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Homeostatic control of immunity
by TCR peptide—specific Tregs

Vipin Kumar
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Regulation of the immune response is a multifaceted process involving lymphocytes that function to maintain
both self tolerance as well as homeostasis following productive immunity against microbes. There are 2 broad
categories of Tregs that function in different immunological settings depending upon the context of antigen
exposure and the nature of the inflammatory response. During massive inflammatory conditions such as micro-
bial exposure in the gut or tissue transplantation, regulatory CD4*CD25"* Tregs broadly suppress priming and/or
expansion of polyclonal autoreactive responses nonspecifically. In other immune settings where initially a limited
repertoire of antigen-reactive T cells is activated and expanded, TCR-specific negative feedback mechanisms
are able to achieve a fine homeostatic balance. Here I will describe experimental evidence for the existence of a
Treg population specific for determinants that are derived from the TCR and are expressed by expanding myelin
basic protein-reactive T cells mediating experimental autoimmune encephalomyelitis, an animal prototype for
multiple sclerosis. These mechanisms ensure induction of effective but appropriately limited responses against
foreign antigens while preventing autoreactivity from inflicting escalating damage. In contrast to CD25* Tregs,
which are most efficient at suppressing priming or activation, these specific Tregs are most efficient in controlling

T cells following their activation.

A historical perspective on specific Tregs

in feedback regulation

Feedback inhibition in macromolecular synthetic pathways has
been described as the mechanism by which the end product either
inhibits formation of or suppresses enzymes in its biosynthetic
pathway, thus specifically limiting the accumulation of that end
product. The idea proposed by Neils Jerne (1) that specialized
lymphocytes might inhibit immune responses gave rise to the
description of suppressor T cells in vitro in the 1960s and 1970s
(2-5). Some of the initial indications of the existence of Tregs in
vivo came from studies in the mid-1970s involving alloresponses
wherein vaccination with polyclonal T lymphoblasts from a paren-
tal strain into Fy hybrid rats abrogated anti-alloresponse and graft
rejection (6, 7). These findings were followed by the demonstra-
tion that vaccination with an attenuated myelin basic protein-
reactive (MBP-reactive) but not a purified protein derivative of
mycobacterium-reactive cloned T cell line prevented MBP-induced
experimental autoimmune encephalomyelitis (EAE) in Lewis rats,
further suggesting the induction of immunity against the antigen
receptors on autoimmune lymphocytes (8). Cytotoxic CD8* T cell
lines capable of responding to T cells were induced in rats recover-
ing from graft-versus-host disease or from T cell-mediated EAE (9,
10). Thus, killing of encephalitogenic CD4" T cell lines in vitro by
cytotoxic CD8" as well as neutralization of their capacity in vivo to
cause EAE clearly indicated that CD8* Tregs recognizing some cell
surface molecules on vaccinating CD4" can be induced. Moreover
in human studies, CD8* T cells, which were isolated from CD4* T
cell-vaccinated subjects, specifically lysed the inciting CD4* T cells

Nonstandard abbreviations used: CDR, complementarity determining region;
EAE, experimental autoimmune encephalomyelitis; Fr, framework; MBP, myelin
basic protein.
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in vitro, and accordingly vaccination resulted in a decrease in the
frequency of MBP-reactive T cells in peripheral blood lymphocytes
(11). Consistent with the role of CD8* Tregs, mice functionally
deficient in CD8* T cells, either by gene targeting or by antibody
depletion, were shown to develop a higher frequency of relapses
and lost resistance to reinduction of EAE upon secondary immuni-
zation (12, 13). These data suggest a negative feedback regulatory
mechanism involving a regulatory T cell population that is induced
by a pathogenic T cell itself (“suicidal induction”) and may be spe-
cific for molecules on the aggressive T cells. These molecules are
either activation “ergotypic” markers or antigen receptors (TCRs)
on T cells (14, 15). Recent data further suggest that these Tregs
are also present in naive animals and can be further expanded in
response to antigen-activated T cells (ref. 16; Madakamutil and
Kumar, unpublished data).

Specificity for regulation is provided by the recognition
of TCR peptide/MHC complexes

Most work on the characterization of the specific Tregs comes
from studies of the regulation of the anti-MBP response medi-
ating EAE in Lewis rats or in B10.PL or PL/J mice. There are 3
critical features in these model systems that allow examination of
whether TCR peptides are part of the target structures recognized
by Tregs: (a) initially, the immune response to MBP is primarily
targeted to a single immunodominant determinant (17, 18); (b)
pathogenic T cells recognizing this immunodominant peptide
predominantly express the TCR V8.2 chain (19-22); and (c) the
clinical disease is largely monophasic, and most animals sponta-
neously recover and are resistant to reinduction of EAE. Thus, in
both the Lewis rat and murine models of EAE, immunization with
peptides derived from the TCR V8.2 chain resulted in the induc-
tion of CD4" and CD8* Treg responses that lead to protection
from EAE; this suggests that the TCR or peptides derived from
the TCR of autoimmune T cells can be targeted for recognition
by Tregs (23-29). It is not yet known whether the mechanisms or
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the phenotype of Tregs following the T cell-vaccination protocol
or following TCR-peptide vaccination are the same.

TCR peptides derived mostly from the conserved complementar-
ity determining region (CDR) and framework (Fr) regions of the
TCR Vg-chains have been found to be immunogenic in both ani-
mals and in humans (23-35). Although the phenotype or the MHC
restriction of Tregs has not been defined in most cases, it is clear
that peptides from 2 distinct conserved regions, namely the Fr3 and
CDR1/2 regions on the TCR V8.2 chain, can induce regulation
and protection from antigen-induced EAE in both rats and B10.PL
mice (15, 26, 27, 29, 30, 36-40). It is noteworthy that in humans,
both the CDR2 and Fr3 regions have been found to be immuno-
genic and can potentially induce Treg activity (34, 35, 41).

Abetter understanding of the antigen specificity and MHC restric-
tion of Tregs at the clonal level comes from studies of regulation of
the anti-MBP response in B10.PL mice (see Figure 1). Two distinct
populations of Tregs that collaborate to control EAE have been
characterized. CD4" Tregs are specific for a determinant from the
Fr3 region (peptide BS, AAs 76-101) that binds to the MHC class II
molecule I-A%. The CD4* Tregs are predominantly Vg14* and help
in the recruitment or activation of CD8* Tregs, which ultimately
deplete activated MBP-reactive pathogenic Vg8.2* CD4* Th1 cells.
CD8" Tregs recognize a different determinant from the CDR1/2
region (p42-50, AAs 42-50 of the V8.2 chain) in the context of
a nonclassical MHC class Ib molecule, Qa-1* (Tang and Kumar,
unpublished data). Nonclassical class I molecules are less poly-
morphic in comparison to the classical class I mol-
ecules. CD8* T cell hybridomas reactive to Vg8.2* T
cells isolated from T cell-vaccinated mice have been
shown to be restricted by the Qa-1 MHC class Ib
molecules (42-44). Evidence that Qa-1-restricted
CD8* Tregs are actually involved in the regulation
of autoimmune disease comes from experiments in
which adoptive transfer of Qa-12-restricted CD8* T
cell clones reactive to the p42-50 peptide from the
V8.2 TCR prevents MBP-induced EAE in syngeneic
recipients (Tang et al., unpublished data). These
functional CD8" Tregs are Qa-12 restricted despite
the ability of some TCR peptides to induce class
Ta-restricted CD8" T cells (45). They also express
CD8aa homodimers (Tang and Kumar, unpub-
lished data), a characteristic of intraepithelial lym-
phocytes in the intestinal mucosa (46). Recognition
of TCR/Qa-1 complexes on T cells raises a number of
important issues: for example, have T cells developed
specialized processing and loading machinery for a
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segments, antibodies against these Vg chains were used to spe-
cifically deplete regulatory T cells. Depletion of Tregs resulted in
poor recovery and increased severity of relapsing paralysis (28, 39).
These studies were complemented by experiments demonstrating
that the adoptive transfer of CD4" Treg clones into WT but not
into CD8" T cell-knockout mice result in significant protection
from antigen-induced EAE (26).

Specific regulation is mediated by depletion of activated
MBP-reactive CD4+ lymphocytes by CD8* Tregs

Self antigen-reactive T cells can be downregulated by several
mechanisms, including the induction of anergy, which is a loss of
the ability to respond to a particular antigen; and cellular deple-
tion or deviation toward a type 2 cytokine secretion phenotype
(48-50). Although in vivo studies using TCR-peptide vaccination
suggested induction of anergy (51) in the target V38.2* T cell pop-
ulation, CD8" Treg lines and hybridomas generated following T
cell vaccination show in vitro killing of these cells (10, 42). Recent
studies examining the fate of MBP-reactive Vg8.2* T cells using
CFSE labeling as well as immunoscope analysis clearly demon-
strate that the target Vg8.2" T cells undergo apoptotic depletion in
vivo following expansion of CD4" and CD8" Tregs in B10.PL mice
(16) (Figure 1). These in vivo findings are consistent with in vitro
data showing specific killing of Vg8.2* but not V8.2 T cell targets
by TCR peptide-reactive CD8" T cell clones (Tang and Kumar,
unpublished data) as well as by CD8" hybridomas generated from
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preferential surface display of TCR peptide/Qa-1
complexes following activation; and are activation,
differentiation, or amplification of Qa-1-restricted
CD8" Tregs more dependent upon help provided by
CD4" Tregs than class Ia-restricted CD8" T cells?
Two sets of experiments clearly suggested that
TCR peptide-reactive Tregs are naturally involved
in the negative feedback regulation of the anti-MBP
response and mediate recovery from EAE: (a) Tregs
expand naturally during the course of EAE, and
recovery from disease can be rapidly accelerated by
immunization with either the Fr3 or CDR1/2 TCR
peptide in both rats and mice (26-28, 38, 47); and
(b) since CD4" Tregs expressed limited TCR Vg gene
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Figure 1

A negative-feedback regulatory mechanism involving CD4+ and CD8* Tregs recog-
nizing TCR peptide/MHC complexes. During normal peripheral turnover or following
the expansion/contraction phase, MBP-reactive, 8.2+ CD4+ T cells are captured by
professional APCs. These APCs process and present distinct TCR V8.2 peptides in
the context of I-A" MHC class Il and Qa-12 MHC class Ib molecules for the induction
of CD4+ and CD8* Tregs, respectively, a process commonly referred to as cross-prim-
ing. CD4+ Tregs predominantly utilize the TCR V14 gene segment, recognize an Fr3
region TCR peptide, and secrete type 1 proinflammatory cytokines, such as IFN-y, for
effective recruitment or activation of CD8* Tregs. CD8* Tregs recognize CDR1/2 region
TCR peptide/Qa-12 complexes on the surface of activated and pathogenic V8.2* Th1
cells, resulting in their apoptotic death. Low avidity, slower-reacting Th2 cells that are
relatively less susceptible to apoptosis can then eventually expand, resulting in immune
deviation of the anti-MBP response at the population level. At this stage, Th2 cell secre-
tion of cytokines such as IL-4 or IL-10 can further enhance the downregulation of the
anti-MBP response (41).
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T cell-vaccinated mice (42). Significantly, only activated Vg8.2* T
cells, but not naive V8.2* or activated Vg13* T cells, are deplet-
ed following regulation (16). Consistent with the requirement
for CD8" Tregs in depletion of the dominant pathogenic V8.2*
T cells, expansion of MBP-reactive V8.2* T cell clones occurs in
CD8" T cell-depleted animals (52). Therefore, the regulation medi-
ated by Tregs does not influence the majority of the V8.2 T cells
(which are nonactivated) but only those that are activated by MBP.
Itis significant that CD8" Tregs appear to modulate only Th1 cells
and not Th2 cells both in vitro as well as in vivo (53, 54). This does
not appear to be due to a difference in the TCR or Qa-1 expression
but may involve either differential TCR processing or different
recognition motifs. Furthermore, Th1 cells are considerably more
sensitive to apoptosis than Th2 cells.

CD4* Tregs provide crucial help for the recruitment of CD8*
Tregs, which are the ultimate effectors of regulation (Figure 1).
Interestingly, Fr3 peptide-reactive CD4" Treg clones secrete large
amounts of IL-2 and IFN-y, but barely detectable levels of IL-4 and
IL-5, and do not secrete IL-10 or TGF-f (26, 54). Accordingly, a
CD4* Treg response of the type 1 sort is required in vivo for effec-
tive regulation and prevention of disease. If these CD4* Tregs are
forced to deviate in a type 2 direction, mice contract exacerbated
EAE, and most die from paralysis without recovery (54, 55). Recent
experiments using CD4"* Tregs from IFN-y-knockout mice further
suggest that secretion of IFN-y by CD4* Tregs is absolutely required
for this regulation (Pedersen and Kumar, unpublished data).

The depletion of high-avidity activated Th1 cells by CD8" Tregs
enables a relatively slower reacting compartment of low-avidity,
MBP-reactive Th2 cells (which may or may not express V38.2) to
expand, resulting in immune deviation of the anti-MBP response
(40, 54, 56, 57). Thus, the eventual outcome of TCR-based regu-
lation is the deviation of MBP-reactive T cells at the bulk popu-
lation level in a Th2 direction. This may explain why TCR-based
regulation directed to a single Vj chain is able to control disease-
inducing T cells that use other TCR Vj chains, thereby providing
a suppressive environment for responses to other determinants
from the same protein as well as from other myelin components
that may arise as a result of determinant spreading during chronic
demyelination (58). Consistent with this, Th2 deviation of antigen-
specific T cells using an altered peptide ligand has been shown to
result in the disappearance of the bulk of the T cell infiltrate from
the CNS and reversal of EAE (59). Therefore targeting of only a few
dominant autoreactive T cells can abort autoimmune pathology.

TCR peptide/MHC complex recognition is crucial

for the induction and function of Tregs

How are TCR-reactive Tregs naturally primed in vivo? In light of
recent studies (ref. 44; Tang and Kumar, unpublished data), it is rea-
sonable to predict that the cell-surface display of TCR peptide/Qa-1
complexes on the activated target CD4" T cells is required for their
specific recognition and eventual killing by CD8" Tregs (Figure 1).
Although it has been suggested that Qa-1*-activated T cells them-
selves can prime CD8* Tregs directly (44), there is little in vivo evi-
dence demonstrating priming of naive CD4* or CD8* T cells by lym-
phocytes in the absence of professional APCs. Therefore, I would like
to propose that presentation of TCR peptides by professional APCs
such as dendritic cells, macrophages, or B cells, is essential for the
cross-priming of both CD4* and CD8* Treg. The same APC could
present TCR determinants in MHC class Ib and class II contexts to
effectively prime both CD8* Tregs and CD4" Tregs, respectively. A
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critical aspect in TCR-centered regulation might be the presence of
suitable processing sites in the TCR Vg framework or in the CDR1/2
regions. Examination of these determinants in the Fr3 and CDR2
regions of the V8.2 chain suggests that they may be particularly
available for processing, since they possess endopeptidase target
residues that would permit their cleavage.

How general is the mechanism of feedback regulation based on the
recognition of TCR peptide/MHC complexes? Can peptides derived
from other TCR Vj chains be processed and presented in sufficient
quantity to generate specific Tregs? Is display of TCR peptides on
APCs limited to particular Vg families with a high frequency in the
periphery? Since Vg8-expressing T cells in most mice constitute
almost 20-30% of the total peripheral T cell repertoire, it is possible
that professional APCs can capture apoptotic T cells during normal
peripheral turnover and process and present TCR determinants in
both MHC class Ib and class II contexts. A similar situation occurs
during antiviral immune response, where viral determinant-reactive
T cells using certain TCR Vg chains expand rapidly and can occupy
up to 50% of the peripheral repertoire (60). Antigen-induced cell
death of the large number of these activated T cells may result in
cross-priming of anti-TCR CD4* and CD8" T cell responses. It is
possible that the depletion of activated viral antigen-reactive T cells
in the contraction phase of the response that is followed by a suc-
cessful anti-viral response may be augmented by TCR peptide-reac-
tive CD8" Tregs. Therefore, this regulation may be a generalized
mechanism involved in the establishment of homeostasis following
infections, transplantation, and an autoimmune response.

Use of TCR delivery systems can be exploited

for specific intervention in T cell-mediated

immune pathologies

Priming of TCR peptide-reactive Tregs following vaccination with
disease-related T cells or their TCRs has been demonstrated both to
prevent and to ameliorate autoimmune disease in experimental ani-
mals, which hasled to clinical trials of TCR-based vaccinations in MS
and RA in humans (41, 61-63). Clinical trials of T cell vaccination in
MS patients are currently ongoing (L. Weiner, University of Southern
California, Los Angeles, California, USA, and J. Zhang, Baylor Col-
lege of Medicine, Houston, Texas, USA; personal communication).
Success of these trials will depend upon the identification of domi-
nant pathogenic T cell clones as well as relevant TCR peptides for
use in vaccination. Although class Ib molecules, for example, Qa-1
in mouse and its equivalent HLA-E in humans, are highly conserved,
itis likely that in different haplotypes, different TCR peptides might
be targeted by the MHC class II-restricted CD4* Treg population.
Therefore, therapeutic delivery of an entire TCR Vg chain may be
more broadly effective and less cumbersome than the individual
peptides. This is especially true for those situations where response to
an antigen consists of T cells that utilize several predominant TCR Vi
regions. In fact, delivery of multiple TCR Vg chains has been shown
to be more effective than a single Vg chain in modulating autoim-
mune myocarditis mediated by a polyclonal T cell response (64). We
and others have used different approaches in trying to determine the
most efficient means of presentation of the TCR for modulation of
autoimmune responses, including TCR peptides, recombinant sin-
gle-chain V8.2 proteins, V8.2 plasmid DNA, and a V8.2 adenovirus
or vaccinia delivery system (38, 55-57, 65, 66).

One can predict that future investigations will reveal a detailed
description of this specific regulatory process. Therefore in con-
trast to the generalized suppression mediated by CD25*CD4*
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Tregs, a detailed knowledge of TCR-based regulation as well as
the identification of pathogenic lymphocytes in different clinical
settings will enable a search for sophisticated ways of modulating
immune responses in a more targeted fashion. This will involve
the engagement of naturally occurring pathways inherent in the
immune system at appropriate times to obtain a desired control of
the immune response. If display of the TCR peptide/MHC complex
can be appropriately manipulated, TCR-based regulation should
be able to be exploited for modulating a wide variety of immune
responses, including those involved in transplantation, infection,
tumors, and autoimmune diseases.
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