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ABSTRACT Human noroviruses are highly infectious single-stranded RNA (ssRNA)
viruses and the major cause of nonbacterial gastroenteritis worldwide. With the dis-
covery of murine norovirus (MNV) and the introduction of an effective model for no-
rovirus infection and replication, knowledge about infection mechanisms and their
impact on the host immune response has progressed. A major player in the immune
response against viral infections is the group of major histocompatibility complex
(MHC) class I proteins, which present viral antigen to immune cells. We have ob-
served that MNV interferes with the antigen presentation pathway in infected cells
by reducing the surface expression of MHC class I proteins. We have shown that
MNV-infected dendritic cells or macrophages have lower levels of surface expression
of MHC class I proteins than uninfected and bystander cells. Transcriptional analysis
revealed that this defect is not due to a decreased amount of mRNA but is reflected
at the protein level. We have determined that this defect is mediated via the MNV
NS3 protein. Significantly, treatment of MNV-infected cells with the endocytic recy-
cling inhibitor dynasore completely restored the surface expression of MHC class I
proteins, whereas treatment with the proteasome inhibitor MG132 partly restored
such expression. These observations indicate a role for endocytic recycling and
proteasome-mediated degradation of these proteins. Importantly, we show that due
to the reduced surface expression of MHC class I proteins, antigen presentation is in-
hibited, resulting in the inability of CD8� T cells to become activated in the pres-
ence of MNV-infected cells.

IMPORTANCE Human noroviruses (HuNoVs) are the major cause of nonbacterial
gastroenteritis worldwide and impose a great burden on patients and health sys-
tems every year. So far, no antiviral treatment or vaccine is available. We show that
MNV evades the host immune response by reducing the amount of MHC class I pro-
teins displayed on the cell surface. This reduction leads to a decrease in viral anti-
gen presentation and interferes with the CD8� T cell response. CD8� T cells re-
spond to foreign antigen by activating cytotoxic pathways and inducing immune
memory to the infection. By evading this immune response, MNV is able to replicate
efficiently in the host, and the ability of cells to respond to consecutive infections is
impaired. These findings have a major impact on our understanding of the ways in
which noroviruses interact with the host immune response and manipulate immune
memory.

KEYWORDS mouse norovirus, antigen presentation, MHC I protein, CD8� T cells,
immune evasion

Received 20 February 2018 Accepted 28
June 2018

Accepted manuscript posted online 5 July
2018

Citation Fritzlar S, Jegaskanda S, Aktepe TE,
Prier JE, Holz LE, White PA, Mackenzie JM. 2018.
Mouse norovirus infection reduces the surface
expression of major histocompatibility complex
class I proteins and inhibits CD8+ T cell
recognition and activation. J Virol 92:e00286-18.
https://doi.org/10.1128/JVI.00286-18.

Editor Julie K. Pfeiffer, University of Texas
Southwestern Medical Center

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Jason M.
Mackenzie, jason.mackenzie@unimelb.edu.au.

PATHOGENESIS AND IMMUNITY

crossm

September 2018 Volume 92 Issue 18 e00286-18 jvi.asm.org 1Journal of Virology

https://orcid.org/0000-0002-6046-9631
https://orcid.org/0000-0001-6613-8350
https://doi.org/10.1128/JVI.00286-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:jason.mackenzie@unimelb.edu.au
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00286-18&domain=pdf&date_stamp=2018-7-5
http://jvi.asm.org


Human noroviruses (HuNoVs) cause the majority of nonbacterial gastroenteritis
cases worldwide, affecting millions of people every year (1–3). Although HuNoV

infections are usually nonlethal, children and the elderly can develop severe infections
that lead to hospitalization and death. In developing countries, at least 220,000 deaths
per year are associated with HuNoV (4, 5). In addition, HuNoV cases are estimated to
lead to a combined yearly burden of 60 billion USD due to health care costs and loss
of productivity (6).

NoVs are positive-sense single-stranded RNA (ssRNA) viruses and can be classified into
five genogroups, according to the phylogenetic analysis of the viral capsid (VP1) gene.
Infections can occur through contact with contaminated food, water, or surfaces, or from
person to person (7, 8). So far, no medical treatment against HuNoV infection exists, but
vaccines to prevent HuNoV infections are under development (9–11). The current lack of
suitable treatment is partly due to the difficulty of cultivating HuNoVs in the laboratory
without a robust animal or tissue culture model, although it has recently been discovered
that human B cells exposed to enteric bacteria could be infected with HuNoV (12), and
enteroid cultures for infection have been developed (13). In 2003, an unknown NoV
infecting mice was discovered and was allocated to genogroup V (GV) (14). This murine
norovirus (MNV) shares characteristics with HuNoV strains and is cultivable in mice as well
as in murine dendritic cells and macrophages (15). Because of its similarity to the human
strains, MNV is used as a model to further our knowledge of NoVs (16).

Like HuNoVs, MNV causes an acute and rapid infection, which is dependent on essential
pathways of the innate immune response, including the induction of type I and III
interferons (IFNs) (15, 17, 18). Another important group of proteins in the surveillance and
defense against viral infections is the major histocompatibility complex (MHC) class I
proteins. Peptides are processed from proteins found in the cytoplasm and are loaded onto
MHC class I molecules, which are subsequently presented on the surfaces of cells. These
peptides are usually generated through proteasome-mediated degradation, which affects
host proteins as well as viral proteins. Host and viral peptides are transported into the
endoplasmic reticulum (ER) via the transporter associated with antigen processing (TAP)
(19). In the ER, a complex of MHC class I proteins and peptides is formed with the aid of the
peptide-loading complex (PLC; comprising TAP, tapasin, MHC class I proteins, ERp57, and
calreticulin), leading to the incorporation of the antigen peptide into the binding groove of
MHC class I molecules (20–22). Successfully formed complexes are then transported to the
cell membrane via the Golgi network. MHC class I proteins can present viral peptide
antigens to CD8� T cells, initiating the cellular immune response. Additionally, a decrease
in MHC class I protein levels on the cell surface alerts NK cells, leading to their activation and
the elimination of the affected cell. MHC class I proteins have been the targets of many
viruses, because of their importance and impact in triggering an immune response to the
infection.

Based on the importance of MHC class I proteins in the immune defense against
viruses, we were interested in investigating the interaction of MNV with the MHC class
I expression pathway. We reveal that MNV exerts an inhibitory effect on the intracellular
as well as the surface expression of MHC class I proteins in infected cells. This
phenotype is likely to be caused by the viral protein NS3, since we observed a
significant reduction in the level of MHC class I proteins on the surfaces of NS3-
transfected cells. Rescue experiments with endocytic recycling and proteasome inhib-
itors imply a potential degradation of MHC class I proteins during MNV infection, which
could be either directly or indirectly initiated by NS3. More significantly, we observed
that the reduction in MHC class I surface expression affects the presentation of viral
peptides on the surfaces of infected cells and perturbs recognition by antigen-specific
CD8� T cells.

RESULTS
MNV infection reduces the surface expression of MHC class I proteins. Many

viruses, such as human immunodeficiency virus (HIV) and human cytomegalovirus
(HCMV) (23, 24), are known to interfere with the transport or synthesis pathways of
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MHC class I molecules so as to reduce the detection of viral antigens by both the innate
and adaptive immune responses. MHC class I proteins play a major role in the
presentation and detection of viral antigens and are an essential element for the
establishment of an antiviral immune response. Therefore, we aimed to determine if
MNV replication alters the synthesis and cell surface expression of MHC class I proteins.
To test this hypothesis, we investigated the most important functional expression of
MHC class I proteins, their expression on the surfaces of infected cells. For this purpose,
RAW264.7 cells were infected with MNV (multiplicity of infection [MOI], 5), and MHC
class I expression was analyzed via flow cytometry (Fig. 1A and B) and immunofluo-
rescence (IF) imaging (Fig. 1E). Mock- or MNV-infected cells were harvested at 12 h after
infection and were stained with an anti-MHC class I antibody at the cell surface and an
anti-MNV NS5 antibody (viral marker) within the cell. Infected cells were selected via
positive staining with the anti-NS5 antibody and were analyzed for their MHC class I
surface expression.

Our flow cytometry analysis revealed a significant decrease in MHC class I surface
expression in cells that were infected with MNV (NS5 positive) from that in mock-
infected cells (Fig. 1A). Quantitation of the reduction of MHC class I expression was
evaluated by measuring the median fluorescence intensity (MFI), which revealed that
only �70% of the total amount of MHC class I protein expressed on the surfaces of
mock-infected cells was expressed on the surfaces of infected cells (Fig. 1B). The
decrease in MHC class I surface expression was further verified by IF analysis (Fig. 1E).
Cells staining positive for anti-NS5 again showed a reduction in the MHC class I signal
from that in mock-infected cells, in agreement with our flow cytometric analysis. This
decrease in MHC class I surface proteins was found to be specific for infected cells,
because “bystander” cells, which were exposed to the virus but remained uninfected
with MNV (NS5 negative), had significantly larger amounts of MHC class I proteins on
their surfaces than MNV-infected cells (Fig. 1B and E). To investigate if the reduction in
MHC class I proteins on the cell surface is specific or can be observed for other surface
proteins, we analyzed the surface expression of F4/80 and CD11b during MNV infection
(Fig. 1C and D, respectively). Neither F4/80 nor CD11b surface expression was reduced
in MNV-infected cells from that in uninfected cells, indicating that the reduction in MHC
class I surface expression is not due to a global decrease in the levels of cell surface
proteins. Additionally, we examined the intracellular signal for MHC class I via IF analysis
to assess if MHC class I proteins were inhibited from being transported to the surface
and were accumulating within the infected cells (Fig. 1E). In comparison to levels in
mock-infected cells, there was no accumulation of intracellular MHC class I proteins in
infected cells, indicating that the observed surface reduction of MHC class I proteins is
not caused by an inhibition of transport to the cell surface. To further our analysis, we
investigated the total amount of MHC class I protein at different time points postin-
fection by Western blot analysis of cell lysates (Fig. 1F and G). In mock-infected cells,
there was consistent production of MHC class I proteins; however, upon infection with
MNV, we observed a steady and drastic decline in the amount of MHC class I proteins
from the 12-h postinfection (12-hpi) to the 15-hpi time point. These observations
indicate that MNV not only reduces the cell surface expression of MHC class I proteins
but also appears to reduce MHC class I protein levels in general.

Combined, these results indicate that MNV specifically impedes the cell surface
expression of MHC class I proteins in infected macrophages and that this may be
mediated via downregulation of the total amount of MHC class I proteins in infected
cells.

Transcription of MHC class I mRNA is not affected by MNV infection. Since we
observed that MNV indeed affects MHC class I protein amounts and surface expression
(Fig. 1), and we have observed previously that some genes associated with immune
recognition and antigen presentation are transcriptionally downregulated in MNV-
infected cells (25), we aimed to identify the step in the MHC class I synthesis pathway
that MNV was inhibiting. To investigate if the reduction in MHC class I surface
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FIG 1 MNV infection leads to reduced MHC class I protein levels and reduced surface expression of MHC class I proteins in mouse
macrophages. RAW264.7 macrophages were either infected with MNV CW1 (MOI, 5) for 12 h or left untreated and were then stained
with FITC-conjugated MHC class I-specific antibodies (H-2Kd/H-2Dd; Bio-Gems) on the cell surface and with antibodies to viral protein
NS5 within the cell. MNV-infected cells were gated for the NS5-positive population. (A) Representative histogram of MHC class I surface
expression in MNV-infected (red) and uninfected (green) cells. The blue area represents isotype control cells. (B) Ratios of the MFI of
the MHC class I signals of MNV-infected and bystander (exposed to virus, but NS5 negative) cells to that of mock-treated cells (n �

(Continued on next page)
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expression was associated with a decrease in MHC class I transcription, quantitative
reverse transcription-PCR (RT-qPCR) was performed on RNA samples from mock- and
MNV-infected cells (Fig. 2A and B). MHC class I mRNA levels were analyzed at two time
points (12 and 15 hpi) using MHC class I- and MNV (NS3)-specific primers. We observed
a significant increase in viral mRNA (NS3) levels in the infected cells, confirming
successful infection of the macrophages (Fig. 2A). However, at neither of the time
points investigated did we observe a change (either an increase or a decrease) in MHC
class I mRNA levels between infected and uninfected macrophages (Fig. 2B). Further-
more, we examined the mRNA expression levels of �2 microglobulin, which is associ-
ated with the MHC class I complex (Fig. 2C). Again, there was no significant change in
the mRNA levels of �2 microglobulin in cells infected with MNV for 12 h or 15 h from
those in uninfected cells. Therefore, we can conclude that our observed decrease in
MHC class I surface protein levels is not based on a reduction in MHC class I or �2
microglobulin transcription and MHC class I mRNA levels.

Treatment with the proteasome inhibitor MG132 and the endocytosis inhibitor
dynasore leads to the partial restoration of MHC class I surface expression in

FIG 1 Legend (Continued)
4). (C) Ratio of the MFI of the F4/80 signal of MNV-infected RAW264.7 cells to that of mock-treated cells (n � 3). (D) Ratio of the MFI
of the CD11b signal of MNV-infected DC2.4 cells to that of mock-treated cells (n � 3). (E) Immunofluorescence analyses of
MNV-infected (d, e, f, j, k, and l) and mock-infected (a, b, c, g, h, and i) cells stained with MHC class I antibodies on the surface (a and
d) or within the cells (g and j) or with NS5 antibodies within the cell (b, e, h, and k). DAPI served as the nuclear stain for the merged
image (c, f, i, and l). Infected cells are indicated by white arrows. (F) Immunoblot analysis of MNV-infected or uninfected macrophages
after 12 h and 15 h. Whole-lysate samples were probed with anti-actin, anti-NS7, and anti-MHC class I antibodies (n � 3). (G)
Quantitation of MHC class I immunoblot intensity (F) in MNV-infected cell lysates (shaded bars) relative to that in uninfected controls
(filled bars) at 12 and 15 hpi (n � 3). Data in all bar graphs are averages � standard errors of the means. ns, P � 0.05; *, P � 0.05;
**, P � 0.01; ***, P � 0.001.

FIG 2 Transcription levels of MHC class I mRNA are not reduced during MNV infection. RAW264.7 cells were either
infected with MNV CW1 (MOI, 5) or left uninfected (mock). RNA samples were taken 12 h and 15 h after infection and
were analyzed via RT-qPCR. (A) Fold expression of viral mRNA (NS3) in MNV-infected cells relative to that in mock-
infected cells (n � 4). (B) Fold expression of MHC class I mRNA in MNV-infected cells relative to that in mock-infected
cells (n � 3). (C) Fold expression of �2 microglobulin mRNA in MNV-infected cells relative to that in mock-infected cells
(n � 4). Data in all panels are averages � standard errors of the means. ns, P � 0.05; **, P � 0.01.
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MNV-infected cells. Based on previously documented viral mechanisms interfering
with the MHC class I expression pathway, we aimed to test if MNV infection leads to the
degradation of MHC class I molecules by either targeting MHC class I proteins for
proteasome degradation or actively degrading them (26–31). MG132 is a proteasome
inhibitor that specifically acts on the proteolytic activity of the 26S proteasome (32).
Therefore, we utilized MG132 treatment to determine if we could rescue the reduced
MHC class I surface expression observed during MNV infection. RAW264.7 cells were
infected with MNV (MOI, 5) and an hour later were either treated with MG132 (0.5 �M)
or left untreated. Cells were harvested at 12 hpi and were analyzed via flow cytometry
for MHC class I surface expression (Fig. 3A and B). To exclude a detrimental effect of
MG132 on the replication of MNV, we also evaluated the NS5 signal in MNV-infected
cells with and without MG132 (Fig. 3C and D). Infected cells were fixed, permeabilized,
and stained with an anti-NS5 antibody. MNV-infected cells treated with MG132 showed
levels of NS5 similar to those in MNV-infected untreated cells, indicating that MG132
did not adversely affect viral replication. NS5-positive, non-MG132-treated cells showed
a reduction in the surface expression of MHC class I proteins similar to that in the
uninfected cells we had observed earlier (Fig. 1). When MNV-infected cells were
additionally treated with the proteasome inhibitor MG132, we observed a significant
increase in MHC class I surface expression over that in infected but untreated cells. The
MG132 treatment did not result in a complete restoration of MHC class I surface
expression in the infected cells but did appear to restore �50% of the amount of MHC
class I proteins on the surface (Fig. 3A and B). The activity of MG132 was confirmed by
the increased levels of ubiquitinated proteins during MG132 treatment (Fig. 3E).

Additionally, we aimed to uncover if not only degradation of MHC class I proteins via
the proteasome, but also degradation via the lysosome, was playing a role during MNV
infection. To test this, we treated RAW264.7 cells with the lysosome inhibitor chloro-
quine at 1 hpi (Fig. 3F). Interestingly, inhibiting degradation via the lysosome did not
rescue the surface expression of MHC class I proteins. In contrast to that finding,
MNV-infected cells treated with the endocytosis inhibitor dynasore at 1 hpi displayed
high levels of MHC class I proteins on their surfaces, which were similar to MHC class
I levels on the surfaces of uninfected cells (Fig. 3F). Neither chloroquine nor dynasore
treatment interfered with MNV infection, as evidenced by the fact that similar levels of
the viral protein NS6 were observed in MNV-infected cells that were treated with either
of the inhibitors and those that were left untreated (Fig. 3G).

Overall, these observations indicate that MNV infection induces some degree of
proteasome-mediated, lysosome-independent degradation of MHC class I proteins and
that the internalization of MHC class I proteins via the endocytic pathway is a major
contributor to the reduced surface expression of MHC class I proteins on MNV-infected
cells.

The MNV NS3 protein promotes a reduction in MHC class I surface expression
when expressed individually. Previously published studies on mechanisms of viral
interference with MHC class I proteins, and our findings so far, led us to hypothesize
that one of the viral nonstructural proteins is responsible for the observed reduction in
the surface expression of MHC class I proteins in MNV-infected cells (26–31). To identify
the protein potentially interfering with MHC class I expression, we transfected recom-
binant cDNA plasmids encoding the MNV NS proteins (NS1-2 to NS7 [33]) individually
into 293T cells and assessed their abilities to restrict MHC class I surface expression. The
transfected cells were harvested 18 h after transfection and were immunostained at
their surfaces with an anti-HLA-ABC antibody. Cells were then fixed, permeabilized, and
immunostained for the 6�His epitope tag of the expressed MNV NS proteins. Samples
were analyzed via flow cytometry, and transfected cells were identified via the positive
6�His stain (Fig. 4). To ensure that the 6�His-positive population would be represen-
tative for the expression of NS1-2, NS3, and NS5, we expressed the NS proteins in 293T
cells and investigated their expression via immunoblot analysis (Fig. 4C). NS proteins
were detected either with an anti-6�His antibody or with a specific anti-NS1-2,
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FIG 3 Treatment with the proteasome inhibitor MG132 or the endocytosis inhibitor dynasore partly restores MHC
class I surface expression. RAW264.7 macrophages were either infected with MNV CW1 (MOI, 5) or left untreated
(mock) for 12 h. The proteasome inhibitor MG132 (0.5 �M) was added 1 h postinfection. Cells were stained with
an FITC-conjugated MHC class I-specific antibody (H-2Kd/H-2Dd; Bio-Gems) on their surfaces and with antibodies to
viral protein NS5 within the cells. MNV-infected cells were gated for the NS5-positive population. (A) Representative
histogram of MHC class I surface expression in MNV-infected (red), MNV-infected and MG132-treated (blue),
mock-infected (green), mock-infected and MG132-treated (yellow), and isotype control (gray) cells. (B) Ratios of the
MFI of the MHC class I signals for different treatments to that for mock treatment (n � 4). (C) Representative
histogram of NS5 signals in MNV-infected (red), MNV-infected and MG132-treated (blue), mock-infected (green),

(Continued on next page)
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anti-NS3, or anti-NS5 antibody and showed similar signal intensities for both antibodies.
We can therefore conclude that the 6�His-positive population is representative of the
specific NS-positive populations. We observed that the majority of the MNV NS proteins
did not perturb MHC class I surface expression, and for simplicity, only the expression

FIG 3 Legend (Continued)
and isotype control (gray) cells. (D) Ratios of the MFI of the NS5 signals for MNV-infected cells, either treated with
MG132 or left untreated, to that for mock-infected cells (baseline) (n � 4). (E) RAW264.7 cells were either treated
with MG132 or left untreated. Cell lysates were analyzed via immunoblotting. Staining with an anti-ubiquitin
antibody was used to verify the efficiency of MG132 at inhibiting the proteasome. (F) RAW264.7 cells were infected
with MNV (MOI, 5) and either were treated with chloroquine (CQ) or dynasore at 1 hpi or were left untreated. Cells
were stained for MHC class I proteins (H-2Kd/H-2Dd; Bio-Gems) on their surfaces at 12 hpi. Cells were fixed,
permeabilized, and stained for NS6 within the cells. Infected cells were identified via positive NS6 staining, and
ratios of the MFI for MHC class I signals on their surfaces to that for mock-infected cells are depicted (n � 3). (G)
Ratios of the MFI for intracellular NS6 signals in MNV-infected cells, either treated with chloroquine or dynasore or
left untreated, to that for mock-infected cells (n � 3). Data for all bar graphs are averages � standard errors of the
means. ns, P � 0.05; *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.

FIG 4 Expression of MNV NS3 in 293T cells reduces the surface expression of MHC class I proteins. 293T cells either were
transfected with MNV CW1 NS1-2, NS3, or NS5 or were left untreated. Cells were stained with an APC-conjugated human
MHC class I-specific antibody on their surfaces and the NS protein tag (6�His) within the cells. NS protein-transfected
cells were gated for the 6�His-positive population. (A) Representative histogram of MHC class I surface expression in NS
protein-transfected 293T cells. Blue, NS1-2; red, NS3; orange, NS5; green, mock-transfected cells; gray, isotype control
cells. (B) Ratios of the MFI of the MHC class I signals for the different NS proteins to that for mock-transfected cells
(n � 4). Data are averages � standard errors of the means. *, P � 0.05; **, P � 0.01. (C) Immunoblot analysis of the
expression levels of NS1-2, NS3, and NS5, detected via staining with anti-NS1-2, anti-NS3, and anti-NS5 antibodies or with
anti-6�His. Calnexin expression levels were detected with an anti-calnexin antibody.
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of NS1-2, NS3, and NS5 is depicted in Fig. 4. The expression of MNV NS4, NS6, and NS7
was assessed for effects on MHC class I surface expression, but we detected no
differences in MHC class I levels from those in mock-transfected cells (data not shown).
Interestingly, cells transfected with the plasmid encoding the MNV NS3 protein showed
a significant reduction in the surface expression of MHC class I proteins from that in
mock-transfected cells, as well as from that in cells transfected with plasmids encoding
the other MNV proteins, NS1-2 and NS5 (Fig. 4A and B). Intriguingly, the observed
reduction in MHC class I surface expression upon NS3 protein expression was similar to
the reduction in cell surface expression of MHC class I proteins that we have observed
during MNV infection.

This observation implies that the MNV NS3 protein is potentially responsible for our
observed reduction in MHC class I surface expression during MNV infection.

MHC class I surface expression reduction occurs early during MNV infection
and can be observed in other cell types. To investigate if the decrease in MHC class
I proteins on the cell surface during MNV infection was specific for macrophages or if
it can be observed in other cell types as well, we infected mouse dendritic cells (DC 2.4
cells) with MNV. Cells were stained with an anti-MHC class I antibody on their surfaces
at 12 hpi and were analyzed via flow cytometry (Fig. 5A and B). MNV-infected cells were
identified by staining for the viral protein NS5 within the cell. Like RAW264.7 cells, DC
2.4 cells that were infected with MNV and were positive for the viral stain displayed
smaller amounts of MHC class I proteins on their surfaces than uninfected cells (Fig. 5A).

FIG 5 MNV causes a decrease in MHC class I levels on the cell surface early during infection and in different cell
types. DC 2.4 cells were either infected with MNV CW1 (MOI, 5) for 12 h or left uninfected and were analyzed for
MHC class I expression on their surfaces and MNV NS5 within the cell. (A) Representative histogram of MHC class
I signals (MHC class I Y3) in MNV-infected (red), uninfected (green), and isotype control (gray) cells. (B) Quantitative
analysis of the median fluorescence intensities for MHC class I proteins in MNV-infected and uninfected cells. On
average, DC 2.4 cells displayed an infection rate of 30 to 40%. (C) DC 2.4 cells were infected with MNV for 7, 8, 9,
10, 11, or 12 h before being stained with an anti-MHC class I antibody (Y3) on their surfaces. MNV-infected cells
were identified via intracellular staining with NS4. Histograms depict MHC class I signals on the surfaces of
MNV-infected cells at different times. (D) Median fluorescence intensities for the MHC class I signals in MNV-
infected and mock-infected control cells.
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MHC class I levels in infected DC 2.4 cells were �50% lower than those in uninfected
cells (Fig. 5B), indicating that MNV infection causes a significant decrease in MHC class
I levels in dendritic cells as well. Additionally, we analyzed the change in MHC class I
levels on the cell surface over time during MNV infection. Cells were infected with MNV
and were stained with an anti-MHC class I antibody on their surfaces at 7, 8, 9, 10, 11,
and 12 hpi (Fig. 5C and D). In addition, fixed cells were stained with an anti-NS5
antibody within the cell to identify infected cells. From 7 hpi, we observed a continuous
decrease in the surface levels of MHC class I proteins in MNV-infected cells. This
decreased amount of MHC class I proteins was stable from 8 hpi on, and there was no
indication of MHC class I levels reverting to levels similar to those in mock-infected cells
at any time point tested.

Conclusively, we discovered that MNV affects the MHC class I levels not only in
macrophages but also in dendritic cells and that this effect is established early during
infection.

The reduction of MHC class I surface expression inhibits the presentation of
viral peptides and the activation of CD8� T cells. Having repeatedly observed the
robust phenotype of the reduced surface expression of MHC class I proteins on
MNV-infected cells, we were interested in determining whether a decrease in MHC class
I expression could potentially have a functional effect on the immune response. For this
purpose, we used DC 2.4 cells, which previously showed a similar decrease in MHC class
I surface expression after MNV infection (Fig. 5A and B). We additionally show that the
infection kinetics in DC 2.4 cells are similar to those in RAW264.7 cells (Fig. 6A). As
mentioned above, MHC class I proteins play a major role in presenting antigens to
CD8� T cells. Therefore, we aimed to investigate the effect of reduced MHC class I levels
on the presentation of viral peptides and the activation of CD8� T cells. For this
purpose, we used the ovalbumin (OVA) peptide (SIINFEKL)-expressing MNV strains CW3
(acute) and CR6 (persistent) (34), as well as influenza A virus (IAV) PR8 (as a control), to
infect DC 2.4 cells. To ensure that all MNV strains (CW3, CW3 expressing the OVA
peptide [CW3 OVA], CR6, and CR6 OVA) express the viral protein NS3, we analyzed their
expression levels via immunoblot analysis (Fig. 6B). We compared NS3 expression to the
expression of the viral polymerase NS7 and observed that all viruses expressed NS3 at
levels comparable to that of NS7, indicating that NS3 expression was not impaired. Our
earlier results indicated that dynasore stabilized MHC class I expression during MNV
infection (Fig. 3F). Therefore, we used dynasore treatment to verify that infection with
the CW3 OVA and CR6 OVA strains indeed leads to the expression of SIINFEKL on the
surfaces of infected cells when the internalization of MHC class I proteins is inhibited
(Fig. 6C).

Additionally, we examined the surface expression of MHC class I proteins in cells
infected with MNV CW3, MNV CR6, or IAV PR8 and observed that cells infected with any
of the MNV strains tested expressed significantly lower levels of MHC class I proteins on
their surfaces than uninfected or IAV PR8-infected cells (Fig. 6D). We also investigated
the ability of MNV-infected cells to present viral antigens on their surfaces. DC 2.4 cells
were either mock infected and left untreated, mock infected and pulsed with SIINFEKL,
or infected with OVA-expressing or wild-type (WT) MNV strains, WT PR8, or PR8 OVA,
and all cells were stained with an anti-SIINFEKL antibody (Fig. 6E). The SIINFEKL-pulsed
uninfected cells showed 4-fold higher expression of SIINFEKL on their surfaces than
uninfected and unpulsed cells, confirming that DC 2.4 cells are able to present the
peptide. Similarly, PR8 OVA-infected cells displayed larger amounts (�2-fold) of
SIINFEKL on their surfaces than the negative control, WT PR8-infected cells. Interest-
ingly, neither CW3 OVA- nor CR6 OVA-infected cells presented more SIINFEKL peptide
than cells infected with WT CW3 or CR6, indicating that SIINFEKL was not exposed on
the cell surface (Fig. 6E).

We used in vitro-activated green fluorescent protein (GFP)-tagged OT-I cells
(C57BL/6 background, SIINFEKL stimulated) to assess the antigen-specific CD8� T cell
responses to CW3-, CR6-, and PR8-infected cells (Fig. 6F). Successful infection with CW3,
CR6, and PR8 was verified via flow cytometry, and activation of OT-I-GFP CD8� T cells
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FIG 6 The surface presentation of viral peptides and the activation of CD8� T cells are suppressed in MNV-infected
cells. (A) Comparative infection kinetics for MNV CW1-infected RAW264.7 and DC2.4 cells at 9 h, 12 h, and 15 h
postinfection. Cell lysates were analyzed via immunoblot analysis with anti-NS3, anti-NS7, and anti-calnexin
antibodies. (B) Immunoblot analysis of NS3 and NS7 expression in DC2.4 cells infected with CW3, CW3 OVA, CR6,
CR6 OVA, or MNV (CW1). (C) DC2.4 cells either were infected with CW3, CW3 OVA, CR6, or CR6 OVA or were left
uninfected. Cells were treated with dynasore (50 �M) at 1 hpi and were stained for SIINFEKL on their surfaces at
12 hpi. The MFI signals for SIINFEKL in infected cells were compared to that for uninfected cells. (D and E) DC 2.4
cells were infected with the acute CW3 strain or the persistent CR6 strain containing the OVA peptide as well as
with the corresponding WT strains. As a control, cells either were infected with WT PR8 or PR8 OVA or were left
uninfected. DC 2.4 cells were stained with an anti MHC class I (MHC class I M1/42) (D) or anti-SIINFEKL (E) antibody
on their surfaces and with an anti-dsRNA antibody within the cells. Infected populations were identified via positive
anti-dsRNA staining and were analyzed for their MHC class I and SIINFEKL signals (median fluorescence intensity)
via flow cytometry. (F) DC 2.4 cells were exposed to in vitro-activated OT-I-GFP CD8� T cells and were incubated
for 6 h at 37°C in the presence of BFA and monensin. Cells were fixed, stained for IFN-� within the cells, and
analyzed via flow cytometry. The percentage of IFN-�-positive cells in the OT-I-GFP population (GFP positive) was
calculated. n, 3 for all analyses. (G) DC 2.4 cells either were infected with WT CW3, WT CR6, CW3 OVA, CR6 OVA,
or PR8 OVA or were left uninfected. Cells were treated with dynasore (50 �M) at 1 hpi and were exposed to OT-I
cells for 6 h at 37°C. OT-I activation was analyzed via intracellular IFN-� staining (n, 4 for all conditions except WT
CR6 and CR6 OVA [n � 2]). Data are averages � standard errors of the means. ns, P � 0.05; *, P � 0.05; **, P �
0.01, ***, P � 0.001; ****, P � 0.0001.
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was determined by staining for IFN-�. OT-I-GFP cells did not react to exposure to
uninfected DC 2.4 cells or cells infected with viruses that did not contain the SIINFEKL
peptide (i.e., WT CW3, WT CR6, and WT PR8 [Fig. 6F]). In contrast, DC 2.4 cells infected
with IAV PR8 OVA activated OT-I-GFP cells (�25% IFN-� positive), whereas, strikingly,
CW3 OVA- and CR6 OVA-infected cells did not initiate an IFN-� response in the OT-I-GFP
cells, and IFN-� levels were similar to those in OT-I-GFP cells exposed to uninfected cells
or to cells infected with WT CW3 or CR6 (Fig. 6F). These findings indicate that the
reduction in MHC class I expression on the cell surface leads to a reduction in viral
antigen presentation, rendering CD8� T cells blind to the infection.

As mentioned above, we observed that treatment with the inhibitor dynasore could
prevent the decrease in MHC class I levels in infected cells (Fig. 3F). We therefore
examined the effect of dynasore on the ability of OT-I cells to detect CW3 OVA- and CR6
OVA-infected cells. For this purpose, DC 2.4 cells were infected with CW3 OVA or CR6
OVA, as well as with the WT CW3 and CR6 strains, and were treated with dynasore at
1 hpi. To ensure that dynasore treatment does not interfere with SIINFEKL presentation,
cells infected with PR8 OVA were used as a positive control. The DC 2.4 cells were
added to OT-I cells, and their activation was analyzed via intracellular IFN-� staining
(Fig. 6G). We observed a robust increase in IFN-� positive OT-I cells exposed to PR8
OVA-infected cells, confirming that dynasore does not interfere with antigen presen-
tation or recognition. Despite the fact that dynasore inhibits the decrease in MHC class
I levels in MNV-infected cells, we did not detect a significant increase in the IFN-�-
positive population among OT-I cells that were exposed to CW3 OVA- or CR6 OVA-
infected cells treated with dynasore (Fig. 6G). Thus, although dynasore has stabilized
MHC class I levels on the surfaces of MNV-infected cells, it appears to have no effect on
the intracellular levels of MHC class I proteins, and it cannot restore the MHC class I and
MNV-peptide complexes needed for OT-I activation on the cell surface.

In conclusion, we have demonstrated that MNV infection results in a significant
surface reduction of MHC class I proteins. This impediment hinders the presentation of
viral peptides, preventing recognition of the infected cells by antigen-specific CD8� T
cells and thereby reducing the initiation of the cellular immune response.

DISCUSSION

NoVs cause a quick and acute infection in hosts, seemingly avoiding our rapid
immune detection and delaying clearance. MHC class I proteins play a critical role in the
immune response against viruses by exposing viral antigens to the innate immune cells
and initiating the adaptive T cell response. In this study, we showed that infection of
mouse macrophages and dendritic cells with MNV leads to significant reductions in
MHC class I expression levels at the surfaces of infected cells, resulting in impairment
of CD8� T cell recognition and activation (Fig. 1, 5 and 6). The ability of MNV to interfere
with MHC class I expression may contribute to its ability to quickly establish replication
in infected hosts.

This observation was specific for MNV-infected cells, since surrounding “bystander”
cells, which had been exposed to the virus but remained uninfected, displayed MHC
class I surface expression levels similar to those of mock-infected cells (Fig. 1A to C). The
decrease in MHC class I proteins on the cell surface seems to be protein specific and not
based on a global reduction in cell surface proteins, because we did not observe
changes in the expression of F4/80 or CD11b (Fig. 1C and D). At this point, we cannot
exclude the possibility that other surface proteins are targeted during MNV infection,
but we can exclude an overall effect on surface protein expression. Most significantly,
we have demonstrated that the decreased MHC class I surface expression levels were
not due to a reduction in MHC class I transcription (Fig. 2B) but most likely occurred via
reductions in intracellular levels of MHC class I proteins (Fig. 1C), potentially mediated
via the proteasome and the endocytic pathway (Fig. 3). Importantly, we observed that
this reduction in surface expression of MHC class I protein was associated with the
inability of CD8� T cells to recognize surface-expressed viral peptides and, thus, to
recognize the infected cell. We also acknowledge that the data presented are from
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infections of cell lines and that infection of primary cells and of cells from animal tissue
would be useful to support our observations.

We hypothesized that MHC class I proteins were degraded in MNV-infected cells,
and we therefore attempted to rescue MHC class I protein expression with the
proteasome inhibitor MG132 (Fig. 3). Treatment of MNV-infected cells with MG132 led to
a partial, but not a complete, rescue of MHC class I surface expression. At this stage, our
observations are contradictory to some extent, as there is a close and critical association of
the MHC class I pathway with the proteasome. Normally, the proteasome-mediated deg-
radation of proteins provides the source of peptides to be loaded onto the MHC class I
molecules in the ER. Thus, inhibiting the proteasome would decrease the amount of
peptides generated and imported into the ER, where smaller amounts of MHC class I and
peptide complexes can be made and located to the surface. However, we observed that
blocking protein degradation via the proteasome had a significant effect on restoring
the surface expression of MHC class I proteins in infected cells. Interestingly, MHC class
I levels on the cell surface were not restored when lysosome-mediated degradation was
inhibited using chloroquine (Fig. 3), indicating that specifically proteasome-mediated
degradation is playing a role in MHC class I levels during MNV infection. We additionally
show that MHC class I surface expression can be completely restored by blocking the
endocytic pathway with dynasore (Fig. 3). At this stage, it is unclear if MNV infection
leads to the internalization and subsequent degradation of MHC class I proteins or if
inhibiting the endocytic pathway is helping to stabilize existing levels of MHC class I on
the cell surface.

Significantly, though, dynasore treatment of MNV-infected cells did not lead to an
increase in the number of IFN positive OT-I cells (Fig. 6G), indicating that despite the
restored MHC class I surface expression, OT-I cells are unable to recognize MNV-infected
cells. This would further support the hypothesis that MNV infection leads to the
degradation of MHC class I proteins within the cell, so that MHC class I and MNV-
antigen complexes are rarely formed, and the reduced abundance of these complexes
is not sufficient to activate CD8� T cells. Intriguingly, our previous observations have
shown that MNV recruits membrane and proteins from the endocytic pathway to the
viral replication complex (35), implying a potential impediment to protein and mem-
brane trafficking in this area. Thus, we can only postulate that in the MNV-infected cells,
MHC class I molecules are targeted for degradation via the proteasome, possibly via
translocation into the cytosol through the endocytic pathway and subsequent ubiq-
uitination, and we aim to further our studies to elucidate this degradation mechanism.

One notable finding was our identification of the MNV NS3 protein as responsible
for the reduced surface expression (Fig. 4). NS3 has been characterized as a nucleoside
triphosphatase (NTPase), and we and others have recently shown that it is associated
with the viral replication complex, the ER, mitochondria, lipids, and microtubules
(36–38). NTPases have diverse activities and functions, including an association with
microtubule dynamics, intracellular transport, and protein degradation (39–43). Our
current studies have not shown if NS3 acts directly on MHC class I proteins or if it affects
their expression via manipulation of the MHC class I protein pathway. Intriguingly, our
attempts to rescue the MNV NS3 reduction in surface expression of MHC class I protein
with MG132 were unsuccessful (data not shown), suggesting that this protein may
invoke an alternative intervention to that which we observed during infection. We are
actively pursuing this lead. Since we cannot completely rescue MHC class I expression
even during infection, there may be additional modalities contributing to these obser-
vations.

In contrast, studies on MNV VP2 have identified a crucial role of the protein in MHC
class I expression via inhibition of MHC class I transcription (44). Additionally, our recent
RNA-seq (transcriptome sequencing) transcriptional profiling of MNV-infected cells
revealed that many proteins involved in antigen presentation and immune activation
were significantly altered (25). Based on our transcriptional analysis, we cannot exclude
the possibility that MNV infection might prevent the upregulation of MHC class I
transcription, but so far, we have not been able to detect a specific downregulation of
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MHC class I transcription during MNV infection (Fig. 2B). If MNV affected only the
upregulation of MHC class I transcription, then MNV- and mock-infected cells would
display similar levels of MHC class I proteins on their surfaces. Conversely, we have
observed a reduction of surface and intracellular MHC class I protein levels in MNV-
infected cells (Fig. 1 and 5). Therefore, we speculate that VP2 might prevent the
upregulation of MHC class transcription, but MNV NS3 may contribute to the observed
reduction in MHC class I surface expression levels.

Our observations presented here are similar to those for other viruses, such as HIV,
HCMV, and Epstein-Barr virus (EBV), all of which interfere with the surface expression of
MHC class I proteins, albeit via different strategies (23, 24, 28). It is known that viruses
utilize several strategies to manipulate MHC class I surface expression, which are
employed at different stages throughout the MHC class I protein expression pathway.
For example, EBV inhibits proteasome-mediated degradation, preventing the synthesis
of viral peptides and thus the formation of viral antigen and MHC class I complexes (26),
whereas herpes simplex virus (HSV) and HCMV encode proteins that block the import
of peptides, including viral peptides, into the ER (24, 27, 45). Additionally, the Nef
protein of HIV causes the downregulation of MHC class I expression and inhibits the
trafficking of MHC class I complexes from the Golgi apparatus to the cell surface (23,
46). We can now contribute another mechanism, one whereby MNV induces
proteasome-mediated degradation of the MHC class I protein itself, thus resulting in
decreased protein levels and surface expression.

The downregulation of MHC class I surface expression has critical effects on the
ability of both the innate and the adaptive immune response to detect and clear
MNV-infected cells. We demonstrated that the reduction in MHC class I proteins
causes no viral peptides, or only small amounts, to be presented on MNV-infected
cells (Fig. 5B). Therefore, CD8� T cells cannot detect the infection and do not
become activated (Fig. 5A). Tomov et al. showed previously that the antigen-
specific CD8� T cell response during persistent MNV infection is restrained, reduc-
ing clearance of the virus and allowing persistent replication within the host (47, 48).
In this study, we have observed that both the acute (CW3) and persistent (CR6) strains
of MNV decrease MHC class I surface levels to prevent detection by CD8� T cells (Fig.
5). Early studies on MNV have demonstrated that the innate, but not the adaptive,
immune response is critical for mice to survive the infection (15). These findings could
be based on the fact that MNV interferes with MHC class I expression and antigen
presentation. Avoiding immune recognition by CD8� T cells allows the virus to repli-
cate more efficiently and undisturbedly but also affects the immune memory generated
in response to an infection. MNV and HuNoV infections have been shown to induce
little immune memory to homologous challenges, and the response to vaccine treat-
ment has been very variable so far (49–52). Even though the great strain variety and
constant changes in the structural protein VP1 have an impact on immune memory, it
needs to be considered that this defect in immune memory could be based on
insufficient presentation of MNV antigens due to a reduction in MHC class I surface
expression, inhibiting the priming of CD8� T cells.

Overall, the reduction in MHC class I surface expression levels seems to be highly
beneficial for the virus, since smaller amounts of MHC class I peptide complexes are
displayed on the cell surface, resulting in reduced presentation of viral antigen and
decreased detection by surveillance immune cells, such as CD8� T cells. Manipulating
MHC class I expression on the cell surface helps the virus to hide within the infected cell
and dampens the immune response, allowing for efficient and swift viral replication.

MATERIALS AND METHODS
Cell lines. RAW264.7 cells, a murine macrophage cell line derived from the BALB/c mouse strain, and

DC 2.4 cells, a murine dendritic cell line derived from C57BL/6 mice, as well as human 293T cells, were
kept in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) and 2 mM
GlutaMAX (all from Gibco). All cell lines are semiadherent and were detached from the culture vessel by
using a 18-gauge 1 1⁄2-in syringe (RAW264.7, DC2.4) or by vigorous pipetting (293T). Cells were cultivated
at 37°C under 5% CO2.
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Plasmids and antibodies. Plasmids encoding the 6�His-tagged MNV NS proteins (NS1-2 to NS4,
NS6, NS7) on a pcDNA3.1 backbone have been generated and published previously (33). pcDNA3.1(�)-
MNV-NS5-HIS was generated using the following primers to amplify the MNV NS5 sequence via PCR:
forward primer VPG.EcoRV-F (5=-GATATCACCACCATGGGAAAGAAGGGCAAG-3=) and reverse primer
VPG.SpeI-R (5=-ACTAGTTCAATGATGATGATGATGATGCTCAAAGTTGATCTT-3=). The PCR product was cut
with the restriction enzymes SpeI and EcoRV, whose restriction sites had been incorporated into the
forward and reverse primers, respectively. The pcDNA3.1(�) vector was digested with XbaI and EcoRV
before ligation of the PCR product and the vector with the T4 DNA ligase (Promega). Antibodies to the
following antigens were used: the 6�His tag (Abcam), actin (Sigma), calnexin (Abcam), double-stranded RNA
(dsRNA) (Scicons), HLA-ABC, IFN-�, and SIINFEKL (conjugated with allophycocyanin [APC]; BioLegend), MHC
class I (H-2Kd/H-2Dd) (conjugated with fluorescein isothiocyanate [FITC]; Bio-Gems), MHC class I (Y3) (kindly
provided by Justine Mintern, Bio21 Institute, Melbourne, Australia), MHC class I (M1/42) (kindly provided by
the Villadangos Lab, Doherty Institute, Melbourne, Australia), MNV NS3 and NS6 (kindly provided by Kim
Green, NIH, USA), and MNV NS5 and NS7 (manufactured by Invitrogen).

MNV infection and drug treatments. RAW264.7 macrophages and DC 2.4 dendritic cells were
infected at a multiplicity of infection (MOI) of 5 with a tertiary stock of the MNV strain CW1, unless stated
otherwise. The culture medium was replaced with serum-free medium with GlutaMAX. Virus was added
in a low volume, and culture dishes were rocked regularly for about 60 min to ensure virus binding and
to prevent drying of cells. Afterwards, sufficient serum-free medium was added, depending on the
culture vessel. Unless otherwise indicated, cells were harvested or fixed 12 h after infection. MG132 is an
inhibitor of the proteasome and was used to inhibit protein degradation. MG132 was used at a
concentration of 0.5 �M and was added to the culture medium 1 hpi. Chloroquine is an inhibitor of
lysosome-mediated degradation and was used at a concentration of 10 �M. Dynasore inhibits endocy-
tosis and was used at a concentration of 50 �M. The SIINFEKL peptide is a short peptide sequence
derived from the ovalbumin protein and can be presented by MHC class I proteins and recognized by
T cells. SIINFEKL was used at a concentration of 1 �g/ml and was applied for 1 h at 37°C.

Transfection of cell lines. 293T cells were transfected with Lipofectamine 2000, and cells were
treated according to the manufacturer’s protocol. In brief, plasmid DNA and the transfection reagent
were diluted in Opti-MEM, mixed together, and incubated at room temperature. Plasmid DNA and
transfection reagent mixtures were added dropwise to the cells, which were kept in DMEM with 10% FBS
and 2 mM GlutaMAX (all from Gibco). Cells were incubated at 37°C for 18 h before analysis via flow
cytometry.

Immunofluorescence staining and confocal imaging. Cells intended for confocal imaging analysis
were grown on 10-mm round coverslips and treated according to experimental design. Cells were
stained with an MHC class I-specific antibody (anti-H-2Kd/H-2Dd, FITC conjugated; Bio-Gems) in 1%
bovine serum albumin (BSA) in phosphate-buffered saline (PBS) on their surfaces prior to fixation on ice
for 30 min or were stained for MHC class I proteins intracellularly instead. After the cells were washed in
0.1% BSA (in PBS), the secondary antibody (Alexa Fluor 488-conjugated anti-mouse antibody; Life
Technologies) was added. Cells were fixed in 4% (wt/vol) paraformaldehyde (PFA) (Electron Microscopy
Sciences) (in PBS) for 10 min and were permeabilized in 0.1% (wt/vol) Triton X-100 (Sigma) and 4% PFA
(10 min). After a wash step with PBS, 0.2 M glycine (Sigma) was added to reduce the autofluorescence
of formaldehyde groups. Samples used for staining with the GEF-H1 antibody were fixed in ice-cold
methanol for 3 min, followed by a 30-s incubation with ice-cold acetone. Fixed cells were stained with
relevant primary antibodies in 1% (wt/vol) BSA for 45 to 60 min, washed in 0.1% BSA in PBS, and
incubated again with the secondary antibodies for 30 to 45 min. Coverslips were then washed in PBS
only, and 4=,6-diamidino-2-phenylindole (DAPI; 0.5 �g/ml) was added for 5 min. Final washing steps were
performed with Milli-Q water (Millipore), and coverslips were dried and mounted on cover slides with
Ultramount 4 (Fronine). Samples were kept cool and dark until imaging with confocal microscopes.
Confocal pictures were collected with either the LSM 700 or the LSM 710 confocal microscope using ZEN
software (Zeiss).

Immunoblotting. Samples were lysed in NP-40 lysis buffer (150 mM NaCl, 50 mM Tris [pH 8.0], 1%
NP-40) and were centrifuged at 21,000 rcf for 10 min to sediment cell debris. All protein samples were
handled at 4°C or on ice and were supplemented with Protease Inhibitor Cocktail III (Astral Scientific).
Protein samples were boiled at 95°C in SDS loading buffer (125 mM Tris-HCl, 4% SDS, 20% glycerol, 10%
2-mercaptoethanol, 0.004% bromophenol blue) prior to immunoblotting and were kept on ice. Lysates
were separated on a polyacrylamide gel (10% or 12%, depending on the size of the protein of interest)
via SDS-PAGE (120 V), and afterwards, proteins were transferred to a 0.2-�m polyvinylidene difluoride
(PVDF) membrane (Bio-Rad) (100 V, 65 min). Membranes were processed according to the manufacturer’s
protocol and were incubated in 5% BSA (dissolved in 0.1% Tween in PBS) at 4°C overnight or at room
temperature for at least 2 h. Primary antibodies were diluted in 5% BSA and 0.1% Tween in PBS and were
incubated with the membrane for 3 to 4 h at room temperature or at 4°C overnight. After wash steps
with 0.1% Tween in PBS, the secondary antibodies in 0.1% Tween in PBS were added to the membrane
(2 to 3 h). Last, the membrane was washed again; membranes were incubated with ECL Plus Western
blotting substrate (Pierce, Thermo Fisher) for 5 min; and signals were visualized with the MF-ChemiBis
documentation system (DNR).

Flow cytometry. Cells were harvested and washed twice in staining buffer (1% FBS in PBS). About
1 � 106 cells were resuspended in a staining buffer containing cell surface antibodies and were
incubated at 4°C in the dark for 30 min. To remove residual antibodies, cells were washed in the staining
buffer. If unconjugated antibodies were used, the previous steps were repeated with the secondary
antibodies. For fixation, cells were thoroughly resuspended in a fixation buffer (2% PFA in PBS) and were
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kept at room temperature for 15 min. Cells were centrifuged, and the fixation buffer was aspirated,
before the permeabilization solution (0.1% Triton X-100 in PBS) was applied. Permeabilized cells were
incubated with intracellular staining antibodies for 1 h at room temperature. Cells were washed in
staining buffer, resuspended in PBS, and kept in the dark at 4°C until flow cytometry analysis. If
unconjugated antibodies were used, the intracellular staining was repeated with the secondary anti-
bodies for 45 min. Flow cytometry data were collected with a BD FACSCanto II or BD LSRFortessa analyzer
using BD FACSDiva software (BD Biosciences). Data were analyzed using FlowJo analysis software.

Quantitative RT-PCR. Cells were harvested and washed in PBS. Cell pellets were lysed in TRIzol
reagent (Life Technologies) for 10 min and were stored at 	80°C. RNA was extracted by adding
chloroform at a ratio of 1:5, mixing thoroughly, and incubating the mixture for 5 min at room
temperature to allow separation of the aqueous and organic phases. After centrifugation at 12,000 rcf for
15 min at 4°C, the organic phase was discarded, and 20 ng glycogen was added to the aqueous phase.
RNA was precipitated in isopropanol (isopropanol/TRIzol ratio, 1:2) for 10 min and was centrifuged at
12,000 rcf for 10 min at 4°C. The supernatant was removed, and the RNA pellet was washed with 70%
ethanol, centrifuged again for 5 min, and, after removal of the ethanol, left at room temperature to dry.
RNA pellets were dissolved in autoclaved diethyl pyrocarbonate (DEPC)-treated water at 60°C for 10 min.
For consecutive reverse transcription, the RNA concentration was measured using a NanoDrop system
(Thermo Scientific). To exclude DNA contamination, 1 �g RNA was treated with RQ1 DNase (Promega)
and was incubated for 30 min at 37°C. DNase was heat inactivated at 65°C for 15 min with EDTA. For
reverse transcription, SensiFAST reverse transcriptase (Bioline) was used, and the following incubation
pattern was applied: 25°C for 10 min, 42°C for 15 min, 85°C for 5 min. iTaq Universal Sybr green supermix
(2� concentrated; Bio-Rad) and the following primers were used to set up the qPCR samples in duplicate:
GAPDH (F) Ms (5=-CGTCCCGTAGACAAAATGGT-3=), GAPDH (R) Ms (5=-TCAATGAAGGGGTCGTTGAT-3=),
MNV-NS3 (F) (5=-TTGTTGGCATCAAGGACACCTG-3=), and MNV-NS3 (R) (5=-TGGATGGAATGAAGGGCTCC-
3=). MHC class I primers were purchased from Bio-Rad (PrimePCR for SYBR green assay: H2-D1 mouse and
GAPDH mouse), and primers for �2 microglobulin were obtained from Sigma (KSPQ12012G). RNA levels
were analyzed with a Stratagene Mx3005P qPCR machine. Fold changes in target genes were calculated
using the ΔΔCT method relative to the internal control, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH).

In vitro activation of CD8� T cells. Stimulator cells were obtained from C57BL/6 mouse spleens. For
this purpose, a single-cell suspension in RPMI medium (10% fetal calf serum [FCS] with penicillin-
streptomycin, L-glutamine, 2-mercaptoethanol) was prepared from spleens and was incubated with the
SIINFEKL peptide (0.5 �g/ml) for 1 h at 37°C. Cells were washed in PBS three times before exposure to
responder cells. To generate responder cells, a single-cell suspension from the spleens of OT-I-GFP mice
(kindly provided by Lauren Holz, University of Melbourne, Melbourne, Australia) was created and added
to the stimulator cells. The medium was supplemented with 10 U/ml interleukin 2 (IL-2) and 0.17 �g/ml
lipopolysaccharide (LPS), and cells were grown for 4 to 5 days. Additional medium was added to the cells
on days 2 and 3 after activation, and cells were washed in PBS multiple times to remove the LPS before
they were used in the functional assay. T cell purity was determined via staining with anti-CD8 and
anti-V� antibodies and was analyzed via flow cytometry.

Functional assay for CD8� T cell activation. DC 2.4 cells were either infected with the WT CW3,
CW3 OVA, WT CR6, or CR6 OVA MNV strain (34) or the WT PR8 or PR8 OVA influenza virus strain (53, 54)
(all at an MOI of 5) or left uninfected. Cells were harvested, and the cell concentration was adjusted to
5 � 106 cells/ml. OT-I-GFP responder cells were obtained as described above, adjusted to 10 � 106

cells/ml, and added to target cells at a 2:1 ratio (5 � 105 target cells with 1 � 106 responder cells). Cells
were incubated in the presence of brefeldin A (BFA) (5 �g/ml; Sigma-Aldrich) and monensin (5 �g/ml;
BD Biosciences) for 6 h at 37°C. To assess the viability and activation of the OT-I-GFP cells, cells were
stained on the surface with LIVE/DEAD stain (aqua; excitation at 405 nm; Invitrogen), fixed for 10 min in
1% PFA in PBS, and permeabilized in BD FACS Permeabilizing Solution 2 afterwards. An anti-IFN-�
antibody (BioLegend) was used to stain cells intracellularly for 1 h at room temperature. Cells were
analyzed via flow cytometry using the FACSDiva and FlowJo programs. OT-I-GFP cells were identified via
positive GFP staining and were analyzed for their IFN-� expression.
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