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Multi-targeted loss of the antigen presentation
molecule MR1 during HSV-1 and HSV-2 infection

Carolyn Samer,1 Hamish E.G. McWilliam,2,3 Brian P. McSharry,1,4 Thilaga Velusamy,5 James G. Burchfield,6,7

Richard J. Stanton,8 David C. Tscharke,5 Jamie Rossjohn,8,9 Jose A. Villadangos,2,3 Allison Abendroth,1,10

and Barry Slobedman1,10,11,*
SUMMARY

The major histocompatibility complex (MHC), Class-I-related (MR1) molecule presents microbiome-synthe-
sized metabolites to Mucosal-associated invariant T (MAIT) cells, present at sites of herpes simplex virus
(HSV) infection. During HSV type 1 (HSV-1) infection there is a profound and rapid loss of MR1, in part
due to expression of unique short 3 protein. Here we show that virion host shutoff RNase protein downre-
gulates MR1 protein, through loss of MR1 transcripts. Furthermore, a third viral protein, infected cell pro-
tein 22, also downregulatesMR1, but not classical MHC-I molecules. This occurs early in theMR1 trafficking
pathway through proteasomal degradation. Finally, HSV-2 infection results in the loss of MR1 transcripts,
and intracellular and surface MR1 protein, comparable to that seen during HSV-1 infection. Thus HSV coor-
dinates a multifaceted attack on the MR1 antigen presentation pathway, potentially protecting infected
cells from MAIT cell T cell receptor-mediated detection at sites of primary infection and reactivation.

INTRODUCTION

Mucosal-associated invariant T (MAIT) cells are a tissue-resident and circulating memory T cell population that play key roles monitoring and

responding to changes in the integrity of mucosal and barrier sites.1–4 MAIT cells are pleiotropic innate-like T cells due to their expression of

multiple transcription factors including promyelocytic leukemia zinc finger (PLZF),5 their restricted repertoire of T cell receptors (TCRs), and

activation through TCR-dependent and TCR-independent mechanisms.6–10 Through TCR binding, MAIT cells recognize bacterial or fungal-

sourced intermediates from the vitamin B biosynthesis pathway presented by the major histocompatibility complex (MHC), Class-I-related

(MR1) molecule.11 This allows MAIT cells to detect specific perturbations in the metabolome resulting from changes in the composition or

location of the microbiome and pathogens.

Unlike classical T cells, MAIT cells can be activated by cytokines and Toll-like receptor (TLR) agonists that can also arise from diverse viral

infections. Indeed, there is a growing appreciation of the importance of MAIT cell protection against viral infections including influenza A

virus,9 hepatitis C12 and HIV-1.13 MAIT cells are more abundant in the blood during dengue virus, correlating with disease severity,12 while

during early HIV infection blood and mucosal MAIT cells are activated and expanded, potentially responding to increased microbial trans-

location.14 However in many viral infections including human T lymphotropic virus type 1,15 influenza A virus,10,12 hepatitis B virus,16–19 hep-

atitis C virus,12,20,21 hepatitis D virus,18 chronic HIV,22–25 and SARS-CoV-2,26,27 circulating and tissue-resident MAIT cells are reduced in num-

ber, often expressing an exhausted phenotype.

MAIT TCR-mediated signaling in the absence of other markers of infection drives a Th17 tissue repair phenotype.28,29 AlthoughMAIT cells

express a pro-inflammatory Th1 signature in response to TCR-independent factors, sustained activation with concurrent proliferation and tar-

geted cytotoxicity requires the addition of TCR signaling.1,30–32 While there is no evidence that viruses synthesize MR1 ligands, it is clear that

viruses such as the human herpesviruses modulate the MR1-TCRMAIT cell axis.33 Recent studies have also confirmed that riboflavin availabil-

ity enhancesMAIT cell protective responses to influenza A virus infections in mice34 and inhibits entry of flaviviruses.35 Herpesviruses establish

a primary infection in the skin, lungs, orofacial, and genital mucosa, at sites colonized by MR1 ligand producing bacteria and monitored by
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immune cell populations including MAIT cells. During primary lytic infection, virally induced disruptions at these barrier sites could increase

MR1 antigen availability, driving the early activation arm of resident MAIT cells, with consequent TCR-mediated cytolysis of virally infected

host cells. The synergistic MAIT cell activation associated with antiviral cytokines combined with this TCR signal would enhance the pro-in-

flammatory response of MAIT cells, a result that could strongly impact viral replication and transmission efficiency. Furthermore, a subset of

MAIT cells respond to surface MR1 in the absence of microbial ligands, promoting T helper like functionality, including dendritic cell (DC)

maturation.36 In all these scenarios, disabling the MR1-TCR response would represent an advantage to viral survival.

We previously reported that herpes simplex virus type 1 (HSV-1), human cytomegalovirus (HCMV), and varicella zoster virus (VZV) all down-

regulate MR1 expression.37–39 During HSV-1 infection, substantial loss of MR1 protein is detected during early infection, predominantly from

the immature protein accumulating in the endoplasmic reticulum (ER) awaiting exogenous ligand.37 Although pre-existing surface MR1 re-

mains protected from HSV-1-induced loss, there is a substantial reduction in new surface MR1 resulting from depletion of the ER pool. While

the viral kinase unique short (US) 3 and homolog open reading frame (ORF) 66 are implicated in MR1 inhibition in HSV-1 and VZV infections

respectively, viruses lacking their expression fail to fully rescue the loss,37,38 suggesting that additional viral products contribute to this sup-

pression of MR1 expression.

HSV encodes approximately 84 viral gene products, which are expressed in a three-step immediate-early (IE), early (E), and late

(L) sequential cascade.40 IE products, which are synthesized immediately post release of the viral DNA into the host’s nucleus, inhibit critical

antiviral functions and promote pro-viral gene transcription and protein synthesis.41–43 Here we provide evidence that one of these products,

namely ICP22, contributes to the loss of ER-resident MR1 through proteasomal degradation. In contrast, a second IE protein, ICP47, which

blocks peptide presentation byMHC-I molecules to classical T cells, does not play an apparent role in MR1modulation. In addition, an HSV-1

late-expressed protein, the virion host shutoff (vhs) RNase protein encoded by the unique long (UL) 41 gene, contributes to the loss of MR1

protein through the downregulation of MR1 transcripts. We also report that a third alphaherpesvirus, HSV-2, modulates MR1 protein, repli-

cating the HSV-1-mediated loss of immature MR1 and ligand-dependent modulation of antigen-bound surface molecules. Together these

results expand the number of viruses that modulate this non-classical antigen presentation molecule and reveal that HSV-1 encodes multiple

mechanisms to produce this immunomodulatory effect.

RESULTS

TAP inhibitor ICP47 modulates MHC-I but not MR1 antigen presentation

Loss of cellularMR1 is detectible within 4 h of HSV-1 infection in epithelial cells,37 implicating one of the five IE proteins expressed immediately

post viral entry. We have previously established that the IE E3 ubiquitin ligase protein ICP0 is not responsible for the loss of MR1 protein dur-

ing HSV-1 infection.37 A second IE protein, ICP47, is well characterized for its ability to inhibit classical MHC-I antigen presentation. ICP47

inhibits the transporter associated with antigen processing (TAP) protein dimer, thus preventing the delivery of peptides across the ER mem-

brane into the lumen for loading into theMHC-I antigenic cleft.41,44,45 TAP is part of the peptide loading complex (PLC) which can stabilize two

antigen-presentationmolecules simultaneously.46 Components of the PLC contribute toMR1 stability and antigen loading in the ER47; conse-

quently viral interference may indirectly impact MR1 stability.

To test whether expression of ICP47 during infection impacts MR1 antigen presentation, ARPE-19 epithelial cells were infected with HSV-1

KOS strain and ICP47 null mutant ICP47del48 and analyzed by flow cytometry. Equivalent surface expression of the late viral glycoprotein gC

was detected at 6 h post infection (p.i.) in the cells infected with both parental and mutant viruses (Figure 1A) confirming that deletion of the

non-essential ICP47 protein had no impact on expression kinetics at this early time point. As expected, compared to mock-infected cells,

surface MHC-I expression was downregulated by the parental virus, but not the mutant virus (Figure 1B), recapitulating the role ICP47 plays

in the early loss of surface MHC-I.49,50

Increased surface MR1 associated with acetyl-6-formylpterin (Ac-6-FP) ligand-induced maturation and plasma membrane trafficking can

be detected after 2 h, and peaks around 8 h post treatment.51 In order to examine the effect of an IE viral gene on both total cellular MR1 and

surfaceMR1, ARPE-19 cells transduced to expressMR1-GFP37 were treated with Ac-6-FP ligand 3 h p.i., after substantial IE gene expression,52

and then harvested 3 h later. Both viruses invoked a similar loss of total MR1 as detected by the GFP signal (Figure 1C); however, consistent

with previous reports, no loss of surfaceMR1was evident at this early time point.37 In cells similarly infected but treated with ligand 4 h prior to

staining at 18 h p.i., a time point associated with complete gene expression and high yield of viral progeny,53 the strong loss of both total and

surface MR1 was again comparable in the parental and mutant infected cells (Figure 1D). Given the lack of rescue of total or surface MR1 by

ICP47del at both early and late time points, this suggests that inhibition of TAP functionality by ICP47 does not interfere with PLC-mediated

stability of MR1 in the ER and consequently does not contribute to the loss of MR1 during HSV-1 infection.

ICP22 viral protein promotes proteasomal degradation of MR1

The three remaining IE proteins, ICP4, ICP22, and ICP27, use multiple mechanisms to initiate and promote viral gene expression, at the

expense of cellular expression, through interactions with cellular transcription and translation machinery. ICP22 is broadly characterized as

a pro-viral trans regulator, without which viral replication is severely attenuated and viral progeny contain reduced amounts of some glyco-

proteins.54 ICP22 is attributed with diverse roles during HSV-1 replication including the recruitment of cellular chaperones into nuclear virus

enriched chaperone enhanced (VICE) domains adjacent to the viral replication centers,55–57 modulation of RNA polymerase (pol) II,58–61 and

modulation of cell cycling.62,63 Of particular interest, ICP22 may act as a J-protein co-chaperone, interacting with cellular Hsc70 protein to

manage misfolded proteins.57 In addition, HSV-2 ICP22 E3 ubiquitin ligase functionality is responsible for ubiquitination, and subsequent
2 iScience 27, 108801, February 16, 2024
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Figure 1. HSV-1 ICP47 deletion mutant fails to rescue loss of MR1

(A) ARPE-19 cells were mock (black), HSV-1 strain KOS (red), or ICP47del mutant lacking expression of ICP47 (blue) infected (MOI 3) in parallel. Cells were

harvested at 6 h p.i. and stained for viral glycoprotein gC or matching isotype control (gray) and analyzed by flow cytometry. Histograms representative of

two independent experiments.

(B–D) ARPE-19 MR1-GFP cells were mock (black), HSV-1 strain KOS (red), or ICP47del (blue) infected in parallel.

(B and C) Cells were treated with Ac-6-FP (5 mM) at 3 h p.i. before harvesting at 6 h p.i.

(D) or treated at 14 h p.i., before harvesting at 18 h p.i. Cells were stained for surface MHC-I (B) or surface MR1 (C, D) or matching isotype control (gray) and

analyzed by flow cytometry. Fold change in MFI of infected cells relative to mock-infected cells (dotted black line) is represented as mean G SEM. Statistical

significance was calculated by paired Student’s t test *p < 0.05, **p < 0.005, ****p < 0.0001. Analysis of 4 or 5 independent experiments.
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degradation, of several signal transducer proteins in the type 1 interferon signaling pathway.64 Consequently, ICP22 qualified as an interesting

candidate for MR1 modulation.

To assess the impact of ICP22 expression on endogenous MR1 surface expression, the US1 gene from HSV-1 strain F was cloned into the

pCDH_EF1-MCS-T2A-copGFP plasmid (pSY10) upstream of a T2A ribosomal skip sequence, thus facilitating the independent translation of

GFP from the same transcript as a marker of successful transfection. 293T cells transfected with either parental (pSY10) or the US1 expressing

(pSY10-ICP22) plasmid were treated with Ac-6-FP ligand 6 h prior to harvesting at 28 h p.i., at which point GFP was detectible in a subset of

cells. The fold change in surface MHC-I and MR1 was calculated in GFP+ cells compared to non-transfected GFP� cells within the same sam-

ple. No difference in surface MR1 or MHC-I was associated with transfection of the parental plasmid compared to mock-infected cells (Fig-

ure 2A). Expression of ICP22 however resulted in amarked reduction in surfaceMR1 expression. By contrastMHC-I was instead upregulated in

the ICP22-expressing cells suggesting a differential effect of ICP22 on these related antigen presenting molecules.

A second protein, US1.5, is translated from the US1 gene; however, there is uncertainty regarding which of the in-frame start codons ini-

tiates the carboxyl-terminant molecule.58,65,66 During viral infection both ICP22 and US1.5 are expressed; though the latter only accumulates

at later time points under the control of the US3 and UL13 viral kinases.66

Both HSV-1 strain F ICP22 and US1.5 from codon 17160,66 were cloned with an N-terminal FLAG tag58 into the replication-incompetent

pAdZ5-C5 adenovirus vector.67 ARPE-19 MR1-GFP cells were infected with parental (RAd-Ctrl), ICP22 (RAd-ICP22)-, or US1.5 (RAd-US1.5)-ex-

pressing virus, at an MOI of 100, for detection of total cellular MR1 and surface MR1 and MHC-I by flow cytometry. Cells were optionally

treated with Ac-6-FP ligand 4 h (Post) prior to harvesting at 44 h p.i. At this time point mild adenovirus-associated cytopathic effect was de-

tected, reflecting successful adenovirus infection; however, therewasminimal cell death associatedwith overexpression of the viral genes that

was evident at later time points. In parallel, ARPE-19 cells expressing MR1 were similarly infected and harvested to detect the size of the
iScience 27, 108801, February 16, 2024 3
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Figure 2. ICP22 expression modulates loss of total and surface MR1

(A) 293T cells were transfected with a plasmid encoding either GFP alone (pSY10, black) or GFP and HSV-1 US1 gene (pSY10-ICP22, green). Cells were treated

with Ac-6-FP (5 mM) 22 h post transfection and harvested 6 h later. Cells were stained for surface MR1 or MHC-I and analyzed by flow cytometry. Fold change in

MFI relative to GFP� cells (dotted line) within each sample was calculated and is represented as mean G SEM. Statistical significance compared to pSY10 was

evaluated by Welch’s unpaired t test **p < 0.005, ****p < 0.0001. Analysis of 6 or 7 independent experiments.

(B) ARPE-19 MR1-GFP cells were infected with RAd-Ctrl adenovirus (black or dotted line) or RAd-Ctrl modified to encode HSV-1 US1 gene (RAd-ICP22, green) or

HSV-1 US1.5 gene (RAd-US1.5, orange), MOI 100. Cells were left untreated (Nil) or treated with Ac-6-FP (5 mM) for 4 h prior to harvesting at 44 h p.i. (Post). 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 represented as mean G SEM. Statistical significance was calculated by paired Student’s t test, *p < 0.05, **p < 0.005,

****p < 0.0001. Analysis of 4 independent experiments.

(C) ARPE-19 MR1 cells were infected with RAd-Ctrl, RAd-ICP22, or RAd-US1.5 or mock infected. Cells were harvested at 44 h p.i. and lysates were separated by

gel electrophoresis before immunoblotting for MR1, MHC-I, GAPDH, and FLAG to detect expression of the viral gene. Faint GAPDH band from prior probe

denoted *.
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Figure 2. Continued

(D and E) ARPE-19 MR1-GFP cells were infected with RAd-Ctrl (black), RAd-ICP22 (green), or RAd-US1.5 (orange), MOI 100 for 46 h. Cells were treated with

proteasomal inhibitor MG132 (5 mM), lysosomal inhibitor folimycin (50 nM), or DMSO vehicle control (1:400) for a further 16 h prior to harvest and analysis by

(D) flow cytometry or (E) immunoblot.

(D) Fold change of total MR1 (GFP) was detected by flow cytometry (inhibitor:DMSO) in live cells for each adenovirus and is represented as mean G SEM.

Statistical significance was calculated by paired Student’s t test, *p < 0.05. Analysis of 4 independent experiments.

(E) Lysates were separated by gel electrophoresis before immunoblotting for GAPDH and FLAG to detect expression of the viral gene.
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expressedprotein through FLAGprobeby immunoblot (Figure 2C). Compared tomock-infected cells, adenovirus infection resulted in a small

but significant increase in total but not surfaceMR1, in anMOI-dependentmanner. As a consequence, all statistical analysis of themodulation

of MR1-GFP and surface MR1 and MHC-I by viral genes was calculated relative to the parental virus, with matching MOI, rather than mock-

infected cells. Compared to cells infected with RAd-Ctrl (Figure 2B, dotted line) both ICP22 and US1.5 expression reduced total cellular MR1-

GFP levels regardless of ligand treatment, although the reduction induced by US1.5 was significantly less than that induced by the full-length

protein. The loss of cellular MR1 but not MHC-I was reconfirmed in the adenovirus-infected ARPE-19 MR1 cells which were lysed at 44 h p.i.

and probed for MR1 and HLA-ABC by western blot (Figure 2C).

Reductions in surfaceMR1 replicated those of cellular MR1 suggesting that depleted levels of intracellular MR1may be responsible for the

loss of surface expression. Interestingly, although transfection of 293T cells with the ICP22-expressing plasmid resulted in increased surface

MHC-I (Figure 2A), therewas no significant difference in surface expression resulting fromeither ICP22 or US1.5 via adenovirus expression, nor

was there any reduction in protein detected by western blot (Figure 2C).

Given that HSV-1 ICP22 downregulated expression of MR1 from both endogenous and foreign (murine stem cell virus LTR) promoters, but

did not similarly affect endogenously expressedMHC-I, it was hypothesized that the viral genes specifically impactedMR1 protein rather than

anyMR1-specific or global impact on transcripts. AlthoughMR1 antigen presentation is proteasome independent,68 the substantial portion of

MR1 that accumulates in the ER is likely degraded through proteasomal ER-associated degradation pathways.51 We previously reported that

HSV-1 targets immature MR1 for proteasomal degradation, by some unknown viral agent.37 Indeed, treating the adenovirus-infected ARPE-

19 MR1-GFP cells for 16 h with proteasomal inhibitor MG132 (5 mM) demonstrated a significant rescue of MR1-GFP compared to vehicle con-

trol (Figure 2D), which was not explained by any reduction in ICP22 or US1.5 protein expression (Figure 2E). This rescue was not observed with

lysosomal inhibitor folimycin (50 nM).

Together these data demonstrate HSV-1 viral ICP22 (US1) and, to a lesser extent, the short form US1.5 promote proteasomal degradation

of MR1, impacting its ability to respond to ligand availability and traffic to the plasma membrane. This downregulation is specific to MR1 and

not applicable to classical antigen presentation MHC-I molecules.
vhs contributes to the loss of cellular MR1

Although ectopic ICP22 and US1.5 expression resulted in a significant loss of MR1-GFP, it is possible that other viral proteins contribute to the

profound downregulation of cellular MR1 evident during HSV-1 infection.37 The HSV-1 UL41 gene encodes a viral mRNA-specific endoribo-

nuclease called virion host shutoff protein (vhs) that degrades predominantly cellular transcripts69–71 through association withmembers of the

cap binding complex including the RNA helicase accessory factor eIF4H.72,73 Inhibition of cellular protein synthesis occurs immediately post

infection with the release of vhs from infecting viral particles, followed by a second stronger wave of transcript degradation with the de novo

expression of the late expression UL41 gene.52

To evaluate the impact of vhs expression onMR1, HSV-1 strain F UL41 genewas cloned into the pAdZ5-C5 adenovirus vector (RAd-vhs) and

ARPE-19 MR1-GFP cells were infected as described. As detected by flow cytometry, cellular MR1 was strongly downregulated by 44 h p.i.

regardless of ligand treatment (Figure 3A). SurfaceMR1 was also suppressed, with ligand treatment failing to promote strong surface expres-

sion, presumably due to the substantial depletion of cellular MR1. By contrast, endogenous surfaceMHC-I was only weakly downregulated by

vhs expression.MR1was not detectable by western blot from RAd-vhs-infected ARPE-19MR1 cells at 44 h p.i. (Figure 3B). Despite themodest

loss of surface MHC-I detected by flow cytometry (Figure 3A), a strong loss of cellular MHC-I proteins was evident (Figure 3B).
MR1 transcripts are downregulated during HSV-1 infection

Through alternative splicing the MR1 gene encodes four different protein isoforms.74 The dominant and best characterized isoform encoded

by the MR1A splice variant is responsible for activation of MAIT cells. The shorter MR1B protein lacks the a3 extracellular domain and accu-

mulates in the ER as a homodimer rather than binding to b2m.75 There is conflicting evidence as to whetherMR1B traffics to the plasmamem-

brane to activateMAIT cells or whether it plays a regulatory role by binding and retaining antigen in the ER.75,76 The function of a soluble form

lacking the transmembrane domain (MR1C) and another lacking the a3 domain but encoding a long 30 untranslated sequence (MR1D) remains

completely uncharacterized. Given that ectopic expression of vhs resulted in a strong downregulation of overexpressed MR1 protein, the

relative amounts of endogenous and overexpressed transcripts were examined in human fibroblasts (HFs) and ARPE-19 MR1 cells infected

with HSV-1 strain F at 2, 6, and 16 h p.i. Primers complementary to a1 and a2 regions were employed to detect total transcripts for MR1A,

MR1B, and MR1C isoforms (MR1). Total MR1 transcripts were significantly reduced in infected HF cells by 6 h p.i. with further loss at the later

time point (Figure 4A). In the ARPE-19 MR1 cells, where endogenous MR1 transcripts are likely outnumbered by the overexpressed MR1A

isoform, this loss was detected at the 2 h time point and further reduced as the infection progressed (Figure 4B).
iScience 27, 108801, February 16, 2024 5
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Figure 3. HSV-1 vhs protein expression modulates loss of total and surface MR1

(A) ARPE-19 MR1-GFP cells were infected with RAd-Ctrl adenovirus (black or dotted line) or RAd-Ctrl modified to encode HSV-1 vhs (RAd-vhs, green), MOI 100.

Cells were left untreated (nil) or treated with Ac-6-FP (5 mM) for 4 h prior to harvesting at 44 h p.i. (post). 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 represented

as mean G SEM. Statistical significance was calculated by paired Student’s t test, *p < 0.05, ****p < 0.0001. Analysis of 4 independent experiments.

(B) ARPE-19 MR1 cells were infected with RAd-Ctrl adenovirus or RAd-vhs or mock infected. Cells were harvested at 44 h p.i. and lysates were separated by gel

electrophoresis before immunoblotting for MR1, MHC-I, and GAPDH.
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While vhs plays a key role in modulation of the host transcriptome, other viral proteins contribute to this phenotype including ICP4, ICP27,

and ICP22.77,78 To determine whether virus lacking vhs expression rescued the loss of MR1 transcripts, HF cells were infected for 6 h with

HSV-1 17syn+ strain or the corresponding vhs deletionmutant 17(41-).79 Two additional primers positioned at splice sites to specifically detect

the MR1A and MR1B isoforms76 were used to evaluate whether one isoform was preferentially targeted. There was a significant downregu-

lation of theMR1A isoform and the combined isoforms from the intact parental virus, and, although there was a similar loss ofMR1B, it was not

statistically significant (p = 0.0753) (Figure 4C). Infection with the vhs mutant virus resulted in recovery of MR1A, MR1B, and total MR1 tran-

scripts, with no significant difference to mock-infected cells. Again, although the trend was evident, the difference in MR1A isoforms between

the parent and mutant virus was not statistically significant.
HSV-1 vhs mutant partially recovers loss of total MR1-GFP during early infection

At a late time point of infection the HSV-1 vhs deletion mutant does not rescue the loss of MR1;37 however, here we show that the vhs-medi-

ated loss ofMR1 transcripts is rescued at early timepoints with the 17(41-)mutant virus. Furthermore, the contribution of US1 gene products to
6 iScience 27, 108801, February 16, 2024
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Figure 4. HSV-1 infection downregulates MR1 transcripts

(A) HF and (B) ARPE-19 MR1 cells weremock or HSV-1 strain F infected in parallel (MOI 5). Cell lysates were harvested at 2, 6, or 16 h p.i., andmRNA levels for MR1

and 18s were evaluated by RT-qPCR.

(C) HF cells were infected with HSV-1 strains 17syn+ (red) or 17(41-) lacking expression of vhs (blue) or mock infected in parallel. Cells were harvested at 6 h p.i. and

mRNA levels or MR1A, MR1B, combined MR1 isoforms, and 18s were evaluated by RT-qPCR.

(A–C) Fold change compared to mock infection was calculated after normalizing to levels of 18s and is represented as mean G SEM. Statistical significance to

mock (dotted line) for MR1 was calculated by paired Student’s t test *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001. Analysis of 3 independent experiments.
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the loss of cellular MR1 confirms that more than one viral product contributes to the early loss of MR1 protein. To test whether the early loss of

mRNA is reflected in a corresponding reduction in MR1 protein, ARPE-19 MR1-GFP cells were infected with HSV-1 17syn+ and 17(41-) strains,

optionally treatedwithMR1 ligand at 3 h p.i., and then harvested 3 h later. Regardless of ligand treatment therewas a reduction inMR1-GFP at

this early time point, which was partially rescued in cells infected with the vhs mutant (Figure 5B). In parallel, ARPE-19 cells were similarly in-

fected and stained for the late HSV-1 glycoprotein gD. Expression of the viral glycoprotein gD was slightly higher in cells infected with the

17(41-) mutant compared to the parental 17syn+ strain (Figure 5A). This confirmed that delayed expression kinetics in the 17(41-) mutant

were not responsible for the partial rescue of MR1-GFP.

In conclusion, vhs expression is sufficient to downregulate endogenous and overexpressedMR1, inhibiting the cell’s ability to presentMR1

ligand on the plasma membrane. This phenotype is driven by an early loss of MR1 isoform transcripts. Despite the substantial loss of tran-

scripts by late time points, viral infection lacking vhs expression only partially rescues the loss of MR1 protein at early but not late times

post infection, confirming that multiple viral products contribute to the modulation of MR1.
ICP22 and vhs expression downregulates MR1 in key subcellular compartments

As previously described, MR1 is predominantly ER associated, with ligand availability triggeringmaturation and egress through the secretory

pathway. Once on the plasma membrane MR1 endocytoses and is predominantly degraded rather than recycled back to the surface mem-

branes.51,80 To further examine the effect of ICP22 and vhs on the loss of MR1 within cells, the relative amount of MR1 in subcellular compart-

ments in the secretory and endocytic pathways of adenovirus RAd-ICP22- and RAd-vhs-infected ARPE-19 MR1-GFP cells was evaluated by

high-throughput fluorescence microscopy. Cells were treated with ligand at the time of infection to promote MR1 maturation and trafficking

and then stained for the nucleus (DAPI), ER (calreticulin), Golgi apparatus (GA, GM130), plasma membrane (wheat germ agglutinin), early

endosomes (EEA1), or late endosomes/lysosomes (LAMP1) at 30 h p.i.51,81 Expression of both viral proteins resulted in an overall reduction

of MR1 within cells, compared to that detected in the RAd-Ctrl control infected samples (Figure 6A). The pattern of staining of subcellular

compartments was unaffected by ICP22 and vhs expression compared to RAd-Ctrl (Figure 6B). Ilastik machine learning software82 was trained

to create a segmentation mask based on the subcellular markers so that the median MR1-GFP signal in each field of view (FOV) could be

compared to the RAd-Ctrl infected samples for a quantitative analysis. A significant reduction in MR1 was detected in the immature pool

in the ER, the secretory pathway (GM130), the plasma membrane, the endocytic (EEA1), and degradation pathways (LAMP1) (Figures 6C

and 6E). The fold change of MR1-GFP intensity was calculated for each subcellular compartment with respect to the median for the FOV

to establish whether all locations within the cell were equally depleted of MR1 protein (Figures 6D and 6F). The pool of ER-resident MR1

was preferentially lost, although the relative reductionwasmodest. Levels ofMR1 in theGAwere consistent with themedian, while the plasma

membrane and late endosomes/lysosomes were slightly increased. Surprisingly there was a stronger relative reduction of MR1 in the early

endosomes, although the reason why these vesicles would be particularly depleted is unclear. Other than this compartment, the relatively

uniform reduction inMR1 within the cell is consistent with loss emanating from a reduction of MR1 in the ER available to bind and traffic ligand

to the plasma membrane.
HSV-2 modulation of MR1 mirrors HSV-1

Herpes simplex virus type 2 is thought to have emerged by cross-species transmission around 1.6 million years ago.83 Parallel evolutionary

pressures from the shared host combined with low rates of nucleotide substitution83–85 haveminimized the extent of divergence in viral prod-

ucts between HSV-1 and HSV-2. Given that the third, less closely related alphaherpesvirus VZV also modulates MR1,38 the ability of HSV-2 to
iScience 27, 108801, February 16, 2024 7
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Figure 5. HSV-1 vhs deletion mutant partially recovers loss of total MR1-GFP

(A) ARPE-19 cells weremock (black), HSV-1 strains 17syn+ (red), or 17(41-) (blue) infected in parallel (MOI 3). Cells were harvested at 6 h p.i. and stained for late viral

glycoprotein gD or matching isotype control (gray) and analyzed by flow cytometry. Histograms representative of two independent experiments.

(B) ARPE-19MR1-GFP cells weremock (black), HSV-1 strains 17syn+ (red), or 17(41-) (blue) infected in parallel. Cells were left untreated (nil) or treated with Ac-6-FP

(5 mM) at 3 h p.i. (post) before harvesting at 6 h p.i. Total MR1 (GFP) was detected by flow cytometry. Fold change in MFI of infected cells relative to mock-infected

cells with matching ligand treatment is represented as mean G SEM. Statistical significance was calculated by paired Student’s t test *p < 0.05. Analysis of 3

independent experiments.
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modulate MR1 was examined. To that end ARPE-19 MR1-GFP cells were infected with HSV-2 strain 186 (MOI 3), optionally treated with MR1

ligand 24 h before infection (Pre), 14 h post infection (Post), or left untreated (Nil) and then stained for surfaceMR1 at 18 h p.i. (Figure 7A). Total

and surface MR1 were significantly downregulated in the absence of ligand and when cells were ligand treated post infection. While signif-

icant loss of total MR1 was also evident when cells were pre-treated with ligand, surface MR1 was comparable to mock-infected cells, reflect-

ing a protection of pre-existing surface molecules from viral modulation also observed in MR1-GFP surface expression during HSV-1 infec-

tion.37 Interestingly, while HSV-2-infected ARPE-19 cells expressing the wild-type MR1 molecule were similarly depleted of surface MR1 both

in the absence of ligand andwith post-infection treatment, surfaceMR1was significantly upregulatedwith pre-infection ligand treatment (Fig-

ure 7B). This was also observed with HSV-1 infection37 suggesting the GFP tag may block the upregulation of surface MR1 molecules during

both HSV-1 and HSV-2 infection.

The one site of immature N-linked glycosylation on the MR1 a1 extracellular domain is remodeled into the mature form when the protein

leaves the ER and traffics through the secretory pathway. Digest of the MR1 protein by endoglycosidase H (Endo H) reduces the molecular

weight of immature but not themature glycosylated form resulting in the detection of two separateMR1 bands by western blot. ARPE-19MR1

cells were infected with HSV-2 and treated with one of the three ligand conditions as described earlier. Cell lysates were then digested with

Endo H and probed for MR1, GAPDH (cellular control), and ICP27 (viral control).

NoMR1 was detected in the HSV-2-infected samples lacking ligand or treated at 14 h p.i., consistent with the loss of both total and surface

MR1 detected by flow cytometry under the same assay conditions (Figure 7C). Only a faint band of EndoH-resistant, matureMR1 (black arrow)

remained in the infected cells pre-treated with ligand, at a comparable strength to the uninfected samples, indicating that only the mature,

pre-existing MR1 is protected from downregulation by HSV-2.

To examine the impact of HSV-2 on MR1 mRNA HF cells were infected for 6 h and the transcripts amplified by RT-qPCR using the MR1A,

MR1B, and pan-specific MR1 primers. A significant reduction in transcripts was detected using all three primer sets indicating that during

HSV-2 infection loss of MR1 transcripts contributes to the reduction in MR1 protein (Figure 7D). Together these data demonstrate that

HSV-2 infection mirrors the HSV-1-induced MR1 phenotype characterized by the early loss of MR1A, B, total MR1 transcripts, and near com-

plete loss of immature MR1 protein with only mature and surface MR1 protected from HSV-2 downregulation.
Relative retention of MR1 on plasma membrane during HSV-1 and HSV-2 infection

Although the loss ofMR1 in HSV-1- andHSV-2-infected epithelial cells is pronounced, it is not uniformly lost within the cell, given the retention

of mature Endo H-resistant forms (Figure 6B).37 To further examine the effect of infection on the loss of MR1 within the subcellular compart-

ments in the secretory and endocytic pathways, HSV-1- and HSV-2 (MOI 5)-infected ARPE-19 MR1-GFP cells were stained and examined by

fluorescencemicroscopy at 6 h p.i. as previously described. Given that there was no detectable modulation of surface MR1 by flow cytometry

(Figures 5 and 7), theMOI was increased to 5 to promote a more rapid transition through the viral expression cascade. Cells were pre-treated

with ligand for 16 h prior to infection to promote MR1 maturation and trafficking. The contribution of vhs to the loss of MR1 was explored by

comparing the HSV-1 17(41-) vhs mutant to the parental strain 17syn+.

The staining of subcellular compartments in the infected cells was qualitatively consistent with mock-infected cells (Figure S1), lacking the

marked rearrangement of cellular markers and cytoplasmic effect that is characteristic of later stages of infection.86 Within the FOV cell mask

MR1 was significantly downregulated in HSV-2 and HSV-1 cells, with the loss partially recovered in the absence of vhs expression (Figures 8A

and 8C). There was an absolute loss of MR1 in each subcellular compartment, although the loss from the plasma membrane associated with

HSV-2 infection was modest and the vhs mutant similarly had limited impact on EEA1-associated MR1. Furthermore, there was a partial re-

covery associated with the vhs mutant in all compartments other than the plasma membrane, where the downregulation was consistent be-

tween parental strain and vhs mutant.
8 iScience 27, 108801, February 16, 2024
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Figure 6. ICP22 and vhs expression downregulates MR1 in key subcellular compartments

ARPE-19 MR1-GFP cells were infected with RAd-Ctrl adenovirus (white) or RAd-Ctrl modified to encode HSV-1 ICP22 (RAd-ICP22, red) or HSV-1 vhs (RAd-vhs,

orange),MOI 100. Cells were treatedwith Ac-6-FP (5 mM) at time of infection. Cells were stained at 30 h p.i. with wheat germ agglutinin (WGA) (plasmamembrane)

and then permeabilized and stained for calreticulin (ER), GM130 (Golgi apparatus), EEA1 (early endosomes) or LAMP1 (late endosomes/lysosomes), and DAPI

(nucleus).

(A–F) (A) Representative images of MR1-GFP and (B) images of DAPI and WGA (white) merged with calreticulin, GM130, EEA1, or LAMP1 (magenta) from two

independent experiments. Scale bar 50 mm. Cell segmentation completed with ilastik software and quantification of fold change ofMR1 intensity relative to RAd-

Ctrl (C and E) or total cellular MR1 within each field of view (FOV) (D and F) performed with ImageJ software. Violin plots of individual fold change points are

depicted with median + quartiles. Statistical significance was calculated with one-way ANOVA, *p < 0.05, ****p < 0.0001. Analysis of at least 14 FOV in two

independent experiments.
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Figure 7. HSV-2 targets immature MR1 protein while ligand-bound mature MR1 is protected

(A) ARPE-19MR1-GFP or (B andC) ARPE-19MR1 cells weremock or HSV-2 infected in parallel (MOI 3). Cells were either left untreated (Nil) or treatedwith Ac-6-FP

(5 mM) for 24 h prior to infection (Pre) or at 14 h p.i. (Post) before harvesting at 18 h p.i.

(A and B) Cells were stained for surface MR1 or isotype control (gray) and analyzed by flow cytometry. Fold change in MFI of infected cells (red) relative to mock-

infected cells (black) with matching ligand treatment is represented as mean G SEM. Statistical significance was calculated by paired Student’s t test *p < 0.05,

**p < 0.005, ***p < 0.0005, ****p < 0.0001.

(C) Cell lysates were left undigested or EndoH digested before immunoblotting for MR1, GAPDH, GFP, or ICP27. Endo H-resistant MR1 is denoted with black

triangle while Endo H susceptible bands denoted with blue triangle. Red star denotes retained EndoH-resistant band in HSV-2-infected cells pre-treated with

ligand.

(D) HF cells were infected with HSV-2 or mock infected in parallel. Cells were harvested at 6 h p.i. andmRNA levels of MR1A, MR1B, combinedMR1 isoforms, and

18s were evaluated by RT-qPCR. Fold change compared to mock infection was calculated after normalizing to levels of 18s, represented as mean G SEM.

Statistical significance to mock (dotted line) for MR1 was calculated by paired Student’s t test **p < 0.005, ***p < 0.0005, ****p < 0.0001. Analysis of 1 (C) or

3 (A, B, D) independent experiments.
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The relative amount ofMR1-GFPwithin each subcellular compartmentwith respect to themedian for the FOVwas also calculated and then

expressed as a fold change to the proportion detected in the control infected cells (Figures 8B and 8D). MR1 in the ER, GA, and late endo-

somes/lysosomes was more strongly depleted compared to the median within the FOV, with the vhs mutant mediating a relative recovery of

MR1 only in late endosomes. By contrast, MR1 on the plasmamembrane was instead retained (HSV-2, 17(41-)) or upregulated (HSV-1 17syn+).

Similarly there was no relative reduction in the EEA1-labeled compartments (Figure 8E) associated with HSV-1, HSV-1 17syn+, or 17(41-) viral

infections.

While there is some consistency at this early time point post infection with the absolute and relative reduction of MR1 within cellular com-

partments resulting from the expression of ICP22 and vhs, there are also some interesting differences. Both models drive a relatively stronger

loss of MR1 from the ER, even when the virus lacks vhs expression. However, viral infection, including from the vhs mutant, results in a similarly

stronger relative loss of MR1 from the GA which was not evident with ectopic ICP22 or vhs protein expression. Furthermore viral infection

failed to preferentially target loss of MR1 from early endosomes, with some of the punctate cytoplasmic accumulations colocating with

EEA1. Consistent with the finding that vhs expression preferentially targeted the EEA1-associated MR1, there was a significant recovery in

the absolute amount of MR1 with the vhs mutant. Together these results indicate that during the initial hours post infection MR1 is preferen-

tially lost from the ER pool and secretory and degradation pathways, but other mechanism(s) may impact the amount of MR1 on the plasma

membrane and in early endocytic compartments.
10 iScience 27, 108801, February 16, 2024
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Figure 8. HSV-1- and HSV-2-mediated loss of MR1 is strongest in the ER and secretory pathway and is partially recovered in absence of vhs expression

(A–D) ARPE-19 MR1-GFP cells were infected (MOI 5) with HSV-2 (orange), HSV-1 strains 17syn+ (red), or 17(41-) lacking expression of vhs (blue) or mock (white)

infected in parallel. Cells were treated with Ac-6-FP (5 mM) for 16 h prior to infection. Cells were stained at 6 h p.i. with wheat germ agglutinin (WGA) (plasma

membrane) and then permeabilized and stained for calreticulin (ER), GM130 (Golgi apparatus), EEA1 (early endosomes) or LAMP1 (Late endosomes/

lysosomes), and DAPI (nucleus). Cell segmentation completed with ilastik software and quantification of fold change (FC) in MR1 intensity relative to mock (A

and C) or total cellular MR1 within each field of view (FOV) (B and D) performed with ImageJ software. Violin plots of individual fold change points are
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Figure 8. Continued

depicted with median + quartiles. Statistical significance was calculated with one-way ANOVA, *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001. Analysis of at

least 14 FOV in two independent experiments.

(E) Representative images of DAPI +WGA, MR1-GFP, EEA1, and merged images with white arrows highlighting examples of colocation in enlarged image (box)

on right. Scale bar 50 mm.
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DISCUSSION

This study identifies several herpes simplex virus gene products that modulate MR1 expression, specifically the IE proteins ICP22 and US1.5

and the viral RNase vhs. It also establishes impacts on MR1 transcription by vhs, and protein degradation mediated by ICP22, and to a lesser

extent the shorter gene product US1.5. Finally it demonstrates that an additional alphaherpesvirus, HSV-2, also targets MR1 expression.

Although the impact of the multifaceted modulation of this key resident immune cell population is not explicitly examined, delayed and

diminished MAIT cell effector capacity is likely to impact viral clearance and MAIT cell cytolytic killing of virally infected cells, thus promoting

more efficient establishment of viral latency and transmission to a new host.

Cellular MR1 is progressively reduced during the first 6 h of infection37 placing IE gene products high on the list of candidates. Infection

with a virus lacking expression of the IE protein ICP0, an E3 ubiquitin ligase responsible for degradation of various cellular proteins,42,87–89

failed to rescue the phenotype.37 A second candidate ICP47, responsible for blocking peptide loading into the antigen cleft of MHC-I mol-

ecules, was initially dismissed, given that early studies found thatMR1 could present antigen independent of TAP, themember of the PLC that

controls import of the peptides into the ER lumen.90,91 Furthermore, ectopic expression of ICP47 in human dendritic cells and lung epithelial

cells fails to inhibit interferon-g secretion by MR1-restricted T cell clones in response to mycobacteria tuberculosis challenge.92 However, a

more recent study revealed that MR1 is stabilized in the ER by the PLC,47 warranting examination of the effect of ICP47 binding. HSV-1 infec-

tion of epithelial cells overexpressingMR1-GFP with a virus lacking ICP47 expression however failed to rescue the loss of total or surfaceMR1

at either early or late time points (Figure 1) demonstrating that this viral protein modulates MHC-I but not MR1 antigen presentation.

A third IE protein ICP22, encoded by the US1 gene, was screened due to its multifaceted control of cellular and viral transcription, involve-

ment in protein quality control,57 and the demonstrated capacity of the HSV-2 homolog to act as an E3 ubiquitin ligase.64 Although ICP22 is

predominantly nuclear in location,93 ICP22 expression reduces the aggregation of non-native proteins in the cytoplasm, confirming that its

localization is not restricted to the nucleus.57 Ectopic plasmid expression of HSV-1 ICP22 resulted in a downregulation of endogenous surface

MR1. While the full-length protein induced a strong reduction in MR1, the shorter US1.5 protein demonstrated a more limited loss based on

the MR1-GFP signal detected by flow cytometry, although there was substantial loss of MR1 resulting from expression of both constructs de-

tected by immunoblot (Figure 2). Inhibition of proteasomal and lysosomal protein degradation established that US1 gene products promote

proteasomal degradation of MR1, consistent with the loss of MR1 from the ER, GA, plasmamembrane, and early and late endocytic compart-

ments with ectopic ICP22 expression (Figure 6). This significant finding explains the MG132-mediated rescue of MR1 protein during HSV-1

infection37 and represents an additional immunomodulatory function of the US1 gene.

The differential strength of the modulation between ICP22 and US1.5 suggests that the N-terminal domain may be required for optimal

modulation of MR1. Interestingly, the N-terminal domain is proposed as the site of Hsc70 interaction associated with protein quality control

functionality.57 However, a definitive understanding of the functional overlap between ICP22 and US1.5 is complicated by the lack of agree-

ment over whether US1.5 translation commences from residues 90, 157,58,65 or 171 as was used in this study.60,66

ICP22 acts as a trans regulator to promote late viral gene expression; consequently ICP22 null mutants demonstrate attenuated viral repli-

cation, impaired expression of vhs (Ng et al., 1997), and progeny containing reduced amounts of some glycoproteins.94–96 This complicates

evaluating the contribution of US1 gene products to MR1 modulation through infection with an US1 null virus.

Although this study demonstrates that ectopic expression of both ICP22 and US1.5 is sufficient to downregulate MR1 expression, future

studies are required to identify how ICP22 promotes MR1 proteasomal degradation, evaluate the HSV-2 homologs, and confirm the contri-

bution of ICP22 and US1.5 to the loss of MR1 in the context of viral infection.

HSV-1 and HSV-2 both encode homologs of the potent viral RNase vhs that contribute to pathogenesis.97–100 Vhs effectively suppresses

multiple arms of the innate and antiviral response including blocking detection of viral DNA,101 interferon signaling pathways,102 interferon

stimulated gene expression,103–105 and inactivation of dendritic cells.106 In this study we extend the list of antigen presentation molecules

downregulated by vhs fromMHC-I and MHC-II107,108 to also include MR1. Interestingly UV-inactivated HSV-1 effects a modest but significant

reduction in surfaceMR1 which could be derived from vhs released from the tegument of infecting viral particles.37 HSV-1 vhs expressed from

an adenovirus construct effected a reduction in cellular MR1-GFP in ARPE-19 cells and consequently failed to upregulate surface MR1 in

response to ligand treatment. Consistent with this result, MR1 was lost from all 5 of the subcellular locations examined from fluorescent mi-

croscopy (Figure 6), reflecting loss of MR1 emanating from the earliest stage in the MR1 biosynthesis pathway.

Four different protein isoforms are synthesized from themr1 gene through differential splicing.74 While theMR1A isoform is relatively well

characterized as the membrane-bound form that presents ligands to MAIT cells, there is evidence suggesting theMR1B isoformmay prevent

MAIT cell response to non-pathogenic levels of riboflavin biosynthesis through ligand binding to MR1B homodimers retained in the ER.75,76

Using primers designed to detect MR1A, B, and total transcripts the levels of endogenous and MR1A-overexpressed transcripts were exam-

ined at three time points following infection (Figure 4). HSV-1 infection resulted in a downregulation of overexpressed and endogenous MR1

transcripts by 2 and 6 h p.i., respectively. UsingMR1A- andMR1B-specific primers it was confirmed that in HF cells endogenous levels of both

were depleted by 6 h p.i., but that infection with the vhs 17(41-) deletion mutant rescued the loss of both isoforms and the combined MR1

transcripts to those of mock-infected cells.
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Multiple HSV gene products have global impacts on transcripts, including vhs, ICP4, ICP22, and the ICP27-mediated disruption of tran-

scription termination.109 Unexpectedly, deletion of the short non-coding RNA sequence sncRNA1 from the HSV-1 genome drives increased

MR1 transcript levels in the trigeminal ganglia of mice after ocular infection.110 Currently, there is an extremely limited understanding of the

factors affecting regulation of the ubiquitously expressedMR1 gene, although it has been shown to vary between cell types,111 is upregulated

by inflammatory cytokines associated with type 1 diabetes,112 and the ratio of MR1A to MR1B isoforms varies between tissues and individ-

uals.76 One publication that has examined MR1 transcripts during viral infection detected elevated MR1 transcripts in hepatocytes infected

with hepatitis B virus, with an associated increase in cytotoxicity of MAIT cells.113 Although vhs facilitates the degradation of many host tran-

scripts, infection of the ARPE-19 MR1-GFP cells with the vhs mutant 17(41-) demonstrated a complete rescue of MR1 transcripts (Figure 4C)

and a partial rescue of the loss of total cellular MR1 protein at 6 h p.i. (Figure 5B). This suggests that vhs is the dominant mechanism of MR1-

mediated loss of MR1 transcripts, and that this contributes to the modulation of MR1 antigen presentation during HSV-1 infection. A more

thorough investigation of the effects of HSV-1 products on MR1 promoter activity and transcript longevity would be of additional interest.

Given that HSV-1, VZV, and HCMV all modulate MR1 antigen presentation,37,38 HSV-2 was also examined and found to be capable of

modulating MR1 in a ligand-dependent fashion that mirrored the HSV-1-induced phenotype. Furthermore, lower levels of MR1A, MR1B,

and total MR1 transcripts were detected in HSV-2-infected cells (Figure 7D), potentially implicating HSV-2 vhs in the modulation of MR1. Dur-

ing HSV-1 infection of ARPE-19MR1 cells, we have previously published immunoblots demonstrating that loss of MR1 progressively increases

during the first 6 h post infection.37 Any future study that examines the contribution of HSV-2 gene products to the modulation of the MR1,

including the HSV-2 vhs ICP22 and US1.5 homologs, may benefit from such an examination.

Interestingly, both HSV-1 andHSV-2 infection promoted increased surfaceMR1when cells were pre-treatedwith Ac-6-FP ligand; however,

there was no significant difference in the abundance of the GFP-tagged molecule with either virus compared to mock-infected cells.37

Recently it was shown that MR1 endocytosis occurs via AP2 recognition of its C-terminal cytoplasmic tail.80 Interestingly, the C-terminal fusion

of MR1 with GFP resulted in reduced endocytosis likely due to the GFPmolecule preventing AP2 binding to the tail.37 Therefore it is possible

that the increased cell surface stability of MR1, but not MR1-GFP molecules, is due to HSV interrupting AP2-mediated endocytosis of MR1;

however this remains to be investigated.

As previously discussed, expression of both HSV-1 ICP22 and vhs proteins resulted in a cell-wide reduction in MR1; however, manipulation

of ligand timing during HSV-137 and HSV-2 infection revealed retention of some mature Endo H-resistant protein. To further examine the

relative pattern of intracellular loss, ARPE-19 MR1-GFP cells were pre-treated with ligand to promote MR1-GFP distribution, infected with

HSV-1 or HSV-2, and then examined by fluorescencemicroscopy at 6 h pi. Even at this early time point there was loss from the ER, GA, plasma

membrane, and early and late endocytic compartments (Figure 8). Cells similarly infected with the HSV-1 vhs mutant virus demonstrated a

partial restoration of MR1 from each compartment resulting from the recovery of transcripts. Unlike that observed with ectopic ICP22 and

vhs expression, MR1 associated with EEA1-labeled compartments was downregulated at levels comparable to the whole cell. Furthermore,

surface MR1 was relatively elevated compared to the median cellular MR1 in the HSV-1 17Syn+-infected cells suggesting that additional fac-

tors modulate localization of mature MR1 during viral infection.

In conclusion, these findings increase our understanding of the mechanisms employed by HSV-1 to protect against the targeted MR1-

dependent attack by resident MAIT cells by establishing that during HSV-1 infection vhs targets MR1 transcripts while ICP22 targets MR1

for proteasomal degradation. In addition, we establish that HSV-2 also downregulatesMR1, further implicating theMR1 antigen presentation

pathway as a target conserved across multiple herpesviruses.
Limitations of the study

This study utilized GFP-tagged overexpressed MR1 to assess the modulation of MR1 protein in intracellular compartments during herpes

simplex virus infection, and resulting from the ectopic expression of the HSV-1 US1 and UL41 viral gene products. Given that addition of

the C-terminal GFP tag slightly delays MR1 endocytosis,80 evaluation of the localization of untaggedMR1 under the same experimental con-

ditions would be of interest; however, comparisons would need to take into consideration that a pan-MR1 antibody capable of detecting all

conformations of the MR1 is currently unavailable.

The loss of total MR1 by ectopic expression of ICP22 or US1.5 was rescued by treatment with proteasomal inhibitor MG132. Additional

research is required to confirm whether these viral proteins promote proteasomal degradation of MR1 through direct interaction with

MR1, or whether they encode ubiquitin ligase functionality.

The study did not examine vhs, ICP22, or US1.5 from HSV-2, so it is not possible to conclude that they modulate MR1 in line with that

observed with their respective HSV-1 homologs. This requires independent investigation.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-MR1-biotin (clone 26.5) Jose Villadangos, The Peter

Doherty Institute of Infection

and Immunity, The University

of Melbourne.

McWilliam et al., 201651

N/A

Human recombinant anti-HLA-ABC-PE (clone REA230) Miltenyi Biotec Cat#130-120-055; (RRID:AB_2751977)

Mouse monoclonal anti-MR1-PE (clone 26.5) Biolegend Cat#361105; RRID:AB_2563042

Mouse monoclonal anti-MR1-APC (clone 26.5) Biolegend Cat#361107; RRID:AB_2563204

Mouse monoclonal anti-HLA-ABC-APC (clone G46–2.6) BD Biosciences Cat#555555; RRID:AB_398603

Mouse monoclonal anti-HLA-ABC-SB436 (clone W6/32) Invitrogen Cat#62-9983-42; RRID:AB_2688263

Rabbit polyclonal Anti-MR1-CT, generated against the

final 15 residues of human MR1 cytosolic tail

(PREQNGAIYLPTPDR)

Jose Villadangos, The Peter

Doherty Institute of Infection

and Immunity, The University

of Melbourne.

McWilliam et al., 201651

N/A

Mouse monoclonal anti-MR1 Abcam Cat#ab55164; RRID:AB_944260

Mouse monoclonal anti-HLA-ABC (clone EMR8-5) Abcam Cat#ab70328; RRID:AB_1269092

Mouse monoclonal anti-GFP (clone B-2) Santa Cruz Biotechnology Cat#sc-9996; RRID:AB_627695

Rabbit polyclonal anti-GAPDH (FL-335) Santa Cruz Biotechnology Cat#sc-25778; RRID:AB_10167668

Rabbit monoclonal anti-DDDDK (clone EPR20018-251) Abcam Cat#ab205606;

RRID:AB_2916341

Mouse monoclonal anti-HSV-1 ICP27 (clone RAd142) Santa Cruz Biotechnology Cat#sc-69806; RRID:AB_1124272

Mouse monoclonal anti-gD-FITC Virostat Cat#0196

Mouse monoclonal anti-gC-FITC Virostat Cat#0143

Goat polyclonal anti-adenovirus Sigma-Aldrich Cat#AB1056; RRID:AB_90213

Live/Dead� Fixable blue Invitrogen Cat#L23105

Zombie NIR� Fixable Viability Kit Biolegend Cat#423105

Streptavidin-PE eBioscience Cat#12-4317-87

Streptavidin-APC eBioscience Cat#17-4317-82

Wheat Germ Agglutinin CF405 M conjugate Biotium Cat#29028

Rabbit polyclonal anti-calreticulin Sigma-Aldrich Cat#C4606; RRID:AB_476843

Rabbit monoclonal anti-GM130 (clone D6B1) Cell Signaling Technology Cat#12480; RRID: AB_2797933

Rabbit monoclonal anti-EEA1 (clone F.43.1) Invitrogen Cat#MA514794; RRID:AB_10985824

Rabbit polyclonal anti-LAMP1 Abcam Cat#ab24170; RRID: AB_775978

Donkey anti-Rabbit IgG (H + L)

Highly Cross-Adsorbed Secondary

Antibody, Alexa Fluor� 546

Invitrogen Cat#A10040

DAPI ready made solution Sigma-Aldrich Cat#MBD0015

Bacterial and virus strains

HSV-1 Strain F Dr Russell Diefenbach

(Macquarie University)

Accession# GU734771

HSV-1 Strain 17 Prof Roger Everett

(University of Glasgow)

Accession# NC_001806

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

HSV-1 Strain KOS Dr P Kinchington, Departments

of Ophthalmology, and of

Molecular Microbiology and

Genetics, University of Pittsburgh

Accession# JQ780693

HSV-2 Strain 186 Dr Naomi Truong, The Westmead

Institute for Medical Research.

Rawls et al., 1968114

N/A

HSV-1 Strain 17 vhs mutant 17(41-) Prof Roger Everett

(University of Glasgow).

Fenwick and Everett, 199079

N/A

HSV-1 Strain KOS US12 mutant ICP47del Velusamy et al., 202348 N/A

SW102 E. coli containing the pAdZ5-C5 vector Stanton et al., 200867 N/A

5-alpha Competent E. coli NEB Cat#C2987H

Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle’s Medium Lonza Cat#12-604F

Hanks Balanced Salt Solution Gibco Cat#14170

Fetal Calf Serum Cytiva Cat#SH30084.02

Normal donkey serum Sigma-Aldrich Cat#D9663

Ac-6-FP Acetyl-6-formylpterin Schircks Cat#11.418

BD Cytofix� Fixation buffer BD Biosciences Cat#554655

Folimycin (concanamycin A) Sigma-Aldrich Cat#C9705

MG132 Sigma-Aldrich Cat#M7449

Fugene HD Promega Cat#E2231

Q5 High-Fidelity polymerase NEB Cat#M0491

Endo H NEB Cat#P0703S

DAB Substrate Pierce Cat#34065

BamHI-HF NEB Cat#R3136

SpeI-HF NEB Cat#R3133

BglII NEB Cat#R0144

XbaI NEB Cat#R0145

Xgal Abcam Cat#ab144388

IPTG Abcam Cat#ab142072

HindIII NEB Cat#R0104

T4 DNA ligase NEB NEB Cat#M0202

Geltrex� basement membrane matrix Gibco Cat#A1413301

Critical commercial assays

GFX� PCR DNA and Gel Band Purification Kit Cytiva Cat#28903470

QIAprep Spin Miniprep Kit QIAgen Cat#27106X4

NucleoSpin� Gel and PCR Cleanup Macherey-Nagal Cat#740609

NucleoBond� Xtra Midi kit Macherey-Nagal Cat#740410

ISOLATE II RNA Mini Kit Meridian Bioscience Cat#BIO-52072

Affinity Script cDNA synthesis kit Aligent Technologies Cat#600559

Brilliant II SYBR Green qPCR Master Mix Aligent Technologies Cat#600828

Experimental models: Cell lines

Human fibroblasts HF (male) ATCC SCRC-1041; RRID:CVCL_3285

Human ARPE-19 cell line (male) ATCC CRL-2302; RRID:CVCL_0145

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Human 293T cell line (female) ATCC CRL-3216; RRID:CVCL_0063

Human 293A cell line (female) ATCC Cat# 305070, RRID:CVCL_6910

Human T-REx�-293 cell line (female) ThermoFisher R71007; RRID:CVCL_D585

Green monkey Vero cell line (female) ATCC CCL-81; RRID:CVCL_0059

ARPE-19 MR1 (male) McSharry et al., 202037 N/A

ARPE-19 MR1-GFP (male) McSharry et al., 202037 N/A

Oligonucleotides

HSV-1 F ICP22 pSY10-ICP22 Forward primer

50- GTCTACACTAGTATGGCCGACAT

TTCCCCAGG -30

This study N/A

HSV-1 F ICP22 pSY10-ICP22 Reverse primer

50 GTCTACAGATCTCGGCCGGAGAA

ACGTGTCGCTG -30

This study N/A

See Table S1. Primers used to amplify HSV-1

genes for recombination into pAdZ5-C5 vector

This study N/A

See Table S2. Primers used for RT-qPCR,

Related to STAR Methods.

This study N/A

Recombinant DNA

pSY10-ICP22 This study N/A

pCDH_EF1-MCS-T2A-copGFP vector (pSY10) Systems Bioscience, USA Cat3#CD526A-1

pAdZ5-C5 (RAd-Ctrl) Stanton et al., 200867 N/A

RAd-ICP22 This study N/A

RAd-US1.5 This study N/A

RAd-vhs This study N/A

Software and algorithms

FlowJo software, Version 10 Treestar Inc. https://www.flowjo.com/

Paired Student’s t tests or ANOVA analysis

performed as indicated using

Prism software, Version 10

GraphPad https://www.graphpad.com/

scientific-software/prism/

CLC Main Workbench, Version 22 QIAGEN https://www.qiagenbioinformatics.com/

products/clc-main-workbench/

ImageJ FIJI software, Version 1.53t Schindelin et al., 2012115 https://imagej.net/software/fiji/

Ilastik software Berg et al., 201982 https://www.ilastik.org/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Barry Slobedman

(barry.slobedman@sydney.edu.au).
Materials availability

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.
Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
20 iScience 27, 108801, February 16, 2024

mailto:barry.slobedman@sydney.edu.au
https://www.flowjo.com/
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://www.qiagenbioinformatics.com/products/clc-main-workbench/
https://www.qiagenbioinformatics.com/products/clc-main-workbench/
https://imagej.net/software/fiji/
https://www.ilastik.org/


ll
OPEN ACCESS

iScience
Article
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells

Human fibroblasts HF, human retinal pigment epithelial (ARPE-19), 293T, 293A and ARPE-19 cell lines (all ATCC) expressing MR1 with co-ex-

pressed EGFP from the samepromoter via a downstream internal ribosomal entry site orMR1-GFP, both under the control of theMurine stem

cell virus LTR,37 Vero (ATCC) and T-REx-293 (ThermoFisher) cells were grown at 37�C and 5% CO2 in Dulbecco’s Modified Eagle’s Medium

(Lonza) supplemented with 10% fetal calf serum (FCS, Cytiva). The sex of each cell line is listed in the key resources table. Cell lines have not

been authenticated by ourselves.

Viruses

HSV-1 and HSV-2 strains used in this study were HSV-2 strain 186 (courtesy Dr Naomi Truong, The Westmead Institute for Medical

Research),114 HSV-1 strain F (courtesy Dr Russell Diefenbach, Macquarie University), HSV-1 17syn+ (Prof Roger Everett, University of Glasgow),

HSV-1 17syn+ vhs mutant 17(41-) (Prof Roger Everett, University of Glasgow),79 HSV-1 KOS (courtesy Prof P Kinchington, University of Pitts-

burgh) and US12 (ICP47) null mutant ICP47del.48

Cells were infectedwith HSV-1 or HSV-2 andmutant herpes viruses after replacingmedia for a 1 h period of adsorption (37�C), thenwashed
and the media replaced. All HSV strains were grown and titrated on Vero cells.

Replication deficient adenovirus constructs were generated from the pAdZ5-C5 vector.67 Adenoviruses used in this study were: RAd-Ctrl

(no exogenous protein-coding region),67 RAd-ICP22, RAd-US1.5, and RAd-vhs expressing the corresponding gene encoded by HSV-1 (strain

F). Two-step PCR usingQ5 High-Fidelity polymerase (NEB) was used to amply the viral genes adding either an N-terminal FLAG tag (US1 and

US1.5) or a C-terminal V5 tag (UL41 gene), with the second round of amplification adding approximately 80 bp of homology to the vector

construct. Primers are listed in Table S1, with the gene-specific sequence underlined. SW102 E. coli containing the pAdZ5-C5 vector were

grown in low salt LB with ampicillin (50 mg/mL) at 32�C, shaking, until growth was exponential. Lambda red proteins were induced by incu-

bation at 42�C for 15min, cooled on ice for 15–20min and centrifuged to isolate the cell pellet. The gel-purified PCRproduct was added to the

competent SW102 cells which were electroporated in 0.2 cm cuvettes at 2.50 kV. After recovery in LB (32�C, shaking for 4 h) they were plated

onto LB agar containing sucrose (5%), chloramphenicol (12.5 mg/mL), IPTG (200 mM) and Xgal (80 mg/mL) and then incubated for 30–48 h at

32�C. Several white colonies for each genewere selected for screening by incubating overnight (32�C, shaking) in LB containing chloramphen-

icol (12.5 mg/mL). DNAwas purified (QIAgen) using 2-propanol to precipitate the DNA, before redissolving the DNA in 10mMTris pH 8.5. The

sequence of each adenovirus insert was confirmed by Sanger sequencing and CLC Genomics workbench (QIAGEN).

Confirmed constructs were purified (Macherey-Nagel) and transfected into T-REx-293 cells using FuGeneHD (Promega). After several days

the infected cells were collected, and the pellet lysed by resuspending in equal volumes of PBS and tetrachloroethylene. After centrifugation

the upper layer of PBS containing the adenovirus was removed and stored at �80�C. Virus was titrated after 48 h infection in T-REx-293 cells

using goat anti-Adenovirus primary antibody (Sigma-Aldrich), anti-goat HRP secondary antibodies and DAB substrate (Pierce).

Plasmid expression constructs

Primers (Forward: 50 GTCTACACTAGTATGGCCGACATTTCCCCAGG 3’; reverse: 50 GTCTACAGATCTCGGCCGGAGAAACGTGTCGCTG

3’; US1 sequence underlined, restriction sites in bold) were used to amplify the HSV-1 (Strain F) US1 sequence excluding the stop codon with

Q5 High-Fidelity polymerase (NEB). PCR products were purified and digested (SpeI-HF and BglII, NEB). The plasmid backbone (pCDH_EF1-

MCS-T2A-copGFP vector, Systems Bioscience) was digested (XbaI and BamHI-HF, NEB), purified and ligated to the US1 fragment (NEB) to

create the pSY10-ICP22 plasmid. This was transformed into 5-alpha E. coli (NEB), selected on LB agar with ampicillin (50 mg/mL) and purified

(Macherey-Nagel). Sequence was confirmed by Sanger sequencing and CLC Genomics workbench (QIAGEN). 293T cells were transfected

with 1 mg parental plasmid (pSY10) or pSY10-ICP22 using FuGene HD (Promega).

METHOD DETAILS

Quantitative reverse transcription polymerase chain reaction (qRT-PCR)

Total RNA was extracted (Meridian Bioscience) prior to cDNA synthesis and quantitative polymerase chain reaction (qPCR) (Aligent Technol-

ogies, Roche LightCycler480 Instrument II PCR machine). PCR settings were as follows: 10 min at 95�C for denaturation, then 45 amplification

cycles of 30 s at 95�C, 40 s at 57�C and 20 s at 72�C, and the melt curve data was generated through 1 min at 95�C, 30 s at 50�C, 30 s at 95�C.
Test genemRNA levels were normalised tomRNA levels of the housekeeping gene 18s116 using theDDCTmethod. Primers used for RT-qPCR

are listed in Table S2.

Immunoblotting

Cells were harvested in cell lysis buffer (50 mM NaCl, 50 mM TRIS pH8, 1% IGEPAL, 1% Triton X-100) supplemented with protease inhibitor

cocktail (Sigma) and allowed to incubate on ice for 20 min. Lysates were then centrifuged (16,0003 g for 20 min at 4�C) and the supernatant

collected. Lysates were mock or Endo H (NEB) digested according to the manufacturer’s instructions for 90 min at 37�C as required. 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 PVDF membranes. Membranes were probed with the designated primary antibodies in 3% BSA in

PBST, followed by incubation with an appropriate horseradish peroxidase (HRP)-conjugated secondary antibody (all Santa Cruz
iScience 27, 108801, February 16, 2024 21
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Biotechnology) and visualised using Clarity Western ECL Substrate (Bio-Rad). The following primary antibodies were utilised: anti-MR1 CT,51

anti-MR1 (Abcam) and anti-HLA-A, B, C (Abcam), anti-GFP (Santa Cruz Biotechnology), anti-GAPDH (Santa Cruz Biotechnology or

ThermoFisher), anti-DDDDK (anti FLAG, Abcam) and anti-ICP27 (Santa Cruz Biotechnology). Immunoblots depicted in Figures 2C and 3B

are from the same experiment and depict the same Mock and RAd-Ctrl lanes. Unrelated samples were cropped from Figure 3B.
MR1 ligand and protein degradation inhibitors

The MR1 ligand Acetyl-6-formylpterin (Ac-6-FP 5 mM, Schircks Laboratories) was added as indicated to the culture medium. In the proteaso-

mal and lysosomal inhibition assays, cells were treated with MG132 (5 mM, Sigma-Aldrich) or folimycin (50 nM Sigma-Aldrich) for 16 h prior to

harvest.
Flow cytometry

The following antibodies were used to detect surface molecules: MHC-I by anti-HLA-A,B,C-PE (Miltenyi Biotec), anti-HLA-A,B,C-APC (BD

Pharmingen) or anti-HLA,B,C-SB436 (Invitrogen), HSV-1 gD by anti-gD-FITC (Virostat) and HSV-1 gC by anti-gC (Virostat). Overexpressed

MR1was detected by anti-MR1 directly conjugated to PE or APC (Biolegend), while endogenousMR1was detected by anti-MR1-biotin (clone

26.5,51 followed by streptavidin conjugated to PE or APC (eBioscience). All cells were stained for 20–30min at 4�C tominimise internalisation.

Live cells were identified using Zombie NIR Fixable Viability Kit (Biolegend) or Live/Dead Fixable blue (Invitrogen). Cells were fixed after stain-

ing (BD Biosciences). Flow cytometry was performed using an LSR Fortessa X-20 or BD-LSR-II (BD Biosciences) and data analyzed using

FlowJo software (Treestar Inc., https://www.flowjo.com, version 10.8).
Fluorescence imaging

ARPE-19 MR1-GFP cells were seeded in duplicate on 96 well PhenoPlates (PerkinElmer) precoated with Geltrex basement membrane matrix

(Gibco) and then infected as described with either HSV-1, HSV-2 or adenovirus constructs. Cells were stained at 4�C for delineation of plasma

membrane (Wheat Germ Agglutinin, CF405 M Conjugate Biotium) in Hanks Balanced Salt Solution (Gibco) with 2% normal donkey serum

(Sigma-Aldrich). They were then fixed (BD Biosciences) and permeabilised and blocked with the staining buffer (phosphate buffered saline,

1 mM CaCl2/MgCl2, 2% NDS) containing either 0.01% saponin (Sigma-Aldrich) 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), GM130

for the Golgi apparatus (Cell Signaling Technology), EEA1 for early endosomes (ThermoFisher) and LAMP1 for late endosomes/lysosomes

(Abcam). This was followed by Donkey anti-Rabbit IgG conjugated to Alexa Fluor 546 (ThermoFisher) and DAPI nuclear staining (Sigma-

Aldrich). Cells were washed several times between each staining step and then covered in degassed imaging buffer (5% (v/v) Glycerol,

2.5% (w/v) DABCOPowder in PBS, pH 8.5). GFPwas used to identify the location and signal strength of theMR1-GFP construct. Twobiological

repeats were completed for each set of assay conditions.

Cells were imaged using the Opera Phenix Plus (PerkinElmer) with the 40X water objective, under control of the Harmony software. A min-

imum of 4 fields of view (FOV) were imaged per well, with five planes, each 0.5 mm apart, acquired in each channel. Maximum z stack pro-

jections were created for each FOV and flat field correction was applied through ImageJ FIJI software.115 A segmentation map of the cells

within each FOV defining the subcellular compartments was created with ilastik software.82 After normalising the median MR1-GFP FOV

signal to the control samples within the corresponding experimental condition, the median MR1-GFP signal at each subcellular location

was calculated with ImageJ by overlaying the segmentation map. Fold change in the median MR1-GFP signal in the FOV at each subcellular

compartment in infected cells compared to corresponding mock infected or RAd-Ctrl infected samples was calculated. In addition, the me-

dian MR1-GFP signal within each FOV was used to calculate the relative strength of GFP signal restricted to 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 t tests, Welch’s unpaired t-test, or ANOVA analyses were performed, as indicated in each figure legend, using GraphPad

Prism software (LLC). Data are presented as dot plots (flow cytometry and RT-qPCR) with the meanG SEM, or violin plots (fluorescence mi-

croscopy) with the median and quartiles. Statistical significance is represented as *p < 0.05, **p < 0.005, ***p < 0.0005, or ****p < 0.0001.

Number of experimental repeats (flow cytometry, RT-qPCR and fluorescence microscopy) and independent FOV (fluorescence microscopy)

are indicated in each figure legend.
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