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Abstract

"The Major Histocompatibility Complex (MHC) locus encodes classical MHC
class I and MHC class IT molecules and nonclassical MHC-I molecules. The
architecture of these molecules is ideally suited to capture and present an
array of peptide antigens (Ags). In addition, the CD1 family members and
MR1 are MHC class I-like molecules that bind lipid-based Ags and vitamin
B precursors, respectively. These Ag-bound molecules are subsequently
recognized by T cell antigen receptors (T'CRs) expressed on the surface of
T lymphocytes. Structural and associated functional studies have been highly
informative in providing insight into these interactions, which are crucial to
immunity, and how they can lead to aberrant T cell reactivity. Investigators
have determined over thirty unique TCR-peptide-MHC-I complex struc-
tures and twenty unique TCR-peptide-MHC-II complex structures. These
investigations have shown a broad consensus in docking geometry and
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provided insight into MHC restriction. Structural studies on TCR-mediated recognition of lipid
and metabolite Ags have been mostly confined to TCRs from innate-like natural killer T cells
and mucosal-associated invariant T" cells, respectively. These studies revealed clear differences be-
tween TCR-lipid-CD1, TCR-metabolite-MR1, and TCR-peptide-MHC recognition. Accord-
ingly, TCRs show remarkable structural and biological versatility in engaging different classes of
Ag that are presented by polymorphic and monomorphic Ag-presenting molecules of the immune
system.

INTRODUCTION

The central interaction in cell-mediated adaptive immunity is between the «ff T cell antigen
receptor (3 T'CR) and an antigen-presenting molecule loaded with a given antigen (Ag). The
B TCR corecognizes the Ag-Ag-presenting molecule complex, and given the inherent diversity
within this system, many potential 3 TCR recognition events control T cell immunity. Upon
productive a3 TCR engagement, the a3 TCR transmits signals to the CD3 complex, which sub-
sequently triggers intracellular signaling cascades that lead to effective immunity. The parameters
defining productive engagement and « 3" TCR-CD3 signal transmission are a keenly investigated
area (1). The «TCR recognition event is central to protective immunity against pathogens
but also underpins aberrant T cell reactivity (2, 3). Although many studies have focused on the
interaction between o3 TCRs with peptides (p) presented by the polymorphic members of the
major histocompatibility complex (MHC) [human leukocyte antigens (HLA) in humans] (4), it
is clear that a3 T'CRs can recognize other Ags presented by distinct Ag-presenting molecules.
Namely, specific 3 T'CRs bind to lipid-based Ags presented by members of the CD1 family (5).
Further, particular « 3 TCRs bind precursors of vitamin B metabolites that are presented by the
MHC class I-related molecule MR1 (6). Moreover, a different family of TCRs consisting of y-
and d-chain heterodimers (ydTCRs) can recognize MHC-like molecules (7). Thus, investigating
the structural basis of TCR recognition events provides key and detailed insight into the ensuing
T cell biology that underpins health and disease. Stemming from the seminal finds of TCR recog-
nition (8, 9), the field of structural T cell immunology has progressed substantially (10). Structurally
focused investigations have yielded a greater understanding of MHC restriction (11-13), T cell
autoimmunity, T cell cross-reactivity/alloreactivity (3, 14), and innate-like T cell recognition of
lipid and metabolite Ags (6, 15). Here we review TCR recognition of Ag-presenting molecules.

Structure of Ag-Presenting Molecules

To understand how TCRs can recognize Ags, it is first necessary to determine the structures
of these Ag-presenting molecules; this topic was comprehensively reviewed recently (16). The
classical MHC molecules are subdivided into MHC class I (MHC-I) and MHC class IT (MHC-II),
both of which are high polymorphic. The classical MHC-I genes comprise three classes in humans
(HLA-A,HLA-B, and HLA-C) and mice (H2-K, H2-D, and H2-L). The MHC-II genes comprise
three classes in humans (HLA-DR, HLA-DQ, and HLA-DP) and two classes in mice (H-2A and
H-2E). In addition, there are nonclassical, essentially monomorphic, MHC-I molecules (HLA-
E, HLA-F, HLA-G, and HLA-H in humans; H2-M, H2-Q, and H2-T gene products in mice).
These MHC molecules bind peptides, with the Ag-binding cleft of the MHC-I molecules being
more restricted at the N and C termini in comparison with the open-ended MHC-II molecules
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Figure 1

Overview of T cell antigen receptor (T'CR) in complex with an array of antigenic complexes: () TCR-pMHC-I complex, () TCR-
pMHC-II complex, (¢) TCR-lipid-CD1d complex, and () TCR-metabolite-MR1 complex, with associated views down the antigen-
binding clefts below. Panel (¢) represents the genetic recombination of TCR genes from the o-chain (pink) and the 3-chain (blue). The
complementarity-determining regions (CDRs) 1, 2, and 3 loops are teal, green, and purple for the «-chain and red, orange, and yellow
for the B-chain. (f) A view of the TCR CDR loops that bind the antigenic complex. Abbreviation: pMHC, peptide-MHC.

(Figure 1). As such, MHC-II molecules tend to present longer peptide fragments (>11 amino
acids) in comparison with the MHC-I counterparts (8-10 amino acids). The MHC molecules
bind the peptides via a series of pockets within the peptide-binding groove, termed A-F pockets
in MHC-I and P1-P9 pockets in MHC-II (16). MHC polymorphism is concentrated around the
Ag-binding cleft and dictates which, and how, peptides bind to any given MHC molecule. Within
the pMHC complexes, the regions of the peptide that are outwardly oriented and solvent exposed
can directly contact the T'CR, whereas buried residues can indirectly affect TCR binding (17).
The nonclassical MHC-I molecules present a more restricted repertoire of peptides and play a
key role in innate immunity, although they may mediate T cell responses (18).

The CD1 family of Ag-presenting molecules is subdivided into group 1 (CD1a, CD1b, and
CDIc) and group 2 (CD1d) (5). The Ag-binding groove of the CD1 family has two hydrophobic
pockets (A’ and F' pockets) that differ in size, conformation, and extent of solvent exposure,
thereby modulating the repertoire of lipids that can bind to any given member (19). Typically,
the lipid tails are sequestered within the hydrophobic cleft of CD1, whereas the polar moiety of
the lipid protrudes from CD1 to interact with the TCR (Figure 1). Regarding MR1, vitamin B-
based metabolites are entrapped within MR1, with the ligand barely accessible to the TCR (6)
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(Figure 1). Thus, the responding TCR has to recognize three different classes of ligands in the
context of different Ag-presenting molecules and only has a relatively small region of the Ag to
contact. Accordingly, for TCRs to trigger an immune response, needle-in-a-haystack sensing is
required, and the immune system has a broad repertoire of TCRs to enable this.

Architecture of the a3 TCR

During T cell development in the thymus, functional x3TCR generation requires (#) random
rearrangement of variable (V'), diversity (D), and joining (J) gene segments, and (4) random re-
arrangement of }”and J gene segments from the 7CRB and TCR« gene loci, respectively. Within
the TCR, there are six hypervariable complementarity-determining regions (CDRs) that mediate
recognition. The CDR1 and CDR2 regions are encoded within the germ line 7TRAV and TRBV
genes (20), and the CDR3 regions are formed at the junction of different V(D)7 gene rearrange-
ments (9) (Figure 1).

Establishing a diverse TCR repertoire relies on combinatorial and junctional diversity. Com-
binatorial diversity arises through the many different permutations and combinations of V, D,
and J gene segments, of which there are approximately 43-45 TRAV, 50 TRAY, 40-48 TRBV, 2
TRBD, and 12-13 TRB7 functional gene segments. Junctional diversity dramatically expands the
TCR repertoire by the lack of accuracy during V(D)7 gene rearrangement and by the inclusion of
nontemplated encoded nucleotides (V) at V(D)7 junctions. Further combinatorial diversity arises
from the random pairing of different TCR «-chain and T'CR f-chains. From a relatively small
number of TCR genes, there are, after thymic selection, approximately 2 x 10’ TCRs per human
(21). A critical question is how this remarkably diverse T'CR repertoire interacts with various
MHC-Ag and MHC-I-like-Ag landscapes to affect recognition.

TCR-pMHC-I RECOGNITION

The first « TCR-pMHC-I structures provided a wealth of information pertaining to this key T
cell recognition event (8, 9, 22). The TCR docked above the long axis of the MHC-Ag binding cleft
in an approximately diagonal orientation, with the CDR3 loops sitting above the peptide, whereas
the germ line-encoded CDR1 and CDR?2 loops primarily mediated MHC contacts. The TCR-
pMHC-I interface lacked good shape complementarity (namely, a poor fit at this interface), which
was in line with the weak (typically 35uM, Supplemental Table 1; follow the Supplemental
Materials link from the Annual Reviews home page at http://www.annualreviews.org) affinity
of the interaction (23). The CDR3 loops underwent conformational change upon pMHC ligation,
which was consistent with the inherent TCR cross-reactivity (10).

Since these initial investigations, many structural studies have shed light on key immuno-
logical concepts in the context of TCR recognition, including MHC restriction, MHC-I poly-
morphism, and MHC-I self-tolerance (24); TCR selection (25); cross-reactivity; alloreactivity; T
cell-mediated autoimmunity; and allergies (26, 27). Indeed, to date, 34 unique TCR-pMHC-I
structures have been determined (Table 1). Further, there have been many more closely related
ternary complexes solved that vary in terms of (#) bound peptide, (b)) minor differences in the
MHC structure, and (¢) subtle distinctions in TCR gene usage. The structural characteristics of
these unique TCR-pMHC-I interactions, including docking angle, buried surface area (BSA),
percentage of contributions from the TCR «- and f-chains, the CDR loops, and MHC and pep-
tide, are shown in Supplemental Table 1 and Figure 2. Accordingly, this growing database of
TCR-pMHC-I structures has not only addressed many important immunological concepts, but
also simultaneously challenged many of the generalities pertaining to TCR-pMHC-I docking that
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Figure 2

T cell antigen receptor (T'CR) footprint onto pMHC-I. TCR footprints onto its specific pMHC-I; MHC-I is in white, and peptides are
in gray. The footprints are labeled and ordered as per Table 1, from left to right and then top to bottom. The atoms in contact with
complementarity-determining regions (CDRs) 1 &, 2, and 3  are teal, green, and purple, respectively, whereas those contacted by
CDR 1, 23, and 3 3 are red, orange, and yellow, respectively, as per Figure 1. The red and blue spheres represent the centers of mass
for the acand 3 variable domains, respectively. All the complexes are aligned in the same orientation, with a cutoff at 4 A used to
calculate the contacts.

were initially postulated (10). Notably, all TCR-pMHC-I ternary complexes determined to date
share an approximate, but common, docking topology in which the V-chain is positioned over
the o2-helix and the V3-chain resides over the a1-helix of MHC-I (Figure 2). The significance
of, and what governs, this TCR-pMHC consensus docking mode represents key questions in the
field. Indeed, the collection of TCR-pMHC-I (and TCR-pMHC-II) structures has allowed the
field to form testable hypotheses pertaining to the underlying structural basis of MHC restriction
(12, 13, 28).

TCR Bias and MHC-I Recognition

Although TCR diversity is a defining feature in most T cell responses, there are a number of
examples of T'CR bias in Ag-driven selection (25). Here, biased TRAV and/or TRBV usage,
and characteristic CDR3 sequence motifs, can underpin the immune response. There have been
a number of structural investigations that have addressed the molecular bases of TCR bias in
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the context of infection with cytomegalovirus (CMV), Epstein-Barr virus (EBV), influenza, and
human immunodeficiency virus (HIV) (29-34).

Initial insight into T'CR bias centered on the T cell response observed in HLA-B*08:01*
individuals toward an EBV determinant (termed FLR; see Table 1). The archetypical LC13
TCR-HLA-B*08:01-FLR structure, together with associated mutagenesis studies, showed that
the CDR3 loops were the main driving force of the interaction, in a peg-and-notch manner.
Here, the P7-Tyr (the peg) protruded into a central cavity (the notch) of the LC13 TCR (29,
35-38). The structure of the biased JM22 TCR bound to an HLA-A*02:01-restricted influenza
peptide (termed GIL) revealed a mechanism for recognizing a featureless peptide. Namely, a peg-
notch interaction was also observed; but here, an Arg within the CDR3 loop (the peg) resided
within a notch that is formed by a small cavity within the pHLA-I (30, 39). An analogous situation
was observed in a biased TCR-pHLA-B*51:01 complex (40). These observations indicated that
biased T'CR usage was a mechanism to enable the recognition of otherwise featureless pMHC-I
landscapes. A combination of structural and reverse genetics approaches in a mouse model of
influenza directly supported this hypothesis (25).

It is now clear, however, that biased T'CR usage is not attributable only to the recognition of
featureless landscapes, as TCR bias has been observed in the T cell response to canonical peptides
and peptides (>11 amino acids) that protrude from the Ag-binding cleft (32, 41). To illustrate, the
structure of the ASO1 T'CR complexed to HLA-A*02:01 presenting a nonameric peptide showed
how the biased TRAVS and TRBV20-1 gene usage related to specific pHLA-I contacts (41).
Similarly, biased TCR usage against an HLA-A*02:01-restricted HCMV 9-mer Ag predominates
in immunocompromised patients. Here, the underlying TCR bias was attributed to recognition of
three hot spots of the peptide Ag (31). In addition to T'CR bias in viral immunity, biased TRAV12-
2 gene usage against an HLA-A*02:01-restricted melanoma peptide and its heteroclitic analogue
has been described (42). In the ensuing ternary complex, the TRAV12-2 bias was related to the
CDR1a loop making a focused network of interactions with the HLA and N-terminal region of the
peptide. Thus the germ line TCR fine bias is partly attributable to peptide-mediated contacts (42).

However, it is not always the case that TCR bias reflects the need to engender specificity-
governing contacts with the pMHC-I. A number of factors can affect T cell repertoire selection,
including convergent recombination, the host’s MHC-I haplotype, viral mutations, and the
requirement for particular Va-Vf pairings that enable optimal TCR-pMHC-I binding (25).
The latter scenario was suggested in the study of HLA-B*27:05" individuals infected with HIV-1
clade B. Here, the crystal structure of a TRBV6-5/TRBJ1-1" TCR-HLA-B*27:05 bound to an
HIV epitope showed that the TRBV6-5 chain made suboptimal contacts with HLA-B*27:05,
suggesting that biased TRBV6-5 gene usage may reflect preferred TRB7I-1 or TCR «-chain
pairing (34). Clearly, understanding the mechanisms that shape T cell repertoire selection
remains a key challenge.

TCR Recognition and MHC-I Polymorphism

In mice, the classical MHC-I locus is the site of the H2-K, H2-D, and H2-L alleles, whereas in
humans it is occupied by the HLA-A, HLA-B, and HLA-C alleles, of which there are greater
than 8,000 different allotypes. Classical MHC-I alleles, which can differ by up to 30 amino
acids, and more closely related, polymorphic alleles that differ by just 1-2 amino acids can
profoundly affect the repertoire of bound peptides, pMHC-I structure, and, consequently,
TCR recognition. It is noteworthy that despite this great diversity the unique TCR-pMHC-I
structural database encompasses only 12 distinct MHC-I allotypes. Indeed, this database is
skewed toward 11 TCR-pHLA-A2 complexes and 4 TCR-pH2-KP ternary complexes (Table 1).

Rossjobn et al.



TCR recognition of disparate MHC-I allomorphs invokes a diverse spectrum of TCR-pMHC-I
docking modes (Figure 2, Supplemental Table 1), making it challenging, from a structural
perspective, to ascribe clear principles explaining the monomorphic and polymorphic MHC
residues that govern the docking mode. However, structural studies concerning TCR recognition
of micropolymorphic MHC-I molecules have been informative in addressing how a few amino
acids can affect MHC-I restriction and biological outcome (32, 43-45).

For example, three overlapping EBV-derived peptides, a 9-mer, an 11-mer, and a 13-mer,
bind equally well to HLA-B*35:01; however, CTL responses in HLA-B*35:01" individuals are
focused on the 11-mer, whereas the 13-mer is restricted to HLA-B*35:08" individuals (46). The
HLA-B*35:01 and HLA-B*35:08 allomorphs differ by a single polymorphism at position 156
(Leu/Arg), which is buried within the Ag-binding cleft. This polymorphism controls selection
of the 13-mer peptide by HLA-B*35:08 by favoring an electrostatic interaction between Argl56
and the peptide that does not occur in HLA-B*35:01 because of the aliphatic Leul56. The
structure of the SB27 TCR-HLA-B*35:08-13-mer complex revealed the fine specificity of
MHC-I restriction against this superbulged peptide (32, 47). Here the rigid, bulged 13-mer
peptide thwarted the scope of TCR binding to HLA-B*35:08, in that the TCR-pMHC-I interface
contained twice as many peptide-mediated contacts as MHC-I interactions. This limited MHC
contact is in contrast to the more extensive MHC-I footprint of TCRs that recognized peptides
of canonical length (32) (Figure 2). Nevertheless, the SB27 T'CR was restricted to HLA-B*35:08
and bound to HLA-B*35:01-13-mer with threefold lower affinity. This difference was due to
Leul56 in HLA-B*35:01 altering a region of the «2-helix contacted by the SB27 TCR, a region
that represents an energetic hot spot for this interaction. In contrast, structural analysis of a
different TCR (clone ELS4) that bound to an HLA-B*35:01-11-mer complex indicated that this
peptide was more flexible and was flattened upon T'CR ligation. Here, Arg156 in HLA-B*35:08
appeared to prevent the bulldozing (flattening) of the 11-mer peptide, thereby demonstrating a
clear example of how micropolymorphisms can affect MHC restriction (33).

Similarly, the T cell response toward HLA-B*57:01 presenting an HIV-derived peptide (KAF)
is finely controlled by HLA micropolymorphism. HLA-B*57:03, which differs from HLA-B*57:01
by two positions (Asn114/Asp and Tyr116/Ser), caused a fivefold lower affinity interaction with
a defined KAF-HLA-B*57:03-reactive TCR (AGALI) (44). These buried polymorphisms affect
the ability of the peptide to undergo conformational change upon TCR ligation. Similarly, the
immunogenicity to an EBV determinant (EENL) is dictated by micropolymorphisms within the
HLA-B44 family, in which HLA-B*44:05 is preferentially recognized in comparison with the same
epitope when presented by HLA-B*44:02 or HLA-B*44:03 (43). These HLA-B44 allomorphs
differ at two buried positions (HLA-B*44:02: Asp116/Asp156; HLA-B*44:03: Asp116/Leul56;
HLA-B*44:05: Tyr116/Asp156) (48). The crystal structure of a TCR-HLA-B*44:05-EENL com-
plex, together with the HLA-B*44:05/03/02-EENL binary structures, shows how these buried
polymorphisms affect the conformation and mobility of the bulged region of the peptide, a
region that undergoes conformational change upon TCR ligation (49). Thus, the HLA-B44
polymorphisms affect peptide mobility, and TCR induced fit of the peptide (49). Similarly,
micropolymorphism-induced structural dynamics of a 12-mer peptide appears to skew an HLA-
B*35:01-restricted T cell response in favor of HLA-B*35:08 (50, 51).

In addition to MHC polymorphism, the TCR locus is extremely polymorphic, with allele vari-
ation being linked to both autoimmunity and protective immunity (50). However, the structural
basis of how TCR polymorphism affects pMHC recognition is limited to one example—namely,
the crystal structure of a TCR (TK3) bound to HLA-B*35:01 presenting an EBV peptide provided
insight into the preferential usage of the TRBV9*01 allele over the TRBV9*02 allele; these are
differentiated by one residue (GIn55/His). This polymorphism, located within the framework
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region, exclusively contacted the EBV peptide. The TCR GIn55/His polymorphism changed
the charge complementarity at the TK3 TCR-pHLA-B*35:01 interface, which caused the
TRBV9*02* TCR (His55) to exhibit a reduced affinity and reactivity toward this pMHC-I com-
plex (50). It remains to be established whether MHC and TCR polymorphism can affect the
MHC-restricted response via other mechanisms.

TCR Recognition of Nonclassical MHC-I Molecules

Whereas nonclassical MHC-I molecules play a major role in innate immunity, there is a grow-
ing appreciation that these Ag-presenting molecules can also participate in T cell-mediated re-
sponses. For example, the role of HLA-E is to present MHC-I leader sequences to control NK
cell-mediated lysis (18). However, CMV has thwarted this innate sensing mechanism by encoding
CMV mimics of MHC-Ileader sequences; nevertheless, this engenders a T cell-mediated response
against a CMV peptide presented by HLA-E. The crystal structure of a TCR (KK50.4)-HLA-E-
CMYV peptide complex provided insight into a monomorphic MHC-I-restricted T cell response
(52, 53). Although the TCR adopted a docking mode above HLA-E that was comparable to clas-
sical TCR-pMHC-I interactions, there were a few distinguishing features of the TCR-pHLA-E
interaction (Figure 2). Namely, the CDR2{ loop played a dominant role, and all three CDRf
loops focused on position 8 of the CMV peptide, which defined the sole point of discrimination
between self and nonself. However, structural studies on nonclassical TCR-pMHC-I interactions
are limited to this one example, and as such, many more structural studies are required to under-
stand whether there is a fundamental difference underpinning TCR recognition of polymorphic
MHC-I and monomorphic MHC-1 molecules.

TCR and MHC-I Plasticity and Cross-Reactivity

The relationship between TCR plasticity and T cell cross-reactivity has been gleaned from de-
termining the structures of the nonliganded TCR and pMHC-I structures in conjunction with
the respective ternary complexes. TCR plasticity was first shown in the 2C TCR-H2-K"-dEVS
interaction, in which the dEVS peptide represents a weak agonist self-ligand (22). Here, three of
the 2C T'CR CDR loops changed conformation upon ligation to avoid clashes with the MHC-I
or maximize contacts with the pMHC-I ligand. As the regions of the 2C T'CR that underwent the
large conformational change corresponded, in part, to the region of the TCR that contacted the
peptide, the structural comparisons highlighted how the hypervariable regions of the 2C TCR
could mold around the hypervariable peptide cargo.

Comparison of an unliganded and MHC-I-bound LC13 TCR structure revealed that the
germ line—encoded CDR1x and CDR2« loops, in addition to the CDR3 loops, underwent plastic
deformation upon ligation (29, 37). However, CDR loop movementis nota general feature of TCR
recognition. For example, comparison of a nonliganded TCR (1G4) with that bound to an HLA-
A*02:01 molecule presenting a tumor epitope (SSL) revealed that the TCR possessed a preformed
cavity that was ideally suited to bind the tumor epitope (54). Analogously, an autoreactive TCR
(1E6) showed limited conformational movement upon binding to HLA-A*02:01 presenting a
preproinsulin-derived epitope (55).

Upon TCR-pMHC-I engagement, the pMHC-1 is relatively fixed. However, some structural
studies have shown that pMHC-I plasticity, principally relating to peptide malleability, can play
a key role in induced-fit TCR recognition (8, 33, 43). Peptides (>10 amino acids) that protrude
from the MHC-I cleft can exhibit an increased flexibility, owing to a lack of stabilizing contacts
within either the peptide itself or inter-MHC-I contacts (56). For example, three studies have
demonstrated how peptide plasticity was a central feature underpinning a TCR recognition event
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(33, 43, 50). Interestingly, the relative positioning of the Va-Vf domains were changed in two
systems investigated (DM TCR-HLA-B*44:05-EENL, and the JM22 TCR-HLA-A*02:01-GIL;
39, 43). The biological significance of such Vx-V movements is unclear, but it may relate to
TCR signaling events.

Conformational changes in the MHC and peptide were seen when the A6 TCR engaged an
HLA-A*02:01-restricted peptide (Tellp) (57). Namely, the structure of A6 TCR-HLA-A*02:01-
Tellp revealed that the conformation of the peptide mimicked the structure of the Tax (LLF)
peptide within the A6 TCR-HLA-A*02:01-LLF complex. However, the respective ternary com-
plexes did not perfectly mirror each other, as differences in the CDR loops, the peptide, and
the HLA-A*02:01 molecule itself were apparent. Specifically, HLA-A*02:01 had a more open
conformation in the A6 TCR-HLA-A*02:01-Tellp structure, thereby revealing that TCR cross-
reactivity can be related to plasticity in the MHC-I molecule (57).

Structural studies on altered peptide ligands (APLs) have shown that the TCRs recognize
APLs in a very similar manner to that of their respective cognate complexes (58-60). However,
flexibility at the TCR-pMHC-I interface, which could encompass movements in the CDR loops,
the peptide, or the MHC residues, was required to accommodate the different APLs. Moreover,
voids at the TCR-pMHC-I interface were associated with weaker affinity, with the filling of such
voids correlating with enhanced TCR recognition (60). From biophysical measurements, it was
apparent that T cell signaling outcome did not necessarily correlate with either T'CR affinity or
the half-life of the interaction (60).

Understanding TCR recognition of APLs is potentially useful in the context of tumor im-
munotherapy. This was demonstrated upon TCR (1G4) recognition of the HLA-A*02:01-SSL
and its variant SSL-C9V, in which the C-terminal cysteine was replaced by valine (54). The 1G4
TCR enveloped the central region of the SSL epitope (54). Curiously however, the SSL-COV
variant resulted in enhanced T cell killing, and it was not immediately apparent how a mutation
buried within the F pocket of HLA-A*02:01 could affect TCR recognition. The two ternary com-
plexes shed light on the impact of the APL. Namely, the P9-Val sat slightly deeper in the F pocket
of HLA-A*02:01, the effect of which was propagated toward a slight repositioning of the central
region of the peptide, which subsequently affected 1G4 TCR recognition. Accordingly, APLs that
are generated to stabilize MHC contacts can also indirectly affect TCR recognition (54).

Further insight into TCR cross-reactivity arose from examining T'CRs in complex with closely
related pMHC-I complexes, as observed in the 2C TCR recognizing a self-peptide (termed
EQY; Table 1) bound to H2-K and H2-K"3, H2-K" and H2-K"™ molecules differ at two
positions (Asp77/Ser and Ala89/Lys) that are located within the Ag-binding cleft, with this allelic
variation resulting in the negative selection of 2C T cells in FI-2K"™* mice (61). The 2C TCR
recognizes the H2-K" and H2-K"™ complexes similarly; however, subtle changes in the BSA
and shape complementarity were observed. This was related mostly to the buried Asp77/Ser
polymorphism, which indirectly affected TCR recognition by altering the conformation of the
peptide (61). Structural studies on another murine TCR (BM3.3) have also revealed how one
TCR can bind three different pMHC-I complexes (62-64). Namely, the BM3.3 TCR has been
solved in complex with H2-K" presenting two different peptides (VSV8 and pBM1), and the
H2-K"™® molecule bound to another peptide (pBMS, termed SQY; Table 1) (62-64). These
three structures show how alterations of the CDR loops enable the BM3.3 TCR to adopt the
same overall docking on these three different pMHC-I complexes. Notably, the CDR3« loop of
the BM3.3 TCR changes shape markedly upon binding to these three different peptides.

TCR cross-reactivity toward HLA-A*02:01-restricted epitopes from the melanoma-Ag
(MARTT1, termed AAG and LAG; Table 1) has also been investigated. Here two TCRs (DMF4
and DMF5) that differ in their TRAV-TRBV and CDR3 usage cross-reacted onto closely related
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and overlapping nonameric and decameric peptides (65-67). The DMF5 TCR cross-reacted onto
these peptides by adopting a similar docking mode over HLA-A*02:01. In contrast, the DMF4
TCR docking differed by a 15° rotation upon binding the 9-mer and 10-mer complexes. The
contacts between the CDR3f loop of the DMF4 TCR and the P4-P8 region of these two pep-
tides were conserved, thereby highlighting the peptide centricity of this interaction. Notably, the
germ line—encoded CDR« loops contacted HLA-A*02:01 differently, thereby illustrating how the
peptide changes the docking mode even when the TCR and MHC-I are identical.

Varied TCR Usage and pMHC-I Recognition

A hallmark of adaptive immunity is the ability of a diverse T cell repertoire to respond to a given
Ag restricted to a specific MHC-I allotype. Accordingly, it was of interest to establish how varied
TRAV and/or TRBV usage resulted in recognition of the same pMHC-I complex. This has been
established in four distinct settings, HLA-A*02:01-Lff, HLA-A*24:02-RFP, HLA-B*08:01-FLR,
and HLA-B*35:08-LPEP (24, 68-71) (Table 1, Figure 2). A comparison of two distinct TCRs
(A6 and B7) bound to HLA-A*02:01-Lff provided the first insight into how diverse TCR usage
can affect pMHC-I recognition (Figure 2, Supplemental Table 1). Although the A6 and B7
TCRs shared the same TRBV chain, they differed in TRAV gene usage (68). These TCRs docked
onto HLA-A*02:01-LAf similarly, although the TCR B-chain of the B7 TCR tilted toward HLA-
A*02:01-Lff more than the A6 T'CR. Although there were common contact regions between the
two ternary complexes, differences at the respective interfaces resulted in altered responses to
peptide analogues (68).

The structures of three TCRs bound to HLA-A*24:02 presenting an HIV epitope have been
determined (71). The three TCRs (H27-14, T36-5, and C1-28) exhibited different TCR «- and
[3-chain usage yet adopted a broadly similar docking mode (Table 1, Figure 2). Nevertheless,
within this common footprint, the C1-28 TCR exhibited a much-reduced contribution from the
TCR B-chain. The nature of the interatomic contacts with the viral determinant varied between
the three TCRs, thereby providing a molecular basis for the ability of the T cells to respond
to viral escape mutants (71). The crystal structures of two distinct TCRs binding to the HLA-
B*35:08-LPEP complex have revealed how TCR gene usage can result in contrasting docking
footprints atop a common pMHC-I (70). Namely, while one TCR (SB27) sat above the peptide
bulge making limited contacts with HLA-B*35:08, the other TCR (SB47) essentially avoided the
central bulged region of the peptide and formed an extensive footprint at the extreme N-terminal
end of HLA-B*35:08 (Figure 2) (70).

Altered TCR gene usage in the context of self-HLA tolerance has been investigated. As the
LC13 TCR alloreacts on HLA-B44 (discussed below), these clonotypes are deleted in HLA-
B&*B447 individuals, presumably to avoid self-reactivity (24, 69). Consequently, in HLA-B§ B44*
individuals a markedly different TCR repertoire is used to recognize HLA-B*08:01 bound to a
dominant EBV determinant (FLR; Table 1). Two distinct TCRs selected in HLA-B8*B44*
individuals (CF34 and RL42) were shown to ligate HLA-B*08:01 in a significantly different manner
compared with LC13 TCR docking (Figure 2) (24, 69). The RL42 TCR ligated centrally over
HLA-B*08:01-FLR, reflecting a shift in the T'CR specificity toward the P1 and P8 positions of
the peptide (69) compared with the P7 focus of LC13 TCR. In contrast, the CF34 TCR footprint
was located over the N terminus of HLLA-B*08:01, a location that correlated with the surface-
exposed polymorphisms distinguishing HLA-B*08:01 from HLA-B*44:02/03/05, and reflected
the heightened sensitivity this TCR exhibited toward the P1 position of the peptide (31). These
ternary complexes indicated that to avoid self-MHC reactivity, the TCRs see the differences
between the HLA-B8 and HLA-B44 allomorphs. Consistent with this notion, this suggested
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that alloreactivity could be attributed more generally to spotting the similarities between HLA
allomorphs.

T Cell Alloreactivity

Structural studies have provided the first glimpses into the molecular basis of T cell alloreactivity
(72, 73). Alloreactivity manifests as T cell-mediated organ rejection and graft-versus-host disease
(GVHD) and is an important immunological concept to understand (14).

A central question was whether the peptide or the MHC-I molecule was the principal driver of
alloreactivity (14). The MHC-I-centric model of allorecognition proposes that T cells focus on
the polymorphic MHC-I residues, whereas the peptide-centric model postulates that the TCR
recognizes the similarities between the self-MHC-I and allogeneic MHC-I molecules while re-
acting to the allopeptide as foreign. T'wo structural studies have showcased how these two models
of alloreactivity operate. Firstly, the structures of the 2C TCR bound to H2-KP-EQY and to its
allogeneic ligand, H2-L4-QLS, and peptide variants thereof, have been elucidated (72, 74). H2-K"
and H2-L¢ differ by 31 amino acids, 7 of which are accessible to the TCR. Moreover, there was
limited sequence similarity between the 8-mer self-peptide and 9-mer allopeptide. Comparison
of these ternary complexes revealed two different docking modes (Figure 2). Namely, in compar-
ison with the 2C TCR-H-2K*-EQY complex, the 2C TCR o- and B-chains were repositioned by
30° and 15°, respectively, upon recognition of H2-L4-QLS (72). This resulted in the germ line—
encoded CDR loops of the 2C TCR adopting differing positions atop the cognate and alloreactive
complexes. Hence, this study indicated an MHC-centric basis of alloreactivity (72).

In contrast, studies on the LC13 TCR showed that alloreactivity could operate via peptide-
dependent molecular mimicry (73). Namely, the LC13 T'CR alloreacts onto members of the HLA-
B44 family bound to a naturally presented allopeptide (EEYL; Table 1). HLA-B*44:05 differs
from HLA-B*08:01 by 25 amino acids, of which 5 polymorphic positions are surface exposed.
Further, the HLA-B*08:01-restricted viral peptide and the HLA-B44-bound allopeptide differed
in their amino acid sequence. Nonetheless, the alloreactive ternary complexes mimicked that of
the cognate ternary interaction. Although the viral peptide and allopeptide displayed differing
conformations in their respective binary complexes, they adopted very similar conformations in
the LC13 TCR-bound state, thereby showing an induced-fit form of molecular mimicry. Most
notably, although the sequences of the two peptides varied, they shared an aromatic residue at
position 7, which participated in very similar interactions with the LC13 TCR (73). In addition,
this study provided a basis for understanding why the LC13 TCR recognized HLA-B*44:05 and
HLA-B*44:02 but did not alloreact onto HLA-B*44:03. These observations raise the question of
whether divergent docking modes or molecular mimicry will be the general mechanism underlying
allorecognition. Recently, a yeast-display approach has indicated that focused peptide-centric
mimicry is the principal mechanism of T cell cross-reactivity (26). To formally establish this,
more cognate and associated alloreactive TCR-pMHC-I structures will be required.

TCR-pMHC-II RECOGNITION

The first glimpse of how TCRs engage pMHC-II was achieved with the structure of the mouse
D10 TCR bound to an albumin-derived peptide presented by I-A¥ (75; Table 2). The D10 bound
its pMHC-II ligand with a distinctive orthogonal binding mode, which suggested that diago-
nal versus orthogonal binding differentiated between the CD8 (diagonal) and CD4 (orthogonal)
lineages. The TCR-pMHC-I and TCR-pMHC-II structural database clearly shows this is in-
correct. Presently, there are 22 unique TCR-pMHC-II complexes (Table 2), and analogous to
TCR-pMHC-I recognition, they all adopt a consensus docking polarity; namely, the TCR o-chain
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is positioned over the -chain x-helix of the MHC-II, whereas the TCR (-chain resides above
the a-chain «-helix of the MHC-II (Figure 3). The characteristics of the unique TCR-pMHC-II
interfaces are depicted in Supplemental Table 2. The majority of these studies have been focused
primarily on understanding TCR-pMHC-II recognition in the context of TCR-MHC bias and
aberrant T'CR reactivity.

TCR-MHC-II Bias

A compelling notion holds that the TCR-pMHC interaction is underpinned by basic rules whereby
the TCR is thought to be preprogrammed to dock the MHC platform using conserved footprints
or codons (28, 76). Central to this theory is the proposed subdivision of binding whereby germ line—
encoded regions of the TCR bind to the MHC, while the CDR3 loops focus on the peptide cargo.
Evidence for TCR-MHC bias has been observed whereby TCRs bearing a common TRBV13
element dock on different I-AP, T-A¥, or I-A" (and MHC-I targets) with overlaying modalities
(Figure 3). Namely, the conserved docking included pairwise interaction motifs between CDR1,
CDR2, and MHC (75-78) or conserved germ line—encoded TCR loop positioning on the MHC
platform (78, 79). Principal in these observations were two tyrosine residues within the CDR2
loop of the TRBV13* TCRs. Notably, a structural alignment of numerous TCR complexes with
H-2L¢ has shown an invariant positioning of the TRAV9-4-encoded CDR2« on H2-1L¢ (K.C.
Garcia, unpublished observations). As the TCR-pMHC structural database grows it is evident
that the rules underlying evolutionarily based interactions are not straightforward. For instance,
the same TCR that binds different peptides presented by the same MHC can have considerably
different binding footprints (13, 80, 81), an observation characterized as peptide editing (13). In
addition, the CDR3 composition and structure can override codon interactions, a process termed
CDR3 editing (13, 76). Structural evidence for codon override via CDR3 editing includes divergent
docking in spite of common TRAV22 elements (82, 83) and divergent docking in spite of common
TRBV9 elements (50, 84, 85). Also blurring the lines of evolutionarily based interactions is the
observation that TCRs have built-in flexibility and can produce compensatory contacts when key
conserved MHC contact sites are mutated (12). Regardless, these investigations have provided
testable hypotheses for other TRAV and/or TRBV gene elements and contributed important
additions to the TCR-pMHC-II structural database (13). Thus, it will be interesting to establish
the extent of the generality pertaining to conserved germ line—encoded docking modalities.

Aberrant TCR Reactivity

The structural determination of numerous autoreactive TCR-pMHC-II complexes has yielded
three different, yet synergistic, theories of why CD4 T cells can escape negative selection and
initiate pathology. The off-center-binding hypothesis was proposed following the determination
of the ternary structure of a TCR-pMHC-II complex derived from a multiple sclerosis (MS) patient
(86). Here, the Ob.1A12 TCR interacting with a myelin-derived peptide presented by HLA-DR?2
revealed that the TCR docked over the N-terminal flank of the pMHC-II platform (Figure 3).
A similar docking strategy was seen when the same T'CR bound to a cross-reactive peptide derived
from Escherichia coli (87). The docking of these complexes contrasted with the central docking of
an antimicrobial MHC class II ternary complex (88). However, it is established that such atypical
TCR-pMHC-II docking modes are not the sole mechanism of autoreactivity. For instance, the
autoreactive TCRs, 172.10 (89), 1934.4, and C119 (76), from mice undergoing experimental
autoimmune encephalomyelitis (EAE), bind their I-A"-restricted myelin-derived peptide ligands
in a central fashion. Likewise, within the MHC-I system, the autoreactive 1E6 TCR derived from
a type 1 diabetes patient (55) binds its insulin-derived pMHC-I ligand canonically, whereas some
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Figure 3
T cell antigen receptor (T'CR) footprint on pMHC-II. TCR footprints on its specific pMHC-II; MHC-II is in white and peptide is in
gray. Complexes are labeled and ordered according to Table 2, from left to right and then top to bottom. Color scheme as per Figure 2.

antimicrobial TCRs bind MHC-I within extreme N-terminal docking modes (Figure 2). Thus
it is likely that both autoreactive and antimicrobial TCRs will dock along the full length of the
MHC platform.

Given that autoreactive TCR-pMHC-II complexes can bind in the canonical manner, a second
mechanism was proposed—i.e., that defects in the binding affinity between the peptide and MHC
underlie pathology (3). For TCRs associated with EAE in mice (89, 90), and MS in humans (91),
the affinity between peptide and MHC-II is particularly weak (92) in spite of canonical TCR

C)Supplemental Material  docking and high TCR-binding affinities (Supplemental Table 2). Thus, these autoreactive T
cells can bind well but are functionally limited by the short-lived and unstable nature of their
cognate self-pMHC-II targets.

The hot spot mimicry model of aberrant T'CR reactivity proposes that rather than spreading
contacts over a large number of peptide residues (82, 83), autoreactive TCRs concentrate their
binding energy on a very small area of the peptide. The consequence of this focused footprint is
that the TCR may be prone to heightened cross-reactivity and have a greater chance of accidental
off-target pathology (93). An example of hot spot mimicry arose from a TCR (Hy.1B11) from an
MS patient that bound a myelin-derived peptide presented by HLA-DQ1 (94). While positioned
conventionally over the center of the peptide, the Hy.1B11 TCR was markedly tilted toward the
MHC «1-helix. This docking modality resulted in only one of four germ line—encoded CDR loops
contacting the MHC and only a single CDR3 loop contacting the peptide (Figure 3). Moreover,
this CDR3 x-mediated contact drove cross-reactivity toward two distinct peptides (95). Similarly,
another autoreactive TCR (Ob.1A12) exhibited a focused contact hot spot over the peptide N
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terminus thatallowed cross-reactivity between a myelin peptide and an E. co/i peptide that exhibited
little sequence homology (87). Another autoreactive TCR (3A6), from an MS patient and specific
for a myelin-derived peptide presented by HLA-DQ?2, also exhibited an extremely focused and
small peptide footprint (96). Immense capacity for peptide cross-reactivity has been established
in both mouse and human TCR-pMHC-II systems (26), where TCR cross-reactivity is likely
achieved through superior tolerance for substitutions to peptide residues outside of the TCR
contact footprint. Collectively, as initially observed in the LC13 TCR system (73), these studies
indicate that focused peptide-centric mimicry can underpin aberrant T cell reactivity.

Studies of T cell recognition in celiac disease, an autoimmune-like disorder triggered by
posttranslational modification of dietary-derived gluten, have concentrated on the disease
susceptibility alleles HLA-DQ2 and HLA-DQS$ and three gluten determinants, DQ2.5-glia-x1a,
DQ2.5-glia-a2, and DQ8-glia-x1 (Table 2) (85, 97). Biased TCR usage was observed to
underpin the response to these Ags. The structure of the prototypic SP3.4 TCR specific for
HLA-DQS8-glia-«1 revealed a peptide-centric and canonical docking mode (85) with the TRBV9
bias related to two germ line—encoded hot spots. Similarly, analyses of three T'CRs specific for
the HLA-DQ2-restricted epitopes provided a basis for gliadin epitope specificity, with the extent
of TRAV-HLA-DQ2-mediated contacts toward DQ?2.5-glia-«2 being affected by the CDR3 (3
loop (97). However, despite the TCR bias, an Arg residue not encoded in the germ line and
within the CDR3 loop was observed to act as the lynchpin in mediating the HLA-DQ8- and
HLA-DQ2-restricted response (85, 97).

Recently, the structural basis of chronic beryllium disease has been elucidated (98). This
disease is associated with HLA-DP2, where the Be** ion was buried within the Ag-binding cleft
and made contacts with the peptide. As such, the TCR did not directly contact the Be** ion.
However, the binding of Be?* caused structural perturbations in HLA-DP2, which subsequently
affected TCR recognition. These findings are analogous to HLA-linked drug hypersensitivities,
where abacavir, by binding to HLA-B*57:01, modulates the self-peptide repertoire, thereby
triggering an aberrant immune response (99). Given the central role T cells play in HLA-linked
immune-related diseases, we clearly need to gain a greater understanding of how autoreactive
TCRs engage their HLA-II molecules.

MHC-II/MHC-I Cross-Reactivity

The molecular basis of MHC cross-class recognition has been established using the mouse YAe62
model system that expresses only one pMHC-II complex (91). Namely, the YAe62.8 T'CR struc-
ture has been determined in complex with the cognate I-AP complex and a cross-reactive F2-K"
complex. The YAe62.8 TCR cross-reactivity was attributable to pMHC-induced adjustments in
TCR interactions, with the plasticity of the TCR permitting pMHC-I recognition. Interestingly,
conservation of CDR2{ contacts across MHC-I and MHC-II was observed. In an extension of
the same system, the interactions between the «- and B-chains of a TCR can also be a key fac-
tor in determining MHC restriction and cross-reactivity (100). A structural comparison of the
YAe62.8 TCR and another TCR (J809.B5), bound to I-AP-3K, highlighted that even though
these TCRs shared the same T'CR B-chain, the energetics underpinning these interactions with
the MHC differed (100). However, the structural basis of MHC-I/MHC-II cross-reactivity in a
more physiological setting remains to be established.

LIPID RECOGNITION

The structural basis of TCR recognition of CD1-Ag is presently limited to the NKT TCR-CD1d-
Ag axis (15) (Table 3, Figure 4, Supplemental Table 3).
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Table 3 Innate-like TCR complex structures

Type I

No. CD1d Antigen TRAV TRBV PDB | Ag-CD1d | TCR | Reference(s)

1 mCD1d o-GalCer 11*02 1*01 3TO4 1Z5L NA 105, 145

2 mCDI1d | o-GalCer 11*02 13-2*01 3HEG6 1Z5L 2086 104, 145, 146

3 mCDI1d | o-GalCer 11%02 29*01 3HE7 1Z5L NA 104, 145

4 mCD1d | «-GalDAG (microbial) | 11*02 13-2*01 309W | NA NA 115

5 mCDI1d | SMCI124 11%02 13-2*01 3TVM | NA NA 147

6 mCDI1d | PI (self-lipid) 11%02 19%01 3QI9 NA NA 107

7 mCDI1d | iGb3 (self-lipid) 11%02 19*01 3SCM | 2Q7Y NA 109, 146

8 mCD1d | o-GlcCer 13D-3*01 13-3*01 3RUG | 1Z5L 3AXL 106, 145

9 hCD1d -GalCer 10%01 25-1*01 2PO6 17T4 2EYS 101, 148, 149

10 hCD1d Lyso-PC (self-lipid) 1001 25-1%01 3TZV 3U0P 3TYF 111

11 hCD1d -GalCer 17%01 25-1*01 4EN3 17T4 NA 108, 149
Type II

No. CD1d Antigen TRAV TRBV PDB | Ag-CD1d | TCR References

12 mCD1d Sulfatide 7D-4*01 3*01 4EIS 2AKR 4EI6 117,150
vY8TCR

No. CD1d Antigen TRDV TRGV PDB | Ag-CD1d TCR | Reference(s)

13 hCD1d Sulfatide TRDVI1#01 | TRGV4*01 | 4MNG | 4MQ7 4MNH 7

14 hCD1d «-GalCer TRDV1*01 | TRGV5*01 | 4LHU | 1ZT4 4LFH 120, 149
MAIT

No. MR1 Antigen TRAV TRBV PDB Ag-MR1 TCR | Reference(s)

1 hMR1 6-FP 1-2*01 6-1701 4L4T 4GUP NA 121,122

2 hMRI RL-6-Me-7-OH 1-2*01 6-1*01 4L4V | NA NA 122

3 hMR1 Acetyl-6-FP 1-2*01 6-1701 4PJ5 NA NA 127

4 hMRI1 5-OE-RU 1-2*01 6-1*01 4NQE | NA NA 128

5 hMR1 5-OP-RU 1-2*01 6-1701 4ANQC | NA NA 128

6 hMRI 5-OP-RU 1-2*01 6-4*01 4PJ7 NA NA 127

7 hMR1 5-OP-RU 1-2*01 20-1*01 4PJ8 NA 4DZB 127

8 bMR1 rRL-6-CH, OHP 1-2*01 6-1*01 4LCC | NA NA 124

9 bMR1 6-FpP 1-2*01 6-1*01 411Q NA NA 123

Abbreviations: Ag, antigen; «-GalCer, x-galactosylceramide; a-GalDAG, «-galactosyldiacylglycerol; b, bovine; 5-OE-RU, 5-(2-oxoethylideneamino)-
6-D-ribitylaminouracil; 5-OP-RU, 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil; h, human; iGb3, isoglobotrihexosylceramide; Lyso-PC,
lysophosphatidylcholine; m, mouse; NA, structure not available; PI, phosphatidylinositol; 6-FP, 6 formylpterin; SMC124, analogue of «-GalCer; TCR, T

cell antigen receptor.

YTRAV and TRBV are the Vo and V3 gene usage for each TCR according to the IMGT nomenclature.

bAg was modelled in the structure but not formerly identified.
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Type I NKT TCR Recognition

Type I NKT cells are, for the most part, comprised of a fixed TCR a-chain (TRAV10-TRAJ18
in humans) and a biased TCR -chain repertoire ('RBV25-1 in humans). Type I NKT cells are
also defined by their reactivity toward «-galactosylceramide (x-GalCer), and owing to its potent
stimulatory properties and broad recognition by these cells, this compound is considered the
archetypal type I NKT ligand (15). However, type INKT TCRs can recognize a broad repertoire
of lipids, including synthetic, self, and foreign Ags that are presented by CD1d (15). These Ags
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Figure 4

T cell antigen receptor (TCR) footprint on CD1d-lipid and MR1-metabolite. TCR footprints on CD1d (top two rows) and MR1
molecules (bottom row). The surface of CD1d or MR1 is in white, and the lipid or metabolite is represented by gray spheres. The
complexes are labeled according to Table 3. The most representative TCR-lipid-CD1d complexes have been selected. Color scheme
as per Figure 2.

collectively differ in the size and charge of their polar headgroups and the length and saturation
of the fatty acid chain(s). Below we summarize type I NKT TCR recognition of self, foreign, and
synthetic Ags.

The first structure of a NKT TCR-CD1d-x-GalCer complex established the broad paradigm
for type I NKT TCR recognition (101). All subsequent type I NKT TCR ternary complexes,
including those from humans and mice, adopt a very similar docking mode (15, 101). These com-
plexes are markedly different from all TCR-peptide-MHC complexes studied thus far, whereby
the type I NKT TCR docked parallel to the Ag-binding cleft over the F' pocket of CD1d (101)
(Figure 4). At the type I NKT TCR-CD1d-«-GalCer interface, the CDR1a and CDR3 o loops
contacted the sugar moiety of a-GalCer (101), thereby providing an understanding of type INKT
TCR specificity toward this ligand. The CDR3x-CD1d contacts were principally electrostatic,
whereas Leu99« caps a “hydrophobic roof” on CD1d. The TCR f-chain contacts were domi-
nated by the CDR2f loop, which converged to interact with the F' roof of CD1d. Mutagenesis
studies highlighted the key roles played by CDR2f and CDR3« loops in this NKT TCR-CD1d
interaction (102, 103).

Impact of NKT TCR Repertoire on CD1d Binding

Given that alterations in the NKT TCR repertoire affected functional outcome, it was established
how variations in the NKT T'CR «- and -chains affected CD1d-Ag binding (104-106). Within
the consensus parallel docking mode, differences in the NKT TCR-CDI1d interactions were
apparent, with the CDR loops “collaborating” to enable binding (104). For example, for some
NKT TCRs, the CDR1 and CDR3 loops played a more prominent role in binding CD1d. The
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greater involvement of the CDR3f3 loop was consistent with this loop enabling Ag-independent
CD1d autoreactivity (discussed below) (107).

In addition to variations within the TCR B-chain, type I NKT subsets exist with variations
in the TRAV/TRAJ gene usage that affect ligand specificity. For example, a mouse TRAV13D3-
TRAJ50" NKT cell population exhibited greater reactivity toward «-GlcCer than o-GalCer,
whereas human TRAV10~ NKT cells reacted poorly with «-GlcCer compared with «-GalCer
(106, 108). Structural analysis of ternary complexes of a mouse TRAV13D3-TRAJ50" NKT
TCR and a human TRAV17-TRAJ18" NKT TCR showed differences at the respective NKT
TCR-CD1d-Ag interfaces, thus providing insight into the molecular basis for the differing ligand
specificities of these NKT cell subsets (106, 108).

Type I NKT TCR Self-Ag Recognition

Type I NKT cell recognition of self-lipid Ags, which include phospholipids and f-linked glyco-
lipids, is implicated in a number of diseases. Self-Ag reactivity of type I NKT cells can be modulated
via the CDR3f3 loop interacting directly with CD1d in an Ag-independent manner (107). Gener-
ally, mammalian glycolipids constitute (3-linked glycolipids, whose headgroup protrudes outward
from CD1d. The structure determination of type I NKT TCRs in complex with 3-GalCer and
isoglobotrihexosylceramide (iGb3) provided insight into p-linked glycolipid recognition (109,
110). Namely, the NKT TCRs flatten the 3-linked glycolipid headgroups into a conformation
resembling the o-linked Ags. This flattening of the ligand is coincident with a lowering of affinity
toward the CD1d-p-linked Ag complex. The structures of the type I NKT TCR in complex with
CD1d-Gb3 and CD1d-B-LacCer revealed that the terminal sugar moiety is a critical determi-
nant governing the antigenicity of iGb3 by making compensatory interactions with CD1d itself,
thereby counterbalancing the energetic penalty of flattening the ligand (109).

Phospholipids, an abundant component of cell membranes, appear, in general, to be poor
agonists for the majority of type I NKT cells. The structures of type I NKT TCRs in complex
with CD1d-phosphatidylinositol and CD1d-lysophosphatidylcholine have shown how the type
I NKT TCR can accommodate phospholipids within the consensus type I NKT TCR docking
mode (107, 111). In both situations, the phospholipid was reorientated upon type I NKT TCR
binding. Why phospholipids are generally such poor Ags for type I NKT cells is unclear but may
reflect the lack of electrostatic complementarity between the TRAJ18-encoded CDR3 « loop and
the phospholipid headgroup itself.

Synthetic Ags

a-GalCer can unpredictably initiate Ty 1- and Ty 2-type immune responses, which is an undesir-
able characteristic for a future therapeutic. Thus, a-GalCer analogues have been developed with
a view to polarizing the immune response. A series of structural studies on x-GalCer analogues,
termed altered glycolipid ligands (AGLs), have provided an understanding of type I NK'T TCR
fine specificity and how subtle modifications in the AGLs can exert a profound effect on biological
outcome (112, 113). Notably, fine specificity between human and mouse type I NKT cells toward
AGLs can differ markedly, so care must be taken in extrapolating from these two species (114).
AGLs with modifications at the glycosyl headgroup can directly affect TCR recognition, the effects
of which are dependent upon the nature of the substituent. Moreover, although the lipid tails of
CD1d-restricted ligands are not directly accessible to the type INK'T T'CR, their modification can
nevertheless affect type I NKT cell recognition (112). Thus, buried modifications can exert their
effect on type INKT TCR recognition in a similar manner to that of buried MHC polymorphisms
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that transmit their effects on TCR recognition. Collectively, these studies suggest that the affinity
of the type I NKT TCR-CD1d-Ag interaction is a reliable measure of an AGL’s potency.

Microbial Ligands

The type I NKT TCR can recognize microbial Ags, including x-glycuronosylceramides and
a-glycosyldiacylglycerols (115, 116). Notably, the «-glycosidic linkage generally represents a mi-
crobial signature. Analogous to the recognition of 3-linked ligands, type I NK'T TCR recognition
of these diverse microbial Ags can be achieved by reorientating the headgroup and reshaping the
F’" pocket upon CD1d-Ag binding (115). Moreover, type I NKT TCR repertoire diversity also
facilitates the recognition of some microbial glycolipids. Interestingly, modifications within the
diacylglycerol chains can determine which lipid tails reside within the A’ or F’ pockets of CD1d,
which subsequently affects polar headgroup positioning and hence antigenicity of the ligand itself
(116). Clearly it will be important to establish the spectrum of microbial lipid Ags and the degree
of their potency toward type I NKT cells.

Type II NKT TCR Recognition

Our understanding of type II NK'T TCR recognition of CD1d is much more limited. However,
itis established that type Il NK'T cells, unlike type I NKT cells, exhibit a diverse TCR repertoire.
Moreover, type II NKT cells do not respond to a-GalCer and are activated by Ags, such as
sulfatide, which are generally not recognized by type I NKT cells (15). Nevertheless, type II
NKT cells appear to be more abundant than type I NKT cells in humans and are thought to play
functional roles distinct from those of type I NKT cells.

The structure of a type II NKT TCR binding to CD1d-sulfatide and CD1d-lysosulfatide
revealed that the type I NKT TCR docked orthogonally over the A’ roof of CD1d, and thus type
IINKT TCR recognition can be markedly different from type INKT TCR recognition (Figure 4)
(117, 118). Moreover, this interaction was dominated via the CDR3 « loop and the CDR3 3 loop
contacting CD1d and the sulfated headgroup, respectively. It remains to be established whether
other type II NKT TCRs will adopt differing docking modes on CD1d-Ag, although a type II
NKT TCR mutagenesis study indicated that this might be the case (117). Regardless, the initial
structural snapshot suggested that type II NKT TCR recognition is fundamentally distinct from
type I NKT TCR recognition and that this likely relates to differing functional properties of
type I NKT cells.

YSTCR Recognition of CD1d

Similar to « 3 TCRs, ydTCRs are assembled from the products of multiple gene segments. Specif-
ically, the TCR +y-chain comprises the Vy and Jy gene products that join to the y constant (Cy)
domain, whereas V5, D§, and Jb gene products fuse to the & constant (C5) domain to form the
TCR b-chain. The y§TCR comprises six CDR loops, and because our structural understanding
of Y8 TCR recognition is limited, the relative role of these CDR loops in enabling recognition
is unclear. Previously it was shown how Y8 TCRs recognize the stress-inducible MHC-I-like re-
ceptor, 122, a molecule that does not present Ag (119). Although y5 T cells have been reported
to bind lipids and metabolites, the structural basis of Ag-dependent ydT'CR recognition was un-
clear. Recently, two studies provided insight into how a TRDV1* y§TCR binds to a CD1d-Ag
complex, thereby providing the first portrait of how aTCRs and ydTCRs can interact with
the same Ag-presenting molecule (7, 120). Firstly, the interaction between a TRDV1* ydTCR
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and CD1d-«-GalCer was established. This ydTCR docked orthogonally over the A’ roof of
CD1d. Here, the CDR15 loop and the CDR35 loop dominated the interactions at the y$TCR-
CD1d interface, with a cluster of Trp residues within the CDR16 loop playing a principal role
in enabling germ line—encoded recognition of CD1d. In contrast, the CDR3y loop exclusively
contacted x-GalCer, thereby indicating how sequence variations within the CDR3y loop could
affect Ag specificity (120). Secondly, a TRDVI1* y3TCR-CD1d-sulfatide complex was deter-
mined (7). Here, the y§T'CR was positioned over the A’ roof of CD1d, but the y-chain did not
participate in the interaction with CD1d-sulfatide (7). The Trp-rich germ line-encoded CDR16
loop played a major role in mediating contacts with CD1d, although the actual CD1d-CDR16
contact zone between these two ydTCR ternary complexes differed (7, 120). The CDR36 loop of
the sulfatide-reactive ydTCR, in addition to contacting CD1d, was the sole region that interacted
with the sulfatide ligand. These studies underscore how CDR3 variability can affect Ag specificity
and highlight how yd T cells can utilize a variety of TCR-5 and TCR-y interactions to detect
different Ag-Ag-presenting molecule complexes.

METABOLITE RECOGNITION

Mucosal-associated invariant T cells (MAIT's) are an innate-like T cell population whose T'CR is
restricted to MR1 (Figure 4, Table 3, Supplemental Table 3). The human MAIT TCR typically
comprises an invariant TCR «-chain (TRAV1-2 joined to TRAJ33, or less commonly TRAJ12
and TRAJ20) with an array of TCR (-chains (commonly TRBV20 or TRBV6) in which the
CDR3p loop is hypervariable (6). Structural and metabolomics-based studies showed that MR1
could present vitamin B-based metabolites, including a photodegradation product of folic acid
(6-formylpterin, 6-FP) and riboflavin precursors (7-hydroxy-6-methyl-8-D-ribityllumazine, RL-
6-Me-7-OH; 6,7-dimethyl-8-D-ribityllumazine, RL-6,7-diMe; and reduced 6-hydroxymethyl-8-
D-ribityllumazine, rRL-6-CH,OH) (121). The structure of the MR1-6-FP complex confirmed
that MR1 adopted the MHC-I fold (Figure 1), forming a constricted Ag-binding cleft that was
well suited to bind small molecule metabolites. Here, 6-FP was enveloped by an aromatic cradle
and formed a Schiff base with Lys43 of MR1 (121). Although 6-FP could bind MR1, it did not
activate MAIT cells, leading to the speculation that the additional ribityl tail on riboflavin-based
precursors represented an additional moiety required for MAIT TCR binding that would result
in MAIT cell activation. The significance of MAIT cells recognizing riboflavin-based precursors
is that it represents a potential self/nonself discrimination mechanism, given that mammals can
only acquire riboflavin from dietary sources, whereas many bacteria and yeast synthesize riboflavin
(121).

A number of structural studies have provided insight into how the MAIT TCR can rec-
ognize MR1 bound to vitamin B-based metabolites (Table 3, Supplemental Table 3). The
MAIT TCR was solved in complex with MR1 presenting the 6-FP ligand and the weak agonist
RL-6-Me-7-OH (122). The overall docking of these two complexes was essentially the same,
and indeed similar to that of xenoreactive MAIT TCR-MRI1 complexes (with undefined Ags
bound), thereby underscoring the evolutionarily conserved nature of this interaction (Figure 4)
(123,124). The human MAIT TCR docked centrally and orthogonally atop MR1, in which the in-
variant TRAV1-2-TRAJ33 chain primarily contacted MR1. In contrast, the CDR1p and CDR2f3
loops played a lesser role in contacting MR1 (125, 126). Nevertheless, the CDR3 3 loop extensively
interacted with MR1, implying that its variability may affect MAIT TCR recognition. Indeed, it
has recently been established how variations within the CDR3{ loop result in modulating direct
contacts with the Ag (127). The MAIT TCR docking mode was consistent with mutagenesis
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studies that showed that only a few MAIT TCR «-chain residues were critical for recognition,
whereas the TCR p-chain was largely dispensable (126).

The MAIT TCR made limited direct contacts with RL-6-Me-7-OH and no direct contacts with
6-FP, consistent with the nonagonist activity of this folate-based ligand. However, the CDR3«
loop of the MAIT TCR acted like a wedge to pry open the MR1-binding cleft, thereby enabling a
direct contact with the ribityl tail of RL-6-Me-7-OH (122). Notably, whereas 6-FP formed a Schiff
base with MR1, RL-6-Me-7-OH did not, and its lumazine ring was reorientated approximately
75° with respect to 6-FP within the MR1 cleft. This indicates a degree of promiscuity in the MR1
binding pocket, suggesting that other ligands may be able to bind in unpredictable ways (122).

Although these findings provided a basis for understanding MAIT ligand antigenicity, they
did not explain the potency of synthetic rRL-6-CH,OH or the origins of the ligand itself, as
rRL-6-CH,OH is not a metabolite found in the riboflavin pathway. It was subsequently shown
that the riboflavin precursor 5-amino-ribityluracil (5-A-RU) forms an adduct with other metabo-
lites, such as glyoxal and methylglyoxal, to generate potent MAIT cell Ags (128). Moreover, it
was shown that MR1 captures the transitory species, including 5-(2-oxopropylideneamino)-6-D-
ribitylaminouracil (5-OP-RU), that formed Schiff base complexes with MR1 (128). Thus, MR1
captures unstable pyrimidine intermediates formed from condensation of the riboflavin precursor
5-A-RU with glyoxal or methylglyoxal. In isolation, these intermediates are converted to the more
stable lumazines. Taken together, these studies showed that pyrimidine adducts are a metabolic
signature of riboflavin-synthesizing microbes that stimulate MAIT cells. Remaining central ques-
tions require addressing whether other ligands can bind MR1 and, if so, how the MATT TCR can
recognize such MR1-Ag complexes.

DISCUSSION AND FUTURE DIRECTIONS

Our understanding of TCR Ag recognition has progressed markedly in the last few years, with
the T'CR representing a versatile scaffold that interacts with peptides, lipids, and metabolites. The
field has progressed mostly in the area of peptide-mediated immunity, with greater than 50 unique
TCR-pMHC structures now determined (Tables 1 and 2, Figures 2 and 3). Clearly, neither the
shape complementarity statistic nor BSA at the TCR-pMHC interfaces is a reliable indicator of
the affinity of the interaction (Supplemental Tables 1 and 2). Emerging evidence is collectively
indicating that there is greater variation in the features underpinning TCR-pMHC-I recognition
compared with TCR-pMHC-II binding (Figure 5). As both MHC-I and MHC-II are polymor-
phic, this difference may possibly be related to the MHC-II-restricted peptide exhibiting less con-
formational freedom in comparison with the MHC-I-bound peptide. These studies have provided
insight into the fundamental basis of protective immunity, factors that shape the TCR repertoire,
the impact of MHC and TCR polymorphism, T'CR cross-reactivity, alloreactivity, autoimmunity,
and allergy. Collectively these studies have enabled theories pertaining to MHC restriction to be
postulated and tested. Although TCR-pMHC structural studies had provided an enticing glimpse
of pairwise TCR-MHC motifs, other studies have shown such motifs can be blurred on accord
of variation in the peptide, the MHC allotype, and TCR gene usage. For example, in MHC-I
immunity, the same gene segments (TRBV1, TRBV13-2, TRBV6-5, TRAV12-2, and TRAV21)
have been observed to interact with multiple pMHC-I complexes, but with no conservation in the
docking footprint related to that particular gene segment being observed (Table 1, Figure 2).
Similarly, in MHC-II-mediated immunity the TRBV20-encoded gene segment has markedly
differing interactions with the MHC-II in three distinct settings (Table 2, Figure 3). On average,
the two CDR3 loops play the most prominent role at the TCR-pMHC interface (44% and 49%
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TCR-pMHC-T TCR-pMHC-IT TCR-lipid-CD1d TCR-metabolite-MR1

Figure 5

Overview of the structural database of T cell antigen receptor (TCR)-antigen complexes. The (#) TCR-pMHC-I, (5) TCR-pMHC-II,
(¢) TCR-lipid-CD1d, and (d) TCR-metabolite-MR1 structures have been aligned together via their antigen-binding cleft, with the
TCRs represented in different colors. The lower portions of the panels show the docking of the different TCRs on (#) pMHC-I,

(b) pMHC-II, (¢) lipid-CD14d, and (4) metabolite-MR1 complexes. In the top row, each TCR is depicted in a distinct color: MHC-I
(yellow), MHC-II (green and light pink), CD1d (light blue), MR1 (light brown), and 32m (gray). In the bottom row are the surface
representations of the antigen-presenting molecules (white) and the centers of mass (spheres) for the «-chains and 3-chains of the

TCRs. The color of the sphere is unique for each TCR, as in top panels.
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BSA for MHC-I and MHC-II interactions). The germ line-encoded regions, while contacting
the MHC, can also make key contacts with the peptide cargo (Supplemental Tables 4 and 5).
Conversely, the CDR3 loops, in addition to contacting the peptide, frequently contact the MHC
(Supplemental Tables 4 and 5). For example, the CDR3 loops, on average, contribute 35% and
39% BSA toward the MHC-I and MHC-II molecules (respectively) alone, whereas on average,
the germ line—encoded regions contribute 29% and 33 % BSA toward contacting the MHC-I- and
MHC-II-restricted peptide, respectively. Individual examples of TCR-pMHC interactions also
clearly show that the contribution the CDR3 loops and germ line—encoded regions make toward
contacting the MHC and peptide can be >50% BSA (Supplemental Tables 4 and 5). The me-
dian TCR-pMHC-I docking angle is 63.2°, but this value ranges from 37° to 90° (Supplemental
Table 1). Similarly, the TCR-pMHC-II docking angle ranges from 44° to 115°, with a median
value of 76.4° (Supplemental Table 2). Thus, the parameters surrounding MHC restriction
are quite varied at the multifactorial TCR-pMHC interface, although it is clear that the peptide
itself plays a key role in enabling and dictating TCR docking. Any future investigations regarding
MHC bias should try to actively account for this peptide parameter as well as the role of the
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germ line—encoded regions contacting the peptide, and CDR3-MHC-specific contacts. Despite
these impressive advances in TCR-pMHC structures, the coverage of HLA space remains thin.
Our understanding of nonclassical MHC-I molecules in adaptive immunity remains marginal,
and how T'CRs interact with other receptors (129) is unknown. The linkage of the MHC-II locus
to autoimmunity and subsequent T'CR recognition is largely underexplored structurally, as is the
MHC-II-restricted antimicrobial response. Clearly the field needs to determine many more TCR-
pMHC structures to further evaluate the factors that determine MHC restriction and the ensuing
biology.

The field of lipid recognition has progressed, and it appears that the factors underpinning type I
NKT TCR recognition are fundamentally different from those underpinning TCR-pMHC bind-
ing, with type I NKT TCRs appearing to behave as an innate-like pattern-recognition receptor
with little variation in overall docking mode (Figure 5) (15). The rare glimpse of type I NKT
TCR recognition seems to more closely resemble peptide-mediated recognition. However, our
understanding of TCR-lipid interactions is limited to CD1d, and the structural basis of group 1
CD1 recognition by TCRs is a key area of future investigation. Interestingly, ydT'CRs have been
shown to recognize CD1d in an Ag-dependent manner (7, 120), and the extent and mode of
recognition of other Ag-presenting molecules need to be evaluated.

In the context of metabolite immunity, it has recently been established that the MAIT TCR
can bind vitamin B-based metabolites restricted to MR1, thereby revealing a new class of Ag that
can lead to a3 T'CR activation (Figure 5). Whether MR1 can bind to other Ags remains a central
question; if so, the nature of the responding T'CR repertoire would be important to ascertain. More
broadly, given that many metabolites are unique to microbes, the field of metabolite-specific T
cell-mediated immunity is an exciting and important new frontier of investigation.

Ultimately, regardless of the nature of the Ag, how TCR recognition relates to intracellular
signaling remains unclear, and this is principally due to our lack of understanding of the TCR-CD3
interaction, before and after Ag ligation. Nevertheless, recently it has been proposed that the con-
sensus TCR-pMHC docking topology may be related to the need to engage the coreceptors (80).
However, the orientation of these nonproductive signaling TCR-pMHC complexes falls within
the range of that observed in TCR-pMHC docking (Supplemental Tables 1 and 2), suggesting
that other parameters regarding nonproductive engagement may be at play. Accordingly, there
remains much fundamental T cell biology to be explored structurally in numerous axes of health
and disease, and collective acquisition of such illuminating data will translate to development of
novel therapeutics and diagnostics to monitor and treat patients with diseases related to immunity.
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