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Whereas major histocompatibility class-1 (MH1) proteins present
peptides to T cells displaying a large T-cell receptor (TR) repertoire,
MH1Like proteins, such as CD1D and MR1, present glycolipids and
microbial riboflavin precursor derivatives, respectively, to T cells
expressing invariant TR-a (iTRA) chains. The groove of such
MH1Like, as well as iTRA chains used by mucosal-associated in-
variant T (MAIT) and natural killer T (NKT) cells, respectively, may
result from a coevolution under particular selection pressures.
Herein, we investigated the evolutionary patterns of the iTRA
of MAIT and NKT cells and restricting MH1Like proteins: MR1
appeared 170 Mya and is highly conserved across mammals,
evolving more slowly than other MH1Like. It has been pseudogen-
ized or independently lost three times in carnivores, the armadillo,
and lagomorphs. The corresponding TRAV1 gene also evolved slowly
and harbors highly conserved complementarity determining regions
1 and 2. TRAV1 is absent exclusively from species in which MR1 is
lacking, suggesting that its loss released the purifying selection
on MR1. In the rabbit, which has very few NKT and no MAIT cells,
a previously unrecognized iTRA was identified by sequencing
leukocyte RNA. This iTRA uses TRAV41, which is highly conserved
across several groups of mammals. A rabbit MH1Like gene was
found that appeared with mammals and is highly conserved. It
was independently lost in a few groups in which MR1 is present,
like primates and Muridae, illustrating compensatory emergences
of new MH1Like/Invariant T-cell combinations during evolution.
Deciphering their role is warranted to search similar effector
functions in humans.
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During infections, pathogens give rise to a variety of com-
pounds able to stimulate the adaptive immune response. The
compounds activating T cells can be peptides, glycolipids, and
also unconventional small molecules, such as derivatives of the
riboflavin (vitamin B2) biosynthesis pathway. Most conventional
T cells recognize peptide-major histocompatibility complexes in
which the peptide is embedded in the groove of the major his-
tocompatibility (MH) proteins. MH class I (MH1) and MH class
I (MH2) proteins present the peptide to CD8" and CD4* T
cells, respectively. There are three classical MH1 molecules (also
known as MH1a) in humans (HLA-A, HLA-B, and HLA-C) and
in mice [MH1-K (H2-K), MH1-D (H2-D), and MH1-L (H2-L)].
Classic MH1 molecules are highly polymorphic with numerous
alleles. The high variability of the amino acids constituting the
groove leads to the presentation of distinct sets of peptides
according to the alleles. There are three types of nonclassical
MH1 molecules (also known as MH1b) characterized by limited
polymorphism and presenting specific peptides (1). In humans,
these molecules are HLA-E, HLA-F, and HLA-G, and in mice,
they are MH1-M (H2-M), MH1-Q (H2-Q), and MH1-T (H2-T).
A number of proteins with structural similarity to MH1 but
which do not present peptides are known as MH1Like molecules
(2). Examples of MH1Like proteins are CD1 (CD1A, CDI1B,
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CD1C, CD1D, and CD1E) and MR1 in humans and CD1D and
MR1 in mice. MH1Like proteins are not polymorphic. However,
the groove of each kind of MHI1Like protein displays specific
biophysical features that lead to the presentation of different classes
of compounds, such as glycolipids for CD1 (3, 4) or derivatives of
the ubiquitous 5-amino-ribityl-uracil (5-A-RU), a microbial pre-
cursor of riboflavin (vitamin B2), for MR1 (5).

The high polymorphism of the classical MH1 reflects the rapid
ability of the pathogens (especially viruses) to harbor mutations
in their sequences that may prevent binding to the groove, and
thereby their recognition by T cells. The lack of polymorphism of
the MH1Like proteins is probably related to the difficulty for the
pathogens to lose whole metabolic pathways; hence, these proteins
are likely more focused on the presentation of antigens (Ags)
originating from bacteria or yeasts, rather than from viruses. Indeed,
the ligands presented by the MHI1Like proteins are structural gly-
colipids in the case of CD1 or derivatives of chemical intermediates
necessary for the synthesis of important coenzymes for MR1. For
CD1D, the ligands can also be endogenous molecules, such as al-
pha-glycosyl-ceramides up-regulated in case of stress (6), which
would represent a “danger” signal (7). No endogenous ligands are
yet known for MR1.

The way in which T cells recognize Ags presented by classical and
MH1Like molecules differs: T-cell receptor (TR) of conventional
CD8" T cells is made of TR alpha (TRA) and TR beta (TRB)
chains that are encoded by rearrangements of any TRAV and
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TRAJ and any TRBV, TRBD, and TRBJ genes, respectively, with
large variations in the complementarity determining region 3
(CDR3) length and amino acid composition. In contrast, T cells
that are restricted by MH1Like molecules use semi-invariant TR
usually made of an invariant TR-o (iTRA) chain coming from one
particular TRAV/TRAJ rearrangement with a given CDR3 length,
paired with a TRB chain using a limited number of TRBV genes
combined with any TRBJ and without apparent restriction of the
CDR3 sequence (8). The three types of semiinvariant af T cells
described so far in humans are (/) CD1B-restricted T cells that use a
TRAV1-2 (previously named Va7.2)-TRAJ9 chain with a germline-
encoded CDR3 lacking N diversity to recognize glucose mono-
mycolate found in Mycobacterium tuberculosis, leading to their
denomination as germline-encoded, mycolic acid-reactive (GEM)
T cells (9); (if) natural killer T (NKT) cells that use an invariant
TRAV10 (previously named Va24)-TRAJ18 chain to recognize
alpha-glycosyl-ceramides presented by CD1D (3, 10); and (i)
mucosal-associated invariant T (MAIT) cells that use an invariant
TRAV1-2 rearrangement to TRAJ33, TRAJ12, or TRAJ20 to
recognize unstable pyrimidine adducts derived from 5-A-RU that
are presented by MR1 (5, 11, 12). Other semiinvariant T cells also
have been suspected in humans through the detection of other in-
variant TR chains (13).

From an evolutionary standpoint, classical MH1 proteins are
subjected to strong evolutionary pressures that maintain a high
level of polymorphism, with coevolution of the MH1 alleles and
the pathogens. This finding is reflected by the excess of amino
acid changes (nonsynonymous substitutions) between sequences
of the MH1 binding groove of different species (14, 15). Notably,
whereas the number of classical MH1 genes is usually two to
three per species in mammals, the number of nonclassical MH1
and MHI1Like genes is highly variable from one species to an-
other (16). For instance, the MH1b genes are highly duplicated
in mice and the MH1-M3 (H2-M3) that presents N-formyl-
methionine peptides in mice is absent in humans (17). Five dif-
ferent CD1 (CD1A-CDI1E) are present in humans, whereas only
one, CD1D, is found in mice. In the absence of CD1B in mice,
there is no homolog of GEM T cells in this species.

In fact, only two MH1Like proteins, CD1D and MR1, and their
corresponding semiinvariant T cells, NKT cells and MAIT cells, are
highly conserved in mammals (3, 10, 15, 18). Human and mouse
NKT cells recognize alpha-galactosyl-ceramide (a-GC) presented
by either human or mouse CD1D (19) despite only ~70% identity
between sequences of their al and a2 domains constituting the
lipid-binding groove (20). Similarly, human and mouse MAIT cells
recognize bacterially derived compounds presented by human and
mouse MR1 proteins that are highly similar, with ~90% identity (5,
15, 21, 22). Signs of purifying selection are apparent for the amino
acids constituting the binding groove of MR1, indicating a strong
selection pressure against diversification (15, 22). MR1 has not been
as extensively duplicated as CD1 and remains the unique member
of its type. Thus, its sequence appears to be more stable than other
MHI1Like proteins during evolution.

As for the TR, evolutionarily conserved features of the CDR1
and CDR?2 of several TRBV genes have been proposed to enable a
conserved docking mode of the TR onto the classical MH (23),
although this remains controversial (24, 25). For TRA, the analysis
is complex because the number of TRAV genes may be very large,
with multiple subgroups and wide variation across species (=50 to
>350 within mammals). Typically, there are only one or two genes
for TRAV1 and TRAV10 (or TRAV11 in mice) that characterize
MAIT and NKT cells, respectively. TRAV1 interacts mainly with
MR1, which is highly conserved. This finding is in stark contrast to
most other TRAYV subgroups, which are often much larger, interact
with polymorphic classical MH1, and diversify during evolution.

This result leads to the question of whether the conservation of
MR1 sequence would impart specific evolutionary pressures to
the corresponding TRAV1 genes in comparison to TRAV genes
used in conventional T cells. Based on the genomic data that are
now available in many species, we studied the coevolution of both
TRAV1 and MR1. In comparison to other TRAV genes, the CDR1
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and CDR2 of TRAV1 are more constrained and the TRAJ33 used
by MAIT cells is highly conserved during evolution. This finding is
consistent with the idea that both MR1 and TRAVI are evolu-
tionarily locked by the interaction with a nonvariable compound.
Unexpectedly, we observed that functional TRAV1 and MR1 are
missing in three distinct groups of mammals, raising the question of
the presence of compensatory mechanisms in species lacking MAIT
cells. We examined the diversity of the MH1Like proteins across
mammals, and found evidence of other MHILike and TRAV
proteins that display common features with MR1/TRAV1 and are
present in MAIT-less species.

Results

MH1Like Proteins MR1 and CD1 Show Different Evolution Dynamics.
We first retrieved the available MR1 and CD1 sequences from
public databases and compared the evolution of their al and o2
domains in mammals using mammalian and reptilian MH1 and
MHILike sequences for comparison and MH2 sequence as an
outgroup (Fig. 1). MR1 is closely related to other MH1Like genes,
such as HFE, PROCR (previously EPCR), and CDI (Fig. 1 and
Dataset S1). HFE and MR1 orthologs were found only in mam-
mals, as reported by Tsukamoto et al. (26). Several molecules re-
lated to MH1 in turtles and crocodiles display some similarities with
MR1, and might be related to the MR1 ancestor (Fig. S14). A
number of amino acids contacting the T-cell receptor (TR) are
shared between mammalian MR1 and reptile sequences [including
R*, R® G%, and W in al and L*, Y*’, E”, and W® in a2 (using
IMGT unique numbering for G domains (20); for example, K*
corresponds to the residue classically numbered K* that is critical
for binding 5-A-RU derivatives)], whereas they are lacking in
CD1D or class II sequences. However, these reptile sequences lack
critical motifs conserved in all MR1 (Fig. S14); in particular, the
amino acids involved in recognition of 5-A-RU derivatives (in-
cluding R’ S K®¥, H”, and Y*® in a1 and R” and I’ in a2) are
found only in mammalian MR1, and not in related sequences from
reptiles. A direct orthology relationship between these genes is also
not supported by conserved synteny data. Because MR1 is present
in marsupials but was not found in the monotreme platypus, this
gene, with all its hallmarks, was probably selected during the evo-
lution of the ancestors of living marsupials and eutherians. Strik-
ingly, the neighbor-joining (NJ) tree and similarity scores of the al
and o2 domains of MH1, CD1, and MR1 show that MR1 se-
quences have evolved less rapidly compared with MH1 or CD1
(Fig. 1 and Dataset S2 4 and B), likely reflecting the conserved
structure of the Ag presented.

In contrast to MRI1, genes related to CDI are found in birds
and other reptiles, although no CDI was found in fish, Xenopus,
and other amphibians, or even in the platypus (Fig. 1). Reptilian
CD1 genes do not seem to be specific orthologs of any of the
human CD1 isotypes, because their extracellular part appears as
an outgroup of the PROCR + CD1 branch of phylogenetic trees
(e.g., they do not cluster with any of mammalian CD1 isotypes).
However, they share a significant level of similarity with mam-
malian CD1 sequences, and likely are related to them.

There is apparently only one complete CD1 gene available
from marsupials: The Tasmanian devil (Sarcophilus harrisii) ge-
nome contains a gene annotated as “CD1E” but more related to
the CD1D group; a partial sequence is also present in the opossum.
In contrast, eutherian CD1 sequences cluster in five main groups
corresponding to human CD1A, CD1B, CD1C, CD1D, and CD1E.
These groups have representatives in all of the main branches of
eutherians. Hence, the diversification of CD1 likely occurred early
in Placentalia evolution, after the separation with marsupials. The
duplicates were mostly conserved in most lineages, and sometimes
greatly amplified. The case of the microbat (Myotis lucifugus), but
not the megabat (Pteropus vampyrus), is remarkable, with a massive
diversification, especially for CD1A (Fig. 1). Apparently, only one
or two CD1 genes, which are similar to CD1D, remain in the rat
and mouse; however, this is not the case in the squirrel, indicating
that the loss of CD1A-CDI1C genes is not a general feature of the
whole rodent group.

Boudinot et al.
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Fig. 1.

NJ distance tree of MH1a, MR1, CD1, and related sequences. Protein sequences of a1-a2 domains were aligned using ClustalW, and a NJ tree was computed

using Molecular Evolutionary Genetics Analysis 6 (MEGA®) (pairwise deletion, bootstrap: n = 1,000). Significant bootstrap values are indicated for critical nodes.
Species: Reptilia: Anolis carolinensis, lizard; Gallus gallus, chicken; primates: Homo sapiens, human; rodents, etc.: Mus musculus, mouse; Oryctolagus cuniculus, rabbit;
Laurasiatheria: Canis familiaris, dog; Felis catus, cat; Bos taurus, cow; Myotis lucifugus, microbat; Afrotheria: Procavia capensis, hyrax; Loxodonta africanus, elephant;

marsupials: Monodelphis domesticus, opossum; Sarcophilus harrisii, Tasmanian devil.

Thus, although CD1-like genes are older than MRI, these
observations indicate that CD1 diversification happened (long)
after MR1 appearance. However, CD1 sequences from different
isotypes are much more divergent that MR1 in distant species.

MR1 Was Pseudogenized in Several Groups of Mammals. Surpris-
ingly, a systematic survey of mammalian genomes showed that
MRI is not present in all eutherian groups (Fig. 24), because it
was not found in any carnivore genome, in the rabbit and pika
genomes, or in the armadillo (Xenarthra). A comparison of the
MRI neighborhood across mammals shows that this region is, in
fact, well conserved but contains a mutated MR1 sequence in a
number of cases.

Four genomes of carnivores are available: cat (Felix catus), dog
(Canis lupus), panda (Ailuropoda melanoleuca), and ferret
(Mustela putorius furo). The MR1 genomic region is well conserved
in these species, with a translocation or perhaps misassembly in the
dog genome, but contains a MR1 pseudogene in the expected po-
sition close to the marker stx6 (Fig. 2B). These pseudogenes are
heavily mutated with a number of gaps or stop codons inside exons,

Boudinot et al.

of which distribution may reflect the phylogenetic relationships in-
side carnivores. For example, the cysteine 11 of the CELLE motif in
the a2 domain [ImMunoGeneTics (IMGT) positions 10-15] is
mutated in all four species, but is substituted by S in the cat and by a
STOP codon in sequences from the dog, ferret, and panda, which
are more closely related to each other (Fig. S1B).

No counterpart of MR1 could be identified in the rabbit
(Oryctolagus cuniculus) and pika (Ochotona princeps), suggesting
that it may also have been lost in lagomorphs. Best BLAST hits
using human MR1 bait share about 40% identity with it, and
were, in fact, more similar to human MH1 sequences. No con-
served synteny could be found in genomic data in these two
species, because markers (or pairs of markers) of the regions are
found on different short scaffolds that are not connected in the
current assemblies. Hence, it is not clear if the region has been
extensively rearranged during evolution or if the available ge-
nomic data do not allow the reconstruction. A functional MRI is
also missing in the armadillo genome (Dasypus novemcinctus), in
which a mutated MR1 sequence was found at the expected lo-
cation between ier5 and stx6 markers as described above for
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carnivores (Fig. 2B). However, a functional gene was found in a
short scaffold of the sloth (Choloepus hoffmanni), another rep-
resentative of Xenarthra, suggesting that the pseudogenization
observed in the armadillo is either restricted to this group or
might be an artifact.

Taken together, these observations indicate that MR1 is highly
conserved across most mammals, including marsupials, but has
been lost or inactivated in several clades of eutherians (Table 1).

Consistent Loss of TRAV1 Gene in Species in Which MR1 Is Mutated.
MR 1-restricted MAIT cells use an iTRA chain that is produced
by a rearrangement of TRAV1-2 to the TRAJ33 gene. This
rearrangement and the MAIT specificity are conserved between
species, at least between humans, cattle, and mice. Because MR1 is
mostly recognized by TR comprising TRAV1-2, we investigated
whether the lack of functional MR1 in some mammalian species
would be correlated to a lack of TRAV1. The closest relatives of
human TRAV1-2 were identified by a reciprocal BLAST approach
in 15 representative species of mammals: two marsupials (Opossum
and Tasmanian devil), two xenarthrans (armadillo and sloth), an
afrotherian (elephant, Loxodonta africana), two lagomorphs (rabbit
and pika), a rodent (mouse), a primate (human), a bat (microbat),
four carnivores (cat, dog, panda, and ferret), and a cetartiodactyl
(cow). Putative counterparts of other human TRAV genes, in-
cluding TRAVS, TRAV10, and TRAV22, were also identified
across the same list of species. A NJ analysis was then performed to
identify the orthology groups across these TRAV sequences
(Fig. S2).

Armadillo ch: JH568561

Zebrafishch:22

from the Genomicus representation; MR1 genes are

+
possum + =} Sloth scaff_4840 .
Reptiles and Birds: Chicken - DDAPD  ®) Tas. devil ch: GL856756  represented by a red polygon framed in black, and
Bony Fishes: Zebrafish - DODDAOD B Chicken ch:8 MR1 pseudogenes are represented by a red sphere
N,

framed in black. The color code corresponds to the
different genes of the region.

Human and mouse TRAV1 genes are located at the 5” end of
the TRAV locus (IMGT locus representation, www.imgt.org)
(27), close to several conserved markers, such as tox4, sall2, and a
number of olfactory receptor genes. The localization of the
TRAV1 best BLAST hits within the locus was analyzed in each
species and is represented in Fig. S3. All TRAV1 orthologous
sequences (Fig. S2) were located at the beginning of the TRAV
locus, close to tox4 and sall2, confirming the phylogenetic pre-
dictions and the validity of our approach.

Strikingly, the absence of a TRAV1-like gene at the beginning of
the locus was systematically observed in all species lacking a func-
tional MR1 gene (Table 1): in all four carnivores, in the rabbit and
pika, and even in the armadillo. Within Xenarthra, it is remarkable
that the armadillo lacks both functional MRI and TRAVI, in
contrast to the related sloth, in which a functional MRI and a typical
TRAV1 were found. Because sequences related to TRAV2 and
TRAVS (Table 1) were identified in lagomorphs, carnivores, and
the armadillo, the lack of TRAV1 in these clades was not due to a
global change of the 5" side of the TRAV locus, but rather to a
targeted loss of the TRAV1 gene.

Taken together, these results indicate that MR1 and TRAV1
are locked in an evolutionary unit, and MRI remnants found in
different species lacking TRAV1 suggest that the loss of TRAV1
likely preceded MRI inactivation. Notably, TRAV1 is also used
in humans by GEM T cells that are restricted by CD1B (9). No
correlation between the presence/absence of TRAV1 and CD1B
was found (Table 1), suggesting that other TRAV genes are used
by CD1B-restricted T cells in species lacking TRAV1.

Table 1. Correlation between the presence of functional MH1Like genes restricting invariant
TR, and selected TRAV across mammals

Mammal MR1* CD1B TRAV1 TRAV5 (CDID TRAV10 TRAV22 MHX TRAV41
Human + + + + + + + + (like)
Mouse + - + + + + + - -
Rabbit - +Q@ - + + + + + +
Pika - +(Q) - + + - + + -
Cow + + + + + + + + +
Cat + - + + + + + +
Dog - + - + + + + ? -
Panda + - + + + + + +
Ferret - - - + + + + + +
Microbat + + + + + - + + +
Elephant + - + + + + - + +
Sloth + - + -2 + + + +
Armadillo - - - + + + + + +
Opossum + - + + cd1” - - - -
Tasmanian devil + - + + cd1’ - - - -

*Gene names (human IMGT nomenclature).

TIndicates that the best BLAST hit for a human sequence shows some significant similarity to it but is not clearly

its closest counterpart.
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The TRA chain expressed by human CD1D-restricted NKT
cells results from the rearrangement of TRAV10 to the TRAJ18
gene. In contrast to MR1, CDI1D is found in lagomorphs and
carnivores, as well as in all of the main groups of eutherians we
investigated (Table 1). Accordingly, TRAV10 is widely dis-
tributed across eutherians: This gene is apparently missing only
in the microbat, which has CD1D, as well as in the sloth (but
not the armadillo) and pika (but not the rabbit). In the rabbit,
a typical CD1D was found (Fig. 1), which is effectively expressed,
as shown by the presence of multiple perfect matches in the
Transcriptome Shotgun Assembly (TSA) database (e.g.,
GBCT01064921.1); a gene encoding a protein 74% similar to the
human TRAV10 was also identified on chromosome 17, but was
absent from all EST databases or the TSA database. These ob-
servations, as well as our own sequencing experiments (discussed
below), suggested that the TRAV10/TRAJ18 combination with
the canonical length characterizing NKT cells is expressed at low

loops (Fig. 34).

B

levels, suggesting, at best, a very low frequency of NKT cells in
the rabbit. Moreover, the frequency of NKT cells was below the
detection level when staining blood lymphocytes with a-GC-
loaded murine CD1D tetramers.

Altogether, these observations suggest that CD1D was not lost in
large groups of eutherians and indicate that the presence/absence of
a TRAVI10 gene used by the corresponding invariant TR is not
strictly correlated to the occurrence of a functional CD1D.

TRAV1 CDR1 and CDR2 Are Highly Conserved Across Mammals. To
test the hypothesis of a particular evolutionary pressure exerted
on TRAV1 in comparison to TRAV expressed by conventional
TR, we performed multiple alignments of sequences from vari-
ous mammals and analyzed the variability of CDR1 and CDR2

Overall, the level of similarity of complete TRAV sequences
between humans and other species is relatively constant, and
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=
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% id human
TRAV1 CDR1 CDR2 Jman TRAV  CDR1 CDR2
human 1.2 TTGONIDQPTEMTATEGAIVQINCTYQ [TSGFNp LFWYQQHAGEAPTFLS L EEKGRFSSFLSRSKGYSYLLLKELQMKDSASYLCA 100
oranoutang 1.2 TTGONIDQPTEMTATEGAIVQINCTYQ |TSGFNG LFWYQQHAGEAPTFLS L DEKGHVSSFLSRSKGYGYLLLKELQMKDSASYLCA 95 1 T§mlg YEVmGL
mouse AAGQGVEQPAKLMSVEGTFARVNCTYS [TSGFNE LSWYQQREGQAPVFLS L KDSGHFSTFLSRSNGYSYLLLTELQIKDSASYLCA 66 ST - O e
rabbit -
sheep SAGKGVEQPTELTAMEGASAQVNCTYQ |TSGFN LFWYQQHDGGAPVFLS L ETRGHFSSFLRRSDAHSYLLLKELHMKDFASYLCA 75 10 V%
horse TVGQDVHQOPSELTGMEGAFVQVNCTYQ |TSGFNG LSWYQQHDGGAPIFLS W ERKGHFSSFLSRSDTYSYLFVKELRVEDSASYLCA 74 Y.5 =15
cat - i -
panda -
microbat TAGQGVQOPPELT. QINCTYQ [TSGFN LFWYQQHDGGAPIFLS L DRRGRFSSFLSHSDTYSYLLLRELQMKDAASYLCA 79 22 égx%m
megabat ATGQGVQOPSELVAMEGASVQVNCIYQ [TSGFNR LFWYQQDDGRAPIFLS L EKRGHFFSFLSCSETYSYLLLKELQMKDSAFYLCA 74 Rl TG
elephant TVGQDIQQPTELTAMEGESVQVNCKYQ |TSGFN5 LFWYQQSDGGAPTFLF RL. EGRGRYSSFLNRSSAYSYLHLTELOMKDSARYLCA 74
armadillo -
oppossum VFGKNIEQPALLMVTEGASIKINCTYQ |TDGFNf LYWYRQCEGGALMYAS YRVLNGL KNHGWLDSFLSQADTYSYLLLKHSQMTDSASYLCA 59 41 m Lm
tasmanian devil VVGKNIEQSALLMVTEGTSIKINCKYQ |TDGFN LYWYRQCEGGAPMYAY YRVLDGL KDHSEFVSFLSQANTYSYLLLNHSQMTNSASYLCA 55 : ! L ) g =
<o
TRAVIO CDR1 CDR2 mo 5 DOASAY JESNVBK  zE
human  GNGKNQVEQSPQSLIILEGKNCTLQCNYT VSPFSN LRWYKQDTGRGPVSLTI MTFSENT KSNGRYTATLDADTKQSSLHITASQLSDSASYICVVS 100 ' : Q=
orangoutan  GSGKNQVEQSPQSLIILEGKNCTLQCNYT VSPFSN LRWYKQDTGRGPVSLTI MTFSENT KSNGRYTATLDADTKQSSLHITASQLSDSASYICVVS 74 o=
mouse  VAGKTQVEQSPQSLVVRQGENCVLQCNYS VTPDNH LRWFKQDTGKGLVSLTV LVDQKDK TSNGRYSATLDKDAKHSTLHITATLLDDTATYICVVG 75 E é
guinea pig  VNGNPVVEQSPQSLTVLQGESCSLQCDYT VSPVNN VRWYRQDPGRGPVLVII IASTKSK TSDGRYTVTLDVAAKHSSLHITASQPSDSASYICVVG 76 =
sheep VSGKNQVEQSPPSLAVLEGENCTFQCNYT VSPFNT LRWYTQDTGRGLVSLIT MTYSDNK KSNGRYTATMDATAKHSFLHLTAAQLSD 70 ==
horse  VSGKNQVEQSPPSLTILEGENCTFQCNYT VSPFNN LRWYKWDTGRGPVSLII MSSSERR RSNGRYTATLDTANKGSSLHITAAQLSDAAVYICVVG 58 =
cat
panda  VSGKNQVEQNPPYLMVLEGANCTMOCNYT VNPFSN LRWYKQSTGRGPASLTV MTYGDSK KSDGRYTETLDATTKHSSLHITAAQLSDSAIYICVVS 66
‘ microbat
megabat
elephant  VNGNNQVEQSPWSLIILEGENCTFQCNSS VSPFNN LRWYKEDAGRGPVSLII MTYSESQ KSNGRYTATLDANAKRSFLHLTGSQLSDSASYICAVS 57
B armadillo
opossum
. tasmaniandevil (?) SRSQNKVEQSPRLLTVKAGEDSTFKCSYK ITPFNN LQWFKQSPGKGLVFLTF TRFSDET KSNGRFKATINATSEEGYLRVTSSQSKDSATYFCVAS 42
TRAV22 CDR1 Trav22
human  VRGIQVEQSPPDLILQEGANSTLRCNFS DSVNN- -QWFHONPWGQLINLFY KONGRLSATTVATERYSLLYISSSQTTDSGVYFCA 100
orangoutan = VRGIQVEQSPPGLILOEGANSTLRCNFS ATVNN- LOWFHQONPWGQLINLFY KONGRLSATTVTTERYSLLYISFSQTTDSGVYFCA 94
MOUSe  VKGQQVQQSPASLVLQEGENAELOCNFS STATR- LQWFYQHPGGRLVSLEFY KHTGRLTSTTVTNERRSSLHISSSQTTDSGTYFCA 64
rabbit  VRGLQVQQSPSALRVQEGASPTLRCNFS TTVNN- VQWFRONPGSGLVNLFF KONGRLKATVSSQERYSTLHVTTSQLEDSGTYLCA 64
sheep VRGLDVEQSPPALSLQEGASHMLRCNFS ASVSN- VQWYLONPSGRLIHLFN KODGRLNATTIPTERRSSLHVSSSQTTDSGTYFCA 73
COW  VQGLDVEQSPPALSLQEGASHVLRCNFS ASVNN- VOWYLQNPSGHLIHLFN KONGRLNATTIPKERRSSLHISSSQTTDSGTYFCA 72
cat VTGLMVKQSPPDLSLQEGLSCTLQCSFS TSVTR- VOWFRONPGGHLIHLFY KONGRLRSTTVVEDRRSLLYISSSRTTDSAIYFCA 70
dog VTGMEVEQRPLVESVLEGASPTLQCNFS TSATS- VQWFRQDPGGHLVHLFY KHNGRLNSTTVTKERRSSLYIFSSQTTDSAIYFCA 62
microbat  VRGVQVEQSPPALILOEGASSTLRCNFS TSVNN- VOWFRONPGGRLVNLFY KWNGNLKATTDPKERRSSLHVSSSQTTDSATYFCA 75
megabat
elephant
armadillo  VRGVEVKQYPPALSVQEGANSMLWCNFS TSVNN- VOWFRONPDGHLINLFY QOKGRFSSTTVAKERHSSLNISSSQNTDSAIYFCA 72
opossum?  SCOQKVEQSPPTQTVQEGENTTFSCRYS DSASSG VQWFRODPGKGLISLFY IASEG KQKGRLRSTINRKELLSSLYITDSQPEDSGTYLC 50

tasmaniandevil RCQQNVEQSPRNLRVQEREKAALNCNYS NSASTN LQWFKQDPRKGLILLFY ITSEG KQKGRLRSTLNRKERHSSLHISDAQPGDSGTYFC 50

TRAV41 CDR1 CDR2

Trav41
human  AKNEVEQSPONLTAQEGEFITINCSYS VGISA LHWLQQHPGGGIVSLFM LSSGK KKHGRLIATINIQEKHSSLHITASHPRDSAVYI 100
orangoutan
mouse
rabbit HGKSKVKQSPQYLSAREGEFLTIDCSYS LHWLQQTPGGGIVSLFI | LSLEM |KKNGRMSATINTKESQSSLHITASQLRDSATYL 66
sheep SGKNGVEQSPRYLSAQEGDLITINCNYL LOWLQONPGGSIISLLT | LSLEM |KKKGRVSATINRRERYSSLNITAPQPTDSAIYF 60
COW  SGKNGVEQSPRYLSAQEGDLVTINCNYL LHWLQONPGGGIISLLI | LSLEM |KRKGRVSATINSRERYSSLNITASQPTDSAIYF 61
cat SGKNGVEQSPQSLTAQEGNFVTINCSF LHWLQONPGGGIVSLFI | LSLEM |[KKKGRIRATINTEELHSSLYITASQPRDSAIYL 73
dog
microbat NGKNGVEQSPQHLSAQEGEVITINCSYS LHWMRQNPGGGIVSLFT|LSLEM |[KKKGRISATINTKESRSALHISAAQPRDSAVYL 68
megabat
elephant SGKNEVEQSPPYLSAHEGELITINCSYS LOWLQONPGGGIVSLFL| LSLEM |KKKERLSATINTKERHSSLHIAASQPRDSATYL 70
armadillo RGKNKAEQSPEYLISQEGEFVTINCSYS LOWLQQISGGSIVSLFL|LSLEM |KKKGRFSATINIEKSRSSLHITAAQPRDSANYT 65
0pOSSUM?  RGOVKVDQSPGVLNLQEGKSSVLKCSYS STMTT LQWFKQKPGEGLIFLFF LTGET QQKGNLRATLNTKERQSSLYITASQPGDSATYL 45
tasmaniandevil? RGOVKVDQSPQVLSLOEGDNFMLKCNYS STMTT LQWFKQKPGEGLIFLFF LTGET OKKENLRATLNTKKRQSSLYITASQPRDSGTYL 43

Fig. 3. Comparison of CDR1 and CDR2 of selected TRAV sequences across mammals. (A) Multiple alignments of TRAV1, TRAV10, TRAV22, and TRAV41
V exons from selected representative species of mammals are shown. CDR1 and CDR2 follow the IMGT definition, and highly conserved motifs in CDR are
boxed. The percentage of identity of each sequence to the corresponding human TRAV is given to the right of the alignment. (B) CDR1 and CDR2 were
extracted from multiple alignments, and their sequence variation was represented by frequency sequence logos. Note that the TRAV41 logo is based on
conserved typical TRAV41 sequences, thus not including human and marsupials, which lack MHX. The Seqlogo of TRAVS is provided as a control of TRAV not
involved in the invariant TR chain.
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TRAV1 does not appear particularly conserved. However,
SeqLogo representations show that TRAV1 CDR1 and CDR?2 are
both particularly well conserved, whereas TRAV5 CDR2 and
TRAV22 CDRI1 are highly variable. Regarding TRAV10, which
encodes the iTRA chain of NKT cells, the CDR2 that does not
interact with the CD1D/Ag complex is also highly variable; in
contrast, TRAV10 CDR1, which contacts the glycoside head of the
Ag presented by CD1D, shows an intermediate level of conserva-
tion (Fig. 3). Thus, conservation of CDR loops reveals situations in
which a TRAV and the corresponding MH1LikeAg complex are
evolutionarily locked by specific interactions. TRAV1 and MAIT
cells constitute a perfect example. Notably, it has already been
observed that the most conserved amino acids in TRAV1 CDR
make contact with MR1 (28).

A Well-Conserved TRAJ33 Is Present in All of the Main Groups of
Mammals. The orthologs of selected TRAJ genes were also
identified in representative species of the main groups of mam-
mals, and NJ analysis was performed to confirm that they constitute
consistent evolutionary subsets (Fig. S4). Counterparts of the hu-
man TRAJ33, which is used by the iTRA chain of MAIT cells, were
found in all species investigated as for TRAJ38. Thus, in contrast to
TRAV], this gene has not been lost in species in which there is no
functional MR1. There was no correlation between the occur-
rence of TRAJ12 and TRAJ20, which are also used by human
MAIT cells, and the presence/absence of MR1. With regard to
human TRAJ18, which is part of the iTRA chain of NKT cells,
counterparts were found in all eutherian groups but not in any
marsupial species, which parallels the absence/presence of the
CD1D gene.

Notably TRAJ9, which, together with TRAVI, is part of the
semiinvariant TR of human GEM T cells, was not found in mice
and the opossum (Fig. S4), which could fit with the absence of the
CD1B gene in these species (Table 1). TRAJ9 was not retrieved in
the dog, ferret, panda, or cat despite the presence of CD1B; this is,
in fact, consistent with the lack of TRAV1 in carnivores, and sug-
gests that GEM-like T cells restricted by CD1, if they exist, would
use a different TRAV/TRAJ rearrangement to produce their
iTRA chain.

ITRA Chains Expressing TRAV41 Are Found in the Rabbit in the
Absence of MAIT Cells. Our findings indicate that several groups
of mammals lack typical MAIT cells. The case of the rabbit is
particular, because this species lacks MR1 and TRAV1 and does
not harbor detectable NKT cells in the blood. In the hypothesis of
a compensatory mechanism, we searched for other innate T cells
and MH1Like/iTRA systems in this species. For this purpose, we
performed a 5" RACE analysis of TRA transcripts, using a TRAC-
specific primer, in three independent individuals and subjected
the RACE products to deep sequencing. Reads were aligned
from the 3’ end, and TRAJ segments were recognized through
the detection of the F/YGXG (canonical or related) motif.
TRAV segments were detected through the occurrence of the
Y/FC (canonical or related) motif, upstream of the TRAJ sequence.
Because the reads were performed from the 3’ end, only partial
sequences of TRAV were obtained, but they were long enough to
identify V genes.

We aggregated sequences sharing the same TRAV and TRAJ
and encoding a CDR3 of a given length, and computed the fre-
quency of such sequence sets, which we named “VJL combinations”
(for V/J/length), within the total number of reads. We then com-
pared the contribution of each rabbit to this frequency (Fig. 44).
Consistent with the CD1D tetramer data, we only detected very few
occurrences of the iTRA chain corresponding to NKT cells: The
corresponding TRAV10/TRAJ18 VIL represented 0.02%, 0.003%,
and 0.01% of all functional VJLs in the blood of the three rabbits
studied. Because the CDR3 sequence of this VJL was heteroge-
neous, it might just correspond to conventional T cells.

However, among the most frequent VJLs, two were found at
significant frequencies in each individual (VIL#1 and VIL#4)
(Fig. 44). VIL#1 was particularly interesting because it showed
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several features suggestive of a TR invariant alpha chain (1):
This VIL was consistently the most represented VJL in all three
rabbits, accounting for 0.37%, 0.38%, and 0.32% of all reads
with a functional VJL (2). VIL#1 expresses the rabbit counter-
part of human TRAV41 (Fig. 4B), which is found in combination
with 13 TRAJ, for a total number of VJLs of only 17 (3). Re-
markably, TRAV41 CDRI1 is highly conserved with a GMT motif
and CDR?2 is strictly identical (LSLEM) across many mammal
species as different as the rabbit, cat, elephant, and armadillo (Fig.
3), and CDR3 within VJL#1 shows a limited variability (Seqlogo in
Fig. 44). VIL#4 was also well represented in all three individuals
(Fig. 44). It comprised TRAV22, but this gene is found in as many
as 238 VIJL, with 50 different TRAJ and highly diverse CDR3
length and composition (e.g., Seqlogo of VIJL#2, VIL#3, and
VIJL#4); additionally, TRAV22 CDR1 and CDR?2 are not as highly
conserved as in TRAV41 or TRAV1; Fig. 3). Notably, VIL#4
represented only 3.4%, 1.4%, and 3.8% of the TRAV22-like se-
quences, whereas VIL#1 represented 74%, 74%, and 67% of the
TRAV41-like sequences in the three rabbits. Altogether, these data
suggest that VIL#4 does not correspond to an iTRA chain, whereas
VIJL#1 does.

These results strongly suggest the presence of T cells with
iTRA chains in the rabbit that would not correspond to MAIT or
NKT cells.

An Alternative Highly Conserved MH1Like Sequence Is Found Across
Eutherian Mammals, Including Species in Which MR1 Has Been
Inactivated. The independent pseudogenization of MR1 in sev-
eral groups of mammals raises the question of how its functions
would be fulfilled in the species that have lost it, because this
sequence is highly conserved and subjected to strong purifying
selection pressure in other mammals (15). The presence of an
iTRA chain in the rabbit further supports the idea that the
function of MR1 may be performed by other MH1Like proteins,
restricting another specific T-cell subset.

We therefore looked for putative MH1Like sequences in the
rabbit and other mammalian species lacking MR1 (Dataset S2C). In
addition to the “old” MH1Like molecules [e.g., HFE, FCGRT
(previously FcRn), PROCR] (1), we found a gene, which we named
MHX, encoding an MH1-related molecule. Although MHX is ab-
sent from the mouse, the rat, and primates, it is present in most
groups of mammals, including Xenarthra, Afrotheria, Chiroptera,
Artiodactyla, carnivores, and Lagomorpha, as well as in a rodent,
the squirrel (Fig. 54). The MHX gene is part of a conserved group
of synteny comprising trim7, gnb2I2, trim 41, and #rim52 (Fig. 5B).
The MHX region is not in the MHC itself, but is linked to one of its
paralogons (29) (Fig. S5). Thus, the MHX gene is located on cow
chromosome 7 and rabbit chromosome 11, in a region with many
genes of which human orthologs are located in the human 5q11-q35
or 19p13 region (Fig. S5), whereas the cow MHC locus is on
chromosome 23 and the rabbit MHC locus is on chromosome 12. It
could be noted that MRI is also on a MHC paralogous region,
located on the human genome 1g25.3. Such a location of MHX in
paralogs of the bona fide MHC might suggest that MRI and MHX
could derive from ancient MH1Like genes from the original
paralogons produced by Ohno’s whole-genome duplications.
However, many cis-duplications and translocations occurred during
evolution, and alternative explanations cannot be excluded.

No MHX gene could be identified in the dog, perhaps due to
misassembly or incomplete genomic data. However, this gene is
present in caniformes, because it is found in the ferret, the panda,
the black bear (Ursus americanus), and the Weddel seal (Lep-
tonychotes weddellii). No MHX sequence was found in marsupials
(opossum and Tasmanian devil), but a related sequence was iden-
tified in the platypus, which, however, appears as an outgroup of all
MHX sequences in the phylogenetic tree (Fig. 5C). Moreover, it
lacks many conserved amino acids across MHX sequences (Fig.
S1C) and is not located in the same genomic context as the eu-
therian MHX genes, suggesting it may not be a true ortholog. In-
terestingly, the al and a2 domains of cow MHX show particular
features and appear to be more similar to MH1, compared with
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Fig. 4. Rabbit TRAV41 shows features typical of iTRA chains. (A) Frequency of the VIL (TRAV/TRAJ/CDR3 length) combinations in repertoires sequenced from
the blood cells of three independent rabbits. The relative frequency of VIL in each animal is denoted by a given color, and the frequency sequence logo of the
CDR3 sequences encoded in the VIL is represented on the right. The unique VIL in which TRAV41 is implicated is ranked first according to the cumulative
frequency over the three rabbits, and is well distributed between the individuals; the following less abundant VIL combinations use TRAV22 associated with
different TRAJ segments, and encode CDR3 of variable sequence. They represent a minor fraction (0.2-4.5%) of transcripts comprising TRAV22, whereas
VIJL#1 represents a major fraction (~x70%) of transcripts comprising TRAV41. (B) Location of the TRAV41 within the TRA/D locus is on rabbit chromosome 17

(Chr17).

MHX from other species. Overall, MHX and MRI distributions in
mammalian genomes are rather complementary.

MHX sequences constitute a well-supported branch in the phy-
logenetic trees (Fig. 5C). Sequence analysis suggests that MHX
encodes an MH1Like molecule, like MR1 and CD1. As in other
MHI1Like G domains, there is only one amino acid (IMGT position
39) in the MHX o1 CD turn (in contrast to three amino acids in the
MH1 ol CD turn) and two amino acids (IMGT positions 15 and
16) in the o2 AB turn (instead of three amino acids in the MH1 o2
AB turn) (Fig. S1 C and D). Although MHX lacks an alanine in
position 54 in a1, a typical feature of most MH1Like sequences, this
feature has also been observed in a few MHI1Like al domains
(IMGT protein display, www. nngt org) (20). Molecular modeling of
rabbit MHX along the H-2K” sequence (Fig. 5D) showed that
MHX displays a typical MH groove. This groove is open at the “N
terminus” but closed at the “C terminus” (Fig. 5 D, i). The C-ter-
minus pocket is dominated by hydrophobic residues (Fig. 5 D, ii and
iif), but many positively charged residues are found in the floor of
the groove. Altogether, the features of the groove look rather
similar to those of an MH1 molecule without any indication for a
particular type of ligand.

We then analyzed MHX expression and polymorphism in the
rabbit, because this species does not have MAIT or NTK but likely
expresses invariant TR; hence, MHX may be more important in this
context. The rabbit MHX is expressed in a number of tissues as
shown by the 45 ESTs from the lungs, liver, skin, brain, testis,
kidney, eye, and muscle [tblastn Expect (E) value < 9e-90 of the
genome-predicted MHX onto TSA]. Importantly, only two posi-
tions were found to be polymorphic among the available rabbit
ESTs: position 47 (L/P) and position 89 (S/T) in the al and a2 D
strand and helix, respectively (alignments in Fig. S1C illustrate
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numbering). Furthermore, deep sequencing data from the spleen of
three individuals and from the mammary glands of nine individuals
were analyzed. The diversity of MHX sequences was very low, and
the distribution of substitutions between ESTs and the reference
MHX sequence was similar within the al-a2 region and in the rest
of the molecule, suggesting that MHX al-a2 domains are not
polymorphic. In contrast, a significant diversity was found in MH1
sequences, and this diversity was higher in the ol-a2 region
(Dataset S2D).

As in MR1, the al and a2 domains of MHX are highly con-
served across mammals (Dataset S2E). As previously reported
for MR1 (15), amino acid changes [nonsynonymous (dN) sub-
stitutions] were minimal and silent [synonymous (dS)] substitutions
were predominant (Fig. S64). The ratio ® = dN/dS is an indication
for negative selection (o < 1), neutral evolution (o = 1), or positive
selection (w >1), and we used Phylogeny Analysis by Maximum
Likelihood (PAML) to test whether specific sites were under pos-
itive selection. The model of substitution distribution M2a was used
to test this hypothesis; a value of w >1 was detected for only 0.05%
of sites and the likelihood-ratio test result was not significant,
rejecting the positive selection hypothesis and more in favor of a
purifying selection process (Fig. S6B).

Altogether, the similarities between the phylogenetic features
of MR1 and MHX suggest that the MHX molecule may present
an evolutionarily conserved, hence likely, nonpeptidic Ag. Al-
though our data do not provide any direct evidence that the iTRA
found in the rabbit is expressed by T cells restricted by MHX, a
comparative analysis of the TRAV41 gene in mammals reveals
an interesting pattern. The distribution of TRAV41 across
mammals is consistent with the distribution of MHX, except that
it is present in humans, which lack MHX (Fig. 5 and Table 1).
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Strikingly, CDR1 is highly conserved and CDR?2 is strictly
identical (LSLEM) within mammals that possess a MHX gene
(Fig. 3); in contrast, the human TRAV41 sequence, although
similar overall to the sequence of TRAV41 from other species,
has divergent CDR1 and CDR2 (Fig. 3). Hence, the canonical
CDR1 and CDR2 of TRAV41 correlate with the presence
of MHX.

Discussion

The high conservation in mammals of both MR1 and the iTRA
chain of MAIT cells indicates important functions for these cells.
We confirm that MR1 stands apart in comparison to classical
MHI1 and to other MH1Like proteins restricting conventional or
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invariant T cells, with a much slower rate of evolution/genetic
changes. The appearance of MR1 in early mammals indicates
that it does not represent an ancestral molecule fulfilling primor-
dial functions in vertebrates. The independent loss or inactivation of
both the MR1 and TRAV1 genes in three instances suggests that
the functions of MAIT cells is either dispensable or that another
T-cell subset restricted by another MH1Like molecule has taken
over their role. The repeated loss/inactivation of TRAV1/MR1
might also be related to a deleterious role of MAIT cells in some
environments. Moreover, the MRI remnants found in species
lacking TRAV1 suggest that the loss of TRAV1 preceded MRI
inactivation. This finding is also consistent with the idea that
because TRAV1 is also used by conventional T cells, the disruption
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of MRI should not have led to the loss of this TRAV. Hence, our
results suggest that the only function of MR1 is to present Ags to
MAIT cells and that the evolutionary pressure operates mainly on
the MR1-restricted T cells that use TRAV1. The way in which
MHC restriction is imposed to TR is still debated, with variable
importance given to two different mechanisms: (i) a selected,
germline-encoded physical interaction between TR V domains and
MH molecules leading to intrinsic “rules of engagement” and (ii)
a restriction imposed by the CD4/CDS8 coreceptor environment
that restricts TR-induced signaling and T-cell thymic selection
(25, 30). Our data strongly argue for a coevolution model in the
case of MR1 and TRAV1 with structural properties engrafted
in the germ line. Because the recognition mode of MR1 by the
invariant MAIT TR is highly reminiscent of the classical TR/MH
recognition (31), our data argue for the coevolution model in
the general debate on the origin of TR/MH interaction. Our
findings raise two main questions regarding (i) the function of
the MR1/MAIT cell system in mammals and (ii) how this func-
tion would be fulfilled in the absence of the MR1/MAIT cell
system.

The evolutionary conservation of MR1 is greater than the evo-
lutionary conservation of other MH1Like molecules, such as HFE,
AZGP1 (previously ZAG), or FCGRT (32) (Fig. 1), which are not
subjected to pathogen-induced selection because they are not in-
volved in Ag presentation. The excess of synonymous substitutions
in the sequences of the two MR1 groove domains indicated a pu-
rifying selection process (15), further emphasizing the selection
pressure on this molecule. Because 65-70% conservation of primary
amino acid sequences between species is sufficient to preserve
specific features (e.g., binding of specific classes of ligands) for other
MH superfamily proteins, such as classical MH1, MH2, or MH1Like
proteins (e.g., CD1D) (32, 33), this stronger conservation of MR1
sequence may reflect additional constraints on the external sides
of the groove. One hypothesis could be that MR1 is part of a
multiprotein complex with strong interactions with chaperon pro-
teins. This hypothesis fits with the particular trafficking of MR1
proteins, which, in the absence of ligand, remain mostly intracellular
in a poorly characterized compartment (15, 34).

Despite these evolutionarily conserved features, MR1 is not an
ancient MH1Like molecule because its specific features were
probably selected in the lineage leading to marsupials and placental
mammals about 170 Mya (26, 35). Because MR1 presents
microbe-derived pyrimidine adducts to MAIT cells, the function of
these cells could be related to regulation of microbe/host interac-
tions specifically in marsupials and eutherians. Although marsu-
pials lack a fully developed placenta and the fetus is nourished by a
mother-derived yolk-like structure (36), the fetus is transiently at-
tached to the uterine wall through a primitive placenta in some
species (36). Because recent data suggest that bacteria can often be
found in the placenta (37), MAIT cells could be involved in pla-
centa/microbiota interactions, although no data are available on
MRI1 expression or MAIT cell occurrence in the placenta. How-
ever, the independent loss of functional MR1 in several mammalian
groups indicates that MAIT cells are not required in mammals. It
should be noted that species lacking MR1 do not share common
features with regard to placental structure. Lagomorphs and the
armadillo (MR17) and primates (MR1%) have a hemochorial pla-
centa, whereas the placenta of both Carnivora (MR17) and Pro-
boscidea [elephant (MR1")] is endotheliochorial and cattle (MR1%)
placenta is epitheliochorial (38).

MAIT cells are abundant in the liver, which drains all of the
digestive tract blood (39, 40). The liver is in direct contact with
gut microbiota-derived compounds and translocated bacteria.
MAIT cells could be involved in the antibacterial firewall func-
tion that has been proposed for the liver (41). However, from an
evolutionary perspective, the gut-liver portal vascular system is
also present in reptiles and birds, which argues against the hy-
pothesis that the MR1/MAIT cell system emerged in parallel
with the intestinal liver portal system to control translocated
bacteria. Still, MAIT cells could be involved in this function for
specific commensals or pathogens that would only be present in
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mammals, or may represent a mechanism specific to this group
of vertebrates. Moreover, one hypothesis to explain the disappear-
ance of MR1 and MAIT cells in some species could have been
specific gut microbiota related to specific diets. However, dogs and
cats are carnivorous, whereas bears and armadillos are omnivorous
and rabbits and related species (and even, secondarily, the panda)
are strictly vegetarian, indicating that there is no direct correlation
between diet and MR1/MAIT cell system occurrence.

We looked for MH1Like molecules that would be present in the
species lacking MR1 (Dataset S2C). In addition to the “old”
MH1Like molecules (e.g., HFE, FCGRT, PROCR) (1) that are well
conserved in mammals, numerous more recent MH1Like molecules
are found across species. One of those MH1Like molecules, which we
called MHX, was present in groups lacking MR1 (Table 1). This se-
quence is typical of an MH1Like molecule with the a1 and o2 do-
mains and the constant domain harboring canonical conserved amino
acids. Molecular modeling of the rabbit sequence revealed a groove
presenting hydrophobic residues and a closed end on the C-terminus
side but more charged and open-ended on the N-terminus side,
without any clear indication with regard to the nature of the ligand.

It is not clear whether the absence of this sequence in the dog
and sloth is real (and recent) or more likely due to incomplete
genomic data or misassembly. Indeed, this gene is clearly present
in caniformes because it is present in the ferret, the panda, the
black bear, and the Weddel seal. Notably, this MHX gene is not
found in humans and mice, although this gene can also be found
in species harboring MR1, such as cattle, elephants, and bats.
MHX shares many features with MR1, including restriction to
mammals (Fig. 54), lack of polymorphism and unusual conser-
vation between species (Dataset S2 D and E), signs of purifying
selection (Fig. S6), and independent loss in several species.

With regard to MH1 genes that are better known, the number of
CD1 genes varies from one to two (mouse) to >10. In the microbat,
numerous CD1 genes are found, whereas (classic?) MHI1 genes
(e.g., XP_014304883) contain insertions within their peptide-bind-
ing grooves, which would affect the nature and diversity of peptides
presented to T cells (42). Notably, the number of CD1 genes and
other “recent” MHI1Like genes seems to be higher in species
lacking MR1 [following Rodgers and Cook (1)]: For instance, the
cat harbors five CDI and 10 other “recent” MHI1Like genes,
whereas the armadillo has only one CDI but 49 MHILike genes.
Overall, our data suggest some kind of compensation between the
different MH1 and MHI1Like proteins that would allow pre-
sentation of Ags of different natures. According to the species and
the type of presenting genes (MH1 or MH1Like), the conventional
or semiinvariant T-cell responses would focus on peptides or on
compounds of various chemical natures, respectively. Such a com-
pensation could be reminiscent of the high number of MH1 genes
found in species in which MH2 genes have been lost, such as cod
(43), or are nonpolymorphic, such as the axolotl (44).

Although MHX is not present in humans and mice, it is im-
portant to determine the nature of the Ags presented by this
molecule and the type of T cells that respond to it. Indeed, the
functions of MHX is probably fulfilled by another MH1Like
molecule in humans and mice. Knowledge of the specific selec-
tive pressure being exerted on MHX may provide insights on the
type of pathogens and epitopes targeted by the human T cells
fulfilling a similar function and allow their identification.

Materials and Methods

Identification and Analysis of MH1Like and TRAV Sequences. Genes of interest
were extracted from the Ensembl database (releases 78-82); known se-
quences from human, mouse, or other species were used in BLAST EST, TSA,
and genome databases to look for the most similar sequences in species in
which genes of interest were not annotated. Best BLAST hits were subjected
to reverse BLAST analysis to reference species, and were used for phyloge-
netic analysis to test orthology relationships. Multiple alignments and NJ
distance trees were produced using MEGA6 (45). Synteny analyses were
performed using Genomicus (46). Regarding TRAV sequences, the topology
of phylogenetic trees, rather than absolute thresholds of similarity/identity,
was used to assign nomenclature; IMGT numbering and alignments were
performed according to Lefranc (20).
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Molecular Modeling of MHX. After sequence alignment, rabbit MHX was modeled
using SWISS-MODEL software to generate MHX.pdb. The viewed Protein Data
Bank file was modeled using H-2KP as a template and was viewed using Chimera
for analysis and figures.

Analysis of Synonymous and Nonsynonymous Mutations in MHX Sequences.
Coding sequences of MHX from the rabbit, microbat, cat, panda, ferret, squir-
rel, elephant, and armadillo were aligned using MEGAG, and the proportion of
synonymous (dS) and nonsymonymous (dN) substitutions was determined. PAML
was used to test positive selection as described in Fig. S6.

Samples and RNA Extraction for Sequencing of Rabbit TRA Transcripts. Ten milliliters
of blood was collected from three rabbits, and mononuclear cells were isolated
using Ficoll reagent (GE Healthcare) as recommended by the manufacturer. After
isolation, cells were resuspended in 500 pL of RNA lysing guanidine-thiocyanate
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containing buffer (RLT) + B-mercaptoethanol buffer, and RNA extraction, to-
gether with DNA digestion, was performed using an RNeasy Mini kit (Qiagen).

TRA Repertoire Sequencing. TRA repertoire sequencing was performed using a
5 RACE SMARTer PCR technique utilizing a gene-specific reverse primer and
a MiSeq apparatus (lllumina), followed by deconvolution of the reads as
described in SI Materials and Methods.
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