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Summary

The structure and amino acid diversity of the T-cell receptor (TCR), similar in nature to that of
Fab portions of antibodies, would suggest these proteins have a nearly infinite capacity to
recognize antigen. Yet all currently defined native T cells expressing an a and 3 chain in their
TCR can only sense antigen when presented in the context of a major histocompatibility complex
(MHC) molecule. This MHC molecule can be one of many that exist in vertebrates, presenting
small peptide fragments, lipid molecules, or small molecule metabolites. Here we review the
pattern of TCR recognition of MHC molecules throughout a broad sampling of species and T-cell
lineages and also touch upon T cells that do not appear to require MHC presentation for their
surveillance function. We review the diversity of MHC molecules and information on the
corresponding T-cell lineages identified in divergent species. We also discuss TCRs with
structural domains unlike that of conventional TCRs of mouse and human. By presenting this
broad view of TCR sequence, structure, domain organization, and function, we seek to explore
how this receptor has evolved across time and been selected for alternative antigen-recognition
capabilities in divergent lineages.
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Introduction

The T-cell receptor (TCR) structural scaffold is remarkably similar to that of the antigen
recognition domain of antibodies (Fab), with a heterodimeric assembly of two polypeptide
chains that form a highly diverse antigen recognition domain composed of six to eight
complementary determining region (CDR) loops (Fig. 1A). The diversity inherent in these
loops has two origins. The CDR1 and CDR2 (and sometimes framework region 4 (FR4),
included in this discussion because it occasionally contributes to antigen contact) loops are
‘germline-encoded’, in other words their diversity comes from differences in the V gene
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segments that are used within a species during rearrangement of receptors for a particular T-
cell lineage. Amino acid diversity in the two CDR3 loops comes from the recombination-
activating genes (RAG)-dependent process of gene segment rearrangement (V-D-J or V-J);
the random joining of these gene segments alone generates significant diversity that is
amplified by both templated and non-templated nucleotide addition or subtraction in these
junctions.

For antibodies, their CDR diversity is further honed by the process of somatic
hypermutation, generating an affinity-optimized scaffold that is well-equipped to bind
almost any antigenic target. TCRs, lacking somatic hypermutation, have significant potential
diversity within their CDR loops; however, in the species where they are most well-studied,
mouse and human, the afp T-cell lineage appears to recognize antigens only when presented
by major histocompatibility complex (MHC) molecules (Fig. 1B). This phenomenon was
first described for a3 T-cell recognition of the classical, peptide-presenting MHC (MHCp)
class I and class Il molecules, whereby the TCR probes a composite surface of the MHC
surface and the presented peptide. Numerous structural studies have dissected the atomic
underpinnings of the TCR/MHCp recognition process, and remarkably, the vast majority of
these structures demonstrate that the TCR docks onto both MHC class | and class Il surfaces
using a conserved diagonal orientation, whereby the TCR 8 chain is mainly oriented over the
al (called such in both class | and Il molecules), and the TCR « chain is oriented over the
a2 or B1 helix (for class | and class Il molecules, respectively) (1, 2) (Fig. 1C).

Debate continues as to the origin of this MHC restriction and docking orientation bias:
whether there is direct coevolution that has occurred between TCR variable (V) genes and
their respective MHC ligands that would enforce both restriction and a particular docking
orientation (3-6) or whether this instead is a product of selection in the thymus, enforced by
co-receptor (CD4 or CD8) requirement for engagement of MHC in a particular orientation
(7-10). This controversy has been covered in other reviews and reports and is not the focus
of this review. Instead, we review the current state of TCR recognition of nonclassical and
MHC-like proteins and place these in the context of conventional TCR recognition of
MHCp. Furthermore, we review T-cell lineages, such as y8 T cells, where there is precedent
for both MHC restriction and TCR recognition of antigens without requirement for MHC
involvement. To place this broadly in the context of vertebrate evolution, we also survey the
current understanding of the breadth of nonclassical or MHC-like loci, TCR genetics and
structure, and the interactions between nonclassical or MHC-like molecules and TCR, where
known, in evolutionary distant vertebrate species.

Overview of TCR recognition of MHCp

The first crystal structure of an MHC molecule was HLA-A2 (11); this structure was a
seminal milestone in understanding the function of MHC proteins as antigen-presenting
molecules. The two a helices positioned over a 3-sheet platform provided an ideal structure
by which peptides could be anchored and presented, forming a composite surface with the
MHC molecule for recognition by a TCR. Later, as the first crystal structures of complexes
between TCRs and MHCp were elucidated (12, 13), it was noted that the binding orientation
situated the germline encoded CDR1 and CDR2 loops of the TCR over the a helices of the
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MHC molecule, whereas the junctionally-encoded CDR3 loops were generally positioned
over the peptide. Subsequent TCR-MHCp structures, with only a few exceptions, all
subscribed to this diagonal docking orientation (Fig. 2). Detailed reviews of this interaction
have been previously published (1, 2).

Identification of afp T-cell lineages with restriction to MHC molecules outside of the
classical class | and Il proteins, among them invariant natural killer T (iNKT) cells and
mucosal associated invariant T (MAIT) cells, raised the important question concerning the
requirement for this diagonal docking orientation observed in af T cells restricted to
classical MHC: do all T cells need to dock in the same way for T-cell signaling to occur? Or
have these T cells coevolved with their respective ligands such that each lineage has a
unique recognition strategy? Below we first review these MHC-like molecules, their
interaction with their respective T-cell lineages, and what they can reveal about TCR-ligand
coevolution. We later discuss T-cell lineages such as v8 T cells, which have examples of
MHC-nonrestricted recognition, and how they fit into the general paradigm of T-cell
recognition and activation.

CD1-restricted T cells specific for lipid antigens

Soon after identification of the CD1 loci as encoding several MHC-related f2m-associated
molecules (14), it was noted that the putative antigen-binding a1 and a2 domains bore little
sequence homology to those of classical MHC molecules (15). However, CD1 can be
recognized by both the aff and the v& T-cell lineages and restrict T-cell responses to foreign
microbial antigens, implying a similar antigen-presenting function as MHC (16-18).
Subsequent studies surprisingly revealed that CD1 family members present lipids antigens to
T cells (19), with the first CD1 crystal structures demonstrating how these molecules have
‘repurposed’ the al/a2 domain of classical MHC molecules for the binding of lipids via
deep hydrophobic tunnels, thus exposing polar head groups for T-cell contact (20-23). In
terms of a host-pathogen arms race, escape from T-cell recognition of lipids would require
more extensive pathogen evolution given the numerous enzymatic pathways involved in
lipid synthesis, and thus more complicated than mutating than a single protein amino acid,
which could otherwise permit escape from certain MHC-restricted a3 T-cell clones. All
CD1 family members also present host-derived lipids to autoreactive T cells (24-27),
seemingly at odds with the central immunological paradigm of self/non-self discrimination;
however, it is becoming clear that autoreactivity is evolutionarily conserved and imparts
CD1-specific cells with novel immunoregulatory functions (28).

The CD1 locus encodes several distinct genetic isoforms, all of which are nonpolymorphic
within a particular species. The human CD1 locus encodes five separate isoforms: CD1a,
CD1b, CD1c, CD1d, and CD1e. The first three are considered Group 1 CD1 molecules
based on genomic location and homology, whereas CD1d is considered Group 2 CD1.
CD1a-CD1d are cell-surface expressed glycoproteins that are directly implicated in lipid
antigen presentation to T cells (19, 26, 29, 30), whereas CD1e remains localized to
intracellular Golgi or vesicular compartments and regulates lipid loading into other CD1
family members (31, 32). As discussed in more detail below, the structures of human CD1la-
CD1d allow each isoform to specialize in the presentation of distinct lipid classes,
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representing a different type of evolutionary diversification than the highly polymorphic
classical MHC molecules (33, 34). However, mice and muroid rodents are unusual among
mammals in only having 2 CD1 genes, CD1d1 and CD1d2, and functional antigen
presentation to T cells has only been described for the former, which is simply known as
CD1d (35, 36). It is widely regarded that studies of murine immunology authentically
describe the workings of the human immune system. However, within the field of T-cell-
CD1 recognition, there are examples of both remarkable conservation and surprising
distinctions between species. In fact, there are CD1 family members and associated T-cell
populations that are entirely species-specific. With the motivating goal of immunology
being the understanding and treatment of human immunological disease, it is important to
understand which aspects of CD1 biology and recognition deciphered from murine studies
can be applied to human biology (37).

Overall architecture of human/mouse CDla—e

Despite the global structural similarity between CD1 and MHC molecules, CD1 has several
distinct features within its antigen-binding pocket that are specialized for its lipid antigen
cargo. The a helices surrounding the antigen-binding groove are positioned farther from the
B-platform that forms the base of the groove, creating a deeper pocket structure.
Furthermore, the pocket architecture of CD1 molecules has evolved to specifically
accommodate lipid acyl chains through their hydrophobic tunnels, differing from the
classical MHC groove characterized by polar hydrogen-bond forming residues. This CD1
binding mode positions lipid polar head-groups, with tremendous potential chemical
diversity, such they protrude outwards from the internal pockets and thus situated for T-cell
recognition. Additionally, the various CD1 isoforms survey distinct intracellular vesicular
compartments, maximizing the potential diversity of lipids subjected to immune surveillance
(38).

Several recent reviews have detailed the structural details and lipid-binding repertoire of the
‘standard’ human and mouse CD1 family members (30, 33, 34, 39). In brief, the pocket
sizes of CD1 molecules range in size from CD1a>CD1d>CD1c>CD1e>CD1b, with cavity
sizes ranging from ~1350 A (CD1a) to 2200 A (CD1b). The pocket architecture differs
substantially between these family members. CD1a possesses one well-defined pocket,
called the A’ pocket based off alignment to the pockets of classical MHC molecules, and an
exposed F’ pocket that is partially open to solvent, allowing lipids with larger head groups,
such as lipopeptides, to protrude (22, 40). CD1b has the most extensive internal pocket
structure, with a deeply buried T’ tunnel connecting the A’ and F’ pockets, forming a
continuous channel suited for the presentation of extremely long lipid species, such as
mycolic acids from mycobacterial species (21, 41). Furthermore, the width of the CD1b
tunnels can accommodate lipid modifications such as methyl branches and cyclopropyl
groups, which found among the structural unique mycobacterial cell wall lipids (42). CD1c
is also suited for presentation of branched lipid species from mycobacteria and possesses an
exit portal at the terminus of the A’ pocket, through which especially long lipids could
protrude (23). The open F’ groove of CD1c permits presentation of lipopeptides, somewhat
akin to CD1a. Mouse and human CD1d are structurally very similar, with two well-defined
hydrophobic pockets that are suited for binding un-branched lipid acyl chains of up to 26
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carbons (A’ pocket) and 18 carbons (F’ pocket) (20). Lastly, CD1e lacks clearly delineated
pockets, but rather a side and solvent-exposed groove, which may relate to its ability as a
lipid transfer chaperone (32, 43). Collectively, the human CD1 family binds and presents
hugely diverse lipid species via the unique pocket architectures of the different genetic
isoforms.

Evolutionary conservation of CD1 group members

CD1 genes have also been described in other mammalian species, in birds, and in reptiles
(44-47). Although rodents only express Group 2 CD1 (CD1d) genes, and not CD1a-c, many
other non-human mammals do have functional Group 1 CD1 molecules. Members of the
Equus genus, which includes horses, zebras, and asses, have the largest known family of
CD1 genes, with 13 genes total showing 60-83% identity to their human counterparts (48).
Seven isoforms were classified as CD1a, two as CD1b, one as CD1c, one as CD1d, and two
as CD1e (48) (Table 1). The largest differences between horse and human CD1 are found in
the al and a2 helices, which are principally responsible for lipid binding and TCR contacts
(48).

Ruminants, including cows, also express multiple CD1 molecules, including CD1a, CD1e,
and three CD1b isoforms with differences in their binding groove and cytoplasmic tails
(Table 1). Although these species were originally thought to lack CD1d due to absence of a
functional start codon (49), it was later found that cows do in fact express cell surface CD1d
(50) (Table 1). Bovine CD1d is able to bind to glycosphingolipids with short fatty acid chain
lengths, including Cq,-di-sulfatide, C1g-aGalCer, and Cg, but not longer Co4 fatty acids
(50, 51). The crystal structure of bovine CD1d in complex with C1g-aGalCer confirmed that
it has a flexible binding groove and plasticity in the A’ pocket due to changes in the
conserved Trp40 residue (51). The A’ pocket was also considerably shorter than mouse and
human CD1d, due to interaction between Trp166 and Thr100 inside the pocket, explaining
the inability of bovine CD1d to bind fatty acids with longer chains (51). The crystal
structure of another bovine CD1 isoform, CD1b3 also showed variations in the binding
pocket compared to human CD1b. The T’ tunnel in this structure is closed due to the
presence of valine instead of glycine at position 98, suggesting that like CD1d, CD1b3
might bind a skewed set of lipids (52). Additionally, there is a roof over the F” pocket, which
prevents presentation of alkyl chains toward the presumed TCR interface, as is seen in
human CD1b (21, 52). It is unclear if the other CD1b isoforms may have more ‘normal’,
human-like binding pockets. It is reasonable to assume that diverse microbial and self-lipids
would be present in different species, leading to adaptations in the binding pockets of CD1
in both horses and ruminants.

Unlike most placental mammals (besides rodents), which have multiple CD1 genes,
marsupials only possess one CD1 isoform, CD1. Marsupial CD1 is functionally expressed in
some species including bandicoot (1. macrourus), but is likely a pseudogene in the opossum
(M. domestica) (53) (Table 1). It is unclear why functional CD1 is not necessary in all
marsupials or why these animals are lacking the multiple isoforms found in many other
mammals. Perhaps the presence of another highly conserved nonclassical molecule, such as
MR1, described in detail below, could functionally compensate for a lack of CD1 in these
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species. Alternatively, high expression of the unusual TCR, TCRy, which is proposed to
bind unprocessed/free antigen as discussed in detail below, could also alleviate the
requirement of antigen presentation by MHC-like or nonclassical class | molecules in
marsupials.

Non-mammalian species including birds were also found to express CD1. Chickens have
two CD1 molecules, one, chCD1-2, with a shallow binding groove that likely only binds
single chain lipids (54), and another, chCD1-1, with dual A’ and F’ pockets for binding to
two- or three-chain lipids of varying lengths (55) (Table 1). Birds are likely capable of
presenting a variety of lipids via these two CD1s. chCD1-1, with its deep dual pockets, is
more similar to human CD1 molecules than CD1-2, and specifically resembles CD1b and
CD1d (55). While chCD1-2 resembles CD1a, but with a smaller A’ pocket and narrower
groove (54).

Neither chCD1-1 nor chCD1-2 are classified as true group 1 or group 2 CD1 molecules, but
based on the overall similarity between chCD1-1 and human CD1 molecules, it was
hypothesized that chCD1-2, with its shallower binding pocket, may be reminiscent of a
primordial CD1 molecule. Recent work on CD1 in reptiles, however, suggests that many
lizard CD1 molecules also contain dual binding pockets and most resemble mammalian
CD1d and chicken chCD1-1 (47) (Table 1). The short binding pocket of chCD1-2 may
therefore be a chicken specific adaptation, rather than an example of a primordial CD1
molecule, although understanding the structure of CD1 molecules from more evolutionarily
distinct species could help to clarify this relationship. Several species of reptile also contain
additional CD1 family members with little homology to either chicken or mammalian CD1,
suggesting that like chCD1-2, some of their genes have diversified since speciation for
binding to a variety of lipid structures (47). As suggested for horses and ruminants, these
binding pocket adaptations likely allow for the binding of a diverse array of lipids in non-
mammalian species. It is not entirely clear, however, which T-cell subsets might be
responsible for CD1-lipid specific responses in these animals or if they are analogous to the
CD1-reactive T cells in mice and humans discussed below.

CD21d recognition by human and mouse invariant natural killer T cells

Both mice and humans possess a T cell population characterized by a highly restricted TCR
repertoire with particular enrichment of a DN coreceptor phenotype and expression of
natural killer (NK) cell markers, underlying their classification as NKT cells (56-58). These
invariant NKT (iNKT) cells (also called type | NKT cells, a distinction that is described
below) utilize an invariant a chain devoid of junctional diversity, specifically a Val4-Ja18
in mice and Va24-Ja18 in humans, and limited diversity of VB chains. These TCRs specify
iNKT cell recognition of CD1d (25, 59), and are potently stimulated by the
glycosphingolipid a-galactosylceramide (a-GalCer) (29, 35), which was first described as a
sea sponge-derived anti-tumor natural product and then subsequently identified as both a
lipid of human intestinal commensal bacteria and mammalian cell membranes themselves
(60-62). Recognition of aGalCer and other agonist lipids, which include certain self-lipids
(63, 64), is likely involved in thymic selection and induces rapid and potent IL-4 and IFN-y
secretion in human and mouse iNKT cells alike (65, 66).
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In addition to similarity in function and antigen specificity, mouse and human NKT cells
also share a surprising CD1d cross-species reactivity. Certain CD1d-autoreactive mouse
iNKT TCR-expressing hybridomas are stimulated equally well by mouse and human CD1d-
expressing APCs, a feature not shared by hybridomas expressing other non-Val14/V[8
TCRs (29). Human iNKT cells can also recognize mouse CD1d molecules; in both cases,
the particular VB chain usage and CDR3p residues may shape this feature. Furthermore, the
affinities of a human iINKT TCR for human and mouse CD1d-aGalCer complexes are
within a similar range, which are effectively equalized by substitutions in the CDR3 loop
(67).

The structures of unliganded human iINKT TCRs provided the first clues for the basis of
iNKT TCR cross-reactivity (67). Though only 2/6 of iNKT TCR CDR1a residues are
identical between humans and mice, they form an adjoining patch of shared residues with
the highly similar CDR3a loop, in which 10/12 residues are identical. Furthermore, the 4/6
conserved residues of the CDR2f loop are structurally juxtaposed, forming a contiguous
surface of identical residues shared between the human and mouse iINKT TCRs, and
collectively suggesting a conserved importance of these loops for ligand recognition. The
iNKT TCR aGalCer-CD1d complex crystal structure validates this model perfectly (68).
The CDR1a loop is positioned directly over the a-GalCer galactose headgroup, forming
several hydrogen bonds with this sugar moiety. The invariant CDR3a loop dominates
recognition of the CD1d a-helices, centered over the F/ pocket, yet also directly contacts the
a-GalCer headgroup. Surprisingly, the lipid antigen itself is solely contacted by germline-
encoded residues, distinguishing this structure dramatically from those of classical aff TCR-
pPMHC molecules (Fig. 3A,C). Of note, the residues contacting a-GalCer are either identical,
biochemically similar, or simply backbone-mediated, in a comparison of the human and
mouse iINKT TCR sequences, highlighting the evolutionary conservation of this interaction.
In fact, a remarkable number of human and mouse iINKT TCRs in complex with various
lipids exhibit a nearly identical docking mode, a feature that has been reviewed extensively
(69, 70). Of note, the CD1d residues contacted by the iINKT TCRs are also highly conserved
between mouse and human (Fig. 4A). The conservation of the docking mode and
contributing amino acids is especially surprising given the diversity of lipids thus far
identified within crystallized structures. To accommodate different sugar anomers,
modifications, and linkage numbers, as well as glycerophospholipids, the INKT TCR
reorients the polar sugar head group to accommaodate these diverse chemical features. This is
particularly striking in the case of the iINKT TCR-isoglobotrihexosylceramide (iGB3)-CD1d
complex, in which the outward protruding tri-sugar moiety is flatted 90° versus the
unliganded CD1d-iGB3 complex, resolving the prior uncertainty of how this lipid could
potentially act as an agonist ligand (71-73).

The immutable and evolutionarily conserved docking angles of iNKT TCR-CD1d
complexes, largely without any contribution of non-templated residues in CDR3 loops as are
key for conventional ap TCR-pMHC recognition, parallels the ‘innate-like’ attributes of
these cells. Such an assembly of iINKT cells with a shared antigen specificity could respond
en masse to agonist lipid ligands without prior need for clonal expansion, influencing a
nascent immune response with their copious cytokine production. With regards to infection,
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certain pathogen-derived a-linked glycolipids can stimulate NKT cells (74-76), and again
biochemical and structural studies have validated high affinity TCR-lipid-CD1d interactions
and typical INKT TCR docking modes (77, 78). The ability of iINKT TCRs to recognize
certain glycolipids from gram-negative bacterial lacking the potent innate-immune
stimulatory lipopolysaccharide suggests they may have evolved as a bridge between the
innate and adaptive immune systems, perhaps in a similar role as the Toll-like receptors
(TLRs) upon various innate immune system cells. Yet unlike the bona fide innate immune
receptors, INKT TCRs are inherently autoreactive, blurring the lines for their role as a
potential innate-like pathogen sensor. Reductionist studies in the murine system have
painted a landscape of distinct iNKT cell functions, yet a unified model of their specific
roles in human health is currently still being unraveled (79).

iNKT cell populations in diverse vertebrate species

Despite the conservation of CD1, and especially CD1d, in many species, the role of T-cell-
specific responses to these molecules outside of mice and humans is not entirely clear.
iNKT-like cells using similar Va and Ja segments to human and mouse iNKT cells have
also been identified in canines, based on binding to CD1d/aGalCer (80), and a similar TCR
a chain to TRAV10V/Va24 has been described in horses, pigs, cows, sheep, and rabbits
(81) (Table 1). However, only horses and pigs were found to contain sequences homologous
to the canonical CDR3 regions of human and mouse iNKT cells (81). These species all
express CD1d, so it is possible that they still have functional CD1-restricted iINKT cells but
with TCR sequence motifs that differ from mouse and human iNKT cells. Originally, the
lack of conserved NKT rearrangements in bovine species, together with the presumed non-
functional CD1d was taken to mean that these animals likely did not have this invariant
population (81). It is now known that cows do express surface CD1d (50), although with a
slightly smaller binding pocket than human and mouse CD1d, as discussed above (50, 51). It
is therefore possible that a bovine NKT cell population has also been overlooked, especially
since the altered binding pocket of cow CD1d might present a different subset of lipids and
thus bind to a different invariant CDR3 repertoire in these animals.

VB genes from species that do not express CD1 molecules, when paired with human
invariant Va chains are able to bind to mammalian CD1d (82). This conserved binding
raises the possibility that there is a precedent for binding to such monomorphic molecules in
other species, and it is likely that other species have similar systems with invariant
populations that recognize, if not CD1, than other functionally similar molecules, as has
been shown for XNC-specific invariant T-cell responses in amphibian species, discussed in
more detail below.

Invariant T cells in non-mammalian species

Recent findings that T cells expressing an invariant Va6-Jal.43 rearrangement are highly
expressed in Xenopus tadpoles and are specific for a nonclassical MHC class | molecule,
XNC10 (83), have extended the study of invariant T cells to non-mammalian species.
XNC10 is a member of the Xenopus nonclassical (XNC) family of nonclassical class |
molecules, which are highly conserved among Xenopus species (84—86) (Table 1). Residues
in some XNC molecules that are thought to be important for peptide binding are not well
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conserved between XNC classes or with human classical MHC sequences (86). Therefore it
is possible that these molecules bind non-peptide ligands or that each class of XNC proteins
bind to different antigens and may function to activate different types of cells. XNC-specific
invariant T cells were shown to play an important role in tadpole immune responses to
viruses, and thus likely contribute significantly to early immune responses in the frog (83).
Development of XNC10-iT invariant T cells is dependent on expression of XNC10, which
may be expressed in the thymus before metamorphosis, and before significant MHC class la
expression in the tadpole thymus (83, 86, 87). There is currently no structure of Xenopus
Va6-Jal.43 TCRs bound to XNC10, but it will be interesting to see how similar this
interaction is to structurally characterized invariant T-cell/nonclassical MHC complexes
from mammals.

Divergent non-classical or MHC-like class | molecules have also been suggested in other
non-mammalian species, such as sharks (88, 89) (Table 1), although it is not clear if there is
a similar invariant T-cell population in these animals that may recognize such molecules, or
if as discussed below, some population of less invariant cells, such as vd T cells or other
type Il NKT-like cells may be specific for these or other nonclassical class | molecules.

CD1d recognition by human and mouse type Il, non-invariant NKT cells

In mammals a second class of CD1d-autoreactive cells was identified roughly
contemporaneously with invariant NKT cells. Unlike iNKT cells, this second population
does not utilize an invariant TCR a chain and highly restricted B chain, nor respond to the
prototypical INKT cell antigen aGalCer (27, 36), but rather surveys a likely non-
overlapping repertoire of self-lipids of potent stimulatory capacity (90, 91). Another
important distinction is that the non-Va14 CD1d-reactive cells do not exhibit the same
cross-species reactivity characteristic of iINKT cells, implying a different TCR-CD1d
recognition mechanism (29). This population of ‘non-invariant’ a TCR*, CD1d-restricted
but not aGalCer reactive cells, has been coined type |1 NKT cells to clarify their distinct
specificities and functions from those of “‘type I’ INKT cells (92). Though type 1l NKT cells
are defined on their non-reactivity to aGalCer, the breadth of their self-lipid surveillance is
unclear. A defined population of murine CD1d-restricted cells specific for the self-
glycosphingolipid sulfatide has been identified, and though the type Il NKT TCR repertoire
exhibits certain Va gene usage enrichments, they are a heterogeneous population likely
capable of diverse lipid antigen discrimination (91, 93-95).

Based on the identification of type Il NKT cells specific for the self-lipid sulfatide and a
responsive murine hybridoma clonal TCR (XV19 or Hy19.3) (27, 94, 96), two groups
solved crystal structures of type Il NKT TCR complexes (97, 98). Though the lipid antigens
are slightly different (lysosulfatide versus sulfatide, the former of which contains a single
sphingosine-derived acyl chain), the overall structures are nearly identical. In contrast to the
a-chain biased docking of iINKT TCRs, the type Il NKT TCRs equally utilize the a and
chains, situated over the A’ pocket of CD1d at a roughly perpendicular docking angle, and
therefore overall more similar to classical ap TCR-pMHC complexes (2, 99) (Figs 2, 3A).
Furthermore, unlike the iINKT TCR-lipid-CD1d structures, junctional residues of the CDR3p
loop contact the sulfatide/lysosulfatide head group, typical of more adaptive-like modalities
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(Figure 3B). However, given that only the head group of sulfatide/lysosulfatide is exposed
from the CD1d binding groove and thus affording a small available surface for TCR
recognition, only the § chain makes contact with the lipid antigen, an important distinction
from classical TCR-pMHC structures in which larger exposed peptide surface is generally
contacted by both the a and 3 chain CDR3 loops.

Though only two type Il NKT TCR complex structures have been determined, it is unlikely
that human type 1l TCRs would share such a conserved docking mode within and across
species, as do type | NKT TCRs. Most obviously, Type 11 NKT cells utilize multiple a and
chains, and thus potential CD1d-lipid contacting CDR loop residues are more diverse.
Additionally, several of the murine CD1d residues contacted by the XVV19 TCR are non-
synonymous in human CD1d (Figure 4B), and in fact mutating murine residues to the
human counterpart markedly reduced reactivity (98). This contrasts with the INKT TCR
system, in which many of the key CD1d energetic hotpots are identical between species
(100) (Fig. 4A). Lastly, the lipid repertoire of human and mouse Type Il NKT TCRs may be
quite different. Though sulfatide was identified as a ligand for human afp TCRs, the
particular CD1 restriction was not identified, and sulfatide can in fact be presented by the
CD1la—-c molecules (24, 26). When human peripheral blood T cells were stained with CD1d—
sulfatide tetramers directly ex vivo without any prior stimulation that could potentially
introduce repertoire bias, few a3 TCR+ cells were identified, but rather 8 lineage cells
expressing a V81" TCR were found (101). It is unclear why human and mouse T cells would
segregate recognition of certain lipids to distinct T-cell lineages. The basis of human 8
TCR-CD1d recognition will be discussed below.

CD1d recognition by human and mouse y8 T cells

v& T cells are an enigmatic T-cell population abundant in epithelial tissue sites, but notably
less prevalent in the thymus, spleen, and lymph nodes, which have served as a major basis of
immunological studies. They comprise less than 5% of CD3* thymocytes in adult humans
and mice, but this in fact because a major developmental window of y8 T cells occurs early
in fetal ontogeny, with a subsequent decline in thymic v& T-cell output post-birth, both in
mice and humans (102-104). It is clear that v8 T cells are not focused towards pMHC
recognition despite early efforts to identify such a phenomenon (105-107). A diverse array
of v6 T-cell ligands has been uncovered instead, leading to the suggestion that the v6 TCR
may be suited for more “antibody-like’ recognition (108, 109). However, many MHC-like
and nonclassical molecules have also been identified as yv8 TCR ligands, several of which
present antigen akin to the MHC and MHC-like molecules recognized by af T cells. These
include CD1d as mentioned above, which is also one of the few y8 TCR ligands identified in
both humans and mice (101, 110, 111).

Two recent crystal structures of human V81" TCRs in complex with CD1d-lipids (aGalCer
and sulfatide) have illuminated how y6 TCRs may recognize antigen in the context of a
presenting molecule, akin to modes of aff TCR recognition. These structures have been
comprehensively reviewed elsewhere (112-114). In both structures, the & chain is either
preferentially or exclusively used to contact the CD1d-lipid surface, which coincides with
the enrichment of V31 TCRs among CD1d-specific y8 T cells and absence of an apparent
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Vv chain preference. The CDR16 loops are important for recognition of the CD1d a2-helix,
with variable contribution of the CDR28 loop. Furthermore, residues of the CDR3 loops are
important for lipid head group recognition, though either the y or & chain appear capable of
imparting the particular lipid specificity (Fig. 5). Though the VV81-encoded residues are
important for contacting the CD1d a-helices in both structures, their interactions with CD1d
are quite distinct. The majority of described CD1d-specific v8 T cells utilize the V31 chain,
and thus use a ‘semi-invariant TCR’ (101). Other semi-invariant innate-like T-cell
populations, like mucosal associated invariant T (MAIT) cells recognizing the MHC-
related-1 (MR1) protein, discussed in detail later, adopt remarkably conserved binding
modes when comparing the aggregate structural database. These perplexing features and
dissimilarity of the two y86 TCR-CD1d structures indicate that this may not be an
evolutionarily conserved germline-specified interaction mode. In both v§ TCR-CD1d-lipid
structures, many of the important CD1d contacts are completely different in mouse CD1d,
and thus murine CD1d-specific v TCRs may dock differently despite some homology of
the mouse V386 and human V&1 chains (Fig. 4C). Thus a cross-species conserved ligand
surface (either CD1d or MR1) likely underlies the nearly immutable docking of iNKT and
MAIT TCRs within and across species (Fig. 4A ,D), and the lack thereof for v TCR-CD1d
interfaces may reflect that these are not *hard-wired’ interactions. The relation of human
V81* T cell CD1d recognition to biological function remains to be determined, though
overall these TCRs are autoreactive and can be identified as a previously activated state
when isolated from human blood and intestinal tissue, similar to the autoreactive type | and
type 11 NKT cell subsets described previously.

T-cell recognition of group 1 CD1 molecules

T cells responding to the group 1 CD1d molecules CD1a—c were described several years
before the group 2 (CD1d)-restricted NKT cells (16, 18), yet their functions and mechanisms
of antigen recognition remain more elusive, largely to their exclusivity to humans and
certain other non-muroid mammals. The development of CD1-humanized mice has
demonstrated a protective role for CD1-restricted cells in mycobacterial responses, which
behave more similarly to adaptive-like pMHC-specific af T cells in terms of response
kinetics (115). Similarly to CD1d, group 1 CD1 family members appear to present both self
and non-self-lipid antigens to diverse human T-cell subsets of both the aff and v3 lineages
(30, 116).

Structural details of group 1 recognition have been described only very recently. Crystal
structures of a CD1a—specific TCR clone bound to self-lipids (lysophosphatidylcholine or
endogenous mammalian cell lipids, likely a single fatty acid) revealed an orthogonal
docking over the A’ roof of the TCR (117) (Fig. 6A). Surprisingly, the TCR did not contact
the lipid antigen itself, but other experiments indicated this TCR bound most potently to
“permissive” lipids that did not obstruct the A’ roof interactions (Fig. 6B). It is unclear
whether this docking mode is characteristic among CD1a-specific TCRs, especially among
a population of CD1a-restricted lipopeptide (dideoxymycobactin)-specific T cells, in which
the very bulky peptide head group is required for recognition, contrasting with its likely
ability to block binding of the autoreactive CD1a-specific clone described above (40, 118)
(Fig. 6C). Additionally, mutagenesis studies indicate likely diverse binding modes of CD1c—
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restricted afd TCRs (119). These diverse TCRs preferentially recognize CD1c bound to the
mycobacterial phosphomycoketide lipids, and suggest docking of the TCR directly over the
central lipid portal of CD1c, in contrast to the A’ pocket-focused CD1a—specific and type Il
NKT TCRs. However, the footprints were not uniform, indicating that these TCRs do not
exhibit a uniform lock-and-key docking mode like INKT TCRS.

Recognition of vitamin-metabolites by MR1-restricted T cells

MR1 recognition by MAIT cells

MR1 is an MHC-like protein that is widely conserved across most mammalian species with
exceptionally high amino acid conservation and very low intra-species variation (120, 121).
In humans, MR1 is genetically encoded near the CD1 locus on Chromosome 1, whereas in
mouse, the syntenic region has been split (122, 123) between Chromosome 3, where CD1d
is encoded and Chromosome 1, where MR1 is encoded (124). MR1 was shown to be the
ligand for a conserved, semi-invariant population of T cells called MAIT cells (125, 126)
due to their expression of a semi-invariant TCR and their location in mucosal tissues. MAIT
cells have an effector-memory phenotype and typically express CD161 and CD26 (127,
128), are double negative or express the CD8aa co-receptor, but are most known for the
expression of a semi-invariant TCR frequently composed of a Va7.2 (TRAV1-2)/Ja33 a-
chain paired with either V13 (TRBV6) or V2 (TRBV20) B-chains (125). More recently,
using a MR1 tetramer-based approach or antigen-specific stimulation and cell sorting, the
MAIT TCR repertoire was shown to include additional Ja and Vp regions (129, 130).

The initial structure of MR1 provided insight into the class of ligands that are likely
presented by this class I-like protein. To date, two crystal structures of MR1 [human and
cow (131, 132)] have been defined, and both have highly similar structures with identical
cavity architectures that have Ca backbone structures most closely related to the classical
class I molecules. Despite this similarity, MR1’s putative antigen-presenting site is much
smaller, composed of two main pockets, termed A’ and F/, due to their similarity in location
to the A’ and F’ cavities in CD1 molecules (Fig. 7A). The A’ cavity is lined with aromatic
and basic amino acid residues, restricting its size and providing an overall positive charge to
the pocket. Identified within the A’ of the original human structure, was a derivative of folic
acid, 6-FP, which was attached via a covalent Schiff base to a lysine at position 43 within
the cavity (131). Electron density consistent with 6-FP, or a related derivative, was also
observed in the bovine MR1 structure (132). 6-FP, upon exogenous addition to MR1
expressing cells, has been shown to upregulate MR1 expression on the cell surface, however
it is non-stimulatory to MAIT cells (131).

A series of riboflavin intermediates have been shown to stimulate MAIT cells when
presented by MR1 (131, 133). One of these intermediates, 6,7-dimethyl-8-D-ribityllumazine
(DMRL), is the direct precursor to riboflavin in the biosynthetic pathway, whereas others are
variants formed upon complexation of DMRL’s precursor, 5-amino-ribityl uracil (5-A-RU),
with metabolic adducts (rRL-6-CH,OH (reduced 6-hydroxymethyl-8-D-ribityllumazine), 6-
methyl-7-hydroxy-8-D-ribityllumazine (RL-6-Me-7-OH), 5-(2-oxoethylideneamino)-6-D-
ribitylaminouracil (5-OE-RU), and 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-
OP-RU)). 5-OP-RU is an unstable transition-state of rRL-6-CH,OH and 5-OE-RU a variant
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of 5-OP-RU; these transitory molecules are proposed to be captured by MR1 through Schiff-
base attachment with the K43 residue of MR1 (shown to complex with 6-FP) and presented
to MAIT cells in a stimulatory fashion (133). The stimulatory small molecules all possess a
ribityl chain that extends out of the MR1 binding cavity in such a way to be engaged by the
MAIT TCR. The CDR3 « and 3 loops are directly positioned over the opening to the A’
cavity and several complex structures with MAIT TCRs have shown engagement of the
ribityl chains from the above-mentioned stimulatory compounds by residues within the
CDR3 a and 3 loops (Fig. 7B). To date, riboflavin derivatives have been the only MR1-
presented, molecular family that have been defined as stimulatory for MAIT cells, although
MAIT cells expressing different MAIT TCRs demonstrate selective reactivity to a range of
pathogens (130). This is highly suggestive that other ligand families exist and that the
diversity characterized in the MAIT TCR repertoire is used in this ligand discrimination.

The docking architecture of all MAIT TCR/MR1 complexes to date has been almost
completely conserved (133-135), including a xeno-reactive complex between bovine MR1
and a human MAIT TCR (132). The MAIT TCR engages MR1 in a diagonal docking
orientation reminiscent of conventional aff TCR/MHCp interactions, where the [ chain is
positioned over the a1 helix of MR1 and the a chain over the a2 helix. Both CDR3 loops
are centrally positioned over the horizontal mid-line of MR1, close to the opening of the A’
and F’ cavities (Fig. 7C). The xeno-reactive complex between bovine MR1 and a human
MAIT TCR may be the most informative in regards to how ‘innate-like’ this docking
actually is, as there was no TCR contact with antigen in this structure. Instead, several
residues that differ between human and bovine MR1 likely enhanced the affinity of the
interaction, both producing cross-reactivity in functional assays (125) but also providing an
enhanced interaction suitable for crystallization. Because this complex [and one using
‘humanized MR1’ (136)] was essentially identical to that of human MR1 and human MAIT
TCRs, it is likely this conserved footprint represents a preferred docking orientation that
positions the CDR3 a and [ loops for contact with antigens extending from the opening to
the A’ (and presumably F’) cavities. The striking cross-species docking similarity of MAIT
TCR-MRL1 complexes is highlighted the very high evolutionary conservation of MR1
residues within the interface (Fig. 4D).

MR21 molecules and MAIT cells in nonhuman/mouse species

As mentioned above, MAIT cells and MR1 molecules have been well documented in
ruminants, including sheep and cows in addition to mice and humans (125, 137) (Table 1).
The MR1 sequence is highly conserved between cow and human MR1, with 85%
similarities in AA sequence, which likely explains both the crossreactivity of an a-human
MR1 antibody with bovine MR1 (137), and the xenoreactive MAIT cell activation by MR1
(138). In contrast to CD1, where the al and a2 helices showed the greatest diversity
between mammalian species (48), al and a2 helices and binding pocket are the most well
conserved in MR1 (120). It is reasonable to assume that metabolites targeted for
presentation by MR1 may be more conserved than lipid structures (of both self and
microbial origin) targeted by CD1. Cows also express an invariant Val19Va33 TCRa chain
similar to human MAIT TCR chains (125), which differ from human sequences by only 2 or
3 AA residues throughout CDR1, CDR2 and CDR3 (137), and presumably interact with
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MR1 molecules in cows. Unlike invariant T cells in frogs, however, bovine MAIT cells are
found at relatively low levels in neonatal animals, only increasing after animals are
approximately 3 weeks old (137), suggesting that invariant cells may be less important in
ruminants immediately after birth.

Marsupials also express MR1 molecules (120) (Table 1), and similar to al and a2 domain
conservation between human and mouse MR1 (121, 124) and human and cow MR1 (137),
marsupials and eutherian mammalian MR1 are also highly conserved, with 74—78%
sequence identity to mouse and human homologs (120). Many of the differences that do
exist between species are predicted to lie in peripheral regions of the a-helices, and to have
side chains pointing away from the groove, rather than towards it (120). Although it has yet
to be directly demonstrated that marsupial T cells actually recognize MR1/antigen, TCR
segments with similar contact residues to the TRAJ33 segment used by human MAIT TCRs
have also been found in marsupials (120), suggesting that T cells expressing similar TCRa
gene segments may also interact with MR1 in non-placental mammalian species. This
conservation, together with the presence of MR1 across multiple mammalian species also
implies that the MAIT cell lineage is broadly conserved throughout mammalian evolution.

Although an orthologue of MR1 has not definitively been found in hon-mammalian species
(120), a similar molecule, YF1*7.1 has been identified in chickens (Table 1). This molecule
has a typical architecture of an MHC class | molecule, but with a smaller binding groove
that is hydrophobic, suggesting that it likely presents non-peptide ligands (139). The closest
relative of chicken YF1*7.1 may be mammalian MR1, although the structures are somewhat
different in that YF1*7.1 has a Loop1-2M salt bridge likely present in classical MHC class
I molecules from birds, amphibians and reptiles (139). This connection and the Loop1-
Loop2 salt bridge found in in mammalian MHC class | are both predicted to be missing
from MHC-like class | molecules including MR1 (139). Therefore, if YF1*7.1 is the
chicken equivalent of MR1, it is much less conserved than MR1 across mammalian species.
It is possible that other species have co-opted other MHC-like class | molecules to present
similar metabolite-based antigens for their own subsets of invariant T cells, similar to what
has been seen in frogs with the XNC family.

Innate-like T cells of unknown ligand specificity: y8 T cells in non-human

and non-mouse models

All jawed vertebrates have both TCR a, 5, y and & gene segments as well as conventional
polymorphic, MHC class | and Il molecules. ap TCRs likely bind to classical MHC
molecules in similar ways across species (82), however there is larger variation in the
structure, sequence and repertoire of v TCRs and nonclassical molecules; little is known
about these T-cell subsets in other species. Although & T-cell populations are notoriously
different between species, with very little overlap between the mouse and human systems,
and even a surprising diversity within primate species (140), T cells expressing a vy TCR are
found in all jawed vertebrates [except some reptiles (141)] (Table 1) and are thus likely
playing an important role in the immune system of all animals with a traditional adaptive
immune system. In light of recent structural insights into the binding of TCRs from non-
canonical T cells, including v& T cells, to MHC-like class | molecules in humans, discussed
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above, we examine what is known about these cells in non-human and non-mouse models.
Since human iNKT and y& TCRs can recognize CD1 molecules (101, 112, 113), it is worth
speculating that a subset of non-human/mouse v TCRs might also be specific for the non-
classical MHC and MHC-like molecules found in these species.

Frequency of y8 T cells in the periphery

Humans, mice, and dogs are all considered ‘y& low’ animals, with low numbers of v& T cells
in peripheral blood, whereas ‘y8 high’ animals including sheep, cows, rabbits and chickens
have a high proportion of peripheral v8 T cells (142, 143). Adult sheep blood contains 20—
30% 8 T cells, while in young lambs it can be even higher, up to 60% (143), and v8 T cells
in chickens make up 10% of thymocytes, 15% of peripheral lymphocytes and 25% of spleen
cells (142). Despite this great discrepancy in yd T-cell number in peripheral blood of
different species, both y5 low and 6 high animals have high numbers of skin and mucosal
tissue-resident v3 T cells. It is currently unclear as to whether there are distinct functions for
blood, skin, and mucosal resident v8 T cells, although their distribution in these tissues
strongly suggest there is some form of specialized surveillance for these populations.
Interestingly, in sheep y8 T cells are found at much higher levels in non-wooly skin
compared to wool-covered skin (143), suggesting that perhaps v T cells are more necessary
in exposed skin that is likely to encounter a higher number of pathogens. In support of this
model, sheep breeds resistant to infection with the parasite, Haemonchus contortus had
higher numbers of skin v8 T cells at 28 days after infection than non-resistant breeds (144).

Ruminants could require high numbers of v cells to act quickly to handle the high burden of
bacterial, viral, and fungal pathogens these animals are exposed to in their environment.
Newborn ruminants are far more precocious than many other mammals immediately after
birth, and therefore interact with their environment, and any nearby pathogens, from a very
early stage. Due to a difference in placental structure, young ruminants lack the same level
of passive maternal immune protection as humans and other mammals, so they rely more on
their early immune systems, such as v6 T cells, for early protection of neonates. Ruminants
and artiodactyls are not, however the only v high species, because as mentioned, rabbits,
and chickens (142, 145) also have high v8 T cells as do beluga whales (Delphinapterus
leucas) (146). Based on staining of y and & TCR transcripts in shark thymus, it is likely that
v8 T cells, in general, make up a large proportion of total T cells in the shark periphery, but
it is not clear if they are truly a v high species (147). Perhaps these other v high species,
similar to ruminants, are also exposed to high bacterial and viral burdens early in life and
would thus benefit from high v& T numbers for early defense. This is a particularly attractive
model in thinking about marine animals, since they would be challenged with water-borne
bacteria and viruses virtually from birth. It is unclear, however, whether the large numbers
of v6 T cells found in these animals recognize antigen in the context of MHC-like molecules
such as CD1d in these species.

Genomic organization, number, and diversity of y6 TCR gene segments

From comparisons across a wide range of divergent species it is evident there is little
conservation in yd TCR gene segment organization and arrangement. In some species, the
gene fragments are located in a single array, such as in humans where there exist 6
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functional Vy (TRGV) genes (of 14 total). The J and C gene segments in humans exist as 2
J-C gene clusters (148). In contrast, in the mouse genome, the 6 functional TRGV genes are
arranged in 3 cassettes, with cassette 1 (TRGCL1) containing 4 TRGV genes and the other
two cassettes with 1 TRGV gene each. There also exists a fourth non-functional cluster
(TRGC3) (149, 150). Sheep contain two completely distinct y loci, with 13 TRGV genes
between the two loci in 6 total cassettes (151), as well as two distinct V& gene families.
Other ruminants including goats, cattle and river buffalo also contain two y loci (151).
Rabbits (Oryctolagus cuniculus) have 10 total TRGV genes, two TRGJ genes, and one
TRGC gene with a loci structure more similar to humans than mice and dogs (152). In
sharks, the genomic organization of the T-cell receptor locus, including the v genes, is
organized in a normal, translocon configuration, similar to most mammalian loci (153), in
contrast to the immunoglobulin locus in cartilaginous fish, which is found in a cluster
organization. It is unclear whether these different gene organization patterns are the product
of selection, although it is tempting to speculate that different patterns of gene segment
organization could be selected to ensure a preferential rearrangement between certain gene
segments, generating populations of T cells with biased TCR repertoires.

Thymic selection of y8 T cells

Development of MHC restricted T-cell populations is assumed to occur in the thymus,
where antigen-presenting molecules are expressed, presumably in concert with relevant self-
selecting ligands, for education of the developing T-cell populations. The presence of
particular v§ T-cell populations dependent on thymic selection may imply a role of an
antigen-presenting molecule in ligand recognition. In sheep, for example, v5 development is
dependent on a functional thymus, with Vy genes Vy1 and Vy2.1 absent from animals
without a thymus, and larger rearrangement differences noted in V& genes. Particularly the
V4 repertoire of thymectomized sheep is quite different from normal animals and adult
animals without a thymus express more fetal V& genes (V61.12, V81.13, V63 and V&4)
(154). In addition to a skewing of & T-cell numbers and gene usage, when thymectomy was
performed prenatally, the few remaining v8 T cells functioned abnormally later in life (143).
Chicken v T cells are highly expressed in the thymus of embryonic animals (142), and
swine y8 T cells also develop in the thymus and peripheral cells are short lived after
thymectomy, suggesting that v8 T cells in pigs and chickens are also thymus dependent and
may therefore be selected on a thymic antigen-presenting molecule (155, 156).

The question of thymic development is also relevant to early, invariant aff T cells.
Interestingly, as discussed above, the frog has an almost completely invariant early T-cell
repertoire. In the frog model, these invariant T cells with germline encoded rearrangements
may be necessary early, perhaps for early/quick responses before the adaptive immune
system is fully developed. One model suggested that the limited diversity would prevent
autoimmune recognition in the absence of strong negative selection, since classical MHC
class la molecules are not expressed early in these animals (86). However, invariant
sequences in mammals are generally thought to encode TCRs that are specific to self-
molecules, so it is hard to reconcile how these invariant repertoires necessarily protect from
autoimmunity based on specificity alone. Mammalian TCRs from invariant T cells and yv6 T
cells with high self-reactivity may emerge from the thymus ‘pre-activated’ for similarly
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quick responses, but it is unclear how these cells exist without leading to autoimmune
pathologies. Understanding the thymic development pathways of these unusual TCRs in
non-human/mouse mammals and non-mammalian systems will help clarify the purpose of
these cells in early immune responses.

Structure of y8 TCRs: CDR3 lengths

The CDR3 loops in af TCRs recognizing MHCp in almost all cases have been shown to
play an important role in peptide scanning. Additionally, in all of the subsequent structures
of ‘non-conventional” aff and y8 TCRs in complex with their respective ligands, at least one
of the junctionally encoded CDR3 loops have been shown to contact ligand. Furthermore,
the CDR3 loops usually play central roles in antigen recognition by antibodies. Thus CDR3
loop diversity and length are often related to antigen recognition capacity. Due to the ability
to use multiple D& segments during gene rearrangement, human V6 CDR3 loops are long
and highly diverse (157, 158) with between 8-21 amino acids (AA) on average, a length
more similar to IgH genes, which average 2-25 AA. CDR3y lengths, encoded by Vy-Jy gene
rearrangements, are generally more similar to CDR3a/p lengths, which do not exceed 12 AA
(Fig. 8). It has been suggested that, due to these long, IgVH-like CDR335 sequences, v8 T
may recognize antigen differently than af T cells and that they may see a wider variety of
antigens than traditional MHC-presented peptides (159-161). These long CDR38s are also
found in many other species: sheep V& rearrangement can lead to long and diverse CDR3s,
with 1-18 extra residues/rearrangement, but with shorter V'y junctions (154), and horse
(Equus caballus) CDR35 rearrangements are also unusually long, between 1-19 AA, and
almost always contain at least one glycine residue (162). Long CDR38s are also frequently
found in non-mammalian species, for example skate CDR36s have a range of 2-13 AA
(163) and nurse sharks also have longer CDR3s in TCRS than any of the other chains (147)
(Fig. 8). Use of multiple D segments in rearrangement has also been shown in other species
including platypus, leading to CDR3s of 10-20 AA in length (164). Interestingly, these
platypus Vs also often encode an extra cysteine residue near the end of the V domain,
which together with additional cysteines in CDR3, may provide stability to these long CDR3
loops, as is also seen in platypus IgV regions (164, 165) (Fig. 8).

Conventional TCR a and p chains are thought to have a restricted range of CDR3 lengths to
allow them to scan the peptide antigen, while still accommodating binding to MHC
framework regions. These long CDR3s identified in v& T-cell lineage suggests that TCRS
chains are not constrained by such requirements and have often been used in arguments
against 8 T-cell recognition of antigen in the context of MHC-like folds. However,
structures of human v8 TCRs in complex with CD1d molecules prove that v8 TCRs with
long CDR38s are capable of binding to a traditional MHC class I-like structure (112, 113),
although the binding footprints of these TCRs onto CD1d were considerably different than
traditional aff TCR/MHC docking orientations, perhaps in part because of these long CDR
loops (114). Furthermore, recognition of the MHC-like molecule T22 is almost entirely
dictated by the CDR36 loop of reactive v8 T cells in the mouse, albeit in a highly
‘unconventional” docking orientation (166). It is important to determine how these long
CDR3 loops of yvd TCRs contribute to antigen binding, and what the role of having stabilized
CDR3 loops, as suggested in the platypus, might be when compared to more flexible long
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loops. Does the stabilization of these loops make for a better binding platform for
traditional, MHC-like molecules in these animals, despite their long CDR3 sequences? Or
might these T cells simply recognize free antigen, as has been suggested for some human
and mouse v6 cells (109, 167, 168) and is likely for certain & chains with V regions that
strongly resemble IgVVH domains?

Structure of y8 TCRs: Vy-like TCR Vés

While the enhanced length and diversity of the CDR338 loops may argue for an antibody-like
recognition of a repertoire of structurally diverse antigens, early crystal structures of the V&
domain of v& TCRs showed that the CDR16 and CDR38 loop structures looked very
CDR3a-like (160, 169). CDR3 loops in both Va and V3§ are folded back towards CDR1 and
2, rather than pointing away from the center of the domain, as is seen in VH CDR3s. In
contrast, the structure of human V6 framework regions and the CDR28 loop are more
similar to IgVH than Va. Specifically, in some cases the ¢”” loop of V& forms hydrogen
bonds with ¢/, as is seen in VH and VL domains (159, 169). Other species, in addition to
expressing “conventional” v6 TCRs, express y6 TCRs that contain VV domains with even
more IgVH-like qualities.

Frogs (Xenopus tropicalis) and birds, including the zebra finch (Taeniopygia guttata) and
chicken (Gallus gallus) express TCR&V domains that, based on nucleotide alignments and
phylogeny, appear to be virtually indistinguishable from IgVVH domains (170, 171); they are
therefore referred to as “VH&* domains (Fig. 8, Table 1). In both frogs and zebra finch, these
VH&s are located within the normal a/§ locus, but in chickens and turkeys they are found in
a separate locus (170). Whether or not they are linked to the a locus, these VH8s only
appear to recombine upstream of C8, and not IgC domains. While no true VH8-like domains
have yet been found in placental mammals or in marsupials, VHS-like domains have been
described in the duckbill platypus, a mammalian monotreme (164)(Table 1); these VH8s
have long CDR3s and utilize multiple D segments (Fig. 8). Therefore these alternate V&
domains are widely distributed across vertebrate classes yet appear to be relatively rare in
the mammalian lineage.

VH&s are true TCR V domains that share high levels of similarity to VH, rather than a
rearrangement with the actually IgH locus. However, some species of sharks do have true
trans-rearrangements with IgVVH domains. Apart from being simply VH-like, bona fide IgV
domains from IgM and IgW can rearrange to TCRS and a chains in the nurse shark (147)
(Fig. 8, Table 1), although the functional significance of these rearrangements is still being
assessed. It has also been suggested that shark T cells may undergo antibody-like somatic
hypermutation (SHM) (153), further adding to the idea of antibody-like binding in these
unusual TCRs. Perhaps these antibody-like TCRS chains are potentially more important for
non-mammalian species, like birds, sharks and frogs, because of a bias away from MHC
class I-like restricted T cells during evolution. Characterization of the MHC-like molecules
within these species, and the T cells that respond to them, will be an important contribution
to resolving this conundrum.
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TCRu and NAR-TCR

The platypus VHS domains described above are the first example of a true VH-like TCR V
domain in mammals; however other ‘unusual’ TCR domains have also been characterized in
nonplacental mammals and non-mammalian species. Nonplacental mammals (monotremes
and marsupials) express a fifth class of TCR chain, TCRy, in addition to traditional a, B, v,
and 8 TCR chains (172, 173) (Fig. 8, Table 1). TCRu is made up of three, rather than two, Ig
domains, including one Cp and two VL domains. The terminal V. undergoes VVDJ
recombination in marsupials, whereas the second V is invariant (172). In platypus,
recombination occurs in both Vi domains, although the rearrangement of the second Vi
does not involve D segments so junctionally encoded diversity is limited within this domain
(173). In both species, Vi domains are more closely related to VH than to TCR V domains
(173, 174).

The first description of a three-domain TCR chain, NAR-TCR, was in shark (175) (Fig. 8,
Table 1), but NAR-TCR and TCRy likely evolved separately as a result of convergent
evolution in both sharks and mammals, since the extra V domain of NAR-TCR is unrelated
to TCRuy or traditional IgH chains, and instead is related to IgNAR V domains (172, 175).
IgNAR is a heavy chain-only antibody isotype present in cartilaginous fish able to bind
antigen via induced-fit solely through its single, terminal NAR V domain (176, 177). Unlike
the IgW/M trans-rearrangements described above, NAR-TCR V gene segments are found
within the & locus, upstream of some TCRS V and C domains (175). Both the NAR-TCR V,
and the supporting V34, are diverse and undergo double rearrangement during V-D-J
recombination. NAR-TCR transcripts makeup roughly half of the TCR& amplification
products from shark spleen, thymus and PBL, suggesting they are found at high levels in
these tissues and are thus likely playing an important role in the shark immune response
(175).

Although there are no crystal structures of either NAR-TCR or TCRy, the extra V domain is
predicted to be unpaired, and free to bind antigen in an antibody-like fashion, with the
second V& or Vi domains playing mostly a structural and supportive role rather than
functioning in an antigen binding capacity (173, 175) (Fig. 8). Both NAR-TCR V and the
supporting shark V& domains contain an extra cysteine residue, presumably for stabilizing
the interface between the two domains (175)(Fig. 8). Interestingly, the frog VHS domains
described above also possess an extra, unpaired cysteine, in a similar location but without a
third domain present it is unclear what the role of it might be in antigen binding (171). No
three-domain TCRy chains have been identified in sharks or marsupials, strengthening the
idea that both NAR-TCRYV and the terminal VVu may bind antigen as a single-domain (174,
175). Supporting V and C domains likely pair with a normal TCRy chain, but exactly which
Vv chains are capable of interaction with these unusual TCRs is unclear (Fig. 8).
Understanding the y chain pairing and structure of these three-domain TCR& chains will be
instrumental in understanding the role of the extra domain in antigen binding.

It has frequently been suggested that some 8 TCRs may be able to recognize antigen in an
Ig-like manner, directly, and outside of the context of presenting molecules (167). While
there is evidence for this in several models, for example binding of v6 TCRs to PE (168),
and the Vy9V&2 T-cell population that respond to phosphoantigens (178) clearly this is not
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the case for all human y8 TCRs, since some have been shown to bind to MHC-like antigen-
presenting molecules (112, 113, 166). However the presence of these unusual TCR chains
including VHS in frogs, birds and nonplacental mammals, NAR-TCRS and trans-rearranged
Ig/TCRs in sharks, and VL in nonplacental mammals may support the model that these
TCRs bind free antigen in an antibody-like manner, although this remains to be shown
definitively (170). Rather than binding free-floating antigen in a strictly antibody-dependent
fashion, however, these unusual TCRs may see unprocessed or presented antigen in a cell-
surface dependent manner, for example, by binding budding virus from infected cells or
antigen bound to parasites (175). VH-like TCRs have not been described in placental
mammals, and so it is interesting to speculate about the role of 1g-like TCRs and the mode
of antigen binding by y6 TCRs in these animals and how it might relate to the v& T-cell
compartment in humans and mice.

Structure of y86 TCRs: y§ TCR C domains

TCR binding and signaling involves more than simply docking to MHC, MHC-like, or
nonclassical class | MHC, and/or free antigen, as it also involves TCR constant (C) domains,
CD3 molecules and downstream cytoplasmic signals. TCR C genes contain exons for not
only the Ig fold, but also the cytoplasmic tail, transmembrane region and connecting piece/
hinge between the cell surface and IgC fold, all of which contribute to interactions with CD3
molecules and downstream signaling molecules. These regions are yet another important
evolutionary adaptation relevant to the concept of TCR function and are thus reviewed
briefly here. In general, the connecting piece is short in both human and mouse TCR C
domains; however, the connecting piece of the human Cy TRG-C2 is longer than the others
and can contain either two or three exons of 16 AA each, depending on the population (179)
(Figure 9). Mice also possess one Cy with a slightly longer connecting piece, TRG-C4
(149), but while these long connecting pieces are relatively rare in mice and humans, they
are found frequently in other species (Figure 9).

Dogs have six functional Cy genes, with variations in the length of exon 1 as well as
differences is the number of exons making up the connecting piece (either one or two) (180).
The rabbit connecting piece is comprised of two 20 AA exons (152), and horses have two
Cy genes of different lengths, TRGCL1 and 2. Of these, TRGCL is longer with 18 more AA
in the connecting piece than TRGC2 (162). Atlantic salmon (Salmo salar) have six Cy
domains, more than most other animals, and each has a unique connecting piece and may
play different roles in downstream responses (181). Sheep have 5 different Cy genes, each
also with a unique connecting piece ranging from 25-75 AA (154, 182), and cows can use
unusually long connecting pieces (27-55 AA) as well (183).

The long Cy connecting pieces in ruminants can include two additional cysteines, not
normally present in Cy domains, C140 and C156 (184), which may either form tertiary
structures or interesting bonds with other cell surface receptors (Fig. 9A). Artiodactyl
connecting pieces often also contain a TTE(K)PP motif, which is some cases is repeated two
or even three times as in several pig and cow genes. Neither human nor mouse Cy genes
have this motif (184). It is currently unknown how these long connecting pieces influence
the way TCR chains interact with each other as well as other cell-surface molecules.
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However, due to their location, they could potentially influence anything from pairing with
the & chain and CD3 binding, perpetuation of TCR signals, to tissue homing (Fig. 9B). In
contrast to this extreme variability of Cy, the connecting region within the C8 genes are
relatively more conserved in these species (182). This provides an interesting dichotomy,
where this conservation of the C§ region contrasts with the potential high diversity of the V§
domain due to multiple D& segment usage during V-D-J rearrangement. Perhaps this could
indicate a bias of V8 towards antigen binding while the partner y chain contributes more to
V region pairing and stabilization, while Cy domain variation may modulate interactions
with signaling molecules via the diverse connecting pieces. In this way Cy domains could
function to modulate T-cell signaling and potentially alter cellular effector functions.

In addition to the diversity of connecting pieces, there are several other variations in v C
domains between species. Rabbit constant regions are also shorter at 109 amino acids, with a
short 12 amino acid FG loop (152), which is midway between the very short, 7 AA, loop in
the structure of human y8 TCR, and the 19 AA-long loop found in human Cp chains (185).
In af T cells, this loop is important for development, thymic selection, and T-cell function
(186, 187), and has recently been shown to be important for sustained af TCR/MHC bonds
during TCR/MHCp interactions and T-cell signaling (188). It has also been suggested to be
important for CD3e binding, suggesting that invariant CD3 chains may bind differently to
TCRs with short FG loops (189). Nurse sharks are missing one of the two canonical Ig-
domain stabilizing cysteines in the TCR Ca domain; this intra-domain di-sulfide is broadly
conserved in most Ig domains and aids in stabilizing the core Ig domain through connection
of the two beta sheets. While absent in the nurse shark TCR Ca, it is present in the TCR Cy,
8, and P chains (147). It has been noted that mammalian TCR Ca domains, while containing
both conserved cysteines, are less compact and more flexible than other Ig folds (12), and
that this flexibility may be important for signal transduction. While it is tempting to
speculate that the loss of this cysteine in the nurse shark may endow this domain with a
different type of structural flexibility, it is unclear how this would extend to alternative
functioning of the nurse shark TCR Ca. The variety of differences in the v8 C regions of
different species may suggest different binding or activation requirements in different
animals, but without a better understanding of both the structure of these unusual TCRs, and
their true antigens it will be difficult to fully realize the meaning of these variations.

In all species V& chains are highly diverse and contain longer CDR3 chains than TCRa, {3 or
v. Non-mammalian species and non-placental mammals including sharks, frogs, birds,
opossums, and platypus can express unusual versions of 6 chains, VH3, NAR-TCR, or
TCRy, all of which may be likely to bind free antigen in an antibody-like manner. In
contrast, y chains often have more ‘hormal’ CDR3 lengths and domain structures, but show
a greater diversity in Cy chains between and within species, with several non-human and
non-murine species having a variety of diverse connecting pieces, which could presumably
affect pairing with the TCRS chain or CD3 molecules and downstream signaling or effector
functions.
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Summary of innate-like T-cell recognition: implications for evolutionary
considerations

T cells, collectively, share similarities in structure of their of their TCR, the components that
contribute to signal transduction and many of their effector functions, yet the antigen pool
from which they survey their environment is now recognized as being incredibly diverse.
We have reviewed above those T-cell populations where antigen recognition has been well
studied, including recognition of peptides presented in the context of classical MHC, lipid in
the context of CD1 molecules and small molecule metabolites presented by MR1 molecules.
Within these categories there are examples of varying degrees of conservation of
recognition, such as with the general diagonal docking orientation with conventional a8
TCRs recognizing pMHC, or the strict docking of INKT and MAIT cells to their respective
ligands CD1d and MR1. We also see, or suspect, divergent recognition schemes, such as
with recognition of CD1a and CD1c, both of which appear to be recognized by T cells with
diverse TCRs, likely using different footprints to probe the recognition surface, and V81 v
TCR recognition of CD1d. The conservation of CD1 and MR1 molecules in divergent
species, and the presence of non-classical/MHC-like proteins in less-well characterized
species suggest there are many T-cell recognition systems present throughout vertebrate
evolution and we are likely only viewing the tip of the iceberg with our studies of human
and mouse. Outside of the T-cell populations that are restricted to recognition of antigen
within the context of an antigen-presenting molecule are those that may recognize antigen
directly. Evidence for this exists for some v& T cells in both human and mice directly
recognizing antigen in an antibody-like fashion (104) whereas the structural adaptations that
have occurred in TCRs of more divergent species, such as VH3, NAR-TCR, or TCRu
suggest these domains may be specialized to recognize free antigen, with no prerequisite of
antigen processing or presentation.

Thus, the coevolution of the TCR and antigen is challenging to dissect; did TCRs originally
evolve as membrane-associated antibody-like structures, with the diversity inherent in their
receptors focused on direct recognition of diverse antigens? Or did the TCR structure
originally evolve as a sensor of self-molecules, with antigen presentation of variable ligands
(peptides, lipids, metabolites, etc.), and recognition of free antigen coming later? Other
fascinating questions revolve around the almost uniform presence of both a3 and y8 across
all vertebrate species [even analogous populations in the jawless fishes (190)], with the y8
lineage more prone to alterations in TCR structure and antigen recognition. Which of these
lineages came first, af or v8, and how did they become specialized in this way? Important
steps towards answering these questions include better characterization of these lineages in
divergent species and a clearer understanding of the antigens these T-cell populations
respond to (both MHC and non-MHC related). Furthermore, exploring how T cells signal in
these different populations and across species will also add to our understanding of T-cell
evolution; is there a single conserved way that T cells signal, such as a clear formation of an
immunological synapse? How would this function in T cells that recognize free antigen? Do
they signal with a more B cell-like strategy? These and related questions are central to
understanding not only the evolution of T cells, but also their place in the evolution of the
adaptive immune system.
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200
MHC Class | MHC Class Il
CD8+ TCR CDR loops CD4+ TCR CDR loops

Fig. 1. Structures of TCR, Fab, and MHC molecules and the classical docking paradigm
(A) Three-dimensional structures of the three classical rearranged receptors in jawed

vertebrates: Fab, aff TCR and v5 TCR (PDB IDs: 1IMLC, 2CKB and 1YPZ). Domains are
labeled according to their chain designations and CDR loops are colored in hot pink and
labeled accordingly. (B) Representative three-dimensional structures of the three antigen-
presenting MHC molecules: classical class | MHC with peptide, CD1d with lipid and MR1
with small molecule metabolite (PDB IDs: 2CKB, 1ZT4 and 4LCC). Ligands are shown in
stick representations and colored yellow, red and blue indicating carbon, oxygen and
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nitrogen atoms, respectively. (C) Complex crystal structures of a CD8+ aff TCR with MHC
class I molecule (PDB ID: 3DXA) and CD4+ aff TCR with MHC class 1l molecule (PDB
ID: 4E41), with just CDR loops shown as they are positioned in the complex structure.
Peptide ligands are shown as described above for 1B. In both complexes, CDR loops of the
a chain are colored pink, of the § chain are colored raspberry and each are numbered
accordingly. All three-dimensional structure figures were made with the program Pymol
(Schrodinger).
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MHC Class | MHC Class I

Fig. 2. MHC class | and class Il restricted TCR docking orientations
Shown are the docking orientations of af§ TCRs on their MHC class | (left, PDB ID: 2CKB)

or class Il (right, PDB ID: 1FYT) ligands. Lines were drawn (shown in raspberry) from the
two external conserved cysteines in the Variable Ig domains (C22 of a chain and C23 of
chain) to demonstrate orientation of the TCR on the MHC surface. The following PDB IDs
were used for the complex structures for the class | model: 1FO0, 1KJ2, 3RGV, 2CKB,
2019, 3PQY, 20L3, 1A07, 1BD2, 1LP9, 10GA, 2BNQ, 3GSN, 3HG1, 304L, 3QDJ,
3QDM, 3UTS, 3VXM, 3VXR, 3VXU, 4G8G, 2NX5, 3MV7, 2AK4, 4JRY, 3DXA, 3KPS,
2YPL, 1MI5, 3FFC, 3SJV, 4MJI, 2ESV; and for the class Il model: 3PL6, 40ZF, 40ZI,
4GG6, 4E41, 21AN, 1FYT, 4H1L, 2WBJ, 1IYMM, 1ZGL, 306F, 4P4K, 3C5Z, 3C60, 3C6L,
3RDT, 3MBE, 2PXY, 1U3H, 3QIB, 1D9K.
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A Type INKT TCR  Type | NKT TCR
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V N DN J .
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Fig. 3. Differential docking modes and lipid antigen contacts of Type | and Type Il NKT TCRs
(A) Footprints of the Type | (iNKT) and Type Il NKT TCRs on CD1d. The complex

structures of the murine INKT and Type Il NKT TCR structures are aligned by CD1d.
Shown is the surface of murine CD1d-aGalCer (PDB ID: 3HE7) with the CDR loops of the
murine VB7 iINKT TCR (PDB ID: 3HE7) in green (a chain) and teal (p chain), and type |1
NKT TCR (PDB ID: 4EI5) in purple (a chain) and pink (8 chain). The rough borders of the
TCR/CD1d interfaces are shown as shaded boxes colored teal (Type 1) and purple (Type II).
(B) Detail of the mouse Type Il NKT TCR-CD1d-sulfatide interface. Residues that contact
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the sulfatide antigen are shown and colored according to origin of encoding nucleotides
(pink = V, purple = J, orange = D, red = non-templated). CD1d is shown in grey cartoon,
sulfatide is in yellow ball-and-sticks. Hydrogen bonds are shown in black dashed lines.
Lower panel details the amino acids of the CDR3p loop, colored according to origin as
above, with black underlines denoting with residues contact sulfatide. The major sulfatide
contacts are through either non-templated or D-encoded TCR residues. (C) Detail of the
mouse VB7 iNKT TCR —CD1d-aGalCer interface. Residues that contact the aGalCer
antigen are shown and colored according to origin of encoding nucleotides (light green =V,
dark green = J). . CD1d is shown in grey cartoon, aGalCer is in yellow ball-and-sticks.
Hydrogen bonds are shown in black dashed lines. Lower panel details the amino acids of the
CDR1a and CDR3a loops, colored according to origin as above, with black underlines
denoting with residues contact aGalCer. All contacts with the lipid antigen and germline
encoded.
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iNKT TCR B  Type lINKT TCR (XV19)
CD1d-a-GalCer CD1d-sulf

C vd TCRs (DP10.7, 9C2) D MAIT TCR
CD1d-lipid MR1-RL-6-Me-7-OH
oYer

Fig. 4. Evolutionary conservation of TCR footprints on antigen presenting molecules
Shown are the surfaces of CD1d or MR1 in white, with residues that contact the TCR

colored blue, green or orange. Blue = residues identical in mice and humans, green =
residues with similar biochemical properties in mice and humans, orange = no conservation.
Dark outlines define total contact borders. (A) Human CD1d-aGalCer with residues
contacted by the human iINKT TCR colored as above. (B) Mouse CD1d-sulfatide with
residues contacted by the mouse XV19 TCR colored as above. (C) Footprints of the human
DP10.7 and 9C2 y TCR on human CD21d-lipid surface (sulfatide shown). The border of the
DP10.7 TCR footprint on CD1d is shown in grey; border of 9C2 TCR footprint on CD1d is
shown in dashed line. (D) Human MR1-RL-6-Me-7-OH with residues contacted by the
human MAIT TCR colored as above.
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Fig. 5. Differential interaction modes of human y8§ TCRs with CD1d-lipid complexes
(A) Footprints of the DP10.7 (PDB ID: 4mng) and 9C2 TCRs (PDB: 4lhu) upon CD1d-lipid

complexes. The two complex structures were aligned via CD1d to show the different
orientation of the CDR loops upon the CD1d surface. CD1d is shown as a white surface.
The 9C2 TCR CDR loops are shown in light green (y) or dark green (6), and the
corresponding lipid recognized by this TCR, aGalCer, is shown in aquamarine sticks. The
DP10.7 TCR CDR loops are shown in pink (y) and purple (8), and the corresponding lipid
contacted, sulfatide, is shown in pink. The rough borders of each of the TCR footprints in
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depicted by a shaded box for the 9C2 (box in green) and DP10.7 TCR (purple). For both
TCRs, loops that do not contact CD1d-lipid are shown as transparent. (B) Detail of the 9C2
TCR-aGalCer interface. The CDR3y loop is shown in green, and residues that contact
aGalCer are labeled and shown as sticks. Below, the CDR3y amino acid sequence is
depicted, with residues that contact aGalCer underlined in black. (C) Detail of the DP10.7
TCR sulfatide interface. The CDR335 loop is shown in purple, and residues that contact
aGalCer are labeled and shown as sticks. Below, the CDR38 amino acid sequence is
depicted, with residues that contact aGalCer underlined in black. For (B) and (C), hydrogen
bonds are shown as dash lined, and salt-bridge interactions are highlighted by showing the
charge of the involved residues/moieties.
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BK6 TCR-CD1a-LPC complex

Fig. 6. Structure of the CD1a-LPC-BKT af and implications for lipopeptide recognition
(A) Overall structure of the BK TCR-CD1a-lysophophatidylcholine (LPC) complex (PDB

4x6c¢). The TCR is shown in purple (a chain) and gold (3 chain), CD1a is shown in grey and
LPC is shown in yellow ball and sticks. (B) Surface view of the BK6 TCR CDR loops upon
the CD1a—LPC surface. The TCR chains are colored as above, and the CD1a surface
contacted by the TCR is colored in pink. Notably, the lipid head group is not contacted by
the CDR loops, which instead are positioned over the A’ roof of CD1a. The residues R73,
R76 and E154, which form this roof via a salt-bridge network, are indicated. (C) Alignment
of the BK6-CD1a complex (aligned via CD1a) to the CD1a- didehydroxymycobactin
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(DDM) complex (PDB ID: 1xz0). Shown is the CD1a—DDM surface with BK6 TCR CDR
loops positioned as for the CD1a-LPC structure. The larger head-group of DDM disrupts
the CD1a A’ roof formed by R73, R76 and E154, and also repositions additional a helical
residues, which would clash with TCR CDR loops. As a result, the contact interface as in the
CD1la-LPC complex would be altered, implying that CD1a-specific TCRs specific for
larger lipid species would need to undergo CDR loop conformational changes or adopt
different binding modes.
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Fig. 7. MR1 ligand presentation and recognition by MAIT TCRs
(A) Surface representation of human MR1 (PDB ID: 4GUP) showing the cavity structure of

its antigen binding groove. Two main cavities are apparent, called A’ and F’. The 6-FP
ligand identified in the crystal structure, is barely visible, colored in yellow (carbon atoms)
and blue (nitrogen atoms). (B) Positioning of the CDR3a and CDR3 loops of a MAIT TCR
in the complex structure with MR1 presenting the rRL ligand (PDB ID: 4LCC). The
residues in these loops that contact the rRL ligand are shown, Y95 for the CDR3a loop and
E99 for CDR3p. Hydrogen bonds established between these residues and the ribityl chain of
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the rRL ligand are shown as dashed yellow lines. (C) Orientation of the MAIT TCR CDR
loops while docked onto the MR1 structure. Similar representation as to Figure 2; line was
drawn (shown in raspberry) from the two external conserved cysteines in the Variable Ig
domain of the MAIT TCR (C22 of a chain and C23 of 3 chain) to demonstrate orientation of
the TCR on the MR1 surface. CDRa loops are colored in pink; CDRp loops in green. The
rRL ligand is shown as sticks in yellow (carbon atoms) and blue (nitrogen atoms).
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Mouse/human Monotreme

>>>>>>>>>>>>>>

Marsupial Frog/bird

Fig. 8. Comparison of TCR chains present in diverse species
Cartoon diagrams of the variable TCR chains present in a variety of species including mice

and humans, monotremes, marsupials, frogs and birds, and cartilaginous fish. Traditional
TCRa (green), B (purple), vy (blue), and & (red) chains are found in all species. TCR& chains
with VH-like TCRV$ domains are shown in yellow, and those expressing true IgVH
domains via transrearrangements in pink. Potential binding partners for unusual TCR&
chains are colored grey. Predicted structure of three-domain TCR chains, NAR- TCR and
TCRu (brown) are shown in B, C, and E, with the NAR-TCRYV domain depicted yellow due
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to its similarity with IgNARV domains. CDRL, 2, and 3 loops depicted at the top of each
TCRYV domain, with larger loops representing longer CDR3s found in some V6 domains.
Predicted disulfide linkages due to extra cysteine residues in monotreme TCRS CDR3 (B)
and between terminal and supporting shark NARTCRYV domains (E) are labeled.
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A

Mouse Cy1,2  Canine Sheep Cy5 Canine Cy5

Human Cy1 Cy7,8  Salmon Cy4, 6 Horse Cy1,2 Mouse Cy4  Canine Cy2-4  Sheep Cy1, 2,4
Human Cy2* Rabbit Cy
10-16 AA  12-16 AA 18-25 AA 42 AA Salmon Cy2, 3, 5
One exon 24-38 AA 32-48 AA 40-58 AA 50-75 AA

Multiple exons

B

Fig. 9. High variability of Cy connecting pieces both within and across species
(A) Differences in length and features of the connecting piece/hinge of TCRy chains in

multiple species. Vy and Cy domains are shown in blue, with plasma membrane in orange.
Examples are roughly organized from shortest to longest connecting pieces, with ranges of
amino acid lengths and exon usage displayed beneath each gene name. Presence of cysteine
resides marked with C. (*) Indicates allelic difference in human Cy2 of either 2 or 3 exons.
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(B) Cartoon showing hypothetical regions of interaction between the TCRy connecting piece
and CD3.
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