonist

partial agonist

antagonist

null

Figure 5. Hypothetical proportions of different self-ligands in 
the periphery seen from the perspective of a single TCR and 
vice versa. From a single TCR perspective, null peptides are likely 
to be the most abundant since they are not TCR specific. High 
affinity agonist peptides among spMHC are likely to be the least 
abundant because T cells that strongly recognize self-peptides are 
negatively selected in the thymus. For any given TCR found in the 
periphery, an intermediate fraction of the self-peptide repertoire 
could be low affinity ligands such as weak or partial agonists or 
even antagonists because there is likely to be higher cross-reactivity 
among low affinity ligands for a given TCR than for high affinity 
ligands. A similar argument can be made from a single spMHC 
perspective that majority of the TCR specificities will see it as a 
null peptide; a very small fraction of TCRs will recognize it as an 
agonist and an intermediate fraction of TCRs will recognize any 
particular spMHC complex as a low affinity ligand such as a weak 
agonist, partial agonist or an antagonist. 
 
 
 

Table 2. Classification of peptide MHC based on T cell 
response 
 
Type of peptide 
MHC complex Induced T cell response 

Specificity for a 
given TCR 

Agonist 

Full activation of T cell; 
cytokine secretion; T-cell 
proliferation; CTL effector 
function 

++++ 

Antagonist 
Inhibits activation by agonist; 
does not induce activation on 
its own 

++ 

Weak agonist 

Same as agonist, but requires 
a higher dose for the same 
degree of activation; slower 
activation kinetics 

++ 

Partial agonist 

Induces some, but not all, 
effects of agonist (e.g., 
cytokine secretion but not 
proliferation) 

++ 

Null No detectable activation Not TCR specific
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be extremely small. For any given TCR found in the 
periphery, a slightly larger fraction of the self-peptide 
repertoire could be intermediate affinity ligands such as weak 
or partial agonists or even antagonists. They are likely to be 
more abundant than agonist peptides not only because T cells 
are positively selected on such low affinity ligands in the 
thymus which are presumably also be found in the periphery 
but also because there is a higher cross-reactivity among low 
affinity ligands for a single TCR. From a single spMHC 
perspective, a similar argument can be made that any given 
spMHC will be seen as a null peptide by a majority of the 
TCR specificities. A very small fraction of TCRs will 
recognize a given spMHC as an agonist and an intermediate 
fraction of TCRs will recognize any particular spMHC 
complex as a low affinity ligand such as a weak agonist, 
partial agonist or an antagonist. Although it is interesting to 
speculate on the nature of single TCR-spMHC interactions, it 
should be emphasized that when a T cell interacts with a 
single dendritic cell, ~105 TCRs on the T cell interact with a 
diverse set of spMHC on the surface of the APC, which in 
combination, give rise to a TCR signal. 
 
Identity of the self-peptides that regulate T cell 
homeostasis 
 
The identity of self-peptides that regulate the homeostasis of 
T cell diversity in the periphery is still not clear. Competition 
between clones expressing different TCRs during LIP 
suggests that self-peptides are present in limiting amounts in 
the periphery. The low affinity self-peptides, rather than 
agonist peptides, are likely to drive LIP because of the lack 
of observable T cell activation. Studies with CD4+ cells 
selected in H2-M-/- mice, which express mostly the CLIP 
peptide (class II-associated invariant chain peptide) in the 
periphery, suggest that the positively selecting ligands in the 
thymus are responsible for LIP in the periphery (48). 
However, this does not entirely rule out the possibility that 
agonist self-peptides play a role in LIP. Weak agonist 
peptides may be able to drive LIP without resulting in 
conventional activation either because they are present in 
extremely low amounts or because they stimulate T cells in 
the absence of costimulation or by cooperating with other 
(null) spMHC. Regardless whether agonist peptides or low 
affinity peptides or both support lymphocyte homeostasis, 
given that the amount of these peptides is small, it is natural 
that competition for these peptides contributes to the 
homeostasis of TCR diversity in the periphery.  

Given that null peptides are most abundant, it is possible 
that they could play a role in lymphocyte homeostasis. It 
should be emphasized that the definition of a null 
peptide-MHC complex (pMHC) is only related to its lack of 
potential to induce any grade of activation in a T cell. It does 
not mean that null pMHCs are biochemically null in terms of 
interacting with a TCR. A TCR contacts pMHC at its three 
complementarity determining regions (CDR1, CDR2 and 
CDR3). The CDR1 and CDR2 regions of the TCR primarily 
interact with the MHC portion of the pMHC complex and the 

CDR3 interacts with the presented peptide. If the peptide in 
the pMHC complex is a null peptide it is conceivable that a 
stable TCR-pMHC complex is not formed but the CDR1 and 
CDR2 can still interact weakly with the MHC alone, perhaps 
giving rise to short-lived “TCR-null pMH” complex. Such 
transient interactions, wherein the peptide plays a minimal 
contributory role, may become cumulatively significant 
because of the abundance of null peptides and may signal 
into T cells. This may contribute to what has been previously 
called “TCR tickling” required for naïve T cell survival. 
Since null pMHC are the most abundant self ligands, they 
could regulate the homeostasis of total lymphocyte numbers 
while the less abundant low affinity self ligands could 
regulate the homeostasis of TCR diversity. Thus, the 
homeostasis of lymphocyte numbers and diversity are 
intimately related to the repertoire of the self-peptides in the 
periphery. 
 
Competition-diversity paradox 
 
One of the unavoidable consequences of stiff competition for 
limiting resources is that T cell clones that are better able to 
survive and proliferate can be expected to dominate and thus 
reduce the diversity of the total T cell pool. This is often 
referred to as the competition-diversity paradox (49). In some 
cases, the immune system has evolved means to minimize the 
loss of diversity resulting from competition. This is 
exemplified by the adaptation of the immune system to 
minimize the severity of the competition for IL-7 via 
regulation of IL-7Rα (50). T cells which have a fortuitous 
access to high amounts of IL-7 by virtue of being closer to 
cells producing IL-7 or because they express a high amount 
of the IL-7 receptor may have an advantage and may 
preferentially survive and proliferate while the rest may die 
of neglect. One of the ways by which the immune system 
overcomes this potential problem is by downregulating the 
expression of IL-7Rα upon exposure to IL-7. The importance 
of this limiting mechanism is highlighted by the fact that 
transgenic mice that over-express IL-7Rα contain fewer 
peripheral T cells than their littermate controls, indicating too 
much signaling through IL-7R may be counter-productive. In 
contrast, T cell numbers are expanded in IL-7 transgenic 
mice that have an increased level of IL-7. This finding shows 
that IL-7 is present in limiting amounts and the total amount 
of IL-7 in the periphery determines the size of the 
lymphocyte pool. Furthermore, signaling by pro-survival 
cytokines IL-2, IL-4, IL-6, and IL-15, which are produced by 
antigen-activated T cells, also decreases IL-7Rα expression, 
while increasing the expression of their own receptors. As a 
result, T cells that undergo acute proliferation in response to 
foreign antigens downregulate IL-7Rα expression and 
therefore do not compete for IL-7 with naïve T cells. This 
ensures the survival of the rest of the T cells in the naïve 
compartment by making IL-7 available to naïve T cells. Thus, 
the downregulation of IL-7Rα on T cells, which is triggered 
by IL-7 signaling, at least partly resolves the competition- 
diversity paradox for IL-7 competition. 
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In some situations, the competition for limiting resources 
may indeed lead to the survival of T cell clones that are more 
useful for the immune system. For instance, although there 
may be loss of diversity of naïve T cells in the periphery due 
to competition for specific self-peptides which are necessary 
for T cell survival, this may indeed lead to physiological 
selection of naïve T cells that are better suited for specific 
functions. T cells selected by spMHC may maintain the TCR 
signaling cascade at an optimal threshold for responding to 
foreign antigen with the highest sensitivity. It has been shown 
that naïve and memory T cells of the same specificity 
compete for the same spMHC. But neither naïve nor memory 
T cells dominate the competition in the organism and a 
relatively stable ratio of naïve to memory T cells is 
maintained so that the host may be adequately prepared 
against both novel and previously encountered pathogens. 
Although all memory T cells compete for the same cytokine 
(i.e., IL-15), it may be advantageous for an organism to retain 
the most recently generated memory T cell fraction at higher 
proportions, as the risk of re-infections by the most recently 
encountered pathogens is high soon after the initial exposure 
due to the continuous circulation of the pathogen in the 
immediate environment. Thus, the competition-diversity 
paradox may indeed be a feature of the immune system that 
does not maximize but rather optimizes the diversity of T 
cells for the efficient function of the immune system.  
 
Defects in lymphocyte homeostasis and 
autoimmunity  
 
In a very broad sense, autoimmunity is a case of disturbed 
lymphocyte homeostasis in which there is an increased 
number of autoreactive clones. It is speculated that clonal 
competition for spMHC among T cells in a lymphoreplete 
individual results in the maintenance of T cell diversity and 
also retards the outgrowth of autoimmune clones (51). 
Lymphopenia can reduce the severity of clonal competition, 
allowing the dominance of autoreactive T cells in the 
repertoire and the onset of autoimmune disorders is often 
related to episodes of lymphopenia (52). Many viruses that 
are known to induce transient lymphopenia in humans are 
also associated with autoimmunity (53). Naïve T cells differ 
in their competitive fitness to undergo LIP and clones with 
the highest capacity for LIP, which is determined by their 
degree of interaction with spMHC, dominate the repertoire 
following lymphopenia (54). Thus, lymphopenia results in 
the skewing of the repertoire towards T cells that have a 
greater autoreactivity and are functionally more reactive 
because of their conversion into memory-like cells. Unlike 
naïve T cells, these memory-like cells can rapidly produce 
IFN-γ without the need for proliferation and can be activated 
by antigen independent of CD28 costimulation. Therefore, it 
is speculated that LIP can lead to autoimmunity. There are 
several animal models that link lymphopenia and a 
consequent restricted T cell repertoire to autoimmunity. For 
example, when neonatal mice are thymectomized between 
day 2 and 4, they develop autoimmunity in multiple organs 

(55). In mice, the number of lymphocytes reaches a plateau 
in the lymph nodes by day 7 and in the spleen by day 14 (56). 
Thymectomy performed after day 7, when the peripheral 
compartment has been filled with diverse T cells by thymic 
output, does not result in autoimmunity. But if thymectomy is 
performed in adult mice in addition to depleting lymphocytes 
with cyclophosphamide treatment, autoimmune gastritis 
ensues (57). Transfer of small polyclonal populations of 
CD4+ T cells into RAG-/- mice also results in autoimmunity. 
This was most dramatic when 2 × 105 polyclonal naïve CD4+ 

CD45RBhi T cells were transferred, while transfer of 2 × 107 

CD4+CD45RBhi T cells did not result in disease. In all the 
examples cited above, introduction of CD4+CD25+ cells into 
the mice can protect them from autoimmunity (58). But 
majority of these observations can also be explained by the 
lack of clonal competition. For instance, cotransfer of an 
equal number of AND CD4+ T cells protects RAG-/- mice that 
are infused with 2 × 105 polyclonal naïve CD4+CD45RBhi T 
cells. Transfer of OT-1 CD8+ T cells also offers partial 
protection because the space between CD4+ and CD8+ cells is 
shared, i.e., they compete for spMHC on the same APCs as 
well as for the same cytokines. Both AND and OT-1 T cells 
are CD5hi, which reflects their ability to effectively compete 
for spMHC. Since AND CD4+ T cells or OT-1 CD8+ T cells 
lack suppressive activity in vitro unlike CD4+CD25+ regulatory 
T cells, the inhibition of autoimmunity is thought to result 
from increased clonal competition that may reduce the degree 
of LIP among the cotransferred polyclonal CD4+ cells. These 
findings highlight the importance of clonal competition for 
spMHC in preventing autoimmune disorders.  
 
Future directions  
 
Interactions between TCR and pMHC are of fundamental 
importance throughout T cell development. T cells are 
positively selected in the thymus on self-peptides and 
interaction with spMHC is critical for T cell homeostasis in 
the periphery. Both naturally occurring and synthetic 
positively selecting peptides have been identified and 
characterized for various TCRs because of the availability of 
in vitro models of positive selection (59). This has led to a 
mechanistic understanding of the process of positive 
selection. Similarly, development of in vitro models of 
lymphocyte homeostasis could help identify the self-peptides 
as well as the molecular details of the signaling mechanisms 
involved (20, 60). Identifying the self-peptides that regulate 
the homeostasis of T cell numbers and diversity may well 
provide a key to understanding the precise relationship 
between lymphopenia and autoimmunity. Competition for 
survival signals and growth factors in localized environments 
can create specialized niches for subpopulations of T cells, 
such as naïve T cells. Co-presentation of self-peptides and 
cytokines, such as IL-15, on specialized populations of 
antigen presenting cells could provide a niche for memory T 
cells. Although there have been rapid advances in the field of 
T cell homeostasis over the past few years, many questions 
remain to be investigated.  
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