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Presentation of metabolites by the major histocompatibility
complex class I-related protein 1 (MR1) molecule to mucosal-
associated invariant T cells is impaired during herpes simplex
virus type 1 (HSV-1) and type 2 (HSV-2) infections. This is
surprising given these viruses do not directly synthesise MR1
ligands. We have previously identified several HSV proteins
responsible for rapidly downregulating the intracellular pool of
immature MRI1, effectively inhibiting new surface antigen
presentation, while preexisting ligand-bound mature MR1 is
unexpectedly upregulated by HSV-1. Using flow cytometry,
immunoblotting, and high-throughput fluorescence micro-
scopy, we demonstrate that the endocytosis of surface MR1 is
impaired during HSV infection and that internalized molecules
accumulate in EEAl-labeled early endosomes, avoiding
degradation. We establish that the short MR1 cytoplasmic tail
is not required for HSV-l1-mediated downregulation of
immature molecules; however it may play a role in the reten-
tion of mature molecules on the surface and in early endo-
somes. We also determine that the HSV-1 US3 protein, the
shorter US3.5 kinase and the full-length HSV-2 homolog, all
predominantly target mature surface rather than total MR1
levels. We propose that the downregulation of intracellular and
cell surface MR1 molecules by US3 and other HSV proteins is
an immune-evasive countermeasure to minimize the effect of
impaired MR1 endocytosis, which might otherwise render
infected cells susceptible to MR1-mediated killing by mucosal-
associated invariant T cells.

* These authors contributed equally to this work.
* For correspondence: Barry Slobedman, barry.slobedman@sydney.edu.au.
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The major histocompatibility complex (MHC) class I (MHC-
I)-related protein 1 (MR1) molecule presents a variety of small
metabolites (1, 2) to mucosal-associated invariant T (MAIT)
cells (3) and other MRI1-restricted T cells (4). The unique
structure and intracellular life cycle of this nonclassical antigen
presentation molecule complements the characteristics of its
metabolic ligand. MR1 is highly conserved in mammals (5). The
canonical ligand 5-(2-oxopropylideneamino)-6-D-ribitylami-
nouracil condenses from unstable intermediaries in the
biosynthesis pathway of vitamin B2, synthesized by many
commensal and pathogenic bacterial and fungal species (6), but
not by mammalian host cells, nor viruses. Unlike classical
MHC-I molecules, MR1 molecules lacking bound ligand can
still accumulate in the endoplasmic reticulum (ER). This ready
store of molecules supports a rapid response to ligand, the
binding of which triggers a conformational change in MRI,
stabilization of the otherwise unstable cargo, association with
beta-2 microglobulin (B2m), and trafficking through the
secretory pathway, with the resulting mature MR1-B2m-—anti-
gen complexes displayed at the cell surface (7). Whereas clas-
sical MHC-I peptide binding stability affects the half-life of
complexes on the plasma membrane (PM) (8, 9), the presence
or characteristics of the bound ligand does not impact longevity
of MR1 on the cell surface (7). The relatively slow rate of
clathrin-mediated endocytosis is regulated by binding of a
noncanonical tyrosine motif in the short MR1 cytoplasmic tail
to the endocytic adaptor protein 2 (AP2) complex (7, 10). This
interaction also controls transit through endosomal compart-
ments, which supports limited exchange of cargo with that
supplied by intracellular pathogens (10—12). Unlike another
nonclassical antigen presentation molecule CD1d, which relies
on endosomal recycling to present lipids to invariant natural
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killer T cells (13), most mature MR1 molecules are degraded in
lysosomal compartments, with little recycling back to the PM
for detection by MR1-restricted T cells (7, 10).

Establishment of the immunological synapse between the
MAIT T cell receptor (TCR) and antigen-bound MR1 drives a
tissue repair signature in MAIT cells (14, 15). This establishes
a specific role sensing and responding to the integrity of bar-
rier sites, according to fluctuations in exogenous microbial
metabolic by-products. Signs of infection detected by pattern
recognition and cytokine receptors, in combination with TCR-
mediated signaling, are required for maximal MAIT cell pro-
liferation, production of proinflammatory molecules, and
cytolytic killing across the immunological synapse (16, 17). In
the absence of MR1-mediated activation, MAIT cells can still
respond to these signs of infection, which allows them to
mediate antiviral activity (18—-20).

Herpes simplex viruses (HSVs) encode many mechanisms
to hide their presence and inhibit antiviral responses. This
enables their rapid transmission across several different cell
types in the skin and mucosa to access sensory neurons, where
they can establish life-long latency (21, 22). Surprisingly, we
have established that these viruses, as well as human cyto-
megalovirus, murine cytomegalovirus, and varicella zoster vi-
rus (VZV), also downregulate MR1 antigen presentation in
epithelial cells, even though, to the best of our knowledge, they
do not directly contribute to MR1 ligand production (23-25).
HSV type 1 (HSV-1) and type 2 (HSV-2) both primarily target
the pool of immature ER-resident MR1 molecules through
expression of viral proteins ICP22 and the RNase vhs (23, 26).
This depletion of the MR1 reservoir blocks ligand-induced
MR1 maturation and trafficking to the PM and consequent
TCR-mediated T cell activation (23). However, there is evi-
dence of an additional point of interference in the MR1 traf-
ficking pathway during HSV infection, which may not be
advantageous to the virus. Specifically, molecules that escape
the ER prior to viral infection are instead up regulated on the
cell surface during infection (23, 26). Even with a strong
depletion of the MRI1 reservoir by HSV, this unexpected
increase in surface MR1 might expose infected cells to TCR-
mediated killing, potentially explaining the biological impera-
tive to inhibit MR1 synthesis and accumulation.

In this study, we reveal the opposing forces that affect the
level of surface MR1 during HSV infection by focusing on the
fate of endocytosed molecules at late stages of HSV-1 and
HSV-2 infection. Using high-throughput quantitative fluores-
cence microscopy, we examine the modulation of MR1 at key
locations in its trafficking pathway in cells pretreated with
MR1 ligand, confirming that MR1 molecules are not only
protected on the PM but also accumulate in early endosomes.
Furthermore, we identify that impaired internalization con-
tributes to the extended retention of surface MR1 during HSV-
1 infection.

Previously, we identified that ectopic expression of HSV-1
US3 serine-threonine kinase downregulates endogenous and
overexpressed surface MR1 (23). Here, we extend this finding
to include both HSV-1 US3.5, a shortened, naturally expressed,
kinase-active form of the protein, and the HSV-2 US3
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homolog, and establish that these viral proteins primarily
target surface rather than total cellular MR1. Inactivation of
the kinase domain only partially rescues the loss of surface
MR1, confirming that US3 enzymatic activity contributes to
the modulation of mature MR1.

Furthermore, we identify that impaired internalization
contributes to the extended retention of surface MR1 during
HSV-1 infection. We propose that this is the by-product of
viral infection and demonstrate that it is effectively counter-
acted by the depletion of MR1 by US3 and other viral proteins,
under conditions of continuous ligand availability that mimic
homeostasis in an intact mucosa.

Here, we provide the first evidence explaining why herpes
viruses encode a multipronged and strong downregulation of
MR1, by identifying an unexpected impact of viral infection.
We propose that the downregulation of MR1 molecules during
HSV infection is an immune-evasive countermeasure off-
setting the increased retention of surface MR1, which would
otherwise render infected cells vulnerable to rapid MAIT cell
detection and cytolytic killing.

Results
Mature MR1 accumulates in EEA1-labeled endosomes

Immature MR1 accumulates in an open conformation in the
ER, with little closed conformation, mature MR1 detectable on
the PM, unless the molecule is artificially overexpressed
(7, 27). This intracellular pool allows the cell to respond
rapidly and sensitively to exogenous ligand, which binds to ER-
resident MR1 and triggers its maturation and trafficking
through the Golgi and trans Golgi network to the PM, for
detection by the MAIT TCR. During HSV-1 and HSV-2
infection of epithelial cells, a substantial loss of the imma-
ture MR1 is evident by 6 h post infection (h p.i.), however
detecting the downstream effect of this loss on mature surface
MR1 is usually only significant at later timepoints (23, 26).
Furthermore, loss of surface MR1 is dependent on ligand
conditions. In particular, maximizing the amount of preexist-
ing mature surface MR1, by inducing strong trafficking to the
PM in the period prior to infection, instead reveals an upre-
gulation of endogenous and overexpressed surface MR1 (23).
This phenomenon is most evident when cells are pretreated
with ligand, which is then washed from the cells at the time of
infection.

To investigate the impact of HSV on mature ligand-bound
MRI, the relative amounts of MR1 molecules were quantified
at five subcellular locations within ARPE-19 MR1 cells, by high-
throughput fluorescence microscopy (Figs. 1 and S1). Cells were
pretreated with acetyl-6-formylpterin (Ac-6-FP), a synthetic
MR1 ligand that has been used to characterize MR1 localization
due to its stability and strong promotion of MR1 maturation
and trafficking from the ER to the PM (7, 28). After 6 h the cells
were washed and infected with either HSV-1 (strain F, multi-
plicity of infection (MOI) 5) or HSV-2 (strain 186, MOI 3).
Based on the expected location of MR1 in both the secretory
and endocytic pathways (7, 11), cells were then stained at 15 h
p.i. for the PM (wheat germ agglutinin [WGA]), then MR1 and
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the ER (calreticulin), GA (GM130), early endosomes (EEA1) or
late endosomes/lysosomes (LAMP1), and finally for the nucleus
(4 ,6-diamidino-2-phenylindole). MR1 was detected by intra-
cellular staining with the 26.5 clone antibody, which labels only
the closed conformations of the MR1 antigenic cleft mostly
associated with mature glycosylated MR1 (7, 29), rather than
molecules in the open conformation that dominate the MR1
pool in the ER (27).

Infected cells demonstrated general morphological changes
consistent with the expression of viral proteins, including
punctate nuclear staining associated with the formation of nu-
clear bodies and virus-enriched chaperone-enhanced domains
(30), increased WGA staining of membranes, cell rounding
from cytoskeleton disruption (31), and formation of multinu-
cleated cells associated with this HSV-2 strain (32) (Figs. 14 and
S1). There was clear loss of MR1 from within the infected cells
(Fig. 1A), with residual MR1 primarily located in cytoplasmic
accumulations or on the PM. The MR1 intensity colocated with
these markers was quantified within multiple fields of view
(FOVs) per sample and the ilastik machine learning software
(https://www.ilastik.org/) (33) trained to create a segmentation
mask of the nucleus, subcellular marker, cytoplasm, and PM for
each FOV. The median MRI1 fluorescence signal at each of
these locations, and within the whole cell, was quantified using
Image] software (https://imagej.net/ij/).

Firstly, we analyzed the effect of HSV infection on the MR1
signal intensity in each subcellular compartment by calculating
the fold change of the fluorescent signal in infected to mock
infected samples. Both HSV-1 and HSV-2 caused a significant
downregulation of total MR1 within the cell and a selective
downregulation in the ER, Golgi, and late endocytic/recycling
compartments (Fig. 1, B, C and S1). Mature MR1 was pref-
erentially retained on the PM in HSV-1-infected cells but
significantly upregulated by HSV-2 (Fig. 1, B and C) and
accumulated in early endosomal compartments with both viral
infections (Fig. 1, A, B and C) compared to the uninfected
samples.

The accumulation in early endosomes may have impacted
transition to late endosomes/lysosomes, thus explaining the
reduction of MR1 in this compartment. Alternately, HSV
infection may actively promote lysosomal degradation of MR1.
To determine if the latter is true, infected ARPE-19 MR1-GFP
and MR1 cells were treated with lysosomal inhibitors folimycin
or leupeptin after the 1-h period of viral adsorption. Total
MRI1 protein was analyzed at 6 h p.i. by flow cytometry (MR1-
GFP, Fig. S24) and immunoblot (MR1) (Fig. S2B). Infected
treated cells did not demonstrate any rescue of the loss of
MR1-GFP or MR, establishing that HSV-1 infection does not
promote lysosomal degradation of MR1.

A direct comparison of the relative amount of MR1 in one
subcellular compartment to the others was not possible as the
EEA1 staining required permeabilization with a stronger
detergent (Triton X-100) than the other probes (Saponin) to
minimize background binding of the EEA1 antibody, resulting
in reduced staining with the MR1 antibody (Fig. S3). Never-
theless, by comparing the median MRI1 signal in each
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subcellular compartment to the median cell signal within the
FOV with the same permeabilization agent, the relative mod-
ulation of MR1 at different locations was assessed. The relative
strength of MR1 mean fluorescence intensity (MFI) signal
colocated with calreticulin, compared to the average across the
cell, was only modestly downregulated in the ER in HSV-2
infected cells; however there was a stronger relative loss in
the GA with both viral infections. The relative amount of MR1
colocating with EEA1 was increased only in HSV-1-infected
cells (Fig. 1C), however treatment with the stronger detergent
reduced staining with the MR1 antibody (Fig. S3), making
comparison to the median cellular MFI within the FOV less
sensitive. Nevertheless, there was a clear localization with EEA1
staining in the infected cells that was not evident in the mock-
infected samples (Fig. 1A, white arrows) or for any of the other
intracellular markers (Fig. S1). Finally, both HSV-1 and HSV-2—
infected cells demonstrated a strong relative increase in MR1
detected on the PM (Fig. 1E), compared to the median MR1
signal within the cell.

In summary, these results demonstrate that the loss of
immature MR1 from the ER (23) results in a comparable loss
of mature MR1 in the secretory pathway, but that this does not
flow through to the PM or endocytic compartments. Instead,
we observe an upregulation on the PM and retention in early
endocytic endosomes that may prevent migration to late
endosomal/lysosomal compartments for degradation. This
establishes that additional factors present during viral infection
impact the localization of mature MR1 molecules.

Downregulation of MR1 is not dependent on the MR1
cytoplasmic tail

Herpes viruses target the localization of other antigen
presentation molecules by association with and modification
of their cytoplasmic domain. For example, HSV-2 ICP47
protein associates with the human leukocyte antigen (HLA)-
C cytoplasmic domain to downregulate its cell surface pre-
sentation (34) and Kaposi sarcoma-associated herpes virus
protein modulator of immune recognition ubiquitinates the
CD1d tail to promote endocytosis (35). MR1 encodes a short
cytoplasmic tail (36), deletion of which does not affect
pooling of the molecule in the ER, maturation, or regulation
of trafficking through the secretory pathway (10). To
determine whether the cytoplasmic tail is critical for the
modulation of MR1 by HSV-1, ARPE-19 cells were trans-
duced by retrovirus (10) to overexpress an MR1 mutant
lacking the final 15 amino acids of the C-terminal domain
(ARPE-19 AP305). Given that manipulating the timing of
ligand addition, relative to the time of infection, affects the
ability of HSV-1 to modulate surface WT MRI1 (23), three
different ligand conditions were evaluated. Cells were
optionally treated with Ac-6-FP ligand for 24 h prior to
infection with HSV-1 (pre) and washed from the assay at the
time of infection as previously described or added for the
final 4 h (post). Cells were harvested at 18 h p.i. and MR1
analyzed by flow cytometry and immunoblotting. No
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Figure 1. Upregulation of surface and early endosomal MR1 during HSV-1 and HSV-2 infection. ARPE-19 MR1 cells were pretreated with Ac-6-FP
(5 uM) for 6 h and then infected with HSV-1 (strain F, MOI 5), HSV-2 (strain 186, MOI 3), or mock-infected in parallel. Cells were stained at 15 h p.i. with
WGA (plasma membrane) and then permeabilized and stained for MR1 (clone 26.5), and calreticulin (ER), GM130 (Golgi apparatus), EEA1 (early endosomes),
or LAMP1 (late endosomes/lysosomes). Cells were then stained with fluorophore-conjugated secondary antibodies and DAPI (nucleus). A, representative
images of DAPI + WGA, MR1, EEA1, and merged images, with white arrows highlighting examples of colocation in enlarged image (box) on right. The scale
bar represents 50 um or 20 um in the enlarged images on the right. Cell segmentation map for each field of view (FOV) was completed with ilastik software
after training with a representative image set. ImageJ software was then used for quantification of fold change (FC) in MR1 MFI intensity relative to mock (B,
Q) or median cellular MR1 (D, E) within each FOV after overlaying the llastik-generated map. Violin plots depict fold change in MFI in mock (white), HSV-1
(red), and HSV-2 (blue) infected cells to either mock (C) or median cellular MR1 (E), with median and quartiles shown as horizontal lines. Statistical significance
was calculated with one-way ANOVA with multiple comparisons, with p values < 0.05 annotated. Analysis of at least 14 FOV in two independent ex-
periments. Ac-6-FP, acetyl-6-formylpterin; DAPI, 4',6-diamidino-2-phenylindole; ER, endoplasmic reticulum; h p.i., hour post infection; HSV-1, herpes simplex
virus type 1; HSV-2, herpes simplex virus type 2; MOI, multiplicity of infection; MR1, major histocompatibility complex class I-related protein 1; WGA, wheat
germ agglutinin.
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difference was detected in the surface expression of WT or
AP305 MR1 both in the absence of ligand (nil), and with 4 h
ligand treatment, in mock-infected cells (Fig. 24), corrobo-
rating that the cytoplasmic tail is not required for trafficking
to the PM in this cell line. Modulation of surface AP305
during HSV-1 infection mirrored that of WT MR1 (23),
demonstrating a significant loss of AP305 in the absence of
ligand, and with post infection treatment, while pretreatment
resulted in a small but significant upregulation (Fig. 2B).

Total AP305 during HSV-1 infection was detected by
immunoblotting lysed cells at 18 h p.i. with the same ligand
treatments (Fig. 2C). AP305 could not be detected in the
infected cells in the absence of ligand (nil) and in those
treated 4 h prior to harvest (post); however, a band was
detected in the infected cells pretreated with (pre) (Fig. 2C)
consistent with HSV-1 modulation of the WT molecule (23).
Together, these results demonstrate that the MR1 cyto-
plasmic tail is not required for either the loss of cellular or
surface MR1 during HSV-1 infection or for the protection
and upregulation of surface MR1 with ligand treatment prior
to infection.
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Continuous MR1 trafficking effectively masks the HSV-1-
mediated upregulation of surface MR1 associated with ligand
pretreatment

Very little MR1 traffics to the PM in the absence of ligand,
although this stochastic event is amplified by overexpression of
MR1 (27). Formation of the Schiff base between the charged
K43 lysine residue in the A’ pocket and bound ligand triggers
the conformational change that initiates MR1 egress from the
ER (7, 29). Controlling the availability of ligand to either before
or after the time of infection is a useful means of highlighting
the differential capacity of HSV to modulate points in MR1
trafficking. However this does not represent biologically rele-
vant conditions, as prior to HSV infection of a healthy mucosal
barrier site such as the skin or the anogenital area, ligand
would be continuously available from commensal bacteria.
Consequently, two different models were used to examine the
impact of HSV-1 infection on surface MR1 under conditions
of continuous ligand availability.

Firstly, ARPE-19 cells were transduced to overexpress the
MR1-K43A mutant (2, 37), which automatically adopts the
closed conformation of the ligand-bound WT molecule, and
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%12 <0.0001 0.0368 <0.0001
C 141 o®
o 12
@1_0. ................. .-g-. ...............
G o8
L 0.6 1
O 0.4
T 0.2
S 0oL r 1 | | ooea
L Nil  Pre Post
Nil Pre Pos
|
|
I
u‘ 10* 0 10* 0 104
» MR1

Figure 2. HSV-1 mediated loss of total and surface MR1 is not dependent on the cytoplasmic tail. A, ARPE-19 MR1 (black) or ARPE-19 AP305 (blue) cells
transduced to express MR1 lacking the final C-terminal 15 amino acids were left untreated (nil) or treated with Ac-6-FP (5 M) for 4 h prior to harvesting.
Cells were stained for surface MR1 or isotype control (gray) and analyzed by flow cytometry. Histograms representative of two independent experiments. B
and C, ARPE-19 AP305 cells were mock (blue) or HSV-1 (strain F, MOI 5, red) infected in parallel. Cells were left untreated (nil) or treated with Ac-6-FP (5 M)
24 h prior to infection (pre) or 14 h p.i. (post). B, cells were harvested at 18 h p.i. when they were stained for surface MR1 or isotype control (gray) and
analyzed by flow cytometry. Fold change of mean fluorescence intensity in infected cells relative to mock-infected cells (dotted blue line) with matching
ligand treatment is graphed with SD. Statistical significance was calculated by paired Student’s t test, with p values < 0.05 annotated. Analysis of four
independent experiments. C, cell lysates were harvested at 18 h p.i. and separated by gel electrophoresis before immunoblotting for MR1, MHC-, and
GAPDH. Ac-6-FP, acetyl-6-formylpterin; h p.i., hour post infection; HSV-1, herpes simplex virus type 1; MHC-I, MHC class I; MOI, multiplicity of infection; MR1,

major histocompatibility complex class I-related protein 1.
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consequently traffics independent of ligand availability. protection or upregulation of surface MR1 WT seen with
Although this mutant cannot stably bind ligand due to its controlled preinfection ligand treatment (Fig. 1). As detected
inability to form a Schiff bond (37), it may have some capacity by immunoblot, HSV-1 also downregulated total MR1 WT
to capture ligand, given the increased half maximum melting and MR1-K43A under all three ligand conditions (Fig. 3C),
temperatures of MR1-K43A molecules folded in the presence, with a weak band of high molecular weight remaining in the
versus the absence, of ligand (28). With 4 h ligand treatment MR1 WT-expressing cells pretreated with ligand, consistent
prior to harvest, surface MR1 WT in mock-infected cells with previous findings (23).

increased in response to ligand, however surface expression of Secondly, ARPE-19 MR1 cells pretreated with ligand were
MR1-K43A was unchanged (Fig. 34). The ARPE-19 MR1- HSV-1-infected, and then optionally retreated with ligand
K43A cells were then infected with HSV-1 for 18 h with the after the period of viral adsorption to provide continuous
three different controlled ligand conditions (nil, pre, and post). ligand availability. HSV-1 downregulated surface MR1 under
HSV-1 strongly downregulated MR1-K43A surface expression these conditions (Fig. 3D), though not as strongly as seen with
regardless of ligand treatment (Fig. 3B), failing to replicate the the MR1-K43A mutant (Fig. 3B). Nevertheless, neither of these
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Figure 3. Surface MR1 is downregulated during HSV-1 infection under conditions of continuous trafficking. A, ARPE-19 MR1 (black) or ARPE-19 MR1-
K43A (blue) cells transduced to express MR1 auto folding mutant were left untreated (nil) or treated with Ac-6-FP (5 uM) for 4 h prior to harvesting. Cells
were stained for surface MR1 or isotype control (gray) and analyzed by flow cytometry. Histograms representative of two independent experiments. B,
ARPE-19 MR1-K43A cells were mock (blue) or HSV-1 (strain F, MOI 5, red) infected in parallel. Cells were left untreated (nil) or treated with Ac-6-FP (5 uM) 24 h
prior to infection (pre) or 14 h p.i. (post). Cells were harvested at 18 h p.i. when they were stained for surface MR1 or isotype control (gray) and analyzed by
flow cytometry. Fold change in mean fluorescence intensity of infected cells relative to mock-infected cells (dotted blue line) with matching ligand treatment
is graphed with SD. Statistical significance was calculated by paired Student’s t test, with p values < 0.05 annotated. Analysis of three independent ex-
periments. C, ARPE-19 MR1 or MR1-K43A cells were mock or HSV-1 (strain F) infected in parallel. Cells were left untreated or treated with Ac-6-FP (5 UM) 24 h
prior to infection (pre) or 14 h p.i. (post) before harvesting at 18 h p.i. Cell lysates were separated by gel electrophoresis and before immunoblotting for MR1,
MHC-I, GAPDH, and GFP. D, ARPE-19 MR1 cells were mock or HSV-1 (strain F) infected in parallel. Cells were left treated with Ac-6-FP (5 UM) 24 h prior to
infection (pre) and optionally treated again immediately post infection (cont) before harvesting at 18 h p.i., when they were stained for surface MR1 or
isotype control (gray) and analyzed by flow cytometry. Fold change of infected cells (red) relative to mock-infected cells (dotted line) is graphed with SD.
Statistical significance was calculated by paired Student’s t test with p values < 0.05 annotated. Analysis of three independent experiments. Ac-6-FP, acetyl-
6-formylpterin; HSV-1, herpes simplex virus type 1; MOI, multiplicity of infection; MR1, major histocompatibility complex class I-related protein 1; p.i.,, hour
post infection.
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models replicated the extent of loss of surface MR1 in HSV-1—
or HSV-2—infected cells treated with ligand post infection (23,
26), instead demonstrating an intermediate phenotype.
Together these results demonstrate that when there is a con-
stant flow of MR1 to the PM, surface MR1 expression is
effectively inhibited by HSV-1.

US3 viral protein predominantly modulates surface MR1

Our findings establish that MR1 accumulates at the surface
and in early endosomes during HSV infection (Fig. 1). We
previously demonstrated that single gene expression of HSV-1
viral kinase US3 results in the downregulation of surface MR1
(23), suggesting that HSV-1 employs US3 to at least partially
counteract this surface-accumulated MR1. However, the abil-
ity of ectopically expressed US3 to target total MR1 has not
been evaluated. Furthermore, infection of ARPE-19 MR1 cells
with a US3-deficient HSV-1 mutant resulted in a partial re-
covery of surface, but not total MR1, suggesting US3 may
preferentially target mature molecules in the trafficking
pathway. The ability of the HSV-2 US3 homolog or the
shorter, kinase-active US3.5 protein, to modulate total and
surface MR1, has not been investigated.

The HSV family of US3 proteins play diverse roles during
infection including modulation of cell morphology through
cytoskeleton remodeling (31, 38, 39), increased neurovirulence
(40), inhibition of apoptosis (41, 42), promotion of viral
genome replication and transcription (43-45), suppression of
antiviral responses (46-49), egress of nucleocapsids through
the nuclear lamina (50, 51) and regulating functionality of viral
glycoproteins (52, 53). US3 downregulates surface expression
of other antigen presentation molecules including MHC-I, in
part, through inhibition of antiviral interferon signaling (54),
and CD1d, through modulation of cellular protein KIF3A to
impair CD1d recycling (55, 56). During HSV-1 infection US3.5
expression is less than that of the full-length protein (57).
Furthermore, US3.5 lacks some of the functionality of the full-
length protein, including inhibition of apoptosis and optimal
facilitation of nuclear capsids across the nuclear membrane
(57, 58).

To examine the ability of US3 and US3.5 to modulate both
total and surface MR1, HSV-1 (strain F) and HSV-2 (strain
186) US3 and HSV-1 US3.5 from codon 77 were cloned with
an N-terminal FLAG tag, into the replication incompetent
pAdZ5-C5 adenovirus vector (59). ARPE-19 MR1 cells were
infected with parental (RAd-Ctrl), HSV-1 US3 (RAd-H1-US3,
MOI 100), US3.5 (RAd-H1-US3.5, MOI 25), or HSV-2 US3
(RAd-H2-US3, MOI 25) expressing adenovirus or mock-
infected. Cell lysates were harvested at 44 h p.i. to confirm
the size of the expressed protein through FLAG probe in a
Western blot (Fig. 4A4). Total MR1 was substantially reduced
by US3 (HSV-1, HSV-2) and US3.5 (HSV-1) ectopic expres-
sion. MR1 depletion by HSV-2 US3 was slightly weaker,
potentially due to lower expression of the viral kinase as
detected by the FLAG probe, rather than functional differences
between the homologs.

ARPE-19 MR1-GFP cells were similarly infected with the
US3- and US3.5-expressing constructs for quantitative flow
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cytometry analysis of total cellular MR1 (GFP signal) and
surface MR1 and MHC-I (antibody). Cells were optionally
treated with Ac-6-FP ligand 4 h (nil, post) prior to harvesting
at either 30 or 44 h p.i. By 30 h p.i. the percentage of ligand-
treated cells expressing high total and surface MR1 was
reduced from 95.6% (RAd-Ctrl) to as low as 62.7% with RAd-
H1-US3.5 infection (Fig. 4B). Correspondingly, cells express-
ing low surface MR1 increased from a low of 0.58% in the
control adenovirus-infected cells to as high as 26.4% in the
RAd-H1-US3.5—infected cells. This trend continued at 44 h
p.i., at which point 63.9% of the RAd-H1-US3—infected cells
were gated in the high total, low surface MR1 quadrant.
Together, these results suggest that US3 and US3.5 predomi-
nantly downregulate surface MR1 and that this occurs prior to
the loss of total MR1.

The downregulation of surface and total MR1-GFP was
quantified at the later time point (44 h p.i.), in both the ligand-
free and postinfection-treated cells. There was a small but
significant, MOI-dependent, increase in total but not surface
MR1 by the RAd-Ctrl (Fig. S4). Consequently, all statistical
analysis of the modulation of MR1-GFP, surface MR1, and
MHC-], by the viral gene products, was calculated relative to
the parental virus with matching MOI, rather than mock-
infected cells. Total MR1-GFP was downregulated indepen-
dent of ligand treatment with HSV-1 US3 and US3.5
expression. The reduction of MR1 associated with HSV-2 US3
expression was somewhat variable, but less than that seen
with the other viral kinases (Fig. 4C), consistent with the
immunoblot result (Fig. 4A). Surface MR1, however, was
strongly downregulated by each of the three viral proteins to
levels approaching isotype. Furthermore, surface, and to a
lesser extent, total MHC-I molecules were also reduced
(Fig. 4, A and C), although this phenotype is not always
detected with ectopic US3 expression (60).

Kinase functionality of the US3 protein can be disabled by
replacing one lysine residue with alanine (K220A) (46, 61). To
determine whether the kinase domain encoded by both US3
and US3.5 is required for the modulation of MR1, a plasmid-
expressing HSV-1 US3 and GFP separated by a T2A sequence
that facilitates translation of two separate proteins from the
one transcript (23), was modified to express a kinase dead US3
(US3kd). 293T cells transfected with either the parental
plasmid (pSY10), US3 (pSY10-US3), or kinase dead US3
(pSY10-US3kd), were treated with ligand after 24 h. The sur-
face expression of MR1 and MHC-I in the GFP" cells was
analyzed by flow cytometry 4 h later (Fig. 4D). Inactivation of
the kinase domain partially rescued the loss of both surface
MR1 and MHC-], indicating that while kinase activity con-
tributes to the modulation of MR1, it is not absolutely required
for the modulation of these antigen presentation molecules.

Together these findings demonstrate that US3 protein
encoded by both HSV viruses, as well as US3.5 of HSV-1,
modulate surface MR1 prior to the loss of total MR1, and
that the kinase activity contributes to this phenotype. This
contrasts to the modulation of MR1 during HSV infection,
which is led by the loss of total protein. These results establish
that US3 primarily acts against mature MR1 in a way that

J. Biol. Chem. (2024) 300(10) 107748 7



HSV-mediated impaired endocytosis of MR1 molecule

A g qf}f) g B . RAd-Ctrl RAd-H1-US3 RAd-H1-US3.5 RAd-H2-US3
NN 0 4058 95.6 4627 89.7
S R 561 '
F IIFI &1
@ L
MR1 |-.'” 37 A I 339 0.39 3.80 0.22

50 gy
MR |d|--q 37 H0.15 94.6
9

®
>
T
=}
]
}1
N W
(62BN
44 hpi

—75
FLAG - = @
= —50 35.15 0.12
L} : | o ALY T T L2 L T . MEZLLL, BRLLl T W Al y L
» Surface MR1
c Total MR1 (Nil) Surface MR1 (Nil)
L 12 P @ 12+ o
— S ol . 8 S o[ e &
RAd-H1-US3 —— S0 2 S 0s] . Z—
RAd-H1-US3.5 Dos 3 D01 AN
RAd-H2-US3 —— Sos 2 Sou] O\
Isotype e O o2 2 O o2 2
B oo %T"’."" AU n:rp' ool % gy Ty l;llll
° S o? G o 0 10 o %Q, %?3 9‘5 o 0 10
L g —»MR1-GFP L 377 — MR1
SR SRS
Q\?“Q\vb' Q\?* Q?“Q&Q’ Q,?“
_ Surface MHC-I Total MR1 (Post) Surface MR1 (Post)
il i il N it L omn 7 B
£ E‘PJ\; ' s £ o8 g /\
() — Z ® Z—R— —t
i = \ = = 0.6 = S
c . S I 87 ,\ & 04 . S 1\
Se 2 E \ 6 2
) % ey ey |:|| T %""""'l Ty n:vrr D o0 % gy |‘|‘|m
& 0 10 & 0 10 . ’ o) ,b?.) P o 0 10
— MHC-| —»MR1-GFP 6\*«"1\\»9&0 —» MR1
SUACRY
D L16- _ <00001 L1169 <0000t
o =14 <0.0001 21 T oo
pSY10 _ g 912 2 E 9 O12 00001 g
pSY10--US3 —— S 510' E = 51,0— £
pSY10-US3kd —— £ 008 z § 2% =
Isotype — O e . < 567 3
3 Joa- o S D04+ o
L Eo.2- 2 L Eg.2- m g
0.0 % T oot L1, % T
*@ 0%“: '5“6 T 0 10 *@ & ‘_b T 0 10
S — MHCH & T—> MRI
€ & & Q‘s\"

Figure 4. HSV-1 and HSV-2 US3 protein expression modulation of surface MR1 precedes loss of total MR1. A, ARPE-19 MR1 cells were infected with
RAd-Ctrl, RAd-H1-US3, RAd-H1-US3.5, RAd-H2-US3, or mock-infected. Cells were harvested at 44 h p.i. and lysates were separated by gel electrophoresis
before immunoblotting for FLAG (to detect US3 expression), MR1, MHC-I, and GAPDH. B, ARPE-19 MR1-GFP cells were infected with RAd-Ctrl adenovirus or
RAd-Ctrl modified to encode HSV-1 US3 (RAd-H1-US3), US3.5 gene (RAd-H1-US3.5), or HSV-2 US3 gene (RAd-H2-US3). Cells were treated with Ac-6-FP (5 uM)
for 4 h prior to harvesting at 30 or 44 h p.i. Cells were stained for surface MR1 and analyzed by flow cytometry. C, ARPE-19 MR1-GFP cells were infected with
RAd-Ctrl adenovirus (black), RAd-H1-US3 (red), RAd-H1-US3.5 (orange), or RAd-H2-US3 (blue). Cells were left untreated (nil) or treated with Ac-6-FP (5 uM) for
4 h (post) prior to harvesting at 44 h p.i. Cells were stained for surface MR1, MHC-I, or matching isotype control (gray) and analyzed by flow cytometry. Fold
change in MFI of live-infected cells relative to RAd-Ctrl with matching ligand treatment is graphed with SD. Statistical significance was calculated by paired
Student’s t test, with p values < 0.05 annotated. Analysis of four independent experiments. D, 293T cells were transfected with pSY10 (parental plasmid),
pSY10-US3 (HSV-1 US3), or pSY10-US3kd (kinase dead US3, K220A). After adding ligand (Ac-6-FP) at 24 h, cells were harvested at 28 h and stained for
surface MR1 and MHC-l and analyzed by flow cytometry. Fold change in MFI of GFP* cells relative to mean pSY10 MFI is graphed with SD. Statistical
significance was calculated by one-way ANOVA with multiple comparisons, with p values < 0.05 annotated. Analysis of four independent transfections for
each plasmid. Ac-6-FP, acetyl-6-formylpterin; h p.i., hour post infection; HSV-1, herpes simplex virus type 1; HSV-2, herpes simplex virus type 2; MFI, mean
fluorescence intensity; MHC-l, MHC class I; MR1, major histocompatibility complex class I-related protein 1.
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reduces surface antigen presentation, although it can also drive
a reduction in total protein.

Increased retention of surface MR1 during HSV-1 infection

While the C-terminal cytoplasmic domain is not required
for MR1 trafficking to the PM, it does play a role controlling
the rate of MR1 endocytosis from the PM into EEA1-labeled,
early endosomes (10). MR1 contains a noncanonical tyrosine
motif encoded in the cytoplasmic tail that mediates a subop-
timal interaction with the endocytic AP2 complex (7, 10). This
causes MR1 to remain on the PM longer than other typical
AP2 cargo. Although variation between cell types has been
observed in the rate of this clathrin-mediated process, ~50% of
the molecule can be expected to internalize within several
hours (7, 10). This is in stark contrast to the transferrin re-
ceptor CD71 molecule, which encodes a canonical AP2
binding motif and internalizes within minutes (62, 63).
Furthermore, only a small percentage of endocytosed MR1
molecules recycle back to the PM, although again the pro-
portion varies according to cell type (10).

Through manipulating availability of ligand, increased MR1
can be detected on the PM during HSV infection. It is unclear,
however, whether this is due to an accumulation of newly
trafficked molecules, increased recycling from endosomal
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(allophycocyanin [APC]), to detect molecules that arrived post
infection (new) (Fig. 5, A and B). To validate that the assay only
detected new surface MR1 and not preexisting stained MR1
from which the antibody had dissociated, cells were treated
with brefeldin A to inhibit new MR1 trafficking from the ER,
and no staining was detected at 16 h (Fig. 5C). Both in the
absence of ligand (Fig. 5A4), where only a small proportion of
MR1 progresses to the cell surface, and with ligand pretreat-
ment, which drives MR1 to the cell surface (Fig. 5B), there was
a reduction in new MR1 molecules. This is most likely due to
depletion of the MR1 pool available to traffic to the PM. The
downregulation was particularly striking in the absence of
ligand, where new surface molecules approached isotype levels
in the HSV-1-infected cells. In this assay, the old molecules
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lular endocytic vesicles, and those that have recycled back to

C

Mock
Mock + BFA —
Isotype

New

Relative Cell Number

TrpmyT

0 10*
— MR1-APC

4

0 10
— MR1-APC

D 5 E 3
- ns ns 3.0
Mock 15 hpi — | 4391  —————— - £ s —_— = £
. D25 A g 0.0002 0.0184
Mock 18 hpi ==-| &, a z g 20 —— z
. j— = E jf © )
HSV-1 15 hp! z15 - w5 8 T 15 l% 8
HSV-1 18 hpi==-| = 101 eeese o £ 104 esess afls o
Z o5 | = 2 Eos >
Isotype —B= < = 00 Lo kS
Mock Mock HSV-1 HSV-1 &) 0 m“ Mock Mock HSV-1 HSV-1 (] 0 104
15hpi 18 hpi 15hpi 18 hpi > MR1 15hpi 18 hpi 15hpi 18hpi o > MR1

Figure 5. Endocytosis of MR1 is reduced during HSV-1 infection. A and B, ARPE-19 MR1 cells were mock or HSV-1 (strain F) infected in parallel. Cells were
treated with Ac-6-FP (5 [LM) 24 h prior to infection (B) or left untreated (A). Existing surface MR1 (old) was captured by staining for surface MR1 (anti-MR1-PE
or isotype control in gray) during the final 30 min of the 1-h period of viral adsorption. Newly trafficked surface MR1 (new) was detected at 16 h p.i., when
cells were again stained for surface MR1 (anti-MR1-APC or isotype control in gray). C, ARPE-19 MR1 cells were stained for existing surface MR1 (anti-MR1-PE),
treated with Ac-6-FP (5 uM), and optionally treated with brefeldin A. After 16 h, cells were harvested and stained for surface MR1 (new, anti-MR1-APC, or
isotype control in gray). Histogram representative of two independent experiments. D, ARPE-19 MR1 cells were mock or HSV-1 (strain F) infected in parallel.
Cells were treated with Ac-6-FP (5 M) 6 h prior to infection. At 15 h p.i., cells were stained with anti-MR1-APC and then harvested immediately or after a
further 3 h. £, ARPE-19 MR1 cells were mock or HSV-1 (strain F) infected in parallel. Cells were treated with Ac-6-FP (5 tM) 6 h prior to infection. At 15 h p.i,
cells were stained with anti-MR1-biotin and then harvested immediately or after a further 3 h. Cells were stained with streptavidin-APC at time of harvest. D
and E, Cells were analyzed by flow cytometry with analysis based on mean fluorescence intensity fold change to mock infected at 15 h p.i. Statistical
significance was calculated by one-way ANOVA with multiple comparisons, with p values < 0.05 annotated. Analysis of five independent experiments. Ac-6-
FP, acetyl-6-formylpterin; APC, allophycocyanin; h p.i., hour post infection; HSV-1, herpes simplex virus type 1; MR1, major histocompatibility complex class
I-related protein 1.
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the cell surface. Both in the absence of ligand, and with
treatment prior to infection, there was an increase in the
amount of Old MR1 in the infected cells (Fig. 5, A and B). This
is consistent with the MR1 accumulation on the PM, and in
EEA1 labelled compartments, detected by fluorescence mi-
croscopy (Fig. 1).

To further explore the retention of MR1 molecules after
their arrival at the PM, but over a shorter timeframe, ARPE-19
MR1 cells were again pretreated with ligand and then infected
with HSV-1. Cells were stained with anti-MR1-APC at 15 h p.i.
on ice and optionally incubated a further 3 h at 37 °C. There
was a significant loss of the signal between the two time points
in the mock infected cells, which was not evident in the HSV-
1-infected cells (Fig. 5D). Furthermore, there was relatively
more MR1-APC detected at both 15 h p.i. and 18 h p.i. in the
infected cells, compared to mock controls, although this trend
did not reach statistical significance.

To examine whether this result was due to increased
retention on the PM, or intracellular accumulations, the
internalization rate of infected cells was compared to the
mock-infected controls. Cells were pretreated with ligand and
infected with HSV-1, with the surface MR1 labeled on ice with
biotin-conjugated MR1 antibodies at 15 h p.. Cells were
stained with streptavidin-APC immediately, or after a further

3 h incubation, to detect only those molecules remaining on
the PM. There was a significant loss of surface MR1 over the
3 h in the mock-infected cells, consistent with the expected
rate of endocytosis (7, 10), which was not observed in the
infected cells (Fig. 5E). The difference in the relative amount of
surface MR1 between mock and infected cells reached statis-
tical significance at 18 h p.i. Given the low rates of MR1
recycling, the remaining signal likely reflects surface retention,
although it is not possible to exclude infection-induced upre-
gulation of recycling as contributing to this result. Together,
this data suggests that during HSV-1 infection MR1 endocy-
tosis is impaired, resulting in extended periods of antigen
presentation, and increasing the likelihood of detection by
MAIT cells.

Discussion

Our findings define the fate of residual MR1 molecules,
during both HSV-1 and HSV-2 infection (Fig. 6), after the
significant depletion of ligand-free, ER-resident, immature
molecules (Fig. 1). We observe the downstream reduction in
molecules trafficking through the secretory pathway but
establish that this is not necessarily reflected on the PM, due to
impaired MR1 endocytosis (Fig. 5). Furthermore, HSV infec-
tion drives MR1 accumulation in early endosomes, but not late
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Figure 6. The fate of MR1 molecules during HSV infection. HSV infection depletes the pool of immature MR1 molecules in the endoplasmic reticulum,
limiting trafficking through the Golgi apparatus in response to ligand availability. Infection impairs endocytosis of ligand-bound mature molecules on the
plasma membrane, although this is offset by HSV targeting of intracellular and surface MR1 molecules for degradation. After endocytosis MR1 preferentially
accumulates in early endosomal compartments, but not late endosomes/lysosomes. HSV, herpes simplex virus; MR1, major histocompatibility complex class

I-related protein 1.
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endosomes/lysosomes. We confirm that the MR1 cytoplasmic
tail is not required for depletion of immature molecules
(Fig. 2), but its role in the surface retention and accumulation
in early endosomes remains unclear. Viral proteins US3 and
US3.5 primarily modulate surface, rather than total MR1
(Fig. 4), in part through their kinase activity. However this,
together with the ICP22- and vhs-mediated loss of immature
MRI1 (26), are sufficient to downregulate surface MR1, under
the homeostatic conditions of continuous ligand availability
present at healthy intact mucosal sites (Fig. 3). We propose
that the targeting of intracellular and cell surface MR1 mole-
cules by HSV is an immune-evasive countermeasure to mini-
mize the increased retention of surface MR1, which may be a
by-product of viral infection. Whether the modulation of MR1
has any impact on HSV infection and/or the anti-HSV im-
mune response awaits the development of an animal model to
assess HSV pathogenesis in this context.

The reduced rate of MR1 endocytosis exhibited by HSV-1-
infected ARPE-19 MR1 cells (Fig. 5), that is effectively masked
under conditions of continuous ligand availability (Fig. 3)
consistent with homeostatic bacterial synthesis of riboflavin
metabolites, is the first data that helps to directly explain the
immuno-evasive advantage of the early loss of immature MR1
molecules (23). HSV infection could be associated with
increased availability of ligand, with enhanced MAIT cell
cytolytic capacity and proinflammatory effector functions.
MAIT cells represent up to 7% of the resident T cell popula-
tion in orofacial and anogenital mucosa (64—66), where HSV-1
and HSV-2 primary infections predominantly occur (67, 68).
Entry to permissive keratinocytes, fibroblasts, and epithelial
cells is enhanced by microabrasions, and pathology-induced
barrier damage, and inflammation (69, 70), all of which
could be associated with bacterial translocation and altered
MR1 ligand availability. Eczema herpeticum, a widespread
HSV skin infection present in up to 24% of people with atopic
dermatitis (71), is associated with increased risk of bacterial
skin infection, particularly with the riboflavin synthesising
commensal Staphylococcus aureus (3, 72, 73). Furthermore,
HSV continuously reactivates from its reservoir site of latency
in peripheral sensory neurons resulting in recurrent herpetic
lesions (74, 75). In the female genital tract, this can be asso-
ciated with chronic alterations to the composition of the
microbiome, including reductions in Lactobacilli and
increased bacterial infections (76). Interestingly, Lactobacilli-
derived factors help dampen MAIT cell responses to S.
aureus. HSV-induced dysbiosis may be removing critical
regulation that prevents MAIT cell over-responsiveness to
essential riboflavin synthesis (77). This could render HSV-
infected cells more susceptible to detection and cytolytic
killing by resident MAIT cells, which would be effectively
offset by viral downregulation of MR1 antigen presentation.

Cellular responses to viral infection also prime the MR1-
MAIT cell axis (78). TLR agonists and NF-kB signaling, which
are features of HSV infections, are associated with increased
MRI1 antigen presentation in some cell types (79-82). At the
same time, antiviral type I interferons heighten the cytolytic
capacity of MAIT cells through increased production of
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granzyme B, potentially amplifying the response of MAIT cells
to MRI1 antigen presentation during viral infections (83).
Consequently, there could be multiple factors in addition to
delayed MR1 antigen internalisation during HSV infection
that, in the absence of viral-mediated rapid depletion of MR1
intracellular reserves, would otherwise expose infected cells to
TCR-mediated MAIT cell detection.

Further research is required to characterize the endocytosis
of surface MR1 to examine endogenous MRI1 expression in
primary human cells, as well as to confirm whether HSV-2
exhibits the same phenotype. Surface levels of other antigen
presentation molecules, including CD1d and MHC-I are
reduced during HSV infection (84-87), while other surface
molecules, including the CD71 transferrin receptor (55, 88, 89),
remain steady. Given that there is no evidence of widespread
surface retention of cellular glycoproteins during infection, a
global effect is unlikely, although an AP2-specific impact is
plausible. HSV glycoproteins are synthesized in the ER, glyco-
sylated during transit through the secretory pathway, and then
group together on the PM where they form lipid rafts. AP2
consensus sequences encoded in the cytoplasmic tails of some
of the glycoproteins supports endocytosis of the clusters, after
which they are transported to virus assembly sites such as the
trans Golgi network and endocytic tubules (90-92). Although
there is some evidence suggesting increased expression of AP2
subunits during HSV-1 infection (93), this may be insufficient
to prevent competitive inhibition, allowing the highly expressed
HSV proteins to monopolise the AP2 endocytic machinery.
Interestingly, there are some other examples of upregulation of
AP2-endocytosed surface molecules during HSV-1 infection,
including CD63 (LAMP3) and LAMP1, both of which cycle
between the PM and late endosomal or lysosomal compart-
ments (55, 87, 94). However, CD1d, which presents glycolipid
antigens to invariant natural killer T cells (95, 96), is inhibited
during HSV-1 infection through US3 and glycoprotein B—
mediated blocking of endocytic recycling (85, 87). This vari-
ability could be due to differential binding affinities or other
cellular factors involved in the regulation of endocytosis
(97-99). Furthermore, given that HSV commonly modulates
several steps in antigen presentation pathways, downregulation
does not exclude the possibility this masks an underlying
retention of CD1d on the PM.

A second explanation is that direct interactions between
viral proteins and MR1 impact longevity on the PM and
perhaps also drive the observed accumulation in early endo-
somes. Interestingly, HSV glycoprotein B binds to CD1d
molecules not only on the PM but also between immature ER-
resident molecules, however US3 phosphorylation of type II
kinesin motor protein KIF3A is responsible for the reduction
in endocytic recycling that decreases surface CD1d expression
(55, 85). Data examining the direct interactions between MR1
and viral proteins may prove useful in resolving this question.

The short MR1 cytoplasmic tail is not required for the
downregulation of immature molecules during HSV infection
(Fig. 2). The noncanonical AP2 motif in the MR1 tail is
required for optimal antigen presentation (10), and while
mutations in the sequence impact the rate of internalization,
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deletion of the short cytoplasmic domain surprisingly does not
alter endocytosis. The role of the MR1 tail and the AP2
binding sequence in the preferential retention of mature
molecules is currently unclear, as we show that WT and MR1
molecules lacking expression of the C-terminal domain are
both upregulated on the PM during HSV infection.

We have previously demonstrated that single gene expres-
sion of HSV-1 US3 and the VZV homolog ORF66 both
downregulate surface MR1. Infection with viruses lacking their
expression, followed by ligand treatment, only partially rescues
this loss with HSV-1 but not VZV infection (23, 25). This
reflects the contribution by other viral proteins to the inhibi-
tion of MR1 antigen presentation. Here, we demonstrate that
both the shorter US3.5 kinase and the full-length HSV-2 ho-
molog also impact surface MR1 expression, and that modu-
lation of surface, rather than total expression, is the dominant
phenotype (Fig. 4). Furthermore, we establish that the kinase
domain contributes to this modulation but may not be the
only mechanism by which US3 impacts presentation of antigen
by both MR1 and MHC-I. Given that MR1 has no known
phosphorylation sites and does not include the requisite
serine/threonine residues in the cytoplasmic tail, an indirect
mechanism of action is likely. The US3 family of kinases share
substrate similarities to cellular PKA and protein kinase B
(Akt) (43, 100). Although a few putative US3 viral and cellular
targets have been identified, only a small proportion has been
confirmed, leaving open additional possible mechanisms of
modulation.

Interestingly, the phosphorylation of motor protein KIF3A
with transient US3 expression in HeLa cells also results in
reduced surface expression of CD1d, CD63, and LAMP1 (87).
It is possible that phosphorylation of KIF3A is also responsible
for the downregulation of surface MR1, however several points
do not support this theory. Firstly, unlike CD1d, CD63, and
LAMP1, MR1 does not predominantly traffic between late
endosomes and the PM; moreover the f2m-MR1 complex is
unstable at the low pH found in late endosomes/lysosomes
(10). Secondly, this kinesin is primarily associated with late and
not early endosomes (101); however, we detected increased
accumulation in early endosome, and relatively stronger loss in
LAMP1-associated compartments, with no recovery of MR1 in
cells treated with two different lysosomal inhibitors (Fig. S2).
Indeed CD1d accumulates in multivesicular LAMP1 vesicles
during HSV-1 infection, where its relocation from internal
vesicles to the lysosome limiting membrane may be respon-
sible for the inhibition of recycling (87). Additional examina-
tion of ectopic US3 expression is required to confirm whether
it is involved in the EEA1 accumulation of MR1 and evaluate
the effect of KIF3A phosphorylation on MR1 localization.
Finally, given that regulation of US3 location and enzymatic
activity is controlled during infection by autophosphorylation
and the expression of both cellular and viral factors, including
viral UL13, UL47, and UL34 proteins (57, 102—104), it will be
important to examine these findings in US3 mutant viruses.

In conclusion, we have identified two additional points in
the life-cycle of MR1 antigen presentation that are modulated
by both HSV-1 and HSV-2. We observe striking similarities in
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the phenotype exhibited by these two closely related alpha
herpes viruses, which suggests a strong biological imperative,
given these viral species have independently evolved from
different cross-species transmissions over millions of years
(105-107). We propose that HSV encodes multiple mecha-
nisms to downregulate surface MR1, at least in part to offset an
increased retention of mature molecules on the PM, thus
avoiding cytolytic killing by the most populous clonal popu-
lation of T cells at sites of primary infection and reactivation.

Experimental procedures
Cells

Human retinal pigment epithelial (ARPE-19) cell lines
expressing MR1 lacking the final 15 amino acids of C-terminal
domain (ARPE-19 AP305) (10) or the MR1-K43A auto folding
mutant (ARPE-19 MR1-K43A) were generated as described
previously by retroviral transduction (7). The MR1 constructs
were encoded in the parental pMIG-II vector, a gift from Dario
Vignali (University of Pittsburgh; plasmid #52107), under the
control of the Murine stem cell virus LTR, with EGFP coex-
pressed from the same promoter via a downstream internal
ribosomal entry site. ARPE-19 MR1, AP305, and MR1-K43A
and ARPE-19 MRI1-GFP cell lines, 293T (American Type
Culture Collection, CRL-3216), Vero (American Type Culture
Collection, CCL-81), and T-REx-293 cells were grown at 37 °C
and 5% CO, in Dulbecco’s Modified Eagle’s Medium (Lonza,
#12-604F) supplemented with 10% fetal calf serum (Cytiva,
#SH30084.02). All cells are periodically tested for mycoplasma
and are free from contamination.

Viruses

HSV-1 and HSV-2 strains used in this study were HSV-1
strain F (courtesy Dr Russell Diefenbach, Macquarie Univer-
sity) and HSV-2 strain 186 (courtesy Dr Naomi Truong, The
Westmead Institute for Medical Research) (108). After first
replacing the media, cells were infected for the 1-h period of
adsorption (with gentle rocking at 37 °C) and then washed
again before continuing with the assay. All HSV strains were
grown and titrated on Vero cells.

Replication-deficient adenovirus constructs were generated
from the pAdZ5-C5 vector (59). Adenoviruses used in this
study were: RAd-Ctrl (no exogenous protein-coding region)
(59), RAd-H1-US3 and RAd-H1-US3.5 expressing the corre-
sponding gene encoded by HSV-1 (strain F), or RAd-H2-US3
from HSV-2. Two-step PCR using Q5 High-Fidelity poly-
merase (NEB) was used to amplify the viral genes adding an N-
terminal FLAG tag, with the second round of amplification
adding approximately 80 bp of homology to allow recombi-
nation with the adenovirus construct. All primers are listed in
Table 1, with the gene-specific sequence underlined. Purified
PCR products were incorporated into the vector by homolo-
gous recombination as previously described (26, 59) with the
sequence confirmed by Sanger sequencing.

Confirmed constructs were purified using the NucleoBond
Xtra Midi kit (Macherey-Nagel, #740410) and transfected into
T-REx-293 using FuGene HD (Promega, #E2231). After

SASBMB



HSV-mediated impaired endocytosis of MR1 molecule

Table 1
Primers used to amplify HSV genes for recombination into pAdZ5-C5 vector
Target Forward Reverse
HSV-1F US3 5'-GACCGATCCAGCCTGGATCCATGGACTA 5'-ACAATAGTGACGTGGGATCCTCATTTCTGTT
CAAAGACGATGACGA- GAAACAGCGGCAAAC-3
CAAGGGCGCCGCCTGTCGTAAGTTTTGTCG-3"*
HSV-1F US3.5 5'-GACCGATCCAGCCTGGATCCATGGACTACAAAGACG 5'-ACAATAGTGACGTGGGATCCTCATTITCTGTTG

ATGACGA-

AAACAGCGGCAAA-3

CAAGGGCGCCTACGGAAACCAGGACTACCC-3

5'-GACCGATCCAGCCTGGATCCATGGACT
ACAAAGACGATGACGA-

HSV-2186 US3

CAAGGGCGCCGCCTGTCGTAAGTTCTGTGG-3'
5-GAGAGTTTAGTGAACCGTCAGATCGCCTGGA-
GACGCCATCCACGCTGTTTTGACCTCCATAGAAGA-

pAdZ5 Round 2

CACCGGGACCGATCCAGCCTGGATC-3

5'-ACAATAGTGACGTGGGATCCTCACTTAGGGTG
AAATAGCGGCAGGC-3'

5-GGCGTGACACGTTTATTGAGTAGGATTACAGAGT
ATAACATAGAGTATAATATAGAGTATACAA-
TAGTGACGTGGGATCC-3'

HSV, herpes simplex virus.
“ Gene-specific sequence is bold.

several days the infected cells were collected, and the pellet
lysed by resuspending in equal volumes of PBS and tetra-
chloroethylene. After centrifugation, the upper layer of PBS
containing the adenovirus was removed and stored at —-80 °C.
Virus was titrated after 48 h p.i. in T-REx-293 cells, using goat
anti-adenovirus primary antibody (Sigma-Aldrich, #AB1056),
anti-goat HRP secondary antibodies, and 3,3'-dia-
minobenzidine substrate (Pierce, #34065) for quantification of
infected cells.

Plasmids and transfections

Two primer sets (Forward: 5-GTAATCGTGGCAGC
GGGGTG-3' and Reverse: 5-TCCTTGAGAGTTTTCG
CCCC-3; Forward 5-GGGGCGAAAACTCTCAAGGA-3
and Reverse: 5'-CACCCCGCTGCCACGATTAC-3') and were
used to amplify two halves of the pSY10-US3 plasmid (23),
replacing lysine (K220) with alanine (bold in primers) to create
the pSY10-US3kd kinase dead plasmid. The two fragments
were recombined using NEB HiFi builder (E2621L) and
competent Escherichia coli (NEB, #C2987H) transformed with
the plasmid were selected on Luria-Bertani agar with ampi-
cillin (50 mg/ml), grown in LB broth with ampicillin overnight
and purified (Bioline #740490). The full US3 sequence was
confirmed by Sanger sequencing.

293T cells were transfected with the pSY10 parental plasmid
(pCDH_EF1-MCS-T2A-copGFP vector, Systems Bioscience,
#CD526A-1), pSY10-US3, or pSY10-US3kd using Fugene HD
(Promega).

Immunoblotting

Cells were harvested in cell lysis buffer (150 mM NadCl,
50 mM Tris pHS8, 1% IGEPAL, 1% Triton X-100) supple-
mented with protease inhibitor cocktail (1% V/V, Sigma) and
allowed to incubate on ice for 20 min. Lysates were then
centrifuged (16,000¢ for 20 min at 4 °C) and the supernatant
collected. Lysates were denatured by heating at 95 °C for 5 min
in reducing sample buffer (Bio-Rad) and resolved by SDS-
PAGE on precast polyacrylamide gels (Bio-Rad) before
immunoblotting onto polyvinylidene difluoride membranes.
Membranes were probed with the designated primary
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antibodies in 3% bovine serum albumin in phosphate buffered
solution with 0.5% (V/V) Tween®® (Sigma-Aldrich P9416
(PBS-T)), followed by incubation with an appropriate horse-
radish peroxidase—conjugated secondary antibody (Santa Cruz
Biotechnology) and visualized using Clarity Western ECL
Substrate (Bio-Rad, #1705061). The following primary anti-
bodies were utilized: anti-MR1 CT or clone 8G3 (27), anti-
MR1 (Abcam #ab55164) and anti-HLA-A, B, C (Abcam,
clone EMRS8-5, #ab70328), anti-DDDDK (Abcam, clone
EPR20018-251, #Ab205606), and anti-GAPDH (Santa Cruz
Biotechnology, clone FL-335, #sc-257778 or Thermo Fisher
Scientific #TAB1001). Immunoblots in Figure 4A depict the
same mock and RAd-Ctrl lanes from a previous manuscript as
the experiments were conducted concurrently (26).

MR1 ligand and cellular inhibitors

The MR1 ligand Ac-6-FP (5 pM, Schircks Laboratories,
#11.418) was added as indicated to the culture medium. To
inhibit lysosomal degradation of proteins, cells were treated
with folimycin (concanamycin A, 50 nM Sigma-Aldrich
#C9705) or leupeptin (100 UM, Pierce, #78435), following
the 1-h period of viral adsorption. To inhibit trafficking of
MR1 to the PM, cells were treated with brefeldin A for 16 h
(5 pg/ml, BioLegend #420601).

Flow cytometry

The following antibodies were used to detect surface mol-
ecules: MR1 was detected by anti-MR1-biotin (clone 26.5) (7),
followed by streptavidin-PE (eBioscience, #12-4317-87) or
streptavidin-APC (eBioscience, #17-4317-82), or using anti-
MR1 directly conjugated to PE or APC (BioLegend, clone
26.5, #361105, #361107); MHC-I by anti-HLA-A,B,C-PE
(Miltenyi Biotec, clone REA230, #130-120-055), anti-HLA-
AB,C-APC (BD Pharmingen, clone G46-26, #555555), or
anti-HLA,B,C-SB436 (Invitrogen, clone W6/32, #62998342).
All cells were stained at 4 °C to minimize internalization,
unless otherwise stated. Live cells were identified using
Zombie NIR Fixable Viability Kit (Biolegend) or Live/Dead
Fixable blue (Invitrogen, #L23105). After staining, cells were
treated with BD Cytofix Fixation buffer (BD Biosciences,
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#554655). Flow cytometry was performed using a LSR Fortessa
X-20 or BD-LSR-II (BD Biosciences) and fluorescence in-
tensity (MFI) analyzed using FlowJo software (Treestar Inc.,
https://www.flowjo.com, version 10.8).

Fluorescence imaging

ARPE-19 MR1 cells were seeded in duplicate on 96-well
PhenoPlates (PerkinElmer, 6055302) precoated with Geltrex
basement membrane matrix (Gibco, #A1413301) and then
infected as described above with either HSV-1 or HSV-2. Cells
were stained at 4 °C for delineation of PM (WGA, CF405M
Conjugate Biotium #29028) in Hanks Balanced Salt Solution
(Gibco, #14170) with 2% normal donkey serum (NDS, Sigma-
Aldrich, #D9663). They were then fixed (BD Cytofix Fixation
buffer, BD Biosciences, #554655), permeabilized, and blocked
with the staining buffer (PBS, 1 mM CaCl,/MgCl,, 2% NDS)
containing either 0.01% saponin (Sigma-Aldrich, #57900) or
for EEA1 staining 0.01% Triton X-100 (Sigma-Aldrich). The
following primary rabbit anti-human antibodies were used to
label intracellular compartments: calreticulin for the ER
(Sigma-Aldrich, #C4606), GM130 for the GA (Cell Signalling
Technology, clone D6B1, #12480), EEA1 for early endosomes
(Thermo Fisher Scientific, clone F.43.1, #MA514794) or
LAMP1 for late endosomes/lysosomes (Abcam, #ab24170).
This was followed by donkey anti-rabbit IgG conjugated to
Alexa Fluor 546 (Thermo Fisher Scientific, #A10040) and 4/,6-
diamidino-2-phenylindole nuclear staining (Sigma-Aldrich,
#MBDO0015). Cells were also stained for MR1 (BioLegend,
clone 26.5, #361102), followed by donkey anti-mouse IgG
conjugated to Alexa Fluor 647 (Thermo Fisher Scientific,
#A31571). Cells were washed several times between each
staining step and then covered in degassed imaging buffer (5%
(v/v) glycerol, 2.5% (w/v) DABCO Powder in PBS, pH 8.5).
Two biological repeats were completed for each set of assay
conditions.

Cells were imaged using the Opera Phenix Plus (Perki-
nElmer) with the 40X water objective under the control of the
Harmony software. A minimum of 4 FOVs were imaged per
well, with five planes, each 0.5 pm apart, acquired in each
channel. Maximum Z-stack projections were created for each
FOV, and flat field correction was applied through Image]
software. A segmentation map of the cells within each FOV
defining the subcellular compartments was created with
ilastik software (33). Given that the nucleus and PM are
morphologically distinct, they were acquired in the same
fluorescence channel and machine learning was used to
identify their separate locations in the segmentation map.
After normalizing the median MR1 FOV signal to the control
samples within the corresponding experimental condition,
the median MRI1 signal at each subcellular location was
calculated with Image] by overlaying the segmentation map.
The MRI1 signal fold change in the FOV at each subcellular
compartment in infected cells compared to corresponding
mock-infected samples was calculated. In addition, the me-
dian MR1 signal within each FOV for the same per-
meabilization agent was used to calculate the relative strength
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of MRI1 signal in the subcellular compartment compared to
the median cell signal. Statistical significance was evaluated
with a minimum of 14 FOV.

Quantification and statistical analysis

Paired Student’s ¢ tests or one-way with multiple compari-
sons analysis were performed as indicated using GraphPad
Prism software (GraphPad Software, LLC. https://www.
graphpad.com/scientific-software/prism/version 9. Data are
presented as dot plots (flow cytometry and reverse transcrip-
tase quantitative polymerase chain reaction with the mean and
SD or violin plots (fluorescence microscopy) with the median
and quartiles.

Data availability

Further information and requests for resources, data, and
reagents should be directed to and will be fulfilled by the Lead
Contact, Barry Slobedman (barry.slobedman@sydney.edu.au).
Cells, viral mutants, and constructs are available upon request,
subject to our institutional and Material Transfer Agreements,
and those with the host institution at which these reagents
were generated.
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