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Abstract

MHC-related protein 1 (MR1) presents microbial riboflavin metabolites to mucosal-associated
invariant T (MAIT) cells for surveillance of microbial presence. MAIT cells express a
semi-invariant T-cell receptor (TCR), which recognizes MR1-antigen complexes in a pattern-
recognition-like manner. Recently, diverse populations of MR1-restricted T cells have been
described that exhibit broad recognition of tumor cells and appear to recognize MR1 in association
with tumor-derived self-antigens, though the identity of these antigens remains unclear. Here, we
have used TCR gene transfer and engineered MR1-expressing antigen-presenting cells to probe
the MR1 restriction and antigen reactivity of a range of MR1-restricted TCRs, including model
tumor-reactive TCRs. We confirm MR1 reactivity by these TCRs, show differential dependence
on lysine at position 43 of MR1 (K43) and demonstrate competitive inhibition by the MR1
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ligand 6-formylpterin. TCR-expressing reporter lines, however, failed to recapitulate the robust
tumor specificity previously reported, suggesting an importance of accessory molecules for MR1-
dependent tumor reactivity. Finally, MR1-mutant cell lines showed that distinct residues on the
al/a? helices were required for TCR binding by different MR1-restricted T cells and suggested
central but distinct docking modes by the broad family of MR1-restricted ap TCRs. Collectively,
these data are consistent with recognition of distinct antigens by diverse MR1-restricted T cells.
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INTRODUCTION

Major histocompatibility complex (MHC) molecules are highly polymorphic and present
peptide antigens to T cells. Beyond classical MHC molecules, there exists a series of
monomorphic MHC class I-like molecules that present conserved, nonpeptidic antigens

for T-cell surveillance.l One such molecule, MHC-related protein 1 (MR1), captures

small metabolites derived from microbial riboflavin biosynthesis.2 Here, the riboflavin
intermediate 5-amino-6-p-ribitylaminouracil (5-A-RU), the enzymatic formation of which is
conserved across microbial species,3 acts as a precursor for a series of aromatic compounds
that bind MR1.4° These MR1-antigen complexes are in turn recognized by a specialized
T-cell subset called mucosal-associated invariant T (MAIT) cells,* which orchestrate an
antimicrobial immune response.>6 Central to MAIT cell MR1-antigen reactivity is the
semi-invariant MAIT T-cell receptor (TCR), which consists of a restricted TCR-a chain,
encoded by TRAV1-2 rearranged with either TRAJ12, TRAJ20 or TRAJ33 to form a

fixed complementarity-determining region 3a (CDR3a) loop,’~? combined with a TCR-B
chain enriched for TRBV20-1 and TRBV6 family genes.8 This forms a TCR capable of
docking MR1 and probing the antigen-binding cleft for the presence of the ribityl moiety
of the antigen.19-12 Accordingly, the key function of the MR1-MAIT TCR axis is to
monitor microbial infection via the riboflavin synthesis pathway, in a manner akin to a
pattern-recognition receptor—ligand interaction.

That the MAIT TCR and MR1 genes are highly conserved across mammalian evolution
suggests a strong selective pressure to maintain this immunological process at the molecular
level, centered around presentation of 5-A-RU-based antigens.813.14 The MR1-binding
cleft can nonetheless accommodate diversity in these ribityl compounds,2-10.12.15.16 the
most potent of which are the pyrimidine neoantigens, such as 5-(2-oxopropylideneamino)-6-
p-ribitylaminouracil (5-OP-RU).12 Central to the potency of these pyrimidines is their
formation of a covalent bond with a lysine at position 43 of MR1 (K43).12 Generation

of this so-called Schiff base occurs in the endoplasmic reticulum, anchors the antigen to the
MR1-binding cleft and triggers egression of MR1 to the cell surface.1”-1® The MR1-binding
cleft can also accommaodate a range of nonribityl compounds, for example, folate-derivative
6-formylpterin (6-FP)? and its synthetic analog acetyl (Ac)-6-FP,1° among others.16.20.21
The antigenicity and physiological roles of these nonribityl compounds remain unclear.
While all MAIT TCRs recognize the pyrimidine 5-OP-RU, select clones appear capable of
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differentiating between other ribityl or nonribityl antigens /7 vitro in a CDR3pB-dependent
manner.16:21.22 \Whether this extends to polyclonal primary MAIT cells /n vivo, however, is
unknown.

Beyond TRAV1-2* MAIT cells, there also exists populations of TRAV1-2~ T cells

that exhibit MR1 reactivity.23 In the first description of these cells, MR1-antigen
tetramers furnishing archetypal ligands 5-OP-RU, 6-FP and Ac-6-FP were used to

isolate diverse TRAV1-2~ populations that recognize ribityl and/or nonribityl antigens.?2
Another study isolated TRAV1-2~ MR1-reactive cells that recognized microbially infected
antigen-presenting cells (APCs).24 This included an MR1-5-OP-RU-reactive clone that
also reacted to APCs infected with Strepfococcus pyogenes, a species lacking riboflavin
synthesis enzymes, implying recognition of a nonribityl microbial antigen. A population
of TRAV1-2~, MR1-5-OP-RU-reactive cells that maintains the innate-like features of
MAIT cells has also been described,?® and this subset is enriched for a public, invariant
TRAV36*/TRBV28* TCR. More recently, a subset of y6 T cells that recognizes MR1

in antigen-dependent and antigen-independent manners was reported, extending MR1-
mediated immunity beyond the a.p repertoire.2% In contrast to the pattern-recognition
receptor-like recognition of MR1 by the MAIT TCR, structural studies have revealed

that TRAV1-2~ TCRs employ diverse docking modes to mediate MR1 recognition,22:26.:27
offering a potential mechanism for detection of antigenic variation.

The physiological role of the broader MR1-restricted T-cell family, however, remains
unknown, and indeed a role for MR1-mediated immunity beyond microbial surveillance is
yet to be ascribed. Given the diversity of MR1-binding ligands, however, it seems reasonable
that MR1 may capture and present a range of small molecules, akin to MHC presentation
of diverse peptides and CD1 presentation of diverse lipids.! Thus, for example, perturbed
metabolism resulting from cellular transformation in the setting of cancer may generate
tumor-associated MR1 antigens for T-cell surveillance. To this end, Lepore et a/.28 isolated
TRAV1-2~ T cells that responded to tumor cell lines engineered to overexpress MR1-B2m
complexes. Intriguingly, this reactivity was independent of K43, and moreover, distinct
clones detected different fractions from tumor lysates. More recently, Crowther et a/2°
isolated a TRAV1-2" clone (clone MC.7.G5) with broad tumor specificity and ignorance
toward healthy tissues. Genome-wide clustered regularly interspaced short palindromic
repeats/CRISPR-associated protein 9 (CRISPR/Cas9) screening revealed that this reactivity
was MR1 dependent. Moreover, these cells could mediate tumor cell killing /in vivo and

the TCR could be transferred to patient-derived T cells to mediate /n vitro killing of
autologous and nonautologous tumor cells. In both studies, 6-FP or Ac-6-FP could block
activation, suggesting displacement of tumor-associated antigen. However, unlike the study
by Lepore et al.,?8 MC.7.G5 reactivity was K43-dependent. Collectively, these studies
suggest MR1-dependent recognition of at least three distinct tumor-associated antigens by
diverse TRAV1-2~ MR1-restricted T cells. Accordingly, presentation of tumor-associated
antigens by MR1 may be an important and underappreciated mode of T cell-mediated tumor
surveillance, and more studies on this axis are needed. Here, we use TCR-gene transfer,
novel MR1-expressing cell lines and model antigen-presentation assays to confirm MR1
reactivity by the MR1-restricted TCRs from the studies by Lepore er a/.28 and Crowther

et al 29 We show differential dependence on K43 by these clones and that this reactivity is
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inhibited by 6-FP. We also perform alanine-scan-based assays to map the molecular hotspot
of MR1 utilized by these and other MR1-restricted TCRs.

RESULTS

MR1-reactivity by tumor-reactive MR1-restricted T-cell clones

To interrogate the MR1 reactivity of tumor-reactive MR1-restricted T-cell clones, we
tested a panel of MR1-restricted TCRs, including the MC.7.G5 TCR from the study by
Crowther et a/?° and two TCRs from the study by Lepore et a/,28 DGB129 and DGB?70,
that demonstrated recognition of distinct tumor lysate fractions. These TCRs were then
studied in comparison with previously characterized TCRs, including TRAV1-2* MAIT
TCRs (M33-64% and MBV2822), a TRAV1-2~ nonclassical MAIT TCR (MAV3622) and

a TRAV1-2~ 6-FP-reactive TCR (MAV2122; Figure 1a). To first assess the MR1-antigen
restriction of the MR1-restricted TCRs, TCR and CD3 genes were transiently expressed

in HEK293T cells, and the cells stained with MR1 tetramers loaded with 5-OP-RU or
Ac-6-FP (Figure 1b). As expected, the MAIT clones M33-64 and MBV28 stained brightly
with human MR1-5-OP-RU tetramers and showed strong xenoreactivity with mouse MR1-5-
OP-RU tetramers. Furthermore, the MR1-autoreactive MAIT clone M33-64 demonstrated
weak staining with MR1-6-FP tetramers as previously reported.?2 The tumor-reactive
clones, however, failed to stain with either of the tetramers in a TCR-dependent manner,
suggesting that 5-OP-RU and Ac-6-FP are not agonists for these TCRs, as previously
demonstrated.28:29 To formally assess and compare the distinct TCRs in a cell-based assay,
we next generated SKW-3 reporter lines that stably expressed these TCRs. Unlike primary
T-cell clones, in this system the matched SKW-3 background allows direct comparison

of the distinct TCRs in isolation from factors that may otherwise affect activation when
using primary T cells, such as differential expression of costimulatory molecules. As a
readout for MR1 reactivity, the SKW-3 lines were cocultured with C1IR APC lines and
CD69 measured on the SKW-3 cells (Figure 1c). All clones responded to anti-CD3 and anti-
CD28-conjugated beads, confirming that their TCR-signaling apparatus was intact. In line
with previous reports, MBV28 neither responded to wild-type C1R cells (C1R.WT) nor to
C1R cells genetically modified to overexpress MR1 (C1R.MR1), whereas M33-64 showed
an MR1-dependent autoreactivity.22 These two MAIT cell clones responded robustly in
the presence of exogenous 5-OP-RU. Both MC.7.G5 and DGB129 responded to C1IR.MR1
cells and this response was not enhanced in the presence of 5-OP-RU. By contrast, DGB70
failed to respond robustly to either APC line. To validate the MR1 reactivity of MC.7.G5
and DGB129, cocultures were repeated in the presence or absence of anti-MR1 antibodies.
M33-64 was included as a control for known MR1 reactivity (Figure 1d). Activation of all
three SKW-3 lines was blocked in the presence of anti-MR1 clone 26.5, an antibody known
to block MAIT activation.30 To assess whether a fully folded form of MR1 was required
for activation, an antibody that only binds an unfolded form of MR1, clone 8G3, was also
included.® However, this antibody failed to block activation. While this suggests that fully
folded MR1 is likely required for activation, we cannot rule out that the antibody simply
binds a noncompeting epitope and therefore does not have blocking capacity. Collectively,
these data validate that MC.7.G5 and DGB129 TCRs are indeed MR1-reactive and can
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detect MR1 in the absence of exogenous antigen. However, DGB70 failed to respond
robustly in this setting.

Differential dependence on K43 by MR1-restricted T-cell clones

To assess the role of K43 in the MR1 reactivity of these distinct clones, we generated
novel APC lines including lines in which K43 was mutated to alanine (MR1K434), To
generate an APC solely expressing MR1K43A, we reasoned that knockout of endogenous
MR1 was required to ensure that no wild-type MR1 could confound our analysis. We also
opted to generate APCs from distinct lines including 293T cells that robustly activated

the original MC.7.G5 clone?® as well as A375 cells that were used in the study by

Lepore et al.28 We first used CRISPR/Cas9 to knock out MR1 from each of the three

lines and generated single-cell clones that were then screened for MR1 gene deletion.
Unlike their wild-type counterparts, downselected clones knocked out for MR1 (MR1KO)
failed to stain with anti-MR1 after pulsing with Ac-6-FP (Figure 2a) and furthermore
failed to activate SKW-3 cells furnishing a MAIT TCR (clone MBV28) when cultured

in the presence of 5-OP-RU (Figure 2b). Complementary DNA from these lines were
sequenced, confirming that the region within exon 3 of the MR1 gene targeted by the
CRISPR single guide RNA exhibited excision of an 11-bp stretch of sequence which
resulted in a frameshift in the MR1 gene, rendering MR1 nonfunctional (Supplementary
figure 1). These MR1KO lines were then retrovirally transduced to overexpress wild-type
MR1 (MR1H!) or MR1K43A and fluorescence-activated cell sorting (FACS) sorted to purity
for high MR1 expression. Relative to MR1KO [ines, A375.WT cells had low endogenous
expression of MR1, whereas 293T.WT cells had undetectable MR1 expression (Figure 2c).
Overexpression of wild-type MR1 resulted in a marked increase in basal MR1 levels on
both lines, though A375 cells expressed substantially higher levels than did 293T cells.
Overexpression of MR1K43A resulted in an even greater boost in MR1 levels, consistent
with reduced endoplasmic reticulum (ER) retention as a result of the mutation! (Figure 2c).
Thus, 293T.MR1K43A cells expressed similar amounts of MR1 as did A375.MR1H]I cells.
These cell lines were then used in activation-based assays with tumor-reactive SKW-3 lines
as in Figure 1 (Figure 2d). Cocultures with C1R cell lines gave similar results to Figure

1, and cocultures with A375.WT and A375.MR1H! lines largely mirrored the activation
induced by their C1R counterparts, with M33-64, MC.7.G5 and DGB129 responding to
overexpression of wild-type MR1. M33-64 and DGB129 responded to A375.MR1K43A,
indicating that their activation was independent of K43. Indeed, this response was greater
than that toward A375.MR17!, which may be a result of the higher expression of surface
MR1 in the MR1K43A Jine. By contrast, despite this higher surface expression, MC.7.G5
failed to respond to A375.MR1X43A cells, suggesting a critical dependence on K43. 293T-
based APCs were very poor at activating the SKW-3 lines (Figure 2d). Accordingly, in

line with published data, MC.7.G5 and DGB129 demonstrate differential dependence on
K43, suggesting the possibility of distinct antigen reactivity. Of note, DGB70 again failed
to mount a robust response to either of the APCs, suggesting that this TCR maybe MR1
reactive but that that reactivity is not as strong relative to the other TCRs in this model
system. We therefore opted not to use this line in subsequent experiments. To further
compare the robustness of the MR1-mediated response by the three MR1-reactive TCRs,
dose titrations with A375.MR1 and C1R.MR1 APCs were performed (Figure 2e). All three
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SKW-3 lines responded more strongly to C1R.MR1 cells than they did to A375.MR1 cells,
suggesting that in this assay C1R.MR1 cells are stronger APCs, possibly a reflection of
the lack of adherence by this cell line. Furthermore, MC.7.G5 gave the strongest response
toward both APC lines across the dose range, suggesting that a stronger level of TCR-
mediated signaling, and by inference, MR1 binding,32:33 by this TCR.

Blockade of activation with exogenous 6-FP

The dependence of MC.7.G5 on K43 suggests the possibility that this TCR recognizes

MR1 presenting a K43-bound antigen. Accordingly, addition of K43-binding ligands such
as 6-FP or Ac-6-FP may displace any exogenous ligand(s) and inhibit activation of this line.
Indeed, both 6-FP and Ac-6-FP can outcompete 5-OP-RU to inhibit MAIT cell activation.19
A confounding feature of this system, however, is that ligands that neutralize K43 and
strongly stabilize MR1 result in enhanced MR1 surface expression.1”:19 In the context of
TCR clones that exhibit MR1 autoreactivity, addition of exogenous 6-FP or Ac-6-FP may
displace endogenous ligand, but the increased MR1 surface expression may counteract

this effect. We therefore first measured MR1 surface expression on A375.MR1H! lines in
response to titrated doses of 6-FP and Ac-6-FP. While both 6-FP and Ac-6-FP induced MR1
upregulation, Ac-6-FP induced far higher levels of surface MR1 (Figure 3a). Activation of
MR1-restricted SKW-3 lines in response to A375.MR1H! cells cultured with 6-FP or Ac-6-
FP was then assessed (Figure 3b). The TRAV1-2* MAIT clone M33-64 exhibited enhanced
activation in response to the top dose of 6-FP and a dose-dependent response to Ac-6-FP.
This reactivity aligned with surface MR1 levels in response to these ligands, likely reflecting
the MR1-autoreactive nature of the M33-64 TCR.22 By contrast, activation of both MC.7.G5
and DGB129 was reduced with the highest doses of 6-FP, despite the moderate increases

in surface MR1, suggesting the possibility that 6-FP was displacing an endogenous agonist
ligand. This effect was not seen, however, for Ac-6-FP cultures, whereby DGB129 exhibited
a similar dose-dependent activation to that of M33-64, and activation of MC.7.G5 was
largely unaffected in response to Ac-6-FP. This is possibly a result of the dramatic increase
in surface MR1 in response to Ac-6-FP, relative to 6-FP, potentially confounding the effect
of the ligand in isolation. Similar results were obtained when C1R.MR1H! cells were used
as APCs (Supplementary figure 2a). Given the enhanced MR1-surface expression is a result
of the stable binding of these ligands to the MR1 ligand-binding groove via K43,17 we next
assessed how 6-FP and Ac-6-FP affected activation in response to A375.MR1K43A APCs,
Although the basal surface MR1 levels are moderately higher on A375.MR1K43A cells
compared with A375.MR1H! cells, while A375.MR1H! cells upregulated MR1 moderately
and strongly in response to 6-FP and Ac-6-FP, respectively, A375.MR1X43A cells did not
increase surface MR1 levels in response to 6-FP, and only a slight increase in response the
top dose of Ac-6-FP (Supplementary figure 2b). When cocultured with A375.MR1K43A
cells, addition of 6-FP did not affect M33-64; however, there was a dose-dependent

increase in response to Ac-6-FP (Figure 3c). The K43-dependent clone MC.7.G5, by
contrast, exhibited activation in response to the highest dose of 6-FP, but not Ac-6-FP.
K43-independent clone DGB129 also exhibited an increase in activation in response to 6-FP,
and this was also not observed in response to Ac-6-FP. This raises the possibility that 6-FP is
weakly agonistic to these TCRs, and this aligns with the observation that 6-FP did not fully
knockdown activation when A375.MR1H! cells were used (Figure 3b). Our initial tetramer
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staining experiments utilized MR1-Ac-6-FP tetramers (Figure 1b). We therefore repeated
this staining using MR1-6-FP tetramers; however, while these tetramers weakly bound the
M33-64 line as expected,22 they failed to stain the MC.7.G5, DGB129 and DGB70 lines
(Supplementary figure 3). We also noted that 6-FP derived from folate in the Roswell Park
Memorial Institute-1640 (RPMI-1640) culture media may be contributing to the apparent
MR1 autoreactivity of these clones; however, culturing these cells in folate-free RPMI-1640-
based media prior to, and during, coculture experiments did not affect activation of the
MRZ1-restricted lines, though we cannot rule out fetal bovine serum as a source of folate

in these experiments (Supplementary figure 4). We next reasoned that tetramers produced
from soluble TCRs may stain the MR1-expressing APCs that are agonistic to those TCRs,
as previously reported for TRAV1-2* MAIT TCRs.}” We thus produced biotinylated soluble
MBV28, M33-64, MC.7.G5 and DGB129 TCRs for use as tetramers. These TCRs were
detected with anti-ap TCR antibody in an ELISA assay, supporting the appropriate folding
of the TCRs (Figure 2c). These TCR tetramers, however, failed to stain MR1-overexpressing
C1R and A375 cells (Supplementary figure 5b, c). Nonetheless, when A375.MR1H! cells
were cultured with 5-OP-RU, both MAIT TCR tetramers derived from clones MBV28 and
M33-64 bound strongly to the cells. When pulsed with Ac-6-FP, the MR1-autoreactive
clone M33-64 also bound. This, however, was not observed when cells were pulsed with
6-FP, suggesting the possibility that very high levels of MR1 are required to facilitate TCR
tetramer binding to a weak agonist. MC.7.G5 and DGB129 failed to bind both Ac-6-FP- and
6-FP-pulsed cells (Supplementary figure 5d).

Limited MR1 reactivity of MR1-restricted SKW-3 lines to diverse tumor lines

Crowther et a/?® showed a remarkable ability of the primary MC.7.G5 clone to respond

to diverse tumor-derived cell lines, while remaining unresponsive to healthy tissues.

To determine whether these distinct MR1-restricted SKW-3 lines could recapitulate this
observation, their activation was assessed after coculture with a diverse panel of tumor-
derived cell lines (Figure 4a). In contrast to the primary cells used by Crowther e a/.,2°

for almost all APC lines, unless MR1 was overexpressed (right panel), very limited
activation above basal CD69 levels was observed (left panel). To confirm that these APC
lines possessed the correct antigen presentation machinery, surface MR1 expression was
measured with and without incubation with Ac-6-FP. Most cell lines, except LM-MEL-19,
showed an increase in MR1 surface expression in response to Ac-6-FP, suggesting the ability
of these cells to capture and present antigen (Figure 4b). All cell lines, except LM-MEL-19
again, were also capable of activating SKW-3 cells expressing a MAIT TCR when 5-OP-RU
was added to cultures, albeit to varying degrees (Figure 4c). Thus, in contrast to the use of
primary cells, when using SKW-3 reporter cell lines, these TCRs show limited tumor-cell
reactivity despite the ability of the tumor cell lines to present antigen.

Diversity of MR1 docking modes by MR1-restricted TCRs

To investigate the diversity of docking modes employed by distinct MR1-restricted TCRs,
we utilized a panel of C1R APC lines, each engineered to overexpress MR1 with single
alanine substitutions at solvent-exposed amino acid residues along the a1l or a2 helix,
allowing us to map an energetic hotspot on MR1 for each TCR33 (Figure 5). A range

of TCRs were assessed, including the autoreactive TRAV1-2* MAIT TCR clone M33-64;
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tumor-reactive TCRs MC.7.G5 and DGB129; folate-derivative-reactive clone MAV21 and
nonclassical TRAV36* MAIT TCR MAV36. The MAV36 TCR is MR1-5-OP-RU restricted,
thus exogenous 5-OP-RU was added to cultures, whereas no antigen was added to cocultures
with the remaining TCRs that relied on their inherent MR1 autoreactivity for activation.

As per MAIT TCRs previously assessed with this same panel of mutants, activation of
M33-64 was abrogated in response to L65A and E158A, whereas L151A drove enhanced
activation.33 Activation of the MAV36 TCR was also impaired with the L65A and E158A
mutations, as well as in response to N146A. Mutations for both TCRs mapped to relatively
centric energetic hotspots, shifted slightly toward the antigen-binding A” pocket. This
aligns with crystal structures of MR1-antigen—TCR ternary complexes, which demonstrated
central docking modes above the A” pocket for these two TCRs.22 Results from MC.7.G5
and DGB129 TCRs also suggested central hotspots, albeit with dependence on a different
array of residues. Activation of MC.7.G5 was knocked down in response to L65A, M72A
and N155A, whereas DGB129 depended on M72, N146, H148 and E158. Conversely,
MAV21 had the greatest number of mutants that affected binding, including R61A, L65A,
M72A, R79A, Q141A, N146A and H148A. These mutations spanned the length of the a1
helix and the F” end of the a2 helix, suggesting a docking mode shifted closer toward the
F’ pocket. Accordingly, MR1-restricted TCRs employ distinct docking modes that rely on a
range of amino acids across the helical jaws of MR1, spanning both the A” and F” pockets.

DISCUSSION

Here, we used TCR gene transfer to generate a model system to probe the specificity of
previously isolated MR1-restricted TCRs. We have confirmed some of the salient features of
the MC.7.G5 and DGB129 TCRs, from Crowther et a/2% and Lepore et al.2? respectively.
Namely, these TCRs recognize MR1, have differential dependence on K43 and their
activation can be blocked with 6-FP. Moreover, our ala-scan data suggest classical docking
modes atop the al-a?2 helices. Collectively, these data are in line with the recognition

of undefined antigens by these two TCRs, and indeed suggest that they recognize distinct
antigens.

That the MC.7.G5 TCR had a strong dependence on K43 for activation suggests an antigen
is required. Given that K43 is positioned deep in the base of the A" pocket and is likely to
be inaccessible to the reach of the TCR, it seems unlikely that it is being sensed directly.
Although a -y6 TCR has previously been shown to extend its CDR36 loop deep into the
cleft of an MHC I-like molecule to mediate recognition,3* this relied on an exceptionally
long CDR356 loop and an open-ended antigen-binding cleft, and this is in contrast to the
CDR loops of the MC.7.G5 TCR and the enclosed A" pocket of MR1. Indeed, previous
studies have demonstrated that the K43A mutation does not result in any dramatic structural
changes to the overall conformation of the a1/a2 helices and p-sheet platform, nor to the
antigen-binding pocket, and is still amenable to recognition by MAIT TCRs as validated
here with the M33-64 TCR.® K43 has, however, emerged as a key molecular feature of

the MR1 antigen-binding pocket via formation of a Schiff base between K43 and antigen,
stabilizing the MR1-antigen complex and triggering egress of MR1 to the cell surface.217:19
Thus, the most likely explanation seems to be that the MR1K43A mutant can no longer
efficiently capture a K43-dependent antigen. This is also in line with the blocking of
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activation with 6-FP, which binds MR1 via K43,2 suggesting that at high doses, 6-FP
displaces or outcompetes an undefined antigen, as it does for ribityl antigens that activate
TRAV1-2* MAIT cells.1® These results also rule out that 6-FP derived from folate in the
RPMI media?® is responsible for activation and aligns with our experiments performed with
folate-free media. We cannot, however, rule out that another, as-yet-undefined, component of
the culture media is providing a source of antigen or antigen precursor. Notably, unlike 6-FP,
Ac-6-FP did not block activation of the MC.7.G5 TCR, and this contrasts with the paper

by Crowther et a/2° in which Ac-6-FP blocked killing of a melanoma line by the primary
MC.7.G5 clone. The discrepancy here may be a result of differences in the experimental
approaches; in our study, the MR1-overexpressing cell lines have unphysiologically high
translation of MR1 and thus exogenous Ac-6-FP induces exceptionally high levels of surface
MRZ1. That the TCR tetramers failed to bind these MR1-overexpressing cells suggests

that any activating ligand(s) that is present is either in low abundance or engaged TCR

with weak affinity or both. As these TCR-transduced SKW-3 lines are highly sensitive to
TCR-stimulation, they may have a much lower threshold of activation relative to primary
cells and thus exhibit a degree of MR1 autoreactivity in the absence of a bona fide
physiological antigen. Thus, any potential displacement of endogenous antigen may be
countered by responsiveness to the increased surface MR1 levels, confounding interpretation
of these results. That 6-FP did not fully block activation, and high doses of 6-FP in the
A375.MR1K43A cultures resulted in low-level activation, suggests that 6-FP may be mildly
agonistic to the MC.7.G5 TCR. This contrasts with Ac-6-FP, which failed to activate in the
A375.MR1K43A cyltures. Although these two compounds only differ by an acetyl group,
this moiety is positioned at the opening of the cleft and is theoretically accessible to docked
TCRs.19 The acetyl group also causes localized conformational remodeling of amino acid
side chains lining the antigen-binding pocket and may thus either directly or indirectly
inhibit TCR binding.1® Indeed, TRAV1-2* MAIT TCRs that can differentiate between 6-FP
and Ac-6-FP on account of CDR3 variability have previously been reported-22 In contrast
to MC.7.G5, activation of the DGB129 TCR was not affected by the K43A mutation. It was,
however, blocked with 6-FP, suggesting displacement of a ligand from the A” pocket as per
MC.7.G5, although the independence from K43 suggests that this ligand is distinct from
that recognized by MC.7.G5 and does not require a covalent bond with K43. While K43-
independent MR1 ligands have been described, their precise antigen capture and processing
pathway and antigenicity relative to K43-binding antigens remain unclear. Elucidation of
their identity should shed much needed light on this axis.

In the study by Crowther et al.,2® MC.7.G5 responded robustly to the relatively low surface
levels of MR1, including toward cell lines used in this study such as HEK293T, Jurkat and
K562.29 We found, however, that MR1 overexpression was required to elicit a response
from the MC.7.G5 cells, and furthermore 293T cells were extremely poor activators even
when MR1 was overexpressed. These discrepancies may be explained by the different
origin of the T cells used between the two studies. Our system is specifically designed

to interrogate TCR-mediated signaling events. It does not consider the contribution of
accessory molecules expressed by primary cells, nor the threshold of activation set in these
cells during thymic development. While it is clear that the MC.7.G5 TCR is MR1 reactive,
it seems likely that other interactions between the T cells and tumor cells are required to
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elicit an antitumor response. For example, unlike the SKW-3 cells, the original MC.7.G5
clone expressed high levels of the CD8 coreceptor,2® which is known to directly interact
with MR1 and contribute to MR1-restricted T-cell agonism.3°:36 Costimulatory molecules
such as CD27 and CD28, and activating receptors such as NKG2D, among many others,
may also be critical in mediating tumor cell recognition in the context of expression of the
MC.7.G5 TCR. Moreover, the threshold of TCR signaling required for activation, set in

the thymus during development and involving proteins such as Themis, may contribute to
this process.3” Accordingly, along with the critical questions pertaining to the identification
of the tumor-derived ligands, unravelling the non-TCR-mediated mechanisms of tumor-cell
reactivity by MR1-restricted T cells is highly pertinent and may offer novel avenues of
therapeutic relevance. Therapeutics that genetically transfer the specificity of these TCRs,
such as CAR-T cells, also offer great potential as demonstrated in the study by Crowther

et al.2% Further interrogation of the TCR repertoire of tumor-reactive MR1-restricted TCRs,
and their modes of antigen recognition is required. Moreover, the role of these cells in
cancer development and progression is entirely unknown and more studies assessing their /n
vivo function are critical.

Collectively, this study supports the suggestion of the presentation by MR1 of distinct
tumor-associated antigens to diverse TRAV1-2~ MR1-restricted T cells. The notion that
MR1 may sample tumor metabolites for T-cell surveillance is intriguing, and identification
of these ligands will be a major step forward not only in understanding MR1 and MR1-
restricted T cells, but also in our understanding of T cell-mediated tumor immunity. Further
studies on this axis should provide great insight into the fascinating biology of MR1 and the
T cells that recognize it.

METHODS
Generation of MR1-knockout cell lines by CRISPR/Cas9

lentiCRISPRV2GFP plasmid3® was a gift from David Feldser (Addgene plasmid

#82416; http://n2t.net/addgene:82416; RRID:Addgene_82416). A single guide RNA
(AGTGATTGTAG TGCCTCTGT) targeting a sequence in exon 3 of MR1 was

designed using the Benchling CRISPR Guide RNA Design platform and cloned into
lentiCRISPRV2GFP as described by the GeCKO Lentiviral CRISPR toolbox (Zheng
Laboratory, Broad Institute, MIT, Cambridge, MA). Plasmid was then transiently transfected
into HEK293T and A375 cells using FUGENE 6 transfection reagent (Promega, Madison,
WI1). After 24 h, cells with high GFP expression were FACS sorted at one cell per well into
96-well plates. After 10 days, clones were screened for MR1 expression, and downselected
for cells with negligible MR1 staining (phycoerythrin, clone 26.5; BioLegend, San Diego,
CA). Clones were then assessed for MR1 upregulation in response to a 4-h culture with 500
UM Ac-6-FP, followed by staining with anti-MR1 as above, and those clones that failed to
upregulate MR1 were further downselected. Clones were then assessed for their ability to
stimulate SKW-3.MBV28 cells (described below) when cocultured overnight in the presence
of 100 nM 5-OP-RU (provided by David Fairlie, University of Queensland) and clones
further downselected. RNA was subsequently extracted from downselected clones using
Isolate I RNA Mini Kit (Bioline, London, UK). Complementary DNA was generated using
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SuperScript VILO cDNA synthesis kit (Thermo Fisher Scientific). Complementary DNA
encoding exon 3 of MR1 was then amplified using KAPA-HiFi-HotStart ReadyMix PCR
kit (Roche, Basel) using the following primers: forward, CCTCCTTTCCAGGGACGCAC;
reverse, CGGATACAGA GATGGGGAAGAGTG. PCR products were separated by agarose
gel electrophoresis and DNA excised from gel and purified using a Gel DNA Extraction

Kit (Zymo Research, Irvine, CA). Purified DNA was sequenced via Sanger Sequencing
(AGRF) and CRISPR-mediated excision of target DNA confirmed. A single clone for each
of A375 and 293T cells was taken forward and henceforth referred to as A375.MR1X0 and
293T.MR1KO, respectively.

Generation of TCR or MR1 overexpressing cell lines by retroviral transduction

C1R.MR1H122 cells were described previously. CIR.MR1 alanine mutants33 were described
previously, but were stained with anti-MR1 (phycoerythrin, clone 26.5, BioLegend) and
further FACS sorted for high and matched expression of MR1. For SKW-3.TCR lines,
genes encoding the full-length TCR-a and TCR- chains linked by a P2A linker for
M33-64, MBV28, MAV21, MC.7.G5, DGB70 and DGB129 TCRs were synthesized

as double-stranded DNA fragments (Integrated DNA Technologies, Coralville, 1A) and
cloned into the pMSCV-IRES-GFP Il (pMIG 11) expression vector3?; a gift from Dario
Vignali (Addgene plasmid # 52107; http://n2t.net/addgene:52107; RRID:Addgene_52107).
pPMIG.TCR plasmids along with a pMIG 1l plasmid encoding human CD3e, &, y

and & subunits linked via p2A linkers (pM1G.huCD3) were used to retrovirally

transduce SKW-3.p2mKO cells!8 as previously described,3 to generate SKW-3.M33-64,
SKW-3.MBV28, SKW-3.MAV21, SKW-3.MC.7.G5, SKW-3.DGB129 and SKW-3.DGB70.
Transduced cells were then stained with anti-CD3 (BV421, clone UCHTL, Becton
Dickinson, Franklin Lakes, NJ) and FACS sorted for GFPH!'CD3H! cells. A375.MR1K© and
293T.MR1KO cells were retrovirally transduced as previously described33 with the pMIG

Il plasmid encoding full-length human MR1 or MR1.K43A mutant genes. pMIG.MR1
plasmid was generated previously,22 and pMIG.MR1-K43A plasmid was generated by
synthesizing double-stranded DNA fragments encoding full-length MR1 (Integrated DNA
Technologies) and cloning into pMIG Il. After transduction, cells were stained with anti-
MR1 (phycoerythrin, clone 26.5; BioLegend) and FACS sorted for GFPH'MR1H! cells.
These resulted in A375.MR1H!, A375.MR1K43A, 293T.MR1H! and 293T.MR1K*3A lings.

Transient transfections

HEK?293T cells were transiently co-transfected with pMIG.TCR and pMIG.huCD3 plasmids
using FUGENE 6 transfection reagent (Promega). Cells were cultured for 48-72 h, harvested
by mechanical disruption and stained with anti-CD3 (BV421, clone UCHT1; BD), LIVE/
DEAD near-infrared viability dye (Thermo Fisher Scientific) and MR1 tetramers. Cells were
then fixed with 2% paraformaldehyde and analyzed by flow cytometry.

Flow cytometry

All flow cytometry experiments were performed on an LSRFortessa (Becton Dickinson)
equipped with a yellow—green laser. Cell sorting was performed using a FACSAria lll
cell sorter (Becton Dickinson). Data were analyzed using FlowJo version 10.7.1 (Becton
Dickinson).
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SKW-3 coculture assays

Coculture assays were performed in RF10 media, consisting of an RPMI-1640 base
(Thermo Fisher Scientific), supplemented with 10% fetal bovine serum (Thermo Fisher
Scientific), penicillin (100 U mL™1), streptomycin (100 mg mL~1), GlutaMAX (2 mmol
L~1), sodium pyruvate (1 mmol L1), non-essential amino acids (0.1 mmol L), HEPES
[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid] buffer (15 mmol L™1), pH 7.2-7.5 (all
from Thermo Fisher Scientific, Waltham) and 2-mercaptoethanol (50 mmol L™, Sigma).
A375 cells were maintained in the same media but using a Dulbecco’s Modified Eagle’s
Medium base (Thermo Fisher Scientific) in place of RPMI-1640. SKW-3 and APC lines
were cocultured in 96-well plates for approximately 18 h before cells were harvested.
Adherent APC lines were plated 12-24 h before the addition of SKW-3 lines, whereas
nonadherent lines were added to SKW-3 cells on the same day. Adherent lines were plated at
36 000 cells per well, which resulted in full confluency at the time of SKW-3 addition. APCs
were labeled with Cell Trace Violet (Thermo Fisher Scientific) prior to plating. For assays
involving the addition of exogenous 5-OP-RU or blocking antibodies, antigen or blocking
antibodies were added when the cells were combined and included for the entirety of the
coculture. Blocking antibodies were used at 10 pg mL™1. Purified anti-MR1 clone 26.5 was
obtained from BioLegend, whereas clone 8G3 was produced in-house.1® For assays with
6-FP and Ac-6-FP, ligands were added approximately 12 h after the cells were plated and
incubated for 4 h before SKW-3 cells were added directly to the APCs without removing
the media. For assays involving folate-free media, SKW-3 and APC lines were cultured

for 48 h prior to the experiment in RF10 media made with a folate-free RPMI-1640 base
(Thermo Fisher Scientific) and this media was used during the course of the experiment.
Upon harvest, cells were stained with LIVE/DEAD near-infrared viability dye (Thermo
Fisher Scientific), anti-CD69 (PE-Cy7, clone FN50; BD), fixed in 2% paraformaldehyde
and acquired by flow cytometry. For analysis, APCs were removed by excluding Cell Trace
Violet-positive cells; SKW-3 cells were then gated based on forward scatter-area and side
scatter-area after dead cell and doublet removal. GFPHI cells were then gated, and CD69
mean fluorescence intensity was assessed.

MR1 expression assays

APC lines

For antigen-induced MR1-upregulation assays, adherent APC lines were plated the day

prior to the addition of antigen, whereas nonadherent lines were plated on the same day

as the addition of antigen as above. APC lines were incubated with antigen for 4 h before
being harvested. Adherent cell lines were mechanically disrupted. Cells were then stained
with LIVE/DEAD near-infrared viability dye (Thermo Fisher Scientific) and anti-MR1-PE
antibody (Clone 26.5, BioLegend), fixed in 2% paraformaldehyde and acquired by flow
cytometry. For analysis, APCs were gated based on forward scatter-area and side scatter-area
after dead cell and doublet removal.

HEK?293T and A375 cells were obtained from ATCC. C1R cells were obtained from the
McCluskey Laboratory (University of Melbourne). Jurkat cells were supplied by Mirjam
HM Heemskerk.40 RPM1-8226, U266, K562, MEG-01 and THP-1 cells were obtained from
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the Neeson Laboratory (Peter MacCallum Cancer Centre). Melanoma lines were provided
by Andreas Behren*! (Olivia Newton-John Cancer Research Institute).

Production of recombinant MR1 and TCR tetramers

TCR tetramers: TCR-a and TCR-B variable domain genes were synthesized (Integrated
DNA Technologies) and cloned into the pET-30 expression vector containing engineered
mouse TCR-a and TCR-B constant domains for enhanced stability.*2 The TCR-a. chain
included a C-terminal (G3S), linker followed by an AVI1 tag for biotinylation. Individual
TCR chains were expressed in BL21 E. coliand extracted as inclusion bodies. Matched
TCR-a and TCR-B chains were then refolded by oxidative refolding as previously
described.*3 Refolded TCRs were purified by weak anion exchange (DEAE Sepharose;
Cytiva, Marlborough, MA), size-exclusion chromatography (Superdex-75; Cytiva) and
strong anion exchange (Mono Q). TCR monomers were then biotinylated using BirA
enzyme (synthesized in-house) and further purified from biotinylation reagents using
size-exclusion chromatography (Superdex-75; Cytiva). Biotinylation was confirmed by
co-incubating denatured TCR protein with streptavidin and running on sodium dodecyl
sulfate—polyacrylamide gel electrophoresis. Typically, more than 95% of protein ran

at a higher apparent molecular weight when incubated with streptavidin, confirming
efficient biotinylation. Appropriate conformation of TCR protein was confirmed via
ELISA, using anti-apTCR monoclonal antibody clone 12H8 (produced in-house), anti-y6
TCR monoclonal antibody clone B1 (Becton Dickinson, Franklin Lakes) and anti-Va7.2
monoclonal antibody clone 3C10 (BioLegend). The previously described G115 -y6 TCR
was used as a control.31 MR1 tetramers were produced with AVI-tagged MR1.C262S
constructs as previously described.2® In brief, pET-30 expression vectors encoding the
truncated extracellular domains of human and mouse MR1.C262S with C-terminal AVI-tag
and 6xHIS-tag, or full-length p2m were expressed as inclusion bodies as above. MR1 and
B2m were then refolded by oxidative refolding in the presence of 6-FP, Ac-6-FP (Schircks
Laboratories, Buechstrasse, Switzerland) or 5-amino-6-p-ribitylaminouracil (provided by
David Fairlie, University of Queensland) together with methylglyoxal (Millipore-Sigma,
St. Louis, MO) for 5-OP-RU as previously described.212 Refolded MR1 was purified by
Ni-NTA (Thermo Fisher Scientific), and biotinylated as above. Tetramers were formed

by serial addition of streptavidin—phycoerythrin (Becton Dickinson) in 10 equal additions,
every 10 min to a final molar ratio of 4:1 monomers to streptavidin—phycoerythrin.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MHC-related protein 1 (MR1) reactivity by diverse T-cell receptors (TCRs). (a) Table

showing TCR sequences of clones used in this study. (b) Flow cytometric contour plots
showing MR1 tetramer staining on 293T cells transiently transfected to express diverse
TCRs. Plots are representative of two independent experiments. huMR1, human MR1;
moMRZ1, mouse MR1. (c) Bar graphs showing activation of TCR-expressing SKW-3
cells, as measured by CD69, when cultured alone (basal) or together with CIR.WT

cells, CLIR.MR1H! cells, C1IR.MR1H! cells plus synthetic 5-(2-oxopropylideneamino)-6-o-
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ribitylaminouracil (5-OP-RU) ligand or CD3/CD28-coated beads. (d) Bar graphs showing
activation of TCR-expressing SKW-3 cells, as measured by CD69, when cultured alone
or together with CIR.WT cells, CLIR.MR1! cells or CIR.MR1H! cells in the presence of
MRZ1-specific monoclonal antibodies 26.5 and 8G3. Data points in b and c are duplicate
wells, and data are representative of two independent experiments. MFI, mean fluorescent
intensity; PE, phycoerythrin; WT, wild type.
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Differential dependence on K43 by different MHC-related protein 1 (MR1)-restricted
T-cell receptors (TCRs). (a) Histogram overlays showing MR1 expression on different
antigen-presenting cell lines when pulsed or not with 500 uM acetyl-6-formylpterin (Ac-6-
FP). Numbers on plots indicate mean fluorescent intensity (MFI) of MR1 staining for
unpulsed (left) or pulsed (right) cells. (b) Histogram overlays showing CD69 expression

on SKW-3.MBV28 cells when cocultured with different antigen-presenting cell lines when
pulsed or not with synthetic 5-(2-oxopropylideneamino)-6-p-ribitylaminouracil (5-OP-RU).
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Numbers on plots indicate MFIs of CD69 as per a. (c) Histogram overlays showing MR1
expression on variant A375 or 293T cells. Numbers on plots depict MFIs of MR1. (d) Bars
graphs showing activation of TCR-expressing SKW-3 cells, as measured by CD69, after
coculture with a panel of antigen-presenting cell lines. (e) Line graphs showing activation
of SKW-3 cell lines in response to titrated numbers of A375.MR1 or C1R.MR1 cells. a—e
are representative of two independent experiments each. Data points in d and e are replicate
wells and graphs are representative of three and two independent experiments, respectively.
MFI, mean fluorescent intensity; PE, phycoerythrin; WT, wild type.
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Differential effects on activation by 6-formylpterin (6-FP) and acetyl-6-FP (Ac-6-FP). (a)
Bar graphs showing the mean fluorescence intensity (MFI) of MHC-related protein 1 (MR1)
expression on A375.MR1H! cells when pulsed with titrating concentrations of 6-FP or Ac-6-
FP. (b, c) Bar graphs showing activation of T-cell receptor (TCR)-expressing SKW-3 cells as
measured by CD69, after coculture with, (b) A375.MR1H! cells or (c) A375.MR1K43A cells,
with titrating doses of 6-FP or Ac-6-FP. Points on all plots are replicate wells, and data are
representative of two independent experiments. PE, phycoerythrin.
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Figure 4.

Poor recognition of diverse cell lines by MHC-related protein 1 (MR1)-restricted T-cell
receptor (TCR)-expressing SKW-3 lines. (a) Bar graphs showing activation of TCR-
expressing SKW-3 cells as measured by CD69, after coculture with a panel of tumor-
derived cell lines (left), including those transduced to overexpress MR1 (right). Points on
plots are replicate wells, and data are representative of two independent experiments. (b)
Histogram overlays showing MR1 expression on different antigen-presenting cell lines
when pulsed or not with 500 pM acetyl-6-formylpterin (Ac-6-FP). Numbers on plots
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indicate mean fluorescent intensity of MR1 staining. (c) Bar graphs showing activation

of mucosal-associated invariant T TCR-expressing SKW-3 cells as measured by CD69, after
coculture with a panel of tumor-derived cell lines in the presence (+) or absence (-) of
5-(2-oxopropylideneamino)-6-p-ribitylaminouracil (5-OP-RU). Points on plots are replicate
wells, and data are representative of two independent experiments. PE, phycoerythrin.
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Analysis of docking modes by diverse MHC-related protein 1 (MR1)-restricted T-cell
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receptors (TCRs). Left: Bar graphs showing activation of TCR-expressing SKW-3 cells as
measured by CD69, after coculture with a panel of C1R cell lines expressing MR1 alanine
point mutants. Points on plots are the mean of replicates from two independent experiments.
Right: Cartoon representations of the top—down view of the a1 and a, domains of MR1

(PDB: 4GUP), showing the amino acid residues that impact binding.
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