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Abstract

Mature T lymphocytes carrying the conventional aff T
cell receptor (TCR) recognize peptide antigens in the con-
text of MHC class | (CD8+) and MHC class Il (CD4+) anti-
gens, respectively. In striking contrast, human y6 T lym-
phocytes recognize unconventional antigens via their
heterodimeric TCR in a non-MHC-restricted fashion. In
this brief review, we discuss recent progress in the iden-
tification of ligands that are specifically recognized by
human yd T cells. It appears that yd T cells have evolved
to supplement the cellular immune response towards

antigens that are not seen by af§ T lymphocytes.
Copyright© 2000 S. Karger AG, Basel

Introduction

While the vast majority of mature T lymphocytes carry
a T cell receptor (TCR) molecule composed of a and 8
chains, a small percentage (1-5%) expresses an alterna-
tive CD3-associated y6 TCR heterodimer. Interest in the
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function of these y6 T cells under physiological and patho-
logical conditions has grown continuously since the dis-
covery more than 15 years ago that a third rearranging
(y chain) TCR gene is expressed in a distinct set of T lym-
phocytes [1]. Despite tremendous investigative efforts,
however, the function of y8 T cells has remained largely
elusive. This is due to the fact that it has been difficult to
assign to 8 T cells a specific role in the immune system.
More recently, however, new ligands for y6 T cells have
been identified. Recent progress in the field supports the
idea that yd T cells fulfill a role distinct from that of a§ T
cells in the immune system. In this brief review, we
attempt to discuss some of these new developments. It is
not the aim of this article to provide an in-depth review on
v6 T cells. For this purpose, the reader is referred to recent
reviews dealing with the Y8 TCR repertoire in health and
disease [2, 3] and functional aspects of y& T cells [4, 5].

The Human yd TCR Repertoire

In contrast to afy T cells, only a few variable (V) gene
segments are available in the germline genome from
which functional y and & chain genes can be generated.
Thus, there are 6 expressed Vy genes (designated Vy2, 3,
4,5, 8 and 9) and a comparably small number of V& genes.
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Nevertheless, the y6 TCR repertoire is considered to be at
least as diverse as the o TCR repertoire, due to nongerm-
line-encoded mechanisms of diversification such as the
insertion of N nucleotides during gene rearrangement and
the translation of D& sequences in all three possible read-
ing frames [3]. Over the last few years, monoclonal anti-
bodies directed against expressed TCR Vy and Vo genes
have been developed. Such antibodies have proven useful
in the analysis of the human yd TCR repertoire in health
and disease [2, 6, 7]. Quite strikingly, the few available Vy
and V0 genes are not used randomly among the yé T cells
in different anatomical localizations. In the peripheral
blood of healthy Caucasians, there is a clear dominance of
cells expressing Vy9 together with V32, which can account
for up to 95% of the yd T cells [3, 6, 8]. While Vy9/V52
cells do not dominate among y8 T cells after birth, they
gradually expand in the peripheral blood during child-
hood, suggesting that exposure to environmental and/or
bacterial antigens (see below) might shape the y6 TCR
repertoire during postnatal development [3, 8]. The sec-
ond most frequent subset of peripheral blood yé T cells
expresses Vol in association with various Vy elements.
However, due to the dominance of Vy9/V82 cells, the V51
subset usually accounts for only 10-30 % of the peripheral
blood Y8 T cells, and might be difficult to detect given the
low percentage of y6 T cells among CD3+ peripheral
blood T cells. Quantitative increases in circulating Va1l
cells are observed in HIV infection [2, 7, 9] and, even
more strikingly, in cytomegalovirus (CMYV) infection fol-
lowing renal transplantation [10]. Under physiological
conditions, however, the primary localization of Vél1-
expressing v T cells is not the peripheral blood but rather
the intraepithelial T cell compartment of the intestine,
where V31 cells constitute a major T cell population [11].
The preferential expression of certain TCR Vy and Vé ele-
ments in different anatomical sites is ususally considered
to reflect the importance of a particular y8 T cell subset in
the local immune surveillance.

Although the overall structure of yé and aff TCRs is
similar, the yd TCR displays some distinct structural fea-
tures. Recent crystal structure analysis of the V& domain
of a human y6 TCR revealed that the framework structure
of V& more closely resembled that of the variable immu-
noglobulin heavy chain domain (Vg) than the TCR Va or
VB domains [12]. Together with the observation that the
CDR3 length distribution of TCR & chains is similar to
that of immunoglobulin heavy chains [13], it appears that
ligand recognition by y8 T cells shares more features with
antigen binding of immunoglobulins than peptide/MHC
recognition by aff T cells [14, 15].
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Ligands Recognized by Human Vy9/V52 T Cells

Mature af3 T cells recognize antigens processed by anti-
gen-presenting cells in the context of MHC class I or class
II molecules. While CD4+ cells recognize peptides de-
rived from exogenous antigens bound to MHC class II
molecules, CD8+ T cells recognize peptides in the context
of MHC class I molecules. In contrast to mature o T
cells, the majority of y8 T cells lack the expression of CD4
or CD8, which is in agreement with the lack of MHC
restriction of most y8 T cells. Thus, only a few examples of
MHC-restricted human y8 T cell clones have been re-
ported [16]. Early in vitro experiments indicated that the
dominant subset of peripheral blood yo T cells, i.e. Vy9/
V&2-expressing cells, strongly reacted in a non-MHC-
restricted fashion towards inactivated Mycobacterium tu-
berculosis [17, 18] and a variety of other microorganisms,
including Plasmodium falciparum [19], Toxoplasma gon-
dii[20], Yersinia enterocolitica [21], Francisella tularensis
[22] and others. Further investigations revealed that the
v6 T cell-stimulating moiety of microbial extracts was not
protein, but rather consisted of nonproteinaceous, phos-
phatase-sensitive, low-molecular-weight compounds [23].
Different types of such phosphorylated ligands have been
isolated from mycobacteria, including phosphorylated
nucleotide-containing compounds (TUBag) [24] and iso-
prenoid pyrophosphates such as isopentenyl pyrophos-
phate (IPP) [25]. Collectively, these ligands have been
termed phosphoantigens [26]. Apart from these TUBags
and pyrophosphates, several phosphorylated sugars and
synthetic alkyl phosphates such as monoethyl phosphate
have been found to stimulate human Vy9/Vé2 T cells [27,
28]. It is now obvious that phosphoantigens can be pro-
duced by a large variety of microorganisms [22, 24, 25,
29], and yo T cell-stimulating, phosphatase-sensitive, pro-
tease-resistant low-molecular-weight compounds can also
be recovered from certain plant extracts [30]. Since IPP is
a precursor of a biosynthesis pathway leading to the syn-
thesis of diverse isoprenoids, including vitamins and ste-
roids, both in prokaryotic and eukaryotic cells [31], it has
been unclear why Vy9/V82 T cells react towards synthetic
IPP and IPP derived from microorganisms but not to-
wards extracts or lysates of eukaryotic and autologous
cells where IPP is also synthesized. Recent studies from
two groups have provided new insights into this puzzling
problem. Importantly, IPP can be synthesized via two dif-
ferent biosynthetic pathways. In eukaryotic cells, includ-
ing mammalian cells and yeast, as well as in some bacte-
ria, IPP is synthesized from acetyl coenzyme A via the
formation of mevalonic acid as an intermediate step (me-
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valonate pathway) [31]. In other bacteria (including .
tuberculosis), however, IPP synthesis does not start from
acetyl coenzyme A but rather arises from the decarboxyl-
ate condensation of glyceraldehyde-3-phosphate and py-
ruvate, leading to 1-deoxy-D-xylulose 5-phosphate (DXP)
and via additional intermediates to IPP (non-mevalonate
pathway) [32-34]. Jomaa et al. [35] have compared the yé
T cell-stimulatory activity of a large number of different
bacteria with their capacity to use the mevalonate or non-
mevalonate (DXP) pathway of IPP biosynthesis. Interest-
ingly, they observed a close correlation, in that yé T cell-
stimulatory activity was strictly confined to bacteria ex-
ploiting the DXP but not the mevalonate pathway [35].
Moreover, Belmant et al. [36] were able to identify a novel
intermediate of this nonmevalonate pathway as the major
mycobacteria-derived yd T cell-stimulating metabolite. In
their recent studies, they showed that a pyrophosphory-
lated aldehyde, 3-formyl-1-butyl-pyrophosphate, is gener-
ated exclusively during the nonmevalonate (DXP) path-
way of IPP synthesis, and that it activates Vy9/V82 T cells
at the nanomolar range, while IPP itself is active only at
much higher concentrations [36]. These new results help
us to understand the role of Vy9/Vd2 T cells in the
immune defense against pathogenic microorganisms. Ac-
cordingly, Vy9/V42 T cells recognize metabolites of iso-
prenoid synthesis that are generated by the nonmevalon-
ate pathway in certain pathogenic microorganisms but
not by the mevalonate pathway in other bacteria and
mammalian cells. IPP as the end product of both biosyn-
thesis pathways, activates Vy9/Va2 T cells only at 1,000-
fold higher concentrations (i.e. in the micromolar range),
which, however, are not achieved in mammalian cells.
Therefore, Vy9/V52 T cells sense proliferating pathogens
that secrete very low amounts of intermediates of the non-
mevalonate isoprenoid biosynthesis pathway [36].

In addition to phosphoantigens, primary alkylamines
have recently been demonstrated to activate the same
subset of Vy9/V82 y8 T cells. Such alkylamines are
secreted by some bacteria and are also found in certain
plants and tea [37]. Furthermore, Vy9/V32 T cells also
recognize certain tumor cells, such as Daudi Burkitt’s
lymphoma cells [38]. While it has been shown that a
GroEL-related heat shock protein (HSP) might be recog-
nized by y8 T cells on the surface of Daudi cells [39], more
recent data suggest that the surface-expressed Vy9/V52
ligand is still elusive [40]. As with other T cells and NK
cells, the activation pattern of Y8 T cells can be modulated
by signals delivered through MHC class I-specific inhibi-
tory receptors. A substantial fraction of Vy9/Vé2 T cells
expresses CD94/NKG2A receptors, which can modulate
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reactivity towards lymphoma cells and phosphoantigens
[41, 42].

The effector function of Vy9/V42 T cells includes cyto-
kine secretion (tumor necrosis factor-o, interferon-y, CC
chemokines and others) and cytotoxic activity against
pathogen-infected macrophages [4, 43-45]. Gene transfer
experiments have clearly shown that the recognition of
phosphoantigens by Vy9/Vé2 T cells is TCR dependent
[46]. However, in contrast to peptides recognized by aff T
cells, the presentation of phosphoantigens to human Vy9/
V&2 T cells occurs independently of classical MHC class I
or class II antigens, or MHC-related CD1 molecules, and
does not require functional peptide-loading pathways
[47]. This lack of requirement for processing ensures that
Vy9/V82 v8 T cells can rapidly respond to phosphoanti-
gens secreted by pathogenic microorganisms.

Ligands Recognized by Human V31 T Cells

v6 T cells expressing V&1 in association with various
Vy elements are preferentially located in the intestine. In
the adult intestine, 8 T cells comprise 30-40% of intra-
epithelial lymphocytes, of which up to 70% are V&1+ [3,
48]. The accumulation of V&1 cells in the intestine sug-
gests that these cells fulfill important functions in the local
mucosal immune surveillance. This is further supported
by the observation that quantitative and qualitative
changes in the mucosal ¥ T cell repertoire and function
occur in inflammatory bowel diseases [49-52]. Recently,
candidate target antigens for mucosal Vé1-expressing yd
T cells have been identified. As reported by two groups,
V31 v8 T cells coexpressing various Vy genes recognized
the stress-inducible MHC class I-related chain (MIC) A
and MICB molecules on the surface of epithelial cells [53,
54]. The MIC genes encode cell surface glycoproteins
which are not associated with B,-microglobulin, lack a
conventional peptide-binding groove (and thus are stable
in the absence of MHC class I peptide ligand) and are
preferentially expressed in gastrointestinal epithelium
upon stress, e.g. infection, cell damage or cellular transfor-
mation [55, 56]. These data suggest that a major role of
intraepithelial V81 y8 T cells is to monitor the integrity of
epithelial cells by sensing the expression of MICA/MICB
in the case of cell damage. Interestingly enough, MICA/
MICB antigens are aberrantly expressed also on certain
epithelial tumor cells, and the expression of MICA/MICB
on a given tumor correlates with the appearance of V81 yd
T cells among tumor-infiltrating lymphocytes [57]. These
data suggest that V81 v T cells might be involved in the
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cellular immune response towards MICA/MICB-express-
ing epithelial tumor cells.

While the stress-inducible expression of MICA/MICB
molecules on epithelial cells suggests a role of intraepithe-
lial V81-expressing yo T cells in the local immune surveil-
lance, there is evidence that these cells are also involved in
the immune defense against infection. Vo1 T cells are
increased in the peripheral blood of HIV-infected individ-
uals, but the significance of this observation is uncertain,
and potential ligands involved have not yet been identi-
fied [2]. More recently, V81 T cells have been implicated
in the human immune response to CMV. Dechanet et al.
[10] studied the y6 T cells in the peripheral blood of
patients undergoing renal transplantation. After trans-
plantation, they observed a striking increase in V31 cells
in those patients who developed a CMYV infection but not
in patients who remained free of CMV infection [10].
This increase in V381 cells was long lasting (more than 1
year) and was characterized by the clonal expansion of
particular V&1 (and V43) clones, suggesting an antigen-
driven process. These data strongly suggest that the subset
of V31 yd T cells plays an important role in the immune
response of immunosuppressed patients to CMYV infec-
tion.

Additional evidence indicates that V&1-expressing yo
T cells are also involved in the immune defense against
certain bacteria. yd T cells present in the synovial fluid of
patients with Lyme arthritis proliferate in vitro in re-
sponse to Borrelia burgdorferi, the causative spirochete
[58]. In their studies, Vincent et al. [58] demonstrated that
B. burgdorferi-reactive V81 T cells can eliminate autolo-
gous synovial CD4+ T lymphocytes via a Fas/Fas-ligand
interaction. Such a mechanism could help to restrict the
expansion of inflammatory CD4+ T cells in the inflamed
synovium [58]. Similarly, we observed a profound expan-
sion of V81 y8 T cells coexpressing diverse Vy elements
when synovial lymphocytes from Lyme arthritis patients
were cultured with extracts of B. burgdorferi. In an at-
tempt to investigate the possible role of V81 y8 T cells in
other manifestations of Borrelia infection, we quantified
vd T cell subsets in the peripheral blood of patients with
skin manifestations of a previously documented Borrelia
infection. Flow cytometric analysis of peripheral blood
lymphocytes from these patients did not reveal increased
percentages of V&1 cells when compared to healthy indi-
viduals without documented Borrelia infection. Func-
tional studies indicated that the strong proliferative re-
sponse of lymphocytes from these patients to extracts of
various Borrelia species (B. garinii, B. afzelii, B. burgdor-
feri) was primarily due to the activation of aff T lympho-
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cytes. Thus, a selective expansion of Vol y8 T cells as
described with synovial lymphocytes from Lyme arthritis
patients could not be observed with peripheral blood lym-
phocytes from these patients with skin manifestations of
Borrelia infection [Glatzel et al., unpubl. results]. It is con-
ceivable that the reactivity of V81 yd T cells towards Bor-
relia antigens is a feature of tissue-localized (e.g. synovial)
but not of circulating V&1 yé T cells. More recent data
from Vincent et al. [59] indicate that the Vd1-expressing
v6 T cells isolated from the synovial fluid of Lyme arthri-
tis patients might recognize lipoproteins and lipidated
hexapeptides derived from B. burgdorferi outer surface
proteins.

Taken together, the two major subsets of human yé T
cells seem to recognize fundamentally different ligands.
While the prominent set of Vy9/V32 T cells recognizes
nonproteinaceous phosphoantigens and alkylamines, the
V&1 v8 T cells might recognize more conventional anti-
gens, including proteins (MICA/MICB), lipoproteins/lipi-
dated peptides (B. burgdorferi) and not yet precisely iden-
tifed viral antigens (CMYV). Interestingly enough, respon-
siveness to phosphoantigens seems to be limited to hu-
man v T cells, whereas murine v T cells fail to recognize
these ligands [5]. While murine Y8 T cells recognize myco-
bacterial HSP and HSP-derived peptides [60], the role of
HSPs as ligands for human y8 T cells is less clear.
Although there are examples of HSP-reactive human y8 T
cells [39, 61, 62], it would appear that HSPs are not uni-
versal ligands for human y3 T cells [18]. Phosphoantigens
and MICA/MICB share properties of superantigens, i.e.
they stimulate whole subsets of y6 T cells as defined by
their V gene usage (Vy9/Vé2 in the case of phosphoanti-
gens, Vo1 in the case of MICA/MICB). In addition to this
supertypic reactivity, individual yd T cell clones might
display additional specificities (e.g. for HSP) which would
depend on the hypervariable CDR3 loop and adjacent
residues [63].

Possible Functions of yd T Cells

The above-summarized new insights into ligands rec-
ognized by human y3 T cells strongly indicate that a major
role of y8 T cells is to supplement the cellular immune
defense towards antigens that are not seen by aff T cells.
This is true for Vy9/Vé2 vy8 T cells with their unique
capacity to sense very low amounts of metabolites that are
secreted by pathogenic microorganisms such as M. tuber-
culosis, as well as for mucosal V81 v T cells that recognize
stress-induced MICA/MICB antigens. Accumulating evi-
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dence suggests, however, that yd T cells possess additional
immunoregulatory functions [see ref. 5 for a recent re-
view]. Cross-talk between v T cells and other cells of the
immune system has been shown to modulate humoral
[64, 65] and cellular immune responses [66—-69]. Our own
in vitro experiments indicate a bidirectional interaction
between phosphoantigen-reactive Vy9/V82 y8 T cells and
CD4+ op T cells. While the activation of freshly isolated
Vy9/V82 T cells by heat-inactivated M. tuberculosis or
synthetic IPP phosphoantigens totally depends on CD4+-
derived helper signals such as IL-2 [70, 71], the simulta-
neous activation of CD4+ off T cells by bacterial superan-
tigens can paradoxically suppress Vy9/V82 v8 T cell acti-
vation by an as yet undefined mode of action [Wesch et
al., unpubl. observations]. In addition, y& T cells might
exert more specific immunoregulatory functions that can-
not be readily achieved by aff T cells. An example is the
role of y& T cells in allergic airway inflammation. In a
murine model of allergic pulmonary inflammation, Zua-
ny-Amorim et al. [72] showed that yd T cells are essential

for inducing IL-4-dependent IgE and IgG1 responses and
for Th2-mediated airway inflammation to peptide anti-
gens. It appears, however, that the role of y8 T cells in the
regulation of airway function is not restricted to immune-
dependent mechanisms but might also include interac-
tions with nonimmune cells such as airway epithelia and
airway smooth muscle cells [73].

Taken together, these results make it increasingly clear
why the immune system has been able to afford to main-
tain two separate TCRs throughout evolution. While the
identification of specific y8 T cell ligands has progressed
rapidly, it is a challenge for the future to define the basis
for the immunoregulatory functions of y& T cells at the
molecular level.
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