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Abstract 0 T cells express adaptive antigen receptors
encoded by rearranging genes. Their diversity is highest in
the small region of TCR V-J junctions, especially in the
chain, which should enable the yd TCRs to distinguish
differences in small epitopes. Indeed, recognition of small
molecules, and of an epitope on a larger protein has been
reported. Responses to small non-peptides known as
phospho-antigens are multi-clonal yet limited to a single 74
T cell subset in humans and non-human primates.
Responses to small peptides are multi-clonal or oligo-clo-
nal, include more than one subset of y6 T cells, and occur
in rodents and primates. However, less effort has been
devoted to investigate the peptide responses. To settle the
questions of whether peptides can be ligands for the yd
TCRs, and whether responses to small peptides might
occur normally, peptide binding will have to be demon-
strated, and natural peptide ligands identified.
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Introduction

The adaptive immune system of jawed vertebrates includes
lymphocytes expressing B cell receptors (BCR), aff T cell
receptors (aff TCR) and 90 T cell receptors (y6 TCR). All
of these receptors are encoded by rearranging genes, which
combine variable and constant gene segments to generate
diverse receptor molecules. The mechanisms that come
into play in building this diversity, which is often random
and can be nearly unlimited, have been extensively
reviewed elsewhere [1]. It is thought that random receptor
diversity is the evolutionary answer to a need to recognize
a myriad of antigens expressed by the countless and rapidly
changing pathogens that threaten vertebrate survival. The
lymphocytes expressing BCRs (B cells) and aff TCRs (off
T cells) have been much studied, and they are considered
key players in the adaptive immune responses. Thus, B
cells produce antibodies, which opsonize and neutralize
pathogens and their antigens, and o8 T cells either help B
cells to develop into antibody-producing plasma cells, or
they target infected or otherwise injured cells directly, and
eliminate them by virtue of their cytolytic activity. In
contrast, it is less well known what yé T cells do, and
whether they use their adaptive receptors to support
adaptive immune responses or perhaps other functions of
the immune system. Most investigators in the field believe,
however, that knowing the ligands recognized by the yJ
TCRs will also provide answers to the current questions
about the role of yd T cells in immune responses.

Lack of a paradigm in yd ligand recognition

Among the earliest studies concerned with y0 TCR ligand
recognition were those that compared off and d T cells for
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their ability to recognize MHC differences. The results are
confusing because, although yd T cells did not specifically
respond to allo-antigens and did not show MHC-restricted
specificities involving conventional antigens, 0 T cells
capable of recognizing classical MHC molecules and
related cell-surface proteins, including the CD1 molecules,
have been isolated. This collection could be mined by
crystallographers interested in the problem of ligand rec-
ognition by y0 T cells, and the fact that the structure of the
MHC-ligand might be already available should represent
an advantage in resolving the structure of TCR-ligand
complex. However, this collection has hardly been touched
so far, and in fact, only a single crystal structure involving
a murine Y0 TCR in complex with the T10/22 molecules
has been solved [2]. This structure showed an interesting
molecular interaction very different from those of most
MHC-restricted aff TCRs and their MHC-ligands. Further
structures of this type will be needed before generalizations
about y0 ligand recognition can be made.

Based on structural comparisons between 0 TCRs and
immunoglobulins, it has been suggested that yé ligand
recognition should be Ig-like [3]. Like the immunoglobu-
lins, where the complementarity determining region 3
(CDR3) of the IgH chain makes a major contribution to
receptor diversity and specificity, the TCR-6 CDR3 in the
70 TCRs contributes the lion’s share to receptor diversity.
Not surprisingly, then, TCR-6 CDR3 is solely implicated in
the recognition of the T10/22 molecule, both structurally
and functionally [2, 4, 5], and other studies provided fur-
ther evidence for the importance of this particular portion
of the 4 TCR in the recognition of additional ligands [6].
However, specific immunoglobulins can be raised by
immunization with almost any antigen, whereas most
antigens fail to elicit specific y0 T cells. Therefore,
although physical y0 TCR-ligand interactions may be Ig-
like, this attractive concept alone does not suffice in pre-
dicting what might be a Y6 TCR ligand. Recent evidence
indicates that receptor selection plays a major role in
determining “allowed” specificities in peripheral 70 T cells
[7]. Since 5 T cells develop in the thymus, such selection
might occur here, and indeed, some studies provided strong
evidence for thymic selection of these cells. The evidence
is limited, however. So far, there are only two well-studied
examples; the thymic selection of cells specific for T10/22
and of the TCR-invariant dendritic epidermal T cells
(DETC) [8-10]. The T10/22-specific cells share a CDR30
motif in their TCRs, which is for the most part contributed
by a germline DNA segment (DJ, reading frame 3) and
thus shared by a relatively large number of clones. How-
ever, thymic selection was found to affect the functional
development of these cells, such that TCR-ligand inter-
actions were needed in the thymus for them to become
producers of IFN-y, rather than producers of IL-17A. The
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invariant TCR of the thymic precursors of DETC also
appears to be selected. In this case, the putative ligand
SKINT-1 [10], a molecule that belongs to the immuno-
globulin superfamily of receptors [11], remains to be
confirmed as a true ligand. Combining the notions of Ig-
like receptor—ligand interactions and thymic selection one
might speculate that y0 TCRs resemble natural Igs by
having an inherent or selected specificity for auto-antigen,
but such a concept requires more testing.

The structure of the y0 TCR genes predicts a high degree
of adaptivity in the receptors [1] and indeed, numerous
studies have documented peripheral TCR selection. These
include human diseases such as polymyositis [12] and
multiple sclerosis [13] as well as animal models of diseases
including collagen-induced arthritis (CIA) [14], and what
appears to be natural selection based on endogenous
ligands in healthy individuals [15, 16]. However, how the
selected TCRs might be functionally different is not clear,
because their ligands remain unknown, and their binding
properties and ability to activate the cells that express them
cannot be assessed. In the mouse model of CIA, cells
expressing selected TCRs (Vy4Vd4) also expressed the
cytokine IL-17A at increased frequencies [14], suggesting
a functional connection, but even prior to the immuniza-
tion, the Vy4+ subset contained IL-17A+ cells at slightly
higher frequency than other subsets [14].

Because many of the putative ligands for the 90 TCRs
are non-repetitive and too small to mediate TCR cross-
linking, they must be anchored in some way to enable
polyvalent interactions with the TCRs. Indeed, evidence
for cellular presentation of the so-called phospho-antigens
has been obtained [17, 18], although it is still unknown if
distinct presenting molecules are involved. Furthermore, it
has been reported that human 6 T cells recognize phos-
pholipids when CD1d is present [19, 20], suggesting that
CDI1d might be the presenting molecule in this particular
example. Cellular presentation of conventional peptide
antigens, common in the specific responses of off T cells,
has been suggested for yo T cells [21]. Moreover, some
data suggest that peptides having covalently attached non-
peptidic ligands can, when bound to MHC, be recognized
by yd T cells [22]. If polyvalency is the only requirement
for stimulatory ligands, small molecular moieties also
might be bound to non-cellular structures and still be
stimulatory.

Many of the observed yd T cell responses are oligo-
clonal, involving cells with shared germline elements in
their TCRs, several of the antigens recognized are very
small and require presentation, and the y0 TCRs are
selectable and highly adaptive. To rationalize these
observations, we suggested that the 0 TCR might be
antigen-restricted instead of being restricted by a present-
ing molecule, and that its variability might serve to adjust
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to the variable cell surface context of an antigen that can be
presented in many different ways [23]. However, non-
MHC-restricted presentation of small molecules on the cell
surface is not likely to be random, and specific molecular
associations still might exist that are recognizable by the yJ
TCRs. Thus, a general paradigm that adequately describes
TCR-ligand interactions with y6 T cells remains to be
established.

Proteins among the molecular moieties that stimulate yo
T cells

Although currently there is a strong focus on human 6 T
cell responses to the non-peptidic phospho-antigens [24],
proteins still might turn out to represent the bulk of the
antigens recognized by yd T cells. Indeed, tetanus toxoid, a
strong immunogen derived from a protein, the tetano-
spasmin of Clostridium tetani, might have been the first
defined antigen reported capable of stimulating specific yd
T cell responses [25, 26]. Others that followed include Ig A
light chain [27], certain heat shock proteins [28, 29], and
the proteins staphylococcal enterotoxin A (SEA) [30],
herpes simplex glycoprotein I [31] and—perhaps—insulin
[32]. Furthermore, the less well-defined mycobacterial
purified protein derivative (PPD) has been shown to elicit
70 TCR-dependent responses [28, 33], but it was not con-
clusively determined if its stimulatory moiety is really a
protein. More recently, the defined mycobacterial protein
ESAT-6 was found to stimulate 0 T cells [34], however,
and this may not be the only mycobacterial protein rec-
ognized by y0 T cells [35]. Finally, in addition to natural
proteins, a 100-amino acids-long synthetic protein, poly
GT (a random hetero-copolymer of roughly 50 glutamic
acids and 50 tyrosines), was found to stimulate strong yd
TCR-dependent responses in mice, with other related
synthetic proteins being less stimulatory (poly GAT) or
non-stimulatory (poly G, poly T) [36-39]. Because poly
GT lacks a defined secondary structure, it resembles pep-
tide antigens perhaps more than globular proteins.

In addition to soluble proteins, several cell surface-
expressed proteinaceous ligands have been identified,
including the classical MHC I and II molecules as well as
the non-classical MHC I-related molecules T10/T22 in
mice [40—42], and the more distant MHC I-like molecules
MICA/B in humans [43, 44] as well as CD1c in humans
[45] and CD1d in both mice and humans [20, 46].
Although the degree to which these various responses have
been characterized varies greatly, the list in its entirety
makes a good case that the y0 TCRs in principle are
capable of interacting with proteinaceous ligands. This
raises the question of whether small peptides might also be
recognized.

TCR-dependent responses to small peptide antigens

Based on the concentrated diversity in the V-J junction of
¢ and the other TCR genes, together with a relative absence
of diversity elsewhere in the TCRs, Davis and Bjorkman
suggested that the y0 TCRs might be capable of recog-
nizing “diverse small molecules (such as peptides)
embedded in much less diverse and larger MHC mole-
cules” [1], but so far only a small number of studies have
actually examined responses of yd T cells to defined pep-
tide antigens (Table 1). Encouraged by the observation that
purified recombinant HSP-60 could stimulate murine yd T
cell hybridomas of a select set [28], as well as findings of
others implicating HSP-60 as a possible antigen recognized
by 70 T cells in humans [29, 47], we decided to examine
synthetic peptides representing portions of the HSP-60
protein for stimulatory activity. We quickly identified one
particular sequence within mycobacterial HSP-60 repre-
sented by peptide 180-196, which stimulated strong TCR-
dependent cytokine responses in these hybridomas [48].
All of the reactive hybridomas expressed Vyl, most fre-
quently associated with V6 or V4, but other Vis were
also seen [49]. Because the same hybridomas also pro-
duced small amounts of cytokine in the absence of the
added peptide [28], and because some of the hybridomas
responded as well to a matched peptide representing the
homologous mammalian HSP-60 protein [48], it seemed
possible that the spontaneous response is auto-reactive in
nature, but this was not formally shown. Responsiveness to
this peptide could be transferred with the rearranged TCR 7y
and 0 genes of a peptide-reactive hybridoma [50], thus
establishing TCR-dependence. To determine if the myco-
bacterial HSP-60 peptide also elicits a response of pd T
cells in vivo, we immunized mice with it and subsequently
examined the TCRs and peptide responses of Vyl+ yo T
cells from the immunized animals. An increase in the rel-
ative frequency of peptide-reactive cells and minor changes
in their TCR-repertoire and structure were found, indicat-
ing that this small peptide indeed triggers select y6 T cells
in vivo [51].

It was not determined in what form this peptide is rec-
ognized. Hybridomas responded to it in the absence of
added antigen-presenting cells (APCs) [49], suggesting that
either APCs are not required at all, or that the hybridoma
cell themselves can present the peptide. We observed the
same with a TCR-deficient mouse T cell line (58a-f-)
expressing a transgenic y0 TCR of the peptide-reactive
type [50], indicating that no other ydé lineage-specific
molecules are required for this response. However, others
failed to find the response when human JURKAT cells
were transfected with such a TCR [52]. This is reminiscent
of recent studies with the response of primate 70 T cells to
phosphoantigens, which requires cellular presentation of
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Table 1 Responses of yd T cells to specific peptides

70 T cell source  Protein source Peptide origin, name (epitope) MHC restriction ~ TCR-dependent  Reference®
Mouse HSP-60 Mycobacterial (180-196) No Yes [48-52]
E. coli (181-197)
Mammalian (205-221)
Undefined Several, corresponding to HSP-70 BiP motif =~ No Yes [55], unpubl.
None EY nonamer No Yes [39], unpubl.
Insulin B chain B:9-23 [9-23] No Yes [57]
Rat Retinal S-antigen = PDSAg (341-354) ? ? [65, 66]
HLA-B B27PD (125-138) ? ? [65, 66]
Human Tetanus toxin C. tetani (1235-1246) HLA-DRw53 Yes [21]
Ig 4 light chain Processed peptide No Yes [67]
Listeriolysin O L. monocytogenes (470-508) No Yes [68]

the phosphoantigens, but only primate-derived cells can act
as presenters [53, 54]. Apparently, this reflects the speci-
ficity of the 0 TCR itself, because the same requirement
was observed in binding studies with soluble y0 TCRs [18].
These findings suggest that the y0 TCRs have some
intrinsic ability to identify a rudimentary “self”, akin
perhaps to the intrinsic ability of off TCRs to recognize
MHC molecules.

In further experiments, we explored the limits of this
particular peptide sequence and derivatives in terms of
their ability to elicit 0 T cell responses. The shortest HSP-
60-derived peptides to retain stimulatory activity were
seven amino acids in length, covering the sequence
FGLQLEL [50]. A single amino acid substitution in this
peptide (to FALQLEL) increased the stimulatory activity
[50]. The biological significance of this peptide response is
unclear. Because the FGLQLEL peptide roughly matched a
motif shared by unfolded proteins, which bind to the
molecular chaperone HSP-70 BiP [55], we tested unrelated
peptides having this motif for their stimulatory activity as
well, and found several that triggered hybridoma responses,
albeit none as strong as those to the HSP-60 peptide
(unpublished). It is thus conceivable that some yd T cells
recognize epitopes in unfolded proteins.

We also re-examined poly GT (in the current nomen-
clature for amino acids, this random hetero-copolymer
would instead be designated poly E>°Y>%), and found that
the same hybridomas that had shown reactivity with the
HSP-60 peptides responded to it, as well as to several
derivatives (e.g., poly GAT), and even a nonamer peptide
with a non-random sequence of alternating glutamic acids
and tyrosines [39]. Taken together, these studies estab-
lished that short peptide molecules can elicit responses via
70 TCRs. Because the hybridomas examined were derived
from non-immunized animals, their responses might reflect
some natural reactivity lacking a high degree of specificity.
Since these responses are polyclonal, peptide antigens of a
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wide variety might meet the criteria required for stimula-
tion. A biological role for these peptide responses was not
determined, however.

Recently, a different type of peptide response involving
murine yd TCRs was discovered. When examining the TCR-
f chain repertoire of insulin peptide B:9-23-specific «ff T
cells in NOD mouse model of type I autoimmune diabetes
[56], one in a substantial collection of peptide reactive
hybridomas was found to express 0 TCR. In contrast to the
above-described peptide reactive yd hybridomas, this clone
(named SP9D11) expressed a TCR consisting of V4 paired
with VJ10, and no auto-reactivity was seen with this cell
[57]. In addition to the B:9-23 peptide, the SP9DI1
hybridoma also responded to purified islets, but did not
recognize intact or denatured insulin, or cells from another
tissue used as control. Transfer of the TCR of this clone to
another cell confirmed TCR-dependence of the peptide
response. The hybridoma response was specific for the B:9-
23 peptide. However, truncations and amino acid substitu-
tions revealed that the carboxy-terminal amino acids 21 and
22 were not necessary for the response whereas the amino-
terminal ones could not be changed. As has been seen with
the aff T cell responses to this peptide [58], substitution of
the tyrosine in position 16 with alanine abrogated the 79
response. Interestingly, the same happened when the cys-
teine in position 19 was substituted with alanine [57], a
change that does not affect the a8 T cells [58]. This could
indicate that the cysteine itself is recognized by the y6 TCR,
or that its ability to dimerize the peptide is essential for
stimulation. A dimeric peptide might be able to cross-link yJ
TCRs directly. Another interesting finding of this study was
that individual isolated hybridoma cells could respond to the
B:9-23 peptide [57]. This suggested that the peptide might
be recognized without any cellular presentation, either in
soluble form or perhaps bound to the surface of the culture
plate, or that the responding cells are able to auto-present.
To resolve this, direct binding studies will be required.
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The SP9DI11 hybridoma was derived from a mouse
immunized with the B:9-23 peptide. In subsequent exper-
iments, we used non-immunized NOD mice to generate
further y6 T cell hybridomas. Several of these responded to
the B:9-23 peptide as well [57]. This indicated that yo T
cells with this particular specificity also develop sponta-
neously, at least in NOD mice. However, these cells mainly
expressed Vyl+4+ TCRs in contrast to the Vy4V3510 TCR of
hybridoma SP9D11, which was derived from a peptide-
immunized mouse [57]. Furthermore, their peptide speci-
ficity is shared with off T cells and B cells [56, 59, 60].
However, unlike off T cells and B cells, the y6 T cell
response to insulin might be focused on this epitope alone.
Importantly, there is now convincing evidence that insulin
B:9-23 and closely related peptides occur naturally, con-
tained within intra-islet dendritic cells, which engulf
insulin granules and produce and present the peptides [61].
Thus, the B:9-23 peptide is a promising candidate as a
natural peptide ligand for y0 T cells.

Perhaps the B:9-23-specific yo T cells have some reg-
ulatory role or can become, like the off T cells and B cells
with this specificity, involved in the autoimmune response
that leads to type I diabetes in this mouse strain. Some time
ago, it was reported that inhaled insulin induces y0 T cells
capable of suppressing diabetes development in NOD mice
[32], and we recently found that y0 T cells, including those
expressing Vyl, infiltrate the islets of prediabetic NOD
mice (unpublished data). However, in neither case was the
specificity of the yo T cells determined.

Protein- or peptide-specific reactivity of yd T cells also
has been reported in animal models of mucosal tolerance.
Thus, mice and rats that inhaled or ingested the protein
ovalbumin (OVA) developed tolerance to this antigen,
which could be transferred with y0 T cells [62—-64]. The
suppressive effect of the transferred yo T cells was limited
to responses against OVA [62]. Orally induced yd T cells in
rats suppressed experimental autoimmune uveitis (EAU)
[65, 66]. These cells were induced by feeding the rats with
short peptide antigens, including one derived from the
retinal soluble antigen (S—Ag) and one derived from the
HLA-B27 molecule (B27PD), which was also tolerogenic
in this model. The in vivo induced yd T cells also specif-
ically proliferated in response to the peptides in vitro, albeit
only in the presence of irradiated a8 T cells with the same
specificity. These responses could be inhibited with anti-
bodies against CD8 and MHC II molecules. It was not
determined if the pd T cells actually recognize the peptide
antigens via their TCR, however.

Specific recognition of short peptides by human yé T
cells was also reported. One study involved cloned yé T
cells from the synovial fluid of a patient with rheumatoid
arthritis. These clones specifically responded to tetanus
toxin-derived peptides, and they expressed Vy9V§2 while

lacking CD4 and CD8 expression, the predominant phe-
notype of 0 T cells in human peripheral blood [21]. Unlike
the polyclonal MHC non-restricted reactivity of Vy902+
70 T cells to mycobacterial antigens, peptide responsive-
ness was limited to individual clones. Epitope mapping
defined the specificity of one of these clones to a portion of
the toxin represented by an 12mer peptide covering amino
acids 1235-1246. The response to these peptides required
APCs, and a screening of partially HLA-matched donors
revealed that one pd T cell clone (1.4) required a match in
HLA-DRw53. HLA-DRw53 is a non-polymorphic class 11
MHC molecule, which might serve as a presenting element
in the peptide response. The clones that responded to the
toxin peptide in this study shared the broader reactivity of
V99 Vo2+ cells with mycobacterial antigens [21]. In
contrast, the earlier described yd T cells with specificity for
tetanus toxoid were CD8+ and expressed a different TCR
(Vy14) [25]. The response of these cells also appeared to
be MHC Il-restricted, but it was not determined if they
could recognize short peptide antigens.

70 CTL clones from a Burkitt’s lymphoma patient,
which recognized a B cell lymphoma Ig 4 light chain idi-
otype [27], also responded to cells transfected with a signal
sequence-deficient mutant of the SUP-B17 Ig A chain.
Target cells transfected with this construct expressed the
truncated protein only intracellularly. Nevertheless, the Ig
A-specific y0 CTL clones lysed the transfected cells as well
as others expressing the full-length construct on their sur-
face [67]. Since purified tumor Ig and peptides
corresponding to the hypervariable regions of the SUP-
B171 chain failed to sensitize target cells to lysis by the yJ
clones, the data suggested that antigen processing is
required to generate a peptide that can be effectively rec-
ognized by the 76 T cells.

Finally, in cultures of human peripheral blood mono-
nuclear cells (PBMC) stimulated in vitro with live Listeria
monocytogenes bacteria, y0 T cells developed that were
capable of recognizing listeriolysin O (LLO) and a peptide
covering LLO amino acids 470-508 [68]. The specific
response to this peptide antigen by the 7 T cells required
peptide pulsed autologous PBMC, whereas HLA-DR4
matched PBMC, which supported aff T cells responding to
the same peptide, failed to support the 0 response. A
specific restricting element was not identified. As with the
murine responses to insulin [57], it is interesting to note
that LLO-reactive human yd and aff T cells seem to share
an epitope specificity with regard to this bacterial toxin
[68]. However, while the yJ response appears to be focused
on this particular epitope, aff T cells also recognize other
LLO epitopes. As noted by the authors, LLO 470-508 is
highly homologous to other toxins of Gram-positive bac-
teria, perhaps indicating that the focus of the yd T cell
response includes an entire spectrum of related toxins.
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Features of the peptide responses by yé T cells

Interactions of peptides with proteins are often found in
cell biology. A pentapeptide unit has emerged as a com-
mon minimal amino acid sequence in peptide protein
interactions and in immune recognition [69]. The number
of reported peptide responses of yd T cells is small, but
some features are already evident. First, peptides recog-
nized by 70 T cells can be derived from both autologous
and heterologous sources [48]. Hence, they might play
roles in health and disease, in sterile and in infectious
inflammation, and in the regulation of auto-reactivity and
the detection of pathogens. Such a diverse range of peptide
antigens fits well with the nearly unlimited potential of
structural diversity of the y0 TCRs. Second, there might be
few constraints with regard to the size of the recognized
peptides. Peptides representing natural amino acid
sequences as large as 38 amino acids [68], and as short as
seven amino acids in length were found to stimulate o
TCR-dependent responses [50]. Of note, in the studies with
larger peptides, secondary peptide processing was not
excluded. Unlimited peptide size would be incompatible
with presentation of the larger peptides by MHC class I
molecules, but presentation by MHC class II molecules and
other molecules that do not restrict peptide size remain
possibilities. Third, amino acid composition and sequence
of the peptides determine responses. In all reported
examples, only certain peptides representing an individual
epitope within a larger protein sequence stimulated the yJ
response. As mentioned earlier, with the HSP-60-derived
peptides, we found that only certain truncations and amino
acid substitutions were tolerated, whereas others reduced or
completely abrogated the y¢ response [50]. Similarly, the
70 TCR-dependent response to the insulin peptides B:9-23
was sensitive to amino-terminal truncations but permissive
of carboxy-terminal truncations (up to amino acid 21), and
substituting amino acids in positions 16 or 19 with alanine
rendered the peptide non-stimulatory [57]. Some of our
data suggested that amphipathic properties of a peptide
matter, and we found that sequence un-related peptides still
might stimulate certain y6 hybridomas within the larger set
of HSP-60 peptide-reactive cells, as long as they contained
hydrophobic or aromatic amino acids in every second
position. The same hybridomas also responded to poly GT,
and a nonamer peptide with alternating glutamic acids and
tyrosines, EY® (unpublished data). In sum, these observa-
tions indicate that the responses are peptide-specific, albeit
with a range of specificities from polyclonal, and including
entire groups of similar peptides, to clonal, and limited to
one or a few related peptides. Finally, reports vary greatly
with regard to antigen presentation requirements. Similar to
the originally reported response of human yd T cells to
tetanus toxoid [25], the response of human yd T cells to a
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peptide antigen derived from tetanus toxin required APCs
[21]. It was also found to be HLA-DR4-restricted, sug-
gesting a mechanism of antigen presentation involving
MHC II [21]. In contrast, the response of human yd T cells
to a peptide derived from listeriolysin O did not appear to
be MHC-restricted [68]. Similarly, there was no APC-
requirement or MHC-restriction in the responses to HSP-
60-derived [70] and insulin-derived peptides by murine yd
T cell hybridomas [57]. Here, it remains possible that the
hybridoma cells themselves present peptides to one
another. However, in the reactivity of one particular
hybridoma (SP9D11) with the insulin peptide B:9-23, it
was shown that isolated individual cells responded to the
peptide, eliminating a requirement for intercellular pre-
sentation [57]. Notably, this peptide might represent a
special case as it can dimerize by forming a disulfide bridge
between cysteines in position 19. Suggestively, a peptide in
which the cysteine was substituted by an alanine failed to
stimulate the hybridoma [57]. Thus, available data might
be best explained by a model in which peptide antigen
presentation by professional APCs and MHC molecules is
optional and limited to certain peptides only. Others might
be presented by cells in an MHC non-restricted fashion,
either involving other specialized cell-surface molecules or
perhaps merely non-specific binding interactions between
reactive peptides and cells [23], and multivalent peptides
might even be able to stimulate directly, by cross-linking
the TCR in the absence of any kind of presentation [39,
57].

Significance of the peptide responses

Presently, it is difficult to assess the significance of peptide
responses by yd T cells because it has not yet been dem-
onstrated that small peptides bind to the 0 TCR itself or
form a complex with a presenting molecule, and it remains
to be seen if naturally occurring small peptides can be
recognized. The first requirement pertains to the mecha-
nism of peptide recognition as well as the utility of peptides
in eliciting specific responses of yd T cells. Thus, it is
important to determine the affinity of binding interactions
between y0 TCRs and small peptides as well as possible
additional requirements such as the molecular context in
which peptides might be recognized. It must also be
determined if peptides indeed bind to the variable portion
of the yd TCRs, and if such interaction depends on the
diverse V-J junctions. If peptides bind to the y0 TCR and
elicit clonal or subset-specific responses, they might be
used for immune modulation and other therapeutic pur-
poses, via the functions of the targeted yd T cells.
Determining if 70 TCRs have evolved to recognize small
peptide antigens is a more difficult task and will require the
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isolation of naturally occurring peptide ligands. As with off
T cells, these might include break down products of larger
proteins, but it is also conceivable that small proteins such
as peptide hormones or defensins can be recognized.

Summary and conclusions

There is no compelling reason why 9 T cells should not
recognize small peptide antigens. Small peptide antigens
representing epitopes of a variety of proteins produced
antigen-specific y0 TCR-dependent responses. The pep-
tides are mostly recognized in the context of the eukaryotic
cell surface, which might provide species-specificity.
However, the precise mechanism(s) and the biological
significance of peptide recognition via the y0 TCR remain
to be determined.
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Note added in proof Recently, a systematic approach to the
identification of peptide antigens recognized by human gammadelta
TCRs was reported as well as a stimulatory epitope on the oxidative
stress response regulatory protein (OXYS), expressed by BCG.
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X.,Li, L., He, W., Zhao, Z. (2011) A novel strategy to screen Bacillus
Calmette-Guerin protein antigen recognized by gammadelta TCR.
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