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Antigen-specific yd T cells contribute to cytomegalovirus

control after stem cell transplantation
Immo Prinz'** and Christian Koenecke '**

v8 T cells support the immunological control of viral infections,
in particular during cytomegalovirus (CMV) reactivation in
immunocompromised patients after allogeneic hematopoietic
stem cell transplantation. It is unclear how yd T cells sense
CMV-infection and whether this involves specific T cell receptor
(TCRY)-ligand interaction. Here we summarize recent findings
that revealed an adaptive-like anti-CMV immune response of yd
T cells, characterized by acquisition of effector functions and
long-lasting clonal expansion. We propose that rather CMV-
induced self-antigen than viral antigens trigger y8 TCRs during
CMV reactivation. Given that the TCRs of CMV-activated y6 T
cells are often cross-reactive to tumor cells, these findings
pinpoint y8 T cells and their y6 TCRs as attractive multipurpose
tools for antiviral and antitumor therapy.
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Introduction

Despite prophylactic or preemptive pharmacological
treatment, cytomegalovirus (CMV) seropositivity and
reactivation of remain associated with increased mor-
bidity and mortality after allogeneic hematopoietic stem
cell transplantation (alloHSCT) [1,2]. In healthy in-
dividuals, control of latent CMV infection depends on
several layers of immune cells, in particular the lym-
phocyte lineages natural killer (NK) cells, aff T cells, and
vd T cells. As recently discussed elsewhere [3,4], rapidly
expanding donor NK cells support the control of CMV
reactivation early after alloHSC'T and may at the same
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time contribute to graft-versus-leukemia reactions. In
contrast, the reconstitution of potent antiviral CD4" and
CDS8" ap T cells takes several weeks to months and also
depends on the CMV serostatus of the alloHSC'T donor
and leaves the patients susceptible to CMV reactivation
or even CMYV disease [5].

In this review, we report interdisciplinary work per-
formed within a DFG-funded research consortium
CRC900 investigating microbial persistence and its
control in chronic infections. We focus on studies in-
vestigating the activation of y8 T cells in the context of
CMV reactivation after alloHSCT, their potential 8 T
cell receptors (TCR) ligands, and discuss their con-
tribution to CMV control.

Main

Human y8 T cells come in two flavors, one is more in-
nate and one is more adaptive. The presumably more
innate yd T" cells uniformly use a canonical combination
of VY9 and V82 to form their very similar (semi-in-
variant) Vy9V82" TCR, while the potentially more
adaptive yd T cells display highly diverse TCRs com-
posed of other Vy and V8 rearrangements [6,7]. The
TCRs of the latter subset comprise mainly V817, but also
V83" and other V& chains, as well as TCRs in which a
V82 chain pairs with other Vy chains than the canonical
Vy9-JP chain. Those yd T cells are thus collectively
summarized as ‘non-Vy9Vé2™ T cells’ or ‘Vy9Vé2~ T
cells’ [8]. Over the past few years, VYOVd2™ T cells were
recognized to be ‘adaptive’ or ‘adaptive-like’ 8 1" cells
because they showed clonal expansions in response to
viral infection and other immunogenic or inflammatory
stimuli [9,10] (Figure 1).

In 2014, the starting point of our studies within the
CRC900 consortium was the seminal observation that y8
T cells using V81" TCRs were expanding in response to
CMYV infection in patients after kidney transplantation
[11,12]. At the same time, there was solid evidence that a
high frequency of 8 T cells would be beneficial for the
disease-free and overall survival in patients after al-
loHSCT for leukemia [13-15]. This could be explained
in part by the surprising finding that yd 'T" cells elicited
by CMV reactivation cross-recognized CMV-infected
and leukemia cells [16]. However, it was unclear whe-
ther V817 T cells and other Vy9V82™ T cells responded
to CMV infection and leukemia via innate receptors
such as NKG2D, similar to NK cells, or whether their
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CMV-infection leads to ‘adaptive’ or ‘adaptive-like’ expansion of
individual Vy9V82~ T cell clones. Infection with CMV can induce the
upregulation and surface expression of stress-induced TCR ligands
such as MHC class Il on antigen-presenting cells or endothelial cells
(APC/EC, middle). These induced ligands can in turn activate certain
Vy9Vs2~ T cells (from a polyclonal pool of V61" and V83" T cells) that
express a matching specific TCR, leading to clonal expansion of this y&
T cell clone. Created with BioRender.com.

individual TCR were triggered in some sort of adaptive
T cell response.

Therefore, we set up a prospective patient cohort study
to investigate how the human y8 T cell pool is re-
generated after alloHSCT and to investigate how y8 T
cells respond in patients after alloHSCT with and
without episodes of CMV reactivation [9]. At the same
time, we established an RNA-based bulk y6 TCR se-
quencing approach, which allowed us to monitor the
dynamics of individual y8 T cell clones after alloHSC'T
based on the abundance of individual Y8 TCR chains.

As a control group, we analyzed healthy adults and found
that repertoires of the y& TCRs encoding genes, 7RG
and 7RD, in the peripheral blood were surprisingly
stable over time. While a large fraction of human 7RG
repertoires consisted of ‘public’ TCR sequences that
were identical in many individuals [17], TCR & chain
repertoires were largely ‘private’, meaning that in-
dividual 7RD rearrangements are rarely shared between
any two individuals [9]. Furthermore, we could later
show that microbial exposure drove a polyclonal ex-
pansion of the more innate Vy9V82* T cells immediately
after birth [18].

After alloHSCT, 8 T cells were quickly reconstituted,
when patients had no complications, such as severe in-
fection or graft-versus-host disease. However, they had
profoundly altered TCR repertoires, which were domi-
nated by stably expanded innate Vy9V82* T cell clones.
In patients with CMV reactivation, we always observed a
pronounced expansion of presumably virus-reactive

V81" and V83" y8 T cells, in line with previous findings
[19]. However, it was unclear whether a broad variety of
different V81" T cells and other non-Vy9Va2*™ T cells
were responding to CMV infection in an innate-like
mode, similar to NK cells, or whether their expansion
was driven by a few individual y6 TCR and led to an
adaptive-like clonal T cell response, similar to CD8" aff
T cells. Indeed, in all alloHSCT patients with CMV
reactivation, we observed a clonal proliferation of pre-
sumably virus-reactive Vy9V82™ T cells [9]. This was in
line with a concomitant study reporting that TCR re-
pertoires of V81" T cells in adult humans focused on a
few high-frequency clonotypes, likely as a consequence
of clonal responses to viral infection [10]. These data and
other studies describing CMV-induced clonal immune
responses of VyOVd2™ T cells [20-23] collectively pro-
vided a strong argument for an adaptive-like anti-CMV
immune response of yd T cells, which might also extend
to responses to other herpes viruses [24] and other in-
fectious diseases including malaria [25,26]. Of note,
immune responses of specific y8 T cell subsets were also
reported to protect mice from MCMYV infections [27,28].

Until 2019, all studies monitoring population dynamics
of yd T cells, for example, those that identified clonal
expansions of CMV-reactive y8 T cells [9], relied on
bulk amplicon TCR sequencing of the rearranged 7RG
and 7RD genes. Only recent technical advances in
single-cell biology made it possible to link individual yd
T cell clones to pathways to their differentiation into
effector T cells [29-33]. By combining scRNA-seq and
scT'CR-seq, these studies underlined the distinct dif-
ferentiation trajectories of the more innate Vy9vVdz2*™ T
cells versus the more adaptive VyOVd2™ T cells. Also, it
is now feasible to follow the anti-CMV immune response
of individual y8 T cell clones based on their unique
TCR before, during, and after CMV reactivation in our
longitudinal alloHSC'T patient cohorts. This will further
clucidate how far the TCR will instruct the differentia-
tion of clonal T cells into effector and eventually long-
lived memory T cells. This prospect of new unparalleled
data is exciting, as to date only very few studies could
directly observe T cell responses before, during, and
after human herpesvirus infection [34].

Deseke et al. used combined single-cell y& TCR-se-
quencing and single-cell RNA-sequencing to identify
the exact yd TCR and to define a cytotoxic effector T’
cell phenotype of those yd T cells that expanded in re-
sponse to CMV in alloHSCT patients [35]. In order to
judge whether the observed expansions of individual
clones were actually driven by TCR-dependent signals,
we need information about the cognate yd T'CR ligands
recognized by the expanding yd T cells. So far, specific
ligands were described for only few yd TCR from
VyovVo2™ T cells [36]. Deseke et al. therefore used so-
luble y8 TCR staining of recognized target tumor cells
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and applied CRISPR/Cas9-mediated screening to iden-
tify HLA-DRA, RFXAP, RFX5, and CII'TA as required
determinants for target cell recognition of a CMV-in-
duced V81" TCR. Further biochemical characterization
using surface plasmon resonance assays revealed a direct
interaction of this V81" T'CR with the MHC-II complex
HLA-DR [35]. Since MHC class II molecules and in
particular HLA-DR are directly upregulated by the in-
flammatory cytokine interferon-y, these results sug-
gested that this V81" T cell clone was activated by an
infection-induced self-antigen, which acts as a ‘danger-
signal’. Moreover, identifying HLLA-DR as a ligand was
unexpected but retrospectively not too surprising, be-
cause MHC class II molecules were among the first re-
ported yd T'CR ligands [37,38]. Interestingly, also other
groups have recently identified several additional ex-
amples of V81" and V83" TCRs that were specifically
recognizing MHC and MHC-related molecules [39-44].

It is now clear that CMV-encoded antigen is not directly
driving CMV-induced yd T cell expansion, but rather
some infection-induced self-antigen. So, is antigen-spe-
cific TCR signaling necessary and sufficient to drive
clonal expansion of V81" and V83" T cells? Notably,
recent evidence suggested that NK cells, which don’t
have any TCR, also mount some form of peptide an-
tigen-specific immune responses [45]. Furthermore, an
elegant recent study leveraged somatic mitochondrial
DNA mutations as endogenous barcodes to show that
clonal expansion and persistence of NK lymphocytes can
be TCR-independent [46]. Thus, at this point, it is still
possible that TCR-independent stimuli such as via
NKG2D and NKG2C [47,48] may also contribute es-
sentially to inducing a strong clonal proliferation of those
V61" and V83" y8 T cells that are just at the right time in
the right place during CMV reactivation. Figure 2
summarizes the signals that infected, stressed or trans-
formed cells may upregulate to stimulate yd T cells,
which in turn can stimulate epithelial or professional
antigen-presenting cells by secretion of inflammatory
cytokines such as IFN-y. Future studies should focus on
deconvoluting the effects of TCR-dependent and TCR-
independent mechanisms. This could be done experi-
mentally using signaling knock-out mice in experi-
mental models for human CMYV infection [27,28]. In the
human system, one can utilize 7z vitro expansion proto-
cols in the presence or absence of mAb that block or
stimulate the yd T'CR and/or innate activating receptors
such as NKG2D [49]. In this context, it is clear that a
mix of cytokines and antibodies recognizing pan-yd
T'CR can lead to a polyclonal activation and expansion of
cytotoxic V81" T cells with antitcumor properties [50,51].
Nevertheless, TCR recognition of stress-induced self-
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v8 T cells act at the frontier in between innate and adaptive immunity.
Next to specific ligands engaging the yd TCR, CMV-infection,
inflammatory stress, and cell transformation can induce the expression
of stress-induced ligands such as MIC A/B, ULBP on antigen-presenting
cells or endothelial cells (APC/EC). These ligands may contribute to
activate y8 T cells via cell stress-sensing NKG2D receptor, leading to
clonal expansion and secretion of inflammatory cytokines such as IFN-y.
Created with BioRender.com.

ligands on epithelial or professional antigen-presenting
cells may be TCR-dependent but still regarded as an
innate-like mechanisms of effector T cell activation.

Conclusions

In conclusion, the studies discussed here collectively
suggest that CMV infection induces a sustained adap-
tation of yd T' cells, which confer protective antiviral
immunity. In the setting of alloHSCT, a long-lasting
expansion of CMV-induced effector yd T cells provides
a dual benefit, namely antiviral and antitumor immune
surveillance. Therefore, y8 T cell responses should be
leveraged for the treatment of CMV reactivation in the
setting of alloHSCT and solid organ transplantation.
"This might be achieved by depleting only aff T cells and
B cells from the stem cell graft while NK cells and y6 T
cells remain to serve as an innate bridge [52-54], or by
therapeutic interventions to overcome the negative im-
pact of immunosuppressive drugs on yd T cell effector
function [55,56]. Since y& T cells do not induce GvHD,
other suitable strategies could be based on adaptive
therapies using ex vivo expanded allogeneic yd T cells or
vd CAR-T cells [57].
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