1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mol Immunol. Author manuscript; available in PMC 2022 February 01.

-, HHS Public Access
«

Published in final edited form as:
Mol Immunol. 2021 February ; 130: 64—68. doi:10.1016/j.molimm.2020.12.009.

T cell receptor diversity, specificity and promiscuity of
functionally heterogeneous human MR1-restricted T cells

Marco Leporel, Deborah A Lewinsohn?, David M Lewinsohn3
Iimmunocore Ltd Milton Park, Abingdon, United Kingdom.

2Department of Pediatrics, Oregon Health & Science University, Portland, Oregon

SDepartment of Medicine, Oregon Health & Science University, Portland VA Medical Center,
Portland, Oregon

Abstract

The monomorphic MHC-class I-like molecule, MR1, presents small metabolites to T cells. MR1 is
the restriction element for microbe-reactive mucosal-associated invariant T (MAIT) cells. MAIT
cells have limited TCR usage, including a semi-invariant TCR alpha chain and express high levels
of CD161 and CD26. In addition to microbial lumazine metabolites, recent studies have
demonstrated that MR1 is able to capture a variety of diverse chemical entities including folate-
derivatives, a number of drug-like and other synthetic small molecules, and as yet undefined
compounds of self-origin. This capacity of MR1 to bind distinct ligands likely accounts for the
recent identification of additional, non-canonical, subsets of MR1-restricted T (MRL1T) cells.
These subsets can be defined based on their ability to recognize diverse microbes as well as their
reactivity to non-microbial cell-endogenous ligands, including tumor-associated antigens. Herein,
we will discuss our current understanding of MR1T cell diversity in terms of TCR usage, ligand
recognition and functional attributes (Table I).
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1. The Paradox of the Innate-like MAIT Cells

Currently, MAIT cells are the most extensively described subset of MR1T cells and have
often been described as innate-like cells. This concept was supported by their restriction by
MRZ1, a molecule of limited polymorphism (Treiner et al., 2003), by the associated
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expression of a semi-invariant T cell receptor (TCR) comprising a nearly germline-encoded
TRAVI-2* TCRa (TRAV) chain with three alternative 7RAJgenes (namely TRAJ33,
TRAJ20 or TRAJ12) and paired to a restricted set of TCRB (TRBV) chains, (mostly TRBV6
and TRBV20; (Porcelli et al., 1993; Tilloy et al., 1999), and by their unique PLZF-driven
developmental pathway (Koay et al., 2016).

Innate immunity is defined by the recognition of microbial patterns by specialized germline-
encoded receptors and by the ability to mount rapid responses following stimulation. In
contrast, similar to adaptive T cells, the development of MAIT cells entails the coordinated
and effective pairing of somatically rearranged TRAV and TRBYV chains that can interact
with MR1 and presumably a ligand (Godfrey et al., 2019; Legoux et al., 2019; Legoux et al.,
2020). However, and like other innate-like T cells, MAIT cells acquire effector capacities
during thymic maturation, expand early in life in the periphery and express simplified TCR
patterns. Accordingly, they are able to promptly respond to antigen challenge
(Constantinides et al., 2019). Hence, MAIT cells share unique features with both innate and
adaptive immune cells, which positions them at the crossroad of the two systems.

1.2 Defining features of MAIT cells

Two observations challenge the definition of innate-like T cells. First, following egress from
the thymus, human MAIT cells undergo post-natal expansion and transition from a naive-
like to memory-like phenotype, potentially driven by commensal-derived antigens
(Constantinides et al., 2019; Legoux et al., 2019; Legoux et al., 2020).

Second, MAIT cells appear able to mount differential clonal responses to distinct microbes
in terms of TCR usage and functional capacity. Here, we will briefly discuss these emerging
data, which suggest that MAIT cells are more heterogenous than previously appreciated.

The first identified activating ligands for MAIT cells were those derived from 5-amino-6-D-
ribitylaminouracil (5-A-RU), a biosynthetic intermediate in the riboflavin biosynthesis
pathway (Corbett et al., 2014; Kjer-Nielsen et al., 2012). It was also noted that only
microbes capable of riboflavin production were able to stimulate MAIT cells, supporting the
concept that MAIT cells were uniquely capable of recognizing these microbially derived
antigens. The characterization of these ligands allowed for the development of MR1
tetramers loaded with 5-OP-RU (Reantragoon et al., 2013), which could stain essentially all
MAIT cells, previously defined phenotypically via the co-expression of TRAV1-2, CD161,
and/or CD26 (Reantragoon et al., 2013; Sharma et al., 2015). These markers were not
sufficiently stringent because they are also co-expressed by T cells that do not recognize
MRZ1, particularly in tissues or in newborn and infant blood (Ben Youssef et al., 2018). Thus,
MR1-50P-RU tetramer staining has become a cleaner, more objective criterion for defining
MAIT cells. These observations, then, supported the view that MAIT cells were an innate-
like T cell population of limited antigenic diversity.

Isolating MAIT cells based on either MR1-5-OP-RU tetramers or cell surface expression of
TRAV1-2 and CD161 has demonstrated limited diversity in the TRAV complementary
determining region (CDR) 3 region, and limited TRBYV chain usage (Lepore et al., 2014;
Reantragoon et al., 2013). In contrast, definition of TCR usage based on the selection of
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MAIT cells on their cytokine production in response to microbial infections has revealed
increasing evidence for antigenic selectivity. Accordingly, MAIT cells sorted from four
donors based on the production of TNF-a in response to the phylogenetically diverse
microbes, Mycobacterium smegmatis, Candida albicans, and Salmonella Typhimurium
displayed pathogen selectivity through oligoclonal MAIT TCR usage (Gold et al., 2014).
While in this study it was not possible to define ‘microbe-specific’ MAIT TCRs, there were
clearly dominant responses found within an individual to a specific microbe. Notably, in
response to infection with M. smegmatis, TNF-a. was also released from TRAV1-2 negative
MRZ1-restricted cells. One clone derived from this analysis expressed the TRAV12-2 TCR,
and surprisingly responded both to microbes capable of riboflavin biosynthesis such as M.
smegmatis, as well as to S. pyogenes, a microbe incapable of riboflavin production
(Meermeier et al., 2016). In addition, while these studies relied on detection of TNF-a in
response to microbially infected cells, it is possible that alternate functionality might be
reflected via differential TCR or antigen usage. Accordingly, different combinations of
cytokines can be produced by MAIT cells expressing different TRBV (Dias et al., 2017).

1.3 MRIT Cell Microbial Recognition

The diversity in TCR usage relative to the recognition of discrete microbes raises the
possibility of presentation of antigenically diverse ligands. Cell lines expressing soluble
recombinant MR1 were used to affinity purify ligands derived from M. smegmatis (Harriff et
al., 2018). Mass spectrometry analysis revealed a quite large number of molecules associated
with MR1, that could be clustered using molecular networking. To date, the molecules that
could be solved and subsequently synthesized were present in the cluster that was defined
based on known similarity to riboflavin-related molecules. In this report, several molecularly
distinct photolumazines were identified as antigenic. Interestingly, TCR-diverse MAIT cell
clones, originally derived in response to M. tuberculosis-infected APC, could distinguish
among chemically related photolumazines. These data provided a direct demonstration of
the ability of MAIT cell TCRs to confer antigenic selectivity. At present, it is not known
which of the many MR1-bound ligands actually drive MAIT cell responses during different
infections.

In further support of antigenic diversity, in sifico modeling explored the potential of both
microbial metabolites and pharmacologic compounds to serve as MAIT cell antigens (Salio
et al., 2020). Furthermore, compounds lacking the ribityl tail of canonical MR1-restricted
ligands can stimulate MAIT cells (Keller et al., 2017). It should be noted that while there is
evidence for antigenic selectivity, all MAIT cells described to date are capable of binding
MR1-5-OP-RU tetramers, and react to 5-OP-RU. Therefore, whether the diversity in TCR
usage might reflect the selection of lower affinity, and hence more diverse TCRs in the
context of different APCs or cytokine environments remains to be investigated.

With regard to how TCRs could interact with MR1-displayed ligands, the relative
contribution of MRAT cell TRAV and TRBYV chains is being unraveled. The canonical semi-
invariant MAIT TRAV1-2 — TRAJ33/TRAJ20/TRAJ12 TCRs dock on MRL1 in a conserved
mode that is shifted toward the A’ pocket of MR1, with the CDR3a loop optimally
positioned to extend into the groove and contact the antigen (Awad et al., 2020a; Lopez-
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Sagaseta et al., 2013; Patel et al., 2013). This configuration allows a germline-encoded
Tyr95a from the CDR3a loop to form an ‘interaction triad’ with the antigen and MR1
Tyrl52 (Awad et al., 2020a; Corbett et al., 2014; Eckle et al., 2014). Thus, the CDR3a loop
has a crucial role in antigen recognition, with Tyr95a mediating essential hydrogen bond
contacts with the ribityl chain of microbial ligands (Kjer-Nielsen et al., 2012; Lopez-
Sagaseta et al., 2013). While mutagenesis of single residues within the MAIT CDR3p loop
had no discernable effect on ligand recognition, exchange of the entire CDR3p region for a
non-MAIT cell derived CDR3p sequence ablated antigen recognition (Reantragoon et al.,
2012). However, recombinant humanized bovine MR1 exposed to ligands present in £. coli
culture supernatant demonstrated that the MAIT CDR3p loop is also important for contact
with MR1-bound antigens (Lopez-Sagaseta et al., 2013), and further studies confirmed its
role in fine-tuning MAIT TCR responsiveness to these antigens (Eckle et al., 2014;
Gherardin et al., 2016; Howson et al., 2018; Keller et al., 2017). More recently, four clone
pairs, each having the same MAIT TRAV1-2-TRAJ33 chain, but discrete TRB chains were
functionally evaluated. In this report, the TRBV was shown to allow for differential
recognition of the canonical 5-OP-RU ligand, either loaded into MR1 tetramers for staining
or offered in complex with plastic-bound MR1 monomers as stimulator, in alternative to
APCs (Narayanan et al.). In this report, it was not demonstrated that these TCRs could
uniquely recognize discrete microbes.

Concerning the recognition of MR1-presented microbial ligands by non-canonical TRAV1-
2-negative MR1T TCRs, less information is available. One 5-OP-RU-reactive TRAV36 /
TRBV28 TCR adopted a more central docking on MR1 as compared to invariant TRAV1-2
MAIT TCRs, with 5-OP-RU antigen specificity mediated by the germline-encoded CDR1a
loop (Gherardin et al., 2016). More recently, the mode of binding of a TRAV12-2 /
TRBV29-1 TCR (Meermeier et al., 2016) to MR1-5-OP-RU was unraveled. Here, the
TRBV29-1p-chain interreacted with the F’-pocket of MR1 as the CDR3p loop surrounded
and projected into the F’-pocket. The CDR3p loop was proximal to the MR1 A”-pocket and
allowed for direct contact with the 5-OP-RU antigen. These data, demonstrate that a diverse
MR1-reactive T cell repertoire could be explained by varied docking strategies that enable
the use of divergent mechanisms to recognize antigens bound to MR1 (Awad et al., 2020b).

Ultimately, the importance of MR1 displaying discrete ligands, and the ability of TCRs to
distinguish between these ligands could rest in the capacity of these antigens to discern
microbes and so to shape the MR1T TCR repertoire akin to conventional “memory” T cells.
This would require the demonstration of durable alterations in the TCR repertoire following
infection or vaccination. At present, evidence here is limited, but recent work has begun to
tackle this key question. Using a controlled infection of humans with live Sa/monella
enterica serovar Paratyphi A, TCR usage and functional avidity of MAIT cells following
vaccination was investigated. MAIT cells with selective TRBV usage expanded upon
infection and the TCR associated with this expansion displayed enhanced reactivity to
antigens, suggesting selection of TCR clonotypes with greater functional avidity (Howson et
al., 2018). As this report only investigated a short period after immunization (28 days),
whether expanded clonotypes are persistent and associated to eventual protection remains to
be determined.
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2. Folate reactive MR1T cells

The landscape of MR1T cells was recently extended by the discovery of T cells able to
recognize ligands not related to riboflavin biosynthesis. MR1 tetramers identified a rare
population of T cells reactive to the folate-derivatives within circulating cells of healthy
individuals (Gherardin et al., 2016). These T cells lacked TRAV1-2 gene expression, typical
of MAIT cells and displayed diverse TCR usage; in addition, they were stained by MR1
tetramers loaded with Acetyl-6-Formyl-Pterin (AC-6-FP), a photodegradation product of
folic acid, while failed to bind MR1-5-OP-RU tetramers. Phenotypically, these T cells
predominantly expressed CD8a., displayed little or no CD161, and largely lacked expression
of CD45R0, a marker of memory T cells (Lanzavecchia and Sallusto, 2000). In addition,
they did not express the transcription factor PLZF, which is typical of MAIT cells.
Therefore, while these T cells expressed TCRs that bound MR, their other features were
reminiscent of conventional peptide-specific rather than innate-like T cells (Fergusson et al.,
2014; Lepore et al., 2018). A cell line expressing one of these TCRs failed to recognize
MR1-expressing cells loaded with 5-OP-RU, but could respond to Ac-6-FP and to the
closely related molecules 6-formyl-pterin (6-FP), thus confirming lack of recognition of the
microbial MR1 ligands that stimulate MAIT cells. Ac-6-FP and 6-FP and are generated
following photodegradation of folic acid and their physiological presence within living
organisms is uncertain. Consequently, it is unclear if this recognition represents cross-
reactivity of TCRs reactive to alternative sets of microbial or self MR1 ligands.

TRAV1-2- negative and PLZF-deficient MR1T cells were also described that could bind to
MR1-tetramers loaded with both riboflavin-related microbial antigens and folate-derivatives
(Gherardin et al., 2016). In addition, TCRs isolated from these cells displayed autoreactivity
toward MR1-expressing cells. It is of note that autoreactivity has also been observed for a
number of canonical MAIT TCRs reactive to 5-OP-RU. All these data suggested that
varying degrees of cross-reactivity can exist among MR1T cells. Structural analysis of two
distinct TRAV1-2+ and TRAV1-2- TCRs attributed their promiscuity to the flexibility of
the CDR3a. loop. Specifically, an alternative docking mode as compared to canonical MAIT
TCRs was observed, that was shifted to the F’ pocket, and reflected interactions with MR1,
the antigen and other CDR loops (Gherardin et al., 2016). Thus, different TCR modes of
binding can permit MR1-recognition, and structural flexibility of the CDRs can allow
recognition of multiple antigens by a single TCR. The physiological relevance of this cross-
reactivity and its potential contribution to pathological reactions remain to be investigated.

3. Endogenous antigen reactive MR1T cells

The MRLT cell family was further enlarged by studies reporting a new T cell population
capable of recognizing MR1-expressing cells in the absence of exogenous antigens
(Crowther et al., 2020; Lepore et al., 2017). These MR1T cells did not react to microbial-
derived molecules, nor to folate-derivatives. Instead, their activation was prevented when
known MR1 antigens were exogenously provided, suggesting that these ligands blocked
recognition by competing with stimulatory self-antigens for MR1 binding. Analysis of
multiple circulating T cell clones from healthy individuals with these novel recognition
properties revealed a diverse TCR repertoire and cell surface phenotype as well as functional
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heterogeneity. Some of these MRL1T cell clones preferentially responded to tumor cells,
while others were also capable of recognizing monocyte-derived dendritic cells (Lepore et
al., 2017), thus suggesting distinct antigen-specificities. MR1-tetramers loaded with newly
identified, though yet undisclosed, molecules were shown to specifically stain some of the
clones, as discussed by Chancellor and De Libero at the EMBO CD1-MR1 Conference at
Oxford (unpublished), further supporting the existence of additional MR1-presented T cell
ligands. The identity and variety of these antigens remains a major unsolved question in the
field.

A striking feature of these T cells is the clonal diversity in terms of both target cell
recognition patterns and functional properties. Individual clones display MR1-dependent
recognition of tumor cells derived from different tissues, and lack reactivity to
untransformed cells (Crowther et al., 2020; Lepore et al., 2017). Also, they have cytolytic
activity and release pro-inflammatory mediators such as IFN-y and TNF-a. Interestingly,
some of these clones react to a broad panel of tumor cells, while others recognize a more
limited set of transformed cells. These data would argue for a role in anti-tumor immunity
and suggest that distinct antigens associated to different cancers might be targets of MR1-
restricted T cells. It is tempting to speculate that these MR1T cells represent surveyors of
cell integrity, and are able to monitor metabolic pathways whose dysregulation might lead to
cancer transformation.

Recognition of normal cells by autoreactive MR1T cell clones has also been shown (Lepore
etal., 2017). For example, /in vitro experiments demonstrated MR1-dependent recognition of
monocyte-derived dendritic cells (DC), which surprisingly did not result in DC killing, but
rather promoted their maturation toward a licensed phenotype, instrumental for efficient
priming and stimulation of T cells. In addition, a T cell clone interacted with goblet-like
intestinal cells (Lepore et al., 2017) and induced transcription of the MUC2 gene, that
contributes to the homeostasis of the intestinal epithelial barrier(Allaire et al., 2018;
Constantinides et al., 2019; Leng et al., 2019). The analysis of clonal functional responses
revealed a marked heterogeneity, with individual clones displaying T-helper 1-, T-helper-2-
or T-helper 17-like cytokine secretion profiles. Some activated clones also released atypical
molecules for T cells, such as the growth factors VEGF and PDGF.

In conclusion, self-reactive MR1T cells, seem to be a heterogenous population with multiple
potential functions in immunity. We envisage that the identification of their recognized
antigens will unveil the immunology of those T cells in physiologic and pathologic settings,
and potentially support immunotherapy approaches for treatment of cancer and other
diseases.

4. How did we get here: Aspects of Human MR1T cell Development

Relevant to Antigenic Recognition

In the human adult circulation, the population of MRL1T cells is largely comprised of MAIT
cells. The determinants of MAIT cell dominance are not known, but recent observations
from developmental studies provide considerable insight. By defining MAIT cells as
TRAV1-2* and/or MR1 tetramer-5-OP-RU" it has been reported that mature MAIT cells

Mol Immunol. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lepore et al.

Page 7

represent a relatively rare population in neonates as compared to adults, suggesting that they
undergo a robust post-natal expansion and maturation. (Dusseaux et al., 2011; Koay et al.,
2016; Martin et al., 2009; Swarbrick et al., 2020). Interestingly, the post-natal increase in the
frequency of functionally mature MR1-5-OP-RU tetramer™ MR1T cells was recently shown
to overlap with the transition from a predominantly TRAV1-2~ population in neonates, to a
predominantly TRAV1-2* population thereafter, which was evident early (10 weeks) after
birth (Swarbrick et al., 2020). Thus, human 5-OP-RU-reactive MR1T cells seem to express a
more heterogenous TCR repertoire at birth, which postnatally converges into TRAV-1-2+
canonical MAIT cells. It is of note that this convergence coincides with the transition from
limited microbial exposure in the womb to rapid colonization of the gut microbiome. In
mice, MAIT cell expansion is linked to the acquisition of the intestinal microbiome
(Constantinides et al., 2019; Legoux et al., 2019; Legoux et al., 2020). Therefore, it is likely
that microbial ligands drive preferential expansion TRAV1-2* MAIT cells during
development in humans.

5. Conclusions

Funding:

Advances in structural biology, cellular immunology, and most notably the development of
novel tools such as MR1 tetramers, has allowed for rapid expansion of knowledge of this
growing family of phenotypically and functionally diverse MR1T cells. As summarized
above, MR1 can present a diverse array of ligands, and these in turn can lead to expansion of
diverse MR1T cell subsets. The context of these expansions, such as tissue residence,
cytokine milieu and antigen presentation capacity of various APCs remains poorly
understood. Clearly, further investigation may unravel crucial aspects of the immunological
role of MRL1T cells and enable their immunotherapeutic use for the prevention and treatment
of microbial infection, cancer, and autoimmune disease.
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Highlights
. MR1 can present multiple distinct ligands to T cells
. Diverse Human MR1 restricted T cells recognise distinct microbial or self/
tumour antigens
. Individual MR1-restricted TCR display ligand discriminations
. Some MR1-restricted TCRs are cross-reactive toward multiple ligands
. Human MR1-restricted T cells are functionally heterogeneous
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