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Abstract

v T cells develop in the thymus before entering the periphery. Recent work suggests that thymic
development does little to constrain y3 T cell antigen specificities, but instead determines their
effector fate. When triggered through the T cell receptor, ligand-naive y5 T cells produce 1L-17,
ligand-experienced cells make IFN-y and those that are strongly self-reactive make IL-4.
Importantly, yd T cells are able to make cytokines immediately upon TCR engagement. These
characteristics allow y5 T cells to initiate an acute inflammatory response to pathogens and to host
antigens revealed by injury. These advances warrant a fresh look at how y8 T cells may function in
the immune system.
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Introduction

vd T cells, together with a8 T cells and B cells, are present in all but the most primitive
vertebrates. Each population contributes to host immune defense uniquely. However, most
vd T cells and off T cells produce similar cytokines and mount cytotoxic responses. Other
than in the murine skin, af T cells are always found alongside and usually in excess to y6 T
cells. Therefore, the major difference in how y5 T cells and aff T cells contribute to host
immune competence is likely because these two types of cells are triggered differently.
Indeed, yd T cells and off T cells have different antigen recognition requirements and
recognize different sets of antigens [1], but it is unclear how a functional yé T cell antigen-
specific repertoire develops. The antigen-specific repertoire of peripheral of3 T cells is the
outcome of thymic selections. vy T cells, like o3 T cells, require development in the thymus
prior to entering the periphery [2]. This review examines recent studies on thymic ligand
recognition and y3 T cell repertoire and function development.
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l. yd T cells recognize diverse ligands and MHC molecules are not
obligatory components of y® T cell antigens

vd T cells, ap T cells, and B cells are the only types of cells that use V(D)J rearrangement to
generate diverse receptors capable of recognizing different antigens. Although the basic
organization of the y5 TCR loci is similar to that of the ap TCR and immunoglobulin (Ig)
loci, y8 TCRs are generated using much fewer V genes than o TCRs and most Igs.
However, the potential diversity generated at the combined V(D)J (CDR3) junctions of yd
TCRs (approximately 1018 combinations) is much higher than that of af TCRs (~1016
combinations) and Igs (~10!! combinations) [1]. While it is generally accepted that multiple
V genes confer evolutionary advantages on the immune system, the CDR3 formed by V(D)J
recombination appears to be more important in determining antigen specificity. Even though
the Ig heavy chain locus contains the highest number of V gene segments, mice constrained
to use a single heavy chain V gene (VH), but with full CDR3 diversity potential, were able
to generate antibody responses to a variety of protein and hapten antigens [3]. The CDR3
junctions are also important for y5 TCR antigen recognition. The antigen recognition
determinants of the closely related nonclassical MHC class | T10 and T22-specific yd TCRs
from normal mice are localized on the TCR & chain CDR3 junction [4]. Also, the TCRs of
LBKS5 (specific for IE Pk $) and LKD1 (specific for 1A%) showed identical Vy and V&
sequences, which differ only in the CDR3 region of the y and the & chain [5]. Thus, through
their capacity for great CDR3 variety, yd TCRs have the potential to recognize a diverse set
of antigens, despite the comparatively small number of V gene segments.

Indeed, yd T cell antigens include both host and pathogen-derived molecules. These include
T10, T22 and a complex of F1-ATPase with apolipoprotein A-I. Direct binding between
these antigens and their respective murine [6] and human [7] yd TCRs has been
demonstrated. Other yd T cell specificities include HSV glycoprotein gl, recognized by the
murine yd T cell clone Tg14.4 [8], and MHC class I-related molecules MICA and MICB
recognized by some human y3 T cell clones [9]. T10, T22, MICA and MICB have MHC-
like structures, but do not bind peptide or other moieties [10-11]. y3 T cells can recognize
MHC molecules, as is the case for the y5 T cell clones LKD1 and LBKS5 [5]. However,
detailed analysis showed that IEK recognition by the LBKS5 TCR differs from af TCR
recognition of peptide/IE complexes. In particular, peptides bound to IEK do not confer
specificity to LBKS5 stimulation. Additionally, LBKS5 reactivity is not sensitive to mutations
on |E molecules which affect ap TCR binding of peptides in association with IEK [12-13].

Length distributions of CDR3 loops are consistent with these experimental observations and
reflect the differences between of8 and yd TCR antigen recognition. The length distributions
of CDR3 loops for y5 TCRs are more similar to those of antibodies, where the CDR3 loops
of the TCR & chain and the 1g heavy chain tend to be long and variable, while the CDR3
loops of the TCR vy chain and Ig light chain are short and constrained. In contrast, the lengths
of the CDR3 loops of the TCR o and  chains are similar in length and highly constrained,
likely reflecting the structural requirement for interaction with peptide-MHC complexes
[14]. Based on this structural requirement of antigen receptors for ligand binding and the
antigens that have been identified, it is clear that MHC is not an obligatory component of yd
TCR ligands. Thus, it is improbable that yd T cells undergo selection in the thymus based on
TCR interactions with peptide-MHC complexes as aff T cells do.
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Il. yd thymocyte development and exit into the periphery is not contingent

on encountering cognate antigen in the thymus

Early analysis of the role of thymic selection in the establishment of a functional y& T cell
repertoire has focused on the studies of KN6 and G8 y& T cell receptor (TCR) transgenic
mice. G8 and KNG are two independently isolated yd T cell clones that happen to have the
same specificity—T10 and T22 of the b haplotype, but not the d haplotype [12,15-16]. In
both experimental systems, TCR transgenic mice were crossed to C57BL/6 (B6) mice,
which express both T10 and T22; BALB/c mice, which only express T10; or to 2-
microglobulin-deficient mice (B2m "), which do not have cell-surface T10 or T22
expression. When the TCR transgenes were expressed in the B6 or B2m ™~ background,
there were fewer or no transgenic T cells in the thymus and/or periphery as compared to
transgenic T cells in the BALB/c background. These transgenic T cells also showed a
reduced ability to secrete IL-2 and to proliferate when stimulated in vitro [17-20]. These
results were taken to suggest that antigen-specific y5 T cells are eliminated by encountering
their agonist antigen in the thymus and that these cells require an encounter with cognate
ligand for thymic maturation and function in the periphery. It was concluded that y3 T cells
are subject to ligand-driven thymic positive and negative selection much like aff T cells.
However, in subsequent experiments with the same lines of G8 transgenic mice,
Schweighoffer and Fowlkes [21] showed that the G8 transgenic T cells could mature in
B2m~~ mice; this contradicts the conclusion that positive selection is a requirement for 5
development.

These initial conclusions regarding the effect of thymic ligand exposure on y3 T cell
development were further called into question from studies examining the T10/T22-specific
vd T cell populations in non-transgenic mice. Using T22 tetramers to stain y8 T cells from
naive, normal mice, it was found that the frequency of T10/T22-specific yo T cells in B6,
BALB/c, and B2m ™~ mice is roughly in the same range, 0.1-1% of the total y& T cell
population, as summarized in Figure 1 [22]. This was the case for y5 T cells from the
thymus, spleen, and intestinal inter-epithelial lymphocyte compartments from each strain of
mouse [4]. T22 tetramer staining of y6 T cells and single cell TCR analysis indicated T10/
T22-specific yd T cells from different mouse strains show a range of ligand binding affinity.
Thus, the presence or absence of an endogenous ligand during development does little to
affect the T10/T22-specific y5 T cell repertoire. In fact, ~0.85% of the TCR& sequences
from out of frame rearrangements and CD3¢ ~ ~ thymocytes have a CDR3 motif that is
necessary and sufficient for T10/T22 binding [4]. This frequency is well within the range of
the normal frequency of T10/T22-specific vy T cells in the periphery. Furthermore, the
frequency of T10/T22-specific yd T cells was unaffected by the absence of Bom and class 1l
MHC molecules, with or without cyclosporin A treatment. Cyclosporin A is a calcineurin
inhibitor which blocks positive selection of aff T cells. This indicates that development of vy
T cells in general and the T10/T22-specific yo T cells in particular is not inhibited by or
dependent on the expression of T10 or T22, class Il MHC or other 3,-microglobulin-
associated proteins, and that development of this population proceeds independently of off T
cell selection signaling pathways.

TCR dimerization may be sufficient to induce signaling for y® T cells to
develop in the thymus

vd thymocyte maturation requires signaling through the TCR [2]; the activation of the
mitogen-activated protein (MAP) kinase (Raf-MEK-ERK) pathway is downstream of TCR
signaling. Exit of mature thymocytes from the thymus requires up-regulation of
sphingosine-1-phosphate receptor 1 (S1P1) [23]. Regardless of the genetic background and
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the endogenous T10/T22 expression pattern of the host, T10/T22-specific yd thymocytes had
similar levels of phosphorylated ERK1 and/or ERK2 (extracellular signal-regulated kinase)
(PERKZ1/2), CD5, a stable indicator of TCR signaling strength [24-25], and S1P4 expression
as compared to other y5 thymocytes. These findings illustrate that y6 thymocyte
development and exit into the periphery is not contingent on encountering cognate antigen in
the thymus [22]. In fact, it was demonstrated that VVyV$ pairs, except the Vy5 V31 TCR
from dendritic epidermal T cells (DETCs), were able to dimerize and mediate signal(s) for
BaF3 cells to grow without IL-3 when expressed as the extracellular domains of the
erythropoietin receptor (EPOR). This experimental system has been used to demonstrate that
the pre-Ta TCR can dimerize and mediate signals without ligand engagement [26].
Although it is unclear what DETC TCRs recognize, all experiments indicate that these cells
need to encounter thymic ligand to develop [27-29]. Since yd thymocytes have a low
threshold for signaling (high levels of pERK1/2 [22] and mir181 expression (C—Z Chen and
Y-h Chien, unpublished observation)), it is possible that TCR dimerization alone can drive
the completion of their thymic development. After development, the ability of the y6 TCR to
dimerize could also aid in improving signaling efficiency of y5 T cells upon antigen
recognition; indeed, despite the absence of the coreceptors CD4 and CD8, yd T cells have
been shown to signal more efficiently than af T cells [30].

The majority of y& T cells in the thymus have not encountered ligand and
an antigen naive yd T cell repertoire is actively maintained in the periphery

T10/T22-specific y5 thymocytes in B6, BALB/c, and B2m 7~ mice were similar in number
and had comparable tetramer staining intensities, but the expression range of cell surface
markers reflecting TCR signaling suggested that the majority of them from B6 and BALB/c
mice have experienced stronger signaling through TCR, likely from encountering antigen,
while those from B2m~~mice had not [22]. In particular, T10/T22-specific cells from B6
and BALB/c mice expressed lower levels of TCR and heat stable antigen (HSA, or J11D),
but higher levels of the IL-2 and IL-15 receptor common  chain (CD122) than those from
B2m~'~ mice. ap thymocytes that encounter ligand express lower levels of HSA, and an
HSAI° profile has also been reported for G8 v TCR transgenic thymocytes that develop in
the presence of ligand [20-21]. Similarly, the up-regulation of CD122 has been used as an
indicator of self-ligand recognition in af thymocytes [31] and during the development of
murine skin yé dendritic epidermal cells [29]. In addition, the majority of the T10/T22-
specific cells in B2m ™~ mice were CD44l0.int cp12210.int and expressed high levels of the
chemokine receptor CCR9, while those from B6 mice were CD44, CD122M, and a greater
fraction of these cells were CCR9'° [32]. Importantly, the staining patterns of total v5 T cells
in all strains of mice are more similar to T10/T22-specific y& T cells from B2m ™~ mice than
those from B6 mice. Taken together, these results (summarized in Figure 2) suggest that the
majority of the y3 T cells have not encountered ligand during development.

Consistent with this supposition, peripheral T10/T22-specific and the rest of the y6 T cells
from B2m~/~ mice have a similar turn-over rate as evaluated by the levels of intracellular
bromodeoxyuridine (BrdU) incorporation, whether it is short term labeling, long term
labeling or long chase after long term labeling. In contrast, T10/T22-specific yd T cells from
B6 and BALB/c mice incorporated significantly more BrdU after 7-day labeling than the
vast majority of yd T cells. In addition, the turnover rate of the majority of the splenicyd T
cells from B6 mice was similar to that of T10/T22-specific y5 T cells, which developed in
B2m~~ mice (B6 background). However, the difference in the turnover rates was no longer
apparent after a 28-day chase preceded by 24-day labeling. Thus, as summarized in Figure 3,
encountering antigen increased the turnover of T10/T22-specific y5 T cells, but did not “fix’
this specificity in the repertoire. Indeed, there were no significant differences in the
frequency of T10/T22-specific yd T cells from any strain of mice between two and twenty
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weeks of age. This suggests that an antigen-naive yd T cell repertoire is actively maintained
in peripheral lymphoid organs by turning over rapidly and by not prolonging the life-span of
vd T cells that have encountered antigen [22].

lll. TCR signaling strength determines the functional specification of yd T
cells: antigen-naive yd T cells make IL-17, antigen-experienced yd T cells
make IFN-y, and weakened TCR signaling leads to the overt appearance of
IL-4-producing cells

To test whether encountering ligand during thymic development is required or inhibitory for
vd T cells to function in the periphery, Jensen et al. used CD122 expression to approximate
& T cells that have and have not encountered ligand and analyzed CD122M and CD122'° v
T cells isolated from the thymus, spleen and lymph nodes. They found that upon TCR cross-
linking, CD122'° cells produced IL-17, but not IFN-y. Conversely, CD122M cells produced
IFN-y and not IL-17 [22], indicating that antigen-naive y5 T cells make IL-17 and antigen-
experienced yo T cells make IFN-y. Indeed, they went on to show that T10/T22-specific yd
T cells from B2m ™~ lymph nodes made IL-17, and T10/T22-specific thymocytes and
splenocytes in YETI mice (B6 background), which express an IFN-y-yellow fluorescence
protein (YFP) bicistronic reporter, expressed YFP. These results indicate that yd T cells that
have developed in the presence or absence of ligand are not inactivated or anergic, but have
different effector functions and suggest a correlation between y8 TCR signaling strength and
functional specifications. Importantly, regardless of their effector functions, y& T cells
responded to TCR triggering readily. This is in stark contrast to the activation requirements
of af T cells, which require an initial antigen-specific priming event by professional antigen
presenting cells before developing into effector cells with the capability to secrete cytokines
days later.

IL-17 isa T cell cytokine which regulates the expansion and recruitment of neutrophils and
monocytes to initiate the inflammatory response [33-34]. In acute inflammation, a swift
IL-17 response must be elicited without prior antigen exposure. Given the ability of y6 T
cells to produce cytokine immediately upon TCR stimulation, they may be uniquely suited
to produce IL-17 at the onset of the inflammatory response. Indeed, a large fraction of yo T
cells from the draining lymph nodes become IL-17+ immediately after myelin
oligodendrocyte glycoprotein (MOG) peptide immunization in Complete Freund’s adjuvant
(CFA), days before the emergence of MOG specific IL-17*af T cells [22]. y5 T cells are the
major early producers of IL-17 in several murine models of infection [35].

There have been other correlations of cell surface marker expression with the differential
ability of y6 T cells to produce either IFN-y or IL-17. Kisielow and colleagues identified
SCART1 and SCART?2 as novel scavenger receptor proteins which are highly expressed on
vd lymphocytes. Upon strong TCR stimulation in the presence of IL-2, SCART2 levels on
SCART2N cells decrease considerably. Interestingly, SCART2", but not SCART2/°, v5 T
cells make IL-17 [36]. Ribot et al. demonstrated that y6 T cells expressing the TNF receptor
family member CD27 make IFN-y, while CD27* cells produce I1L-17. Although it is unclear
how CD27 expression on y3 T cells is induced, treatment of fetal thymic organ cultures with
anti-CD3 or cyclosporin A increases or decreases the fraction of CD27* cells respectively,
according to the altered strength of TCR signal [37]. In addition, Haas et al. showed that y3
thymocytes that are CD24!°CD44N and CCR6* produce IL-17A, and those that are
CD24!°CD44hi and NK1.1* make IFN-y [38]. Intriguingly, CCR6* but not NK1.1* y&
thymocytes expressed CCR9, and T10/T22-specific y5 thymocytes in B2m ==, but not in B6
mice showed CCROM expression. Thus, CCR6" T cells may be less antigen-experienced
than the NK1.1* y5 T cells. Furthermore, Shibata et al. reported that fetal y5 thymocytes that
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are CD25"CD122~ make IL-17 [39]. In addition to these markers, Vy gene segment usage
has also been used to correlate with 1L-17 and IFN-y production [40-41]. However, in these
latter cases, it is unclear whether and how Vy gene segment usage and CD25 expression can
be related to TCR signaling strength and/or environmental cues.

Although most y8 T cells make IL-17 or IFN-y, some y3 T cells instead make 1L-4.
Interestingly, IL-4-producing yd T cells seem to be over-represented in mice with defective
TCR signaling. Pereira and colleagues described a small population of Thy-19ull v§
thymocytes (~5% of the total vy thymocytes), which are the major IL-4 producing vy T cells
in normal mice [42-43]. While most of the y5 T cells are CD4*8*, ~40-50% of these cells
are CD4", and a similar fraction of these cells also express NK1.1. This population of cells
expresses very restricted TCRs, which are encoded by V$6.3/6.4, Vy1.1, Jy4 with nearly
identical CDR3 sequences. Mice expressing a mutant allele of the adapter protein linker of
activated T cells (LAT) lack of T cell development, but have elevated levels of serum IgE
and a large number of Vyl1.1-expressing CD4* y3 T cells; many of them secrete IL-4, rather
than IFN-y. These altered yo T cells are the source of T cell help for B cell activation and
IgE class switching [44]. ITK (inducible T cell kinase) is a component of the aff TCR
signaling pathway. ITK*"* mice have defective Th2 ap T cell development and an increased
number of yd T cells that express CD4 and produce Th2-associated cytokines (IL-4, 5 and
13). These v T cells express CD4, NK1.1, Vy1.1 and V6.3 and are responsible for the
spontaneously elevated levels of serum IgE and increased numbers of germinal center B
cells [45-46]. Thus, weakened TCR signaling can be correlated with the emergence of this
population of y8 T cells. The most straightforward interpretation would be that that
Vy1*V§6.3* v6 thymocytes recognize a thymic antigen and receive a strong TCR signal
during development. Indeed, von Boehmer and colleagues showed that Vy1*V§6.3* v&
thymocytes on average express twice as high CD5 levels as Vg1*Vd6.3*y5 thymocytes do.
Cell surface CD5 levels have been used as measure of TCR signal strength [24-25]. In
addition, Thy-19ul \v/y1*v§6.3* v8 T cells express the BTB-zinc finger transcription factor
PLZF (promyelocytic leukemia zinc finger protein) [45,47]. von Boehmer and colleagues
showed that TCR crosslinking could induce PLZF expression in y3 thymocytes, but IL-17-
producing y8 T cells do not express PLZF [47].

Clearly, to determine whether the development of T10/T22-specific y3 T cells is typical of
the entire adult yo T cell repertoire will require further studies when additional vy T cell
antigens are identified. Until then, these recent developments seem to indicate that yd T cells
differ from of T cells in how thymic development influences their TCR specificities and
effector-fate development. In particular, encountering ligand is not necessary for vy T cell
development. Thus, once the antigen specificity repertoire is generated by V(D)J
rearrangement, it is only marginally modified by thymic selection. In fact, a large fraction of
peripheral y5 T cells have not encountered ligand either in the thymus or in the periphery,
and this antigen-naive population is actively maintained by rapidly turning over, and cells
that have encountered self-ligands do not accumulate [22]. While ligand expression does
little to constrain antigen specificities of the y6 T cell repertoire, it does play a role in
endowing lymphoid y3d T cells with different functional programs. There is very clear
evidence for distinct functional subsets of lymphoid y3 T cells. Those that are antigen-naive
make IL-17 (Tyd-1L-17); those that are antigen-experienced make IFN-y (Ty3-IFNy) and
those that are strongly self-reactive make IL-4 (Tyé-1L-4) (as illustrated in Figure 4).
Importantly, regardless of ligand experience, yd T cells are able to make cytokines
immediately upon TCR engagement. y6 T cells are different from aff T cells in both their
requirements for antigen recognition and activation, and also in their development of TCR
repertoire and effector fates. These characteristics make v T cells ideal to function in the
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first line of defense at the onset of an acute inflammatory response to new pathogens that the
host encounters, as well as to host antigens that are only revealed by injury. In addition, by
acting early in the inflammatory response, yé T cells may modulate and shape the
subsequent o3 T cell and B cell responses that develop during the inflammatory process and
thus may play a much larger role in the adaptive immune response than previously
recognized. This may be the key to understanding how yd T cells contribute to host immune
competence and why these cells have been maintained throughout vertebrate evolution.

Abbreviations

TCR T cell receptor

IFN-y interferon gamma

IL interleukin

MHC major histocompatability complex

Ig immunoglobulin

B2m beta-2-microglobulin
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Figure 1. Frequency of T10/T22-Specific yd T cells from Mice with and without Endogenous T10
and T22 Expression

Frequency (a), tetramer staining intensity (b), and TCR surface expression (c) on T10/T22-
specific y6 thymocytes (left column) and splenocytes (right column) from C57BL/6 (B6)
(T10*T22%) (blue), B2m~~(T10*T22") (red), and BALB/c (T10*T22*) (black) mice. Each
symbol or histogram represents the result of one mouse.
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Figure 2. Surface Phenotypes of T10/T22-Specific y& T Cells from Mice with and without
Endogenous T10 and T22 Expression
v& thymocytes (a) or y5 splenocytes (b) from B6 and B2m~~ mice were analyzed for the
expression of cell surface markers commonly associated with TCR signaling and antigen
recognition. T22-tetramer positive cells in red, T22-tetramer negative cells in blue.
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Figure 3. Host T10 and T22 Expression Enhances T10/T22-Specific vy T Cell Turnover but Does
Not Fix this Specificity in the Repertoire

The percentage of BrdU+ cells among tetramer-positive and negative vy splenocytes from
B6, B2m~~, and BALB/c mice were analyzed by intracellular BrdU staining. Mice were fed
with BrdU in their drinking water for 7 days (upper panels) or 24 days (middle panels) or
chased with normal drinking water for 28 days after the 24 day labeling phase (lower
panels). Each dot represents the analysis of one mouse. Data were analyzed by a paired,
two-tailed student t test.
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Figure 4. Effect of Differential TCR Signaling Strength on yd T cell Effector Fates

TCR signaling occurs at a baseline level through spontaneous TCR dimerization. Upon
antigen binding, TCR signaling strength determines the effector fate of y thymocytes. With
increasing TCR signaling strength, vy thymocytes develop into mature y3 T cells secreting
either IL-17 (Tyd-1L17), IFN-y (Ty3-1FNy), or IL-4 (Ty3-IL-4). Stronger TCR signaling will
lead to cell death.

Semin Immunol. Author manuscript; available in PMC 2011 August 1.



