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Identification of antigenic ligands for the yd T cell receptor (TCR) has remained a
highly challenging goal since the emergence in the 1980s of yd T cells as a
distinct immune compartment. In a significant advance more than 12 years
ago, endothelial protein C receptor (EPCR), a cell-surface-expressed major
histocompatibility complex (MHC)-like protein that binds phospholipids, was
identified as the first ligand for a human yd TCR to be validated by direct binding
experiments: a finding that undoubtedly posed more questions than it answered.
In this review we discuss how features of this single clonotypic specificity
anticipated insights into adaptive-like human yd T cell biology that emerged in
subsequent investigations, and we highlight recent findings about EPCR that
point towards the relevance of such responses in anti-pathogen and potentially
anti-tumour immunity.

“To see a world in a grain of sand...”
William Blake, Auguries of Innocence

Human yd T cells: an exclusively innate-like compartment?

yO T cells have traditionally been regarded as innate-like lymphocytes. Arguably the best candi-
date for such a biology in humans is the predominant peripheral-blood yd lymphocyte subset,
VWOVE2 T cells [1]. This yO T cell subset is present from early in life [2], with VyOVd2 T cells emerg-
ing from the thymus as pre-programmed effector cells [3], capable of responding en masse to
bacterially derived pathogen-associated molecular patterns (PAMPs) (see Glossary) such
as (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP) via interactions of different re-
gions of the semi-invariant Vy9Vd2 T cell receptor (TCR) with target cell expressed B7-like
butyrophilin family members [1]. However, one of the most surprising and intriguing develop-
ments in human yd T cell biology has been the emergence, particularly over the past decade, of a
previously unrecognised adaptive-like immunobiology [4-8], which appears to apply to Vy9Vd2-
negative yo T cells. While this biology has been reviewed comprehensively elsewhere [4,5,8], a
brief summary of key observations is warranted. The paradigm that has emerged has been
built substantially on both TCR repertoire [5,6,9,10] and phenotypic data [5,6,9] that highlight
both TCR diversity, phenotypically distinct Thaive @nd Tesrector SUDSELS, and the potential for highly
focused clonotypic expansion and differentiation in response to infection [10-12]. These features
differ from those of unconventional innate-like T cell populations such as invariant natural killer
T (iNKT) cells, mucosal-associated invariant T (MAIT) cells, and Vy9Vd2 T cells, and in
some respects more closely align with conventional major histocompatibility complex
(MHC)-restricted a3 T cell populations, albeit differing radically with respect to ligand recognition
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Highlights

The LES yO T cell clone emerged during
human cytomegalovirus (HCMV) infec-
tion and responds to HCMV-infected tar-
get cells and some cancer cells via
recognition of endothelial protein C re-
ceptor (EPCR), a major histocompatibility
complex (MHC)-like protein that binds
lipids.

LES yo T cell receptor (TCR) clonotype
features foreshadowed several features
of adaptive-like yo T cellimmunobiology.
It was clonally expanded in vivo, resided
within a Terector POPUlation, and utilises
a highly complex TCR-0 rearrangement.

LES yd TCR engages the underside of
the EPCR a1-a2 domain, a highly un-
usual binding mode relative to of
TCRs, in a CDR3y/d-dependent man-
ner, suggesting that cognate ligand inter-
action during infection might drive
adaptive differentiation.

EPCR antigenicity likely relies on in-
creased surface expression and/or aber-
rant glycosylation after HCMV infection
and in some cancers, potentially qualify-
ing it as a prototypic cognate adaptive
y0 TCR ligand.

Significance

Human yd T cells are increasingly
recognised to harbour adaptive-like
subsets; however, how  this
immunobiology operates is poorly
understood. Studies on the prototypic
adaptive-like LES yd T cell clonotype
indicates that its clonal amplification,
differentiation, and CDR3-mediated
yO TCR recognition of the host-
encoded ligand are quantitatively and/
or qualitatively altered under microbial
and non-microbial stress. These
features likely underpin in vivo
adaptive-like immunobiology, and
have  major  implications  for
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(Figure 1). Importantly, such Vy9Vd2-negative yO T cells are also proposed to operate in an adap-
tive-like mode (Figure 2A), whereby in response to infectious or non-infectious stress challenges,
particular yd TCR clonotypes capable of recognising physiologically relevant ligands become
selectively expanded, with resultant TCR signalling helping to drive a transition from Tpave 0 @n
antigen-experienced Tefector Status. This paradigm predicts that expanded Vy9Vd2-negative
TCR clonotypes recognise cognate ligands upregulated or altered during such scenarios, and
that this occurs via their CDRS3 regions.

Currently, an understanding of how this immunobiology operates for individual yd TCR ligands is
largely lacking. This remains arguably the most critical unanswered question in the field, and one
that, if addressed, could unlock understanding of — and also ultimately therapeutic exploitation of
— broadly applicable MHC-unrestricted yo TCRs that enable sensing of stress, infection, and
transformation. In this review we attempt to probe this question, with reference to the canonical
LES-EPCR receptor-ligand system, the first human yo-TCR-ligand interaction to be directly val-
idated [13].

Origin and cellular reactivity of the LES clone

Before the LES-endothelial protein C receptor (EPCR) interaction was characterised, several stud-
ies suggested that the human yd compartment could be delineated into Vy9Vo2 T cells that were
responsive to phosphoantigens (P-Ags) [14], and a more TCR-diverse V02"%9 compartment that
was not. While V&2"9 T cell immunobiology was unclear, seminal work indicated relevance to
human cytomegalovirus (HCMV) [15]: a pathogen which, although highly immunogenic — resulting
in a distinct signature on peripheral blood lymphocytes in healthy seropositive subjects — maintains
lifelong persistent infection and can drive morbidity and mortality in immunosuppressed scenarios.
Although Vd2"%9 subsets displayed certain features characteristic of conventional adaptive immu-
nity, this was against a backdrop of the emergence of specific innate-like lymphocyte populations
such as iNKTs [16] and MAITs [17], which exhibited clear effector capacity from early life combined
with semi-invariant TCR usage (Figure 1). Moreover, analogous findings in the mouse yd T cell
compartment fuelled speculation that human yd T cells might be exclusively innate-like in function
[16,17].

The LES specificity that recognises EPCR emerged from studies of human HCMV infection,
which drives increased V52" T cell numbers in peripheral blood, including following solid
organ transplantation [18,19]. Halary et al. derived cytotoxic V2" T cell clones from HCMV-ex-
posed individuals, the LES clone originating from an individual with acute HCMV infection after
lung transplantation [20]. A notable feature of such clones, including LES, was TCR-dependent
dual reactivity against HCMV-infected target cells (typically fibroblasts), and various tumour cell
lines [20]. Interestingly, different T cell clones exhibited distinct patterns of tumour cell reactivity.
One scenario envisaged to explain this phenomenon involved yd TCR cross-recognition of dis-
tinct but homologous HCMV-encoded and host-encoded targets upregulated on HCMV-in-
fected and tumour cells, respectively. A second, arguably simpler, explanation involved yd
TCR-mediated recognition of individual host-encoded stress ligands induced by both HCMV in-
fection and upon tumourigenesis.

Identification of EPCR as a ligand for the LES yd TCR

Willcox et al. employed an immunisation strategy to generate a blocking antibody (2E9) that
bound target cells and selectively abrogated LES T cell recognition [13]. Immunoprecipitation
from target cells using 2E9 enabled identification of the LES yd TCR ligand. This technically chal-
lenging approach has been used subsequently to identify ligands for other V52" yo TCR spec-
ificities [7,21,22], and is less biased than some other approaches such as tetramer staining [7].
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Subsequent mass spectroscopy analysis of 2E9 immunoprecipitates revealed the candidate li-
gand to be EPCR [13]. EPCR - an MHC-like type-1 transmembrane cell-surface protein
consisting of an a1-02 lipid antigen-binding platform linked to a transmembrane region — regu-
lates the clotting cascade by binding to activated protein C [23]. Notably, EPCR is expressed
on endothelial cells, a significant target of HCMV infection in vivo, consistent with a role for yd T
cells in surveillance of this cellular niche. In vitro experiments using 2E9 indicated that yo TCR en-
gagement of EPCR was functionally critical to LES T cell recognition of both HCMV-infected cells
and EPCR™ tumour cells. This validated the second scenario outlined earlier, involving yd TCR-
mediated recognition of a host-encoded ligand present in both infection and tumourigenesis. Ul-
timately, recombinant EPCR was shown to bind LES yd TCR directly via surface plasmon reso-
nance, with a relatively low affinity (80-100 pM), which represented a crucial confirmation of
EPCR as a direct yd TCR ligand [13].

LES-EPCR interaction: a molecular exemplar of adaptive-like stress recognition
The aforementioned findings raised many questions, specifically in four areas discussed in the fol-
lowing sections.

‘Multimolecular stress signature’ recognition

Curiously, LES yd TCR-EPCR engagement was necessary but insufficient for target cell recogni-
tion [13]. Notably, certain tumour cell lines expressed substantial cell-surface EPCR levels, but did
not support recognition by the LES T cell clone or LES-TCR-JRTS3 reporter cells. Initially, EPCR
on activating cell lines (and HCMV-infected cells) was hypothesised to present a specific lipid
recognised by the LES yd TCR. However, this would necessitate TCR binding to the lipid-pre-
senting surface of the a1-a2 platform, whereas mutagenesis indicated recognition of its opposite
side [13]. Instead, it appeared that LES-yd TCR-EPCR recognition must be complemented by
recognition of TCR-extrinsic factors, with CD2/CD58 and leukocyte-function-associated antigen
1 (LFA-1)-intercellular adhesion molecule 1 (ICAM-1) co-stimulatory receptor-ligand axes emerg-
ing as important components of a ‘multimolecular stress signature’ [13]. In the context of HCMV,
infection increases ICAM-1 expression but decreases CD58 expression [24,25]. The LES-EPCR
interaction established a precedent for a V32" yd TCR recognising an MHC-like molecule via a
highly unusual binding mode compared with classical a3 TCR—-pMHC interactions or even af3
TCR-CD1 interactions, one subsequently extended to MR1 recognition [26,27]. It also
underlined the importance of integration of TCR-dependent and extra-TCR stress signals to yo
T cell activation.

The LES-TCR clonotype: entirely private rather than semi-invariant

A second major question was whether the LES-TCR exemplified a semi-invariant EPCR-specific
subset. Importantly, the Vy4Vd5 LES-TCR chain usage was highly unusual within the Vo2"*9
population, unlike semi-invariant human iINKT cells that typically express Va24-Ja18 paired
with V311 TCR chains, or human MAIT cells that express Va7.2-Ja33 TCRa chains and prefer-
entially pair with V32/V13 TCR chains [16,17]. Therefore, a widespread semi-invariant EPCR-re-
active population was not evident, and functional V52" T cell reactivity to EPCR was not
detected in other individuals [13]. This suggested the LES-TCR might be a private reactivity to
EPCR; consistent with this, the LES 0-TCR chain incorporated numerous N/P-nucleotides,
underlining the LES yd TCR as a private clonotype [13] (Figure 2B).

An emergent adaptive-like immunobiology for the V&2™%9 T cell subset

The findings outlined above prompted the somewhat speculative suggestion that the LES yd
TCR reactivity was ‘unique but paradigmatic’ [13], which has ultimately proved prophetic. Subse-
quent studies established three apparent cornerstones of adaptive-like yo T cellimmunobiology.
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Glossary

Butyrophilin and butyrophilin-like
molecules (BTN/BTNLs):
immunoglobulin superfamily proteins
(e.g., BTN3A, BTN2A1) that modulate T
cell responses; select BTN/BTNL pairs
are implicated in yd T cell selection and/
or activation, including BTN3A and
BTN2A1, which can stimulate human
VWOVd2 T cell activation.

CD1d: a nonclassical MHC class I-like
lipid-presenting molecule that loads
glycolipids and presents them to
invariant NKT (INKT) cells.

Chimeric antigen receptor T (CAR-
T) cells: patient- or donor-derived T
cells engineered to express a CAR
consisting of an antibody-derived
ectodomain that binds to cell-surface
targets independently of MHC, fused to
intracellular signalling elements enabling
ligand-dependent T cell activation and
targeted cytotoxicity against malignant
or pathogenic cells.

Clonotype: a T or B cell clone defined
by its unique antigen-receptor sequence
— typically CDR3 nucleotide/amino-acid
sequence and V(D)J usage - reflecting a
shared clonal origin.

HMBPP: (E)-4-hydroxy-3-methyl-but-
2-enyl pyrophosphate: a potent
microbial phosphoantigen (P-Ag) from
the non-mevalonate or MEP (2-C-
methyl-D-erythritol 4-phosphate)
isoprenoid pathway that is used by
many bacteria, but is absent in
mammals; it strongly activates human
WyoVa2 T cells.

Invariant natural killer T (iNKT) cells:
cells bearing a semi-invariant TCR that
recognises CD1d-presented glycolipids,
enabling swift cytokine release and
immunoregulatory functions.
Mucosal-associated invariant T
(MAIT) cells: innate-like o3 T cells
recognising MR 1-presented microbial
riboflavin metabolites; they rapidly
produce cytokines and contribute to
barrier-tissue antimicrobial defence.
Major histocompatibility complex
(MHC) proteins: polymorphic antigen-
presenting molecules (classes | and 1)
that display peptide fragments to a3 T
cell receptors, shaping adaptive
immunity and self/non-self-
discrimination.

MHC restriction: the requirement that
a3 T cells recognise antigenic peptides
only when bound to self MHC
molecules, a specificity imposed during
thymic selection.
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First, such subsets have a private TCR repertoire underpinned by very high diversity in Vo-
CDR3, due to extremely high N/P region addition, substantial exonuclease nibbling, and potential
for multiple D-segment incorporation [6]. Based on their VO genes alone, most V52" clonotypes
represent ‘one-off’ recombination events. A second cornerstone relates to clonal expansion,
which is evident both in peripheral blood [6,10] and tissue-associated adaptive-like yd T cell pop-
ulations [9], and is linked to infection, including with HCMV [10,11]. A third relates to phenotypic
differentiation of adaptive-like yo T cells, aligned to clonal amplification [6,11]. Such populations
appear to be produced in a Tpaie State (CD27™ TCF7*) that broadly phenocopies CD8* Traive
cells, lacks effector markers, and expresses homing receptors (e.g., CCR7, CD62L) compatible
with circulation between blood and lymph [4-6,11]. Importantly, such T,ave YO T cell populations
are highly TCR diverse. By contrast, expanded V52" or Vy9"*9V52 clonotypes reside entirely in
Tefreotor-like (CD27'°""%9) populations that typically express cytotoxic markers (perforin, granzyme),
are cytotoxic and produce cytokines, have upregulated peripheral homing markers (e.g.,
CXBCR1) [4-6,11], and express transcription factors associated with effector status including
chiefly eomesodermin (EOMES) and T-bet [12]. Importantly, pathogen infection, including
HCMV infection, drives not only clonal expansion but also phenotypic transition from Taive tO
Teftector Status [11,12].

These features suggest that non-Vy9Vvo2 yo T cells can operate in a CDR3 and ligand-dependent
adaptive-like mode (Figure 2A). Reassessment of LES clonotype features indicates that it aligns
closely with this adaptive-like paradigm, and specifically with a physiological Tefector ClONOtypE.
First, the private nature of the LES clonotype reflected the adaptive-like yo T cell repertoire as a
whole. The high CDR3 N/P region addition within the LES V05-CDR3 is closely matched to
that of the entire V52" repertoire (14 N/P for LES V35, versus an average of ~15 for TCR-V0)
[6], indicating extreme privacy. For a typical V&2"*9 clonotype, based on N/P nucleotide addition
alone, the chances of recombining an identical nucleotide sequence will be <1 in a billion (4'°).
Second, the LES clonotype was heavily clonally expanded following in vivo HCMV infection (to
25% of peripheral blood T cells), and third, the LES cellular phenotype (CD28"*, CD45R0"™*9)
and cytotoxic capabilities clearly delineated it as a Tefector CEll [28]. Also consistent with this adap-
tive-like paradigm, recognition of EPCR by the LES yd TCR has been shown to be highly CDR3-
dependent, both for TCR-Vy and TCR-V® [13,29].

Re-evaluation of EPCR as a stress-induced ligand

Although the aforementioned considerations suggest that LES-EPCR recognition may reflect a
physiological cognate antigen-specific yd T cell response, an additional question concerned
EPCR’s credentials as a stress-induced ligand. At the time of the initial ligand discovery [13], it
was largely unclear whether EPCR was upregulated upon infectious or non-infectious stress,
and if so, why. Subsequent studies have shed light on this issue, in both tumour and HCMV in-
fection settings. Initially, EPCR was observed to be overexpressed on certain tumour cell lines,
but the underlying reason was unclear, and upregulation on primary tumours was not well estab-
lished. Lal et al. showed that EPCR overexpression was related to gene amplification and DNA
hypomethylation, which occurred in various epithelial cancers alongside several adjacent genes
on chromosome 20q, a region previously implicated in chemoresistance [13,30]. Moreover,
EPCR protein overexpression was routinely observed in primary colorectal cancers [13,30].
Thus, EPCR can legitimately be considered a molecular marker of tumour-associated alterations
in epithelial cancers.

Intriguingly, early studies highlighted that although HCMV infection of target cells sensitised them
for TCR-dependent and EPCR-dependent recognition by LES yd T cells, EPCR expression level
itself was unaltered by HCMV infection [13]. This cast doubt on whether EPCR is a genuine
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MR1: a predominantly monomorphic
MHC class I-related molecule that
presents small-molecule metabolites
(notably riboflavin pathway derivatives)
to MAIT cells.

Pathogen-associated molecular
patterns (PAMPSs): conserved
microbial structures (e.g.,
lipopolysaccharide, double-stranded
RNA, unmethylated CpG) typically
recognised by pattem-recognition
receptors to trigger innate immune
activation.

Phosphoantigen (P-Ag): a small, non-
peptidic prenyl-pyrophosphate
metabolite — for example, isopenteny!
pyrophosphate (IPP), HMBPP — that
activates human Vy9Vo2 T cells via
sensing by BTN3A1/BTN2A1 in target
cells, linking microbial/isoprenoid
metabolism to rapid innate-like T cell
responses.

Private TCR: a TCR sequence found
only in an individual and in a single clone,
reflecting a unique recombination/
selection event.

Public TCR: arecurrent TCR sequence
(or near-identical motif) independently
shared across individuals, often arising
from biased/convergent recombination
and/or strong antigenic selection.

T cell receptor (TCR): a heterodimeric
receptor (af or yd) generated by
somatic V(D)J recombination, which
recognises antigens and initiates T cell
activation.
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Figure 1. Adaptive-like versus innate-like yo and af3 T cell recognition. Key differences between innate-like lymphocytes such as invariant natural killer T (NKT) (af)
cells, Vy9Vd2 T cells, and mucosal-associated invariant T (MAIT) cells (af3), and more adaptive populations such as conventional major histocompatibility complex (MHC)-
restricted af3 T cells, and adaptive-like yd T cells. Innate-like subsets typically adopt effector phenotypes and utilise more germline-encoded/invariant elements of the T cell
receptor (TCR) to engage a restricted set of ligands, whereas adaptive populations retain naive populations from which clonotypically dependent effector responses
targeting a diverse array of ligands can be generated. TCR-ligand complex structures (left to right) relate to PDB codes 2PO6 (iINKT TCR-CD1d-a-GalCer); 9JQR
(G115 TCR-butyrophilin (BTN)2A/BTNSA), 4L4T (MAIT TCR-MR1); 1BD2 (a3 TCR-MHC class I); and 9062 (1C5H TCR-phycoerythrin, PE). PDB codes for individual
adaptive-like y& TCR ligands (right-hand side) are 2HYW (Annexin A2); 7OKT (endothelial protein C receptor, EPCR); 2X10 (ephrin type-A receptor 2, EphA2); 1ONQ
(CD1a-sulfatide); 1274 (CD1d-a-GalCer); 4GUP (MR1); and 2FSE (HLA-DR1). Pie charts outline the proportion of TCR-ligand contacts (as assessed by contribution to
buried surface area of the complex) involving variable CDR3 elements (red), as opposed to CDR1 (light blue), CDR2 (blue), germline-encoded non-CDR elements
(green), or invariant CDR3a (iICDR3a; light purple) elements. Variable CDR3 elements are notably decreased for the innate-like (iNKT, Vy9Vd2, and MAIT) populations
relative to adaptive a3 TCR-peptide-MHC interactions and adaptive-like yd TCR-ligand interactions (here illustrated by TCR interaction with PE).

infectious stress ligand, and suggested instead that EPCR might alternatively represent a restric-
tion factor facilitating yo T cell immunosurveillance of the endothelial niche, with HCMV-induced
TCR-extrinsic factors underlying induction of LES activation [13]. However, an important caveat
is that these studies utilised a strain of HCMV (TB40/E) for which the clinically derived virus exists
as a mix of variants, containing some sequence variation in both genes that are considered ‘hy-
pervariable’ and those less variable, whilst maintaining the full range of HCMV cellular tropism
[31]. However, when the Merlin HCMV strain was used to infect target cells, cell surface EPCR
expression was substantially upregulated [32]. Analysis of a complete library of Merlin strain
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Figure 2. Adaptive-like yo T cellimmunobiology. (A) Vyavd2-negative vd T cells are proposed to operate in an adaptive-like mode, whereby in response to infectious
or non-infectious stress challenges, particular yO T cell receptor (TCR) clonotypes capable of recognising physiologically relevant ligands become selectively expanded,
with resultant TCR signalling helping to drive a transition from Tave t0 an antigen-experienced Tegector Status. This paradigm predicts that expanded yd TCR
clonotypes recognise cognate ligands upregulated or altered during such scenarios, and that this occurs via their CDR3 regions. (B) Recombination of the LES yd TCR
chains, illustrating the private nature of the LES yd TCR sequence. (i) The LES TCR-y chain was generated by recombination of TCR-y variable region 4 (TRGV4) with
TCR-y Joining 2 (TRGJ2). Four nucleotides were removed by exonuclease activity (blue; X = 4) from the ends of the germline gene segments during V(D)J
recombination, while three N nucleotides (red; n = 3) were added by terminal deoxynucleotidyl transferase (TdT). (i) The LES TCR-0 chain is complex and private, using
two TCR-0 chain diversity (TRDD) segments, with 15 nucleotides removed by exonuclease during recombination (blue, X = 15), and 14 N nucleotides added across
the three recombination sites (red, n = 14). Figure created with BioRender (https://BioRender.com/inwlfan).

single-gene deletion mutants covering the entire U /b’ region demonstrated that EPCR upregu-
lation was dependent on the viral UL148 and UL148D genes (Figure 3) [32]. Proteomic plasma
membrane profiling revealed that UL148/UL148D genes stabilised surface expression, not only
of EPCR, but of >100 proteins, the vast majority of which were host-encoded. This was depen-
dent on UL148/UL148D-mediated inhibition of the maturation of a disintegrin and
metallopeptidase 17 (ADAM17), the prototypic ‘sheddase’, which would otherwise cleave nu-
merous membrane-associated proteins, including EPCR [33], to release their ectodomains extra-
cellularly. Viral targeting of ADAM-17 also modulated expression of proinflammatory cytokine
receptors such as tumour necrosis factor receptor 1 (TNFR1) and TNFR2 but, perhaps more
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significantly, also resulted in evasion of NK cells during infection, probably through stabilisation of
as yet unidentified inhibitory NK ligands [32]. This study therefore establishes that, at least in the
context of certain viral strains and target cell niches, not only can EPCR expression become up-
regulated upon infectious stress during HCMV infection, but this upregulation may represent a
molecular flag indicative of an important viral immunoregulatory mechanism in target cells.

Although these points relate to quantitative upregulation of EPCR, it is still possible that qualitative

changes in EPCR underly antigenicity for LES-TCR interaction in both HCMV and tumour set-
tings. Conceivably, EPCR-intrinsic qualitative changes could explain why its expression is
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Figure 3. Dysregulation of endothelial protein C receptor (EPCR) in microbial and non-microbial stress.
Dysregulation of EPCR expression in human cytomegalovirus (HCMV) infection (right) and cancer (left) compared with the
steady state (centre). Centre: cell surface EPCR levels in the steady state are limited by the activity of ADAM-17, which
cleaves the EPCR ectodomain. Right: infection of fibroblasts with Merlin HCMV strain leads to downregulation of the cell
surface ‘sheddase’ ADAM-17, leading to increased accumulation of EPCR at the cell surface. Left: increased EPCR
in cancer cell lines and primary cancer cells is underpinned by chromosomal amplification and demethylation at 20q,
and is observed in primary colorectal cancer tissue. Abbreviations: TCR, T cell receptor; ADAM17, a disintegrin and
metallopeptidase 17. Figure created with BioRender (https://BioRender.com/{8hmzpc).
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necessary but insufficient for LES-TCR-mediated activation. While the LES yd TCR is thought to
recognise the ‘underside’ of the EPCR platform — disfavouring recognition of putative activatory
lipid species, as previously investigated — this mode could conceivably enable the sensing of
changes in glycosylation (Figure 4), which have been noted to take place in both HCMV infection
[34] and tumourigenesis [35]. This critical area is a priority for future investigations. Specifically,
defining the impact of qualitative changes in EPCR on LES-TCR recognition may help to explain
the molecular basis of LES-yd TCR-mediated dual reactivity to infectious stress and transformed
self, might have broader significance across adaptive-like yd T cells, and could have therapeutic
implications.

Concluding remarks

A revised interpretation of LES-EPCR interaction as an exemplar of the emergent adaptive-like yd
T cellimmunobiology has several implications, and provides a perspective from which to start to
address some of the major unresolved questions in the field (see Outstanding questions). First, it
seems likely that HCMV will induce yd TCR-mediated reactivities to other infectious stress li-
gands. The relatively large number of host-encoded cell surface proteins upregulated following
HCMV infection represent a pool of potential targets for such responses [24]. yO TCR reactivities
likely combine with TCR-extrinsic receptor-ligand axes to enable yd T cell sensing of multimolec-
ular stress signatures indicative of HCMV infection. The challenge of eliciting a viable reactivity
from such an extremely diverse TCR repertoire, without the benefits of somatic hypermutation

© aB-TCR-HLA-A2 ©®

Trends in Immunology

Outstanding questions

How is tolerance to self-antigens
established in the human yd T cell
compartment? Does this involve
intrathymic deletional tolerance or
activation threshold modulation in/
outside the thymus?

If peripheral tolerance is critical in limiting
reactivity of yd T cells bearing TCRs
that can recognise autoantigens, then
which mechanisms are involved?

Do in vivo-selected adaptive yd TCRs
converge on common pathways of
biological significance in particular
infectious or tumour settings, and if
so, what are these axes of
immunosurveillance?

Do the expanded private clonotypes
characteristic of Teftector POPUlations
recognise a limited range of public

LES-y3-TCR-EPCR

Trends inImmunology

Figure 4. Divergent recognition mechanisms of af3 and yo T cell receptors (TCRs) for major histocompatibility complex (MHC) and endothelial protein C
receptor (EPCR). (A) Crystal structure of the human leucocyte antigen (HLA)-A2 molecule in complex with the human T-lymphotropic virus type 1 (HTLV-1) Tax peptide
(PDB ID: 1BD2 [48]). A ribbon diagram shows HLA-A2 composed of a1l and a2 domains forming the antigen-binding platform, with the a3 domain non-covalently
associated with 3o-microglobulin (32M) (bottom panel). The HTLV-1 Tax peptide is nestled within the peptide-binding groove between the a-helices (top panel). (B)
Crystal structure of EPCR bound to lipid (PDB ID: 7OKT [49]). A ribbon diagram highlights the MHC class I-like architecture of EPCR, formed by a1 and a2 domains
(bottom panel). EPCR lacks an a3 domain and does not associate with 32M. The lipid sits deeper within the EPCR antigen-binding groove compared with peptides
bound to HLA-A2. (C) Crystal structure of a human aff TCR (B7 TCR) in complex with HLA-A2 presenting the HTLV-1 Tax peptide (PDB ID: 1BD2). The af3 TCR
engages the HLA-A2 antigen-binding platform in a diagonal docking orientation via its complementarity-determining region loops. (D) High ambiguity driven protein—
protein docking (HADDOCK)-derived mutagenesis-informed model of the LES yd TCR bound to EPCR. The LES yd TCR is predicted to interact in a CDR3-dependent
fashion with the ‘underside’ 3-sheet of the EPCR antigen-binding platform, in stark contrast to conventional a8 TCR interactions with the a1-a2 domain helices and
the peptide moiety of peptide-MHC molecules. N-linked glycosylation sites on EPCR are highlighted.
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as occurs in antibody generation, is likely high. While HCMV-encoded proteins themselves may in
principle be viable targets for such responses, HCMV limits the number of virally encoded cell sur-
face targets, which also tend to be expressed at low levels [24]. Consequently, for HCMV infec-
tion, adaptive yd T cell responses to ‘pathogen-dysregulated self’ may be more likely than direct
recognition of viral proteins (Figure 5). How thymic development of V32" T cells might affect af-
finity/avidity thresholds required for such peripheral yd T cell activation events is currently unclear,
as is the importance of peripheral tolerance mechanisms. These remain some of the most signif-
icant unresolved questions in the field, and additional studies on human yd T cell thymic develop-
ment and peripheral regulation are warranted. Nevertheless, a prediction of the adaptive-like
paradigm is that adaptive-like Y0 Tegrector POPUIAtioNs clonally expanded in vivo following HCMV
infection will be the source of cognate antigen-specific yd TCR reactivities in this setting. Building
on the canonical example of LES-EPCR, harnessing a range of such clonotypes to identify their
corresponding physiologically relevant virus-linked stress ligands will be both non-trivial and a
major achievement, either for HCMV or for any other pathogen, and could feasibly shed light
on common axes of yd T cellimmunosurveillance, as well on the diversity of associated cognate
ligands.

Direct recognition Indirect recognition

L

Host encoded proteins
Altered self

=

Trends IniImmunology

Figure 5. Direct versus indirect yo T cell recognition of viral infection. yd T cells could in principle sense viral infection
of target cells via direct yd T cell receptor (TCR) recognition of viral proteins at the cell surface (left arrow); however, some
viruses limit the number, expression level, and immunogenicity of viral proteins present at the cell surface. Alternatively,
clonal selection from the adaptive yd TCR repertoire may enable yo T cells to sense ‘virally altered self’ via changes to
host proteins at the cell surface. This could include upregulated levels @, altered post-translational modification @,
aberrant localisation ® or dysregulated association status @ of host-encoded proteins. Figure created with BioRender
(https://BioRender.com/67hckti).

¢? CellPress

antigens, or are adaptive yd TCR
ligands also private?

How structurally diverse are yo TCR
ligands recognised in vivo? Wil the
dimensions of TCR-ligand interactions
comply with existing models of TCR
triggering such as kinetic segregation?

To what extent do adaptive yo T cell
responses in infection focus on direct
recognition of pathogen-encoded
antigens, as opposed to recognition
of  pathogen-dysregulated  self-
antigens?

How commonly will yd TCR-mediated
dual reactivity to infection and cancer
be observed? Does this reflect
recognition of identical ligands, and if
so, are they similarly altered in each
scenario?

In what manner are adaptive yd TCR
self-ligands  dysregulated  during
infection or cancer to break tolerance?
Are such changes quantitative or
qualitative, and what processes do
these represent: altered localisation,
post-translational modification, or
association?

What cellular niches will adaptive yo T
cell responses focus on?

How do the dynamics of adaptive-like
yO T cell responses compare with
conventional MHC-restricted af3 T cell
adaptive responses?
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A second consideration is what added value adaptive-like yO T cell recognition provides beyond
af3 T cells and NK cells. Its MHC-independence, and focus on TCR ligation of intact cell surface
stress antigens, suggest that adaptive-like yd populations may be analogous to ‘Nature’s
chimeric antigen receptor T (CAR-T) cells’ [3]. In the context of HCMV, adept at both sup-
pression of peptide-MHC antigen presentation and NK effector responses [36,37] (Box 1),
these features may provide a highly advantageous third arm of cellular immunity less susceptible
to immune evasion. A major unresolved question is whether yo T cell responses are focused on
pathogen-derived proteins or altered self-components. Given the limited number and extent of
HCMV-encoded proteins expressed at the cell surface, a focus of adaptive-like yd T cells on rec-
ognition of the plethora of HCMV-altered self-antigens, seems paradigmatically more likely, and is
exemplified by LES-EPCR [24]. Moreover, the immunological relevance likely extends beyond
HCMV. Recent work highlights pronounced adaptive Vo1 T cell responses in malaria, and this
could imply adaptive-like yo T cell immunosurveillance of the MHC-deficient erythroid niche
targeted by this parasitic infection [38]. Also, various other infections have been associated with
expansions in adaptive-like yd T cell populations [8] and could be highly relevant.

An important unresolved question is how subsequent interactions identified between antigenic
ligands and adaptive-like yd TCRs map onto LES yd TCR-EPCR recognition. These include yo
TCR interactions with diverse self-proteins — CD1 molecules [8], Annexin A2 [8], ephrin type-A
receptor 2 (EphA2) [21], MR1 [39] — and even of foreign proteins such as phycoerythrin (PE)
[40-42]. In alignment with LES y® TCR-EPCR interaction, recognition of such ligands appears
to be highly clonotypically restricted [7,8]. However, a note of caution: many systems lack

Box 1. Evasion of adaptive and innate cellular immunity by CMV

HCMV is well established as a paradigm for viral evasion of a3 T cell and NK cell immunity. A member of the herpesvirus
family, its double-stranded DNA genome of 236 kilobase pairs encodes approximately 170 canonical protein-coding
genes. The genome is divided into unique long (UL) and unique short (US) regions flanked by repeats, which alongside
the terminal repeat left (RL) region, have led to the gene designations.

Since the late 1990s HCMV-encoded proteins have been known to inhibit cell-surface expression of class | MHC
molecules (MHC-I). Multiple gene products either drive MHC-I degradation by the proteasome (US2, US11), block its
transport to the cell surface (US3), or interfere with peptide loading by inhibiting the transporter associated with antigen
processing (TAP) (US6) [50-54]. Subsequent studies have identified other T cell-directed inhibitory effects, including: on
peptide processing (MIR-US4-1) [55], a viral herpesvirus entry mediator (HVEM) homologue that triggers the inhibitory B
and T cell ymphocyte attenuator (BTLA) (UL144) [56,57], a viral interleukin-10 homologue (UL111A) [58,59], direct trigger-
ing of CD45 (UL11) [60], inhibition of T cell activation by upregulation of CEACAM1 (HCMV gene not known [24]) and also
by an unknown mechanism for an identified HCMV gene (UL10) [61], and interference with immunological synapse forma-
tion through actin manipulation (UL135) [62] or reduction of CD58 expression (UL148) [25].

Downregulation of surface MHC-I should confer sensitivity of HCMV-infected cells to natural killer (NK) cell-mediated cyto-
toxicity, in line with the ‘missing self’ hypothesis of NK activation. However, HCMV encodes 24 identified NK immune
evasins to date (reviewed in [37]). These act in multiple ways, either directly triggering NK cell inhibitory receptors, prevent-
ing cell-surface expression of activating ligands for NK cells by retaining them intracellularly, or targeting them for protea-
somal/lysosomal degradation, interfering with co-stimulatory or adhesion molecules or via effects on actin polymerisation
within infected cells [37]. CMV also downregulates other immune-related molecules such as MR1 [63], CD1 [64], and
BTN2A1 [65], although the functional consequences of this are unclear.

HCMV likely encodes further undefined immune evasion mechanisms, as there are still many HCMV ‘orphan’ genes with
no defined function or mechanism of action. Furthermore, many HCMV genes are multifunctional, thus additional functions
for genes with ‘known’ function may yet be revealed. Despite the plethora of immune evasion genes, and although infec-
tion is lifelong, in an immunocompetent host the virus is controlled such that overt disease rarely occurs. Evolution of
HCMV with its human host has been ongoing since speciation and it seems that, at least in individuals with intact immunity,
the virus and host have reached a ‘détente’. Significant HCMV disease results only when this balance is disrupted: either
when HCMV infects individuals with a genetic, viral, or treatment-induced immunosuppression, or in an immature (e.g.,
foetal) immune system.
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information regarding clonotype frequency (e.g., the extent of in vivo clonotypic expansion or
lack thereof), and regarding cellular phenotype (€.g., Thaive VErsus Tefector), €ven if TCR ligand
binding is established [7]. In many cases it is also unclear whether clonotypes were expanded
in vivo following physiological immune challenge (e.g., infection), or expanded during in vitro
culture [7]. Availability of such information for the LES yd TCR-EPCR system means that it is
uniquely positioned to shed light on how adaptive-like biology operates at a molecular level.
An additional point, previously highlighted, is that some antigens (CD1, MR1, PE) were ‘pre-se-
lected’ using recombinant multimer staining reagents, a highly biased method of ligand identi-
fication [7]. One intriguing specificity, derived from a bona fide CMV-associated clonotypic
expansion following allogeneic stem cell transplantation, was found to display some recogni-
tion of HLA-DR, and might in principle reflect sensing of elevated class Il MHC levels on target
cells during CMV infection [43]. However, caveats remain about alignment of this specificity to
y® TCR-mediated recognition of CMV-induced altered self, not least because of the require-
ment for a non-physiological CDR3 mutation for full HLA-DR recognition, and indeed for any
TCR-mediated CMV reactivity, and uncertainty about the role of haplotypic differences, peptide
presentation, or other modifications in HLA-DR for recognition by the physiological clonotype
[43]. In summary, further studies are imperative to broaden our molecular understanding of
adaptive-like yd TCR sensing of altered self, ideally exploiting systems that mitigate critical ex-
perimental limitations.

A final important issue relates to the potential for adaptive yo T cell responses not just to infec-
tion but to cancer. There is considerable interest in unconventional T cell recognition of tu-
mours, particularly since cancer-specific MHC-unrestricted TCRs (af3 or yd) may in principle
be therapeutically applicable to a broad range of patients [44,45]. Although the extent to
which dual reactivity to both infection and cancer applies to adaptive-like yo T cells is unclear,
this phenomenon, exemplified by LES-EPCR, will be favoured by a focus on altered self (rather
than pathogen-encoded) components that may also become dysregulated in diverse scenar-
ios [13,20]. Cancer-specific yd TCRs could usefully broaden cell therapy or biotherapeutic ap-
proaches given the challenges of identifying safe and selective CAR-T target antigens, the
inherent limitations imposed by MHC restriction in the conventional a8 T cell space, and
the patient-specific nature of many MHC-restricted neoantigens. Once suitable yd TCR spec-
fficities are in place, both yd TCR gene transfer-based cellular therapies and development of yd
TCR-based bispecifics would be modalities of interest [45]. However, critical challenges in-
clude identification of relevant disease settings, specific patient groups, and ultimately individ-
ual yd TCRs and cognate cancer-specific targets. Understanding the exact nature of such
cognate ligands, either in cancer or in infectious settings, how they are dysregulated either
qualitatively or quantitatively to elicit yd TCR recognition, the cellular niches they apply to,
and the dynamics of the responses they generate are important future aims in the field. Another
crucial issue for tumour targeting is whether relevant cancer targets are fixed in all tumour cells,
or, driven by tumour heterogeneity, selectively present in tumour subregions. Recent studies
on colorectal cancer [46] and melanoma [47] indicate the potential importance of V52™%9 yo
T cells in clinically important anti-tumour responses to immune checkpoint blockade, including
in MHC-deficient and low mutational tumour burden settings poorly served by conventional a3
T cell responses [47]. Understanding whether such responses are underpinned by TCR-medi-
ated adaptive-like recognition or a parallel NK receptor-mediated reactivity by this same V52"%9
subset is currently unclear and a focus of ongoing studies.

Acknowledgments
This work was supported by Wellcome Trust, 221725/2/20/Z, National Institute for Health and Care Research (NIHR) Bir-
mingham Biomedical Research Centre, UK.

¢? CellPress

Trends in Immunology, Month 2025, Vol. xx, No. xx 11




¢? CellPress Trends in Immunology

Declaration of interests
B.E.W. is a named inventor on patents related to therapeutic manipulation of yd T cell responses, and provides paid consul-
tancy for Ferring Ventures regarding yo T cell immunotherapy development. The other authors have no conflicts of interest

related to the topics discussed in this review.

References

1

. Mohammed, F. et al. (2025) A brief molecular history of Vy9Vo2

TCR-mediated phosphoantigen sensing. Immunol. Rev. 331,
€70023

. Willcox, C.R. et al. (2018) Development and selection of the

human Vy9Vd2(+) T cell repertoire. Front. Immunol. 9, 1501

. Perriman, L. et al. (2023) A three-stage developmental pathway

for human Vy9Vvo2 T cells within the postnatal thymus. Sci.
Immunol. 8, eabo4365

. Davey, M.S. et al. (2018) Recasting human V&1 lymphocytes in

an adaptive role. Trends Immunol. 39, 446-459

. Davey, M.S. et al. (2018) Vd2(+) T cells — two subsets for the

price of one. Front. Immunol. 9, 2106

. Davey, M.S. et al. (2017) Clonal selection in the human Vo1 T cell

repertoire indicates yd TCR-dependent adaptive immune surveil-
lance. Nat. Commun. 8, 14760

. Willcox, B.E. and Willcox, C.R. (2019) y& TCR ligands: the quest

to solve a 500-million-year-old mystery. Nat. Immunol. 20,
121-128

. Willcox, C.R. et al. (2020) The distinct MHC-unrestricted

immunobiology of innate-like and adaptive-like human yo T cell
subsets-Nature's CAR-T cells. Immunol. Rev. 298, 25-46

24.

25.

26.

27.

28.

29.

30.

Weekes, M.P. et al. (2014) Quantitative temporal viromics: an ap-
proach to investigate host-pathogen interaction. Cell 157,
1460-1472

Wang, E.C.Y. et al. (2018) Suppression of costimulation by
human cytomegalovirus promotes evasion of cellular immune
defenses. Proc. Natl. Acad. Sci. U. S. A. 115, 4998-5003

Le Nours, J. et al. (2019) A class of yd T cell receptors recognize
the underside of the antigen-presenting molecule MR1. Science
366, 156221527

Willcox, B.E. et al. (2020) yd TCR recognition of MR1: adapting
to life on the flip side. Trends Biochem. Sci. 45, 551-553
Lafarge, X. et al. (2005) Expression of MHC class | receptors
confers functional intraclonal heterogeneity to a reactive expan-
sion of y& T cells. Eur. J. Immunol. 35, 1896-1905

Willcox, C.R. et al. (2019) Butyrophilin-like 3 directly binds a
human Vy4(+) T cell receptor using a modality distinct from clon-
ally-restricted antigen. Immunity 51, 813-825 e4

Lal, N. et al. (2017) Endothelial protein C receptor is overex-
pressed in colorectal cancer as a result of amplification and hy-
pomethylation of chromosome 20q. J. Pathol. Clin. Res. 3,
165-170

9. Hunter, S. et al. (2018) Human liver infiltrating yo T cells are com- 31. Al Qaffas, A. et al. (2021) Genome sequences of human cyto-
posed of clonally expanded circulating and tissue-resident popu- megalovirus strain TB40/E variants propagated in fibroblasts
lations. J. Hepatol. 69, 654-665 and epithelial cells. Virol. J. 18, 112

10. Ravens, S. et al. (2017) Human yd T cells are quickly 32. Rubina, A. et al. (2023) ADAM17 targeting by human cytomega-
reconstituted after stem-cell transplantation and show adaptive lovirus remodels the cell surface proteome to simultaneously reg-
clonal expansion in response to viral infection. Nat. Immunol. ulate multiple immune pathways. Proc. Natl. Acad. Sci. U. S. A.
18, 393-401 120, e2303155120

11. Davey, M.S. et al. (2018) The human Vd2(+) T cell compartment 33. Qu, D. et al. (2007) Regulated endothelial protein C receptor
comprises distinct innate-like Vy9(+) and adaptive Vy9(-) sub- shedding is mediated by tumor necrosis factor-a converting en-
sets. Nat. Commun. 9, 1760 zyme/ADAM17. J. Thromb. Haemost. 5, 395-402

12. McMurray, J.L. et al. (2022) Transcriptional profiling of human 34. Nystrom, K. et al. (2007) Virus-induced transcriptional activation
V31 T cells reveals a pathogen-driven adaptive differentiation of host FUT genes associated with neo-expression of Ley in cy-
program. Cell Rep. 39, 110858 tomegalovirus-infected and sialyl-Lex in varicella-zoster virus-in-

13. Willcox, C.R. et al. (2012) Cytomegalovirus and tumor stress sur- fected diploid human cells. Glycobiology 17, 355-366
veillance by binding of a human yd T cell antigen receptor to en- 35. de Wet, B. et al. (2025) Development of EPCR-reactive yo TCR
dothelial protein C receptor. Nat. Immunol. 13, 872-879 as bispecific T cell engager. 11th International yo T cell confer-

14. Morita, C.T. et al. (2007) Nonpeptide antigens, presentation ence Toronto
mechanisms, and immunological memory of human Vy2vo2 T 36. Patel, M. et al. (2018) HCMV-encoded NK modulators: lessons
cells: discriminating friend from foe through the recognition of from in vitro and in vivo genetic variation. Front. Immunol. 9,
prenyl pyrophosphate antigens. Immunol. Rev. 215, 59-76 2214

15. Khairallah, C. et al. (2017) y& T cell-mediated immunity to cyto- 37. Preston, H. et al. (2025) Human cytomegalovirus immune eva-
megalovirus infection. Front. Immunol. 8, 105 sion of natural killer cells: a virus for all seasons? Pathogens 14,

16. Bendelac, A. et al. (2007) The biology of NKT cells. Annu. Rev. 629
Immunol. 25, 297-336 38. von Borstel, A. et al. (2021) Repeated Plasmodium falciparum in-

17. Treiner, E. et al. (2003) Selection of evolutionarily conserved mu- fection in humans drives the clonal expansion of an adaptive y& T
cosal-associated invariant T cells by MR1. Nature 422, 164-169 cell repertoire. Sci. Transl. Med. 13, eabe7430

18. Dechanet, J. et al. (1999) Implication of yo T cells in the human 39. Rice, M.T. et al. (2021) Recognition of the antigen-presenting
immune response to cytomegalovirus. J. Clin. Invest. 103, molecule MR1 by a Vd3(+) yo T cell receptor. Proc. Natl. Acad.
1437-1449 Sci. U. S. A. 118, €2110288118

19. Lafarge, X. et al. (2001) Cytomegalovirus infection in transplant 40. Mohammed, F. et al. (2025) A triple take on antigen receptor rec-
recipients resolves when circulating yd T lymphocytes expand, ognition of PE. Structure 33, 1625-1627
suggesting a protective antiviral role. J. Infect. Dis. 184, 41. Rashleigh, L. et al. (2025) Antibody-like recognition of a yo T cell
533-541 receptor toward a foreign antigen. Structure 33, 1649-1662 €5

20. Halary, F. et al. (2005) Shared reactivity of Vo2(neg) yo T cells 42. Zeng, X. etal. (2012) yd T cells recognize a microbial encoded B
against cytomegalovirus-infected cells and tumor intestinal epi- cell antigen to initiate a rapid antigen-specific interleukin-17 re-
thelial cells. J. Exp. Med. 201, 1567-1578 sponse. Immunity 37, 524-534

21. Harly, C. et al. (2021) Human yd T cell sensing of AMPK-depen- 43. Deseke, M. et al. (2022) A CMV-induced adaptive human Vo1+
dent metabolic tumor reprogramming through TCR recognition v& T cell clone recognizes HLA-DR. J. Exp. Med. 219,
of EphA2. Sci. Immunol. 6, eaba9010 e20212525

22. Marlin, R. et al. (2017) Sensing of cell stress by human yd TCR- 44. Hayday, A. et al. (2024) Cancer immunotherapy by yd T cells.
dependent recognition of annexin A2. Proc. Natl. Acad. Sci. U. Science 386, eabq7248
S. A 114, 3163-3168 45. Willcox, B.E. and Willcox, C.R. (2025) Exploiting fundamental yo

283. Fukudome, K. and Esmon, C.T. (1994) Identification, cloning, T cellimmunobiology in cancer immunotherapy. In yoT Cell Can-

and regulation of a novel endothelial cell protein C/activated pro-
tein C receptor. J. Biol. Chem. 269, 26486-26491

12 Trends in Immunology, Month 2025, Vol. xx, No. xx

cer Immunotherapy - Evidence-Based Perspectives for Clinical
Translation (Barisa, M., ed.), pp. 1-33, Academic Press


http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0005
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0005
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0005
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0010
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0010
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0015
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0015
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0015
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0020
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0020
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0025
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0025
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0030
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0030
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0030
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0035
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0035
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0035
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0040
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0040
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0040
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0045
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0045
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0045
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0050
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0050
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0050
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0050
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0055
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0055
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0055
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0060
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0060
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0060
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0065
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0065
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0065
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0070
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0070
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0070
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0070
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0075
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0075
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0080
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0080
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0085
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0085
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0090
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0090
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0090
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0095
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0095
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0095
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0095
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0100
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0100
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0100
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0105
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0105
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0105
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0110
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0110
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0110
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0115
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0115
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0115
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0120
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0120
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0120
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0125
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0125
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0125
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0130
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0130
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0130
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0135
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0135
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0140
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0140
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0140
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0145
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0145
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0145
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0150
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0150
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0150
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0150
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0155
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0155
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0155
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0160
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0160
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0160
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0160
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0165
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0165
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0165
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0170
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0170
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0170
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0170
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0175
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0175
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0175
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0180
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0180
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0180
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0185
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0185
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0185
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0190
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0190
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0190
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0195
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0195
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0195
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0200
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0200
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0205
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0205
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0210
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0210
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0210
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0215
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0215
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0215
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0220
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0220
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0225
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0225
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0225
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0225

Trends in Immunology

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

56.

de Vries, N.L. et al. (2023) yd T cells are effectors of immunother-
apy in cancers with HLA class | defects. Nature 613, 743-750
Davies, D. et al. (2024) PD-1 defines a distinct, functional, tissue-
adapted state in VO1(+) T cells with implications for cancer immu-
notherapy. Nat. Cancer 5, 420-432

Ding, Y.H. et al. (1998) Two human T cell receptors bind in a sim-
ilar diagonal mode to the HLA-A2/Tax peptide complex using dif-
ferent TCR amino acids. Immunity 8, 403-411

Erausquin, E. et al. (2022) Identification of a broad lipid repertoire asso-
ciated to the endothelial cell protein C receptor (EPCR). Sci. Rep. 12,
15127

Ahn, K. et al. (1996) Human cytomegalovirus inhibits antigen pre-
sentation by a sequential multistep process. Proc. Natl. Acad.
Sci. U. S. A. 93, 10990-10995

Ahn, K. et al. (1997) The ER-luminal domain of the HCMV glycopro-
tein US6 inhibits peptide translocation by TAP. Immunity 6, 613-621
Jones, T.R. et al. (1995) Multiple independent loci within the
human cytomegalovirus unique short region down-regulate ex-
pression of major histocompatibility complex class | heavy
chains. J. Virol. 69, 4830-4841

Jones, T.R. and Sun, L. (1997) Human cytomegalovirus US2 de-
stabilizes major histocompatibility complex class | heavy chains.
J. Virol. 71, 2970-2979

Lehner, P.J. et al. (1997) The human cytomegalovirus US6 glyco-
protein inhibits transporter associated with antigen processing-
dependent peptide translocation. Proc. Natl. Acad. Sci. U. S.
A. 94, 6904-6909

Kim, S. et al. (2011) Human cytomegalovirus microRNA miR-
US4-1 inhibits CD8(+) T cell responses by targeting the amino-
peptidase ERAP1. Nat. Immunol. 12, 984-991

Cheung, T.C. et al. (2005) Evolutionarily divergent herpesviruses
modulate T cell activation by targeting the herpesvirus entry

57.

58.

59.

60.

61.

62.

63.

64.

65.

mediator cosignaling pathway. Proc. Natl. Acad. Sci. U. S. A.
102, 13218-13223

Sedy, J.R. et al. (2017) A herpesvirus entry mediator
mutein with selective agonist action for the inhibitory receptor
B and T lymphocyte attenuator. J. Biol. Chem. 292,
21060-21070

Cheung, A.K. et al. (2009) The role of the human cytomegalovirus
UL111A gene in down-regulating CD4+ T cell recognition of la-
tently infected cells: implications for virus elimination during la-
tency. Blood 114, 4128-4137

Kotenko, S.V. et al. (2000) Human cytomegalovirus harbors its
own unique IL-10 homolog (cmvIL-10). Proc. Natl. Acad. Sci.
U. S. A 97,1695-1700

Gabaeyv, I. et al. (2011) The human cytomegalovirus UL11
protein interacts with the receptor tyrosine phosphatase
CD45, resulting in functional paralysis of T cells. PLoS Pathog.
7,e1002432

Bruno, L. et al. (2016) Human cytomegalovirus pUL10 interacts
with leukocytes and impairs TCR-mediated T cell activation.
Immunol. Cell Biol. 94, 849-860

Stanton, R.J. et al. (2014) HCMV pUL135 remodels the actin cy-
toskeleton to impair immune recognition of infected cells. Cell
Host Microbe 16, 201-214

Ashley, C.L. et al. (2023) Suppression of MR1 by human cyto-
megalovirus inhibits MAIT cell activation. Front. Immunol. 14,
1107497

Raftery, M.J. et al. (2008) Inhibition of CD1 antigen presentation
by human cytomegalovirus. J. Virol. 82, 4308-4319

Hsu, J.L. et al. (2015) Plasma membrane profiling defines an ex-
panded class of cell surface proteins selectively targeted for deg-
radation by HCMV US2 in cooperation with UL141. PLoS
Pathog. 11, e1004811

Trends in Immunology, Month 2025, Vol. xx, No. xx

¢ CellP’ress

13



http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0230
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0230
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0235
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0235
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0235
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0240
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0240
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0240
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0245
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0245
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0245
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0250
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0250
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0250
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0255
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0255
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0260
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0260
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0260
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0260
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0265
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0265
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0265
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0270
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0270
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0270
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0270
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0275
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0275
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0275
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0280
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0280
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0280
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0280
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0285
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0285
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0285
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0285
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0290
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0290
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0290
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0290
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0295
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0295
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0295
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0300
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0300
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0300
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0300
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0305
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0305
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0305
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0310
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0310
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0310
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0315
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0315
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0315
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0320
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0320
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0325
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0325
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0325
http://refhub.elsevier.com/S1471-4906(25)00250-9/rf0325

	Auguries of adaptivity: LES γδ TCR ligand recognition revisited
	Human γδ T cells: an exclusively innate-like compartment?
	Origin and cellular reactivity of the LES clone
	Identification of EPCR as a ligand for the LES γδ TCR
	LES–EPCR interaction: a molecular exemplar of adaptive-like stress recognition
	‘Multimolecular stress signature’ recognition
	The LES–TCR clonotype: entirely private rather than semi-invariant
	An emergent adaptive-like immunobiology for the Vδ2neg T cell subset
	Re-evaluation of EPCR as a stress-induced ligand

	Concluding remarks
	Acknowledgments
	Declaration of interests
	References




