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Reovirus infection of tumor
cells reduces the expression
of NKG2D ligands, leading to
Impaired NK-cell cytotoxicity
and functionality
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In recent years, reoviruses have been of major interest in immunotherapy
because of their oncolytic properties. Preclinical and clinical trials, in which
reovirus was used for the treatment of melanoma and glioblastoma, have paved
the way for future clinical use of reovirus. However, little is known about how
reovirus infection affects the tumor microenvironment and immune response
towards infected tumor cells. Studies have shown that reovirus can directly
stimulate natural killer (NK) cells, but how reovirus affects cellular ligands on
tumor cells, which are ultimately key to tumor recognition and elimination by NK
cells, has not been investigated. We tested how reovirus infection affects the
binding of the NK Group-2 member D (NKG2D) receptor, which is a dominant
mediator of NK cell anti-tumor activity. Using models of human-derived
melanoma and glioblastoma tumors, we demonstrated that NKG2D ligands are
downregulated in tumor cells post-reovirus-infection due to the impaired
translation of these ligands in reovirus-infected cells. Moreover, we showed
that downregulation of NKG2D ligands significantly impaired the binding of
NKG2D to infected tumor cells. We further demonstrated that reduced
recognition of NKG2D ligands significantly alters NK cell anti-tumor
cytotoxicity in human primary NK cells and in the NK cell line NK-92. Thus, this
study provides novel insights into reovirus-host interactions and could lead to
the development of novel reovirus-based therapeutics that enhance the anti-
tumor immune response.
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Introduction

Mammalian orthoreovirus, henceforth reovirus, is a member of
the Reoviridae family of viruses. Reovirus is usually constricted to
the respiratory and enteric pathways but is generally considered
nonpathogenic. It is composed of two concentric protein capsids
and a genome consisting of ten strands of double-stranded RNA (1-
3). Upon infection of mammalian cells, viral RNA triggers an anti-
viral response in host cells, marked by the initiation of type I and
type IIT IEN responses, which were shown to halt the replication of
reovirus in enterocytes (1). Another effect triggered by the double-
stranded RNA structures is the activation of protein kinase RNA-
activated (PKR), which phosphorylates the cellular translation
initiation factor eIF20. Phosphorylated elF2o inhibits translation
in the cell, thus preventing the virus from producing viral proteins
and ultimately stopping the propagation of new viral units (4).
However, RAS oncogenes block PKR activity, thus preventing the
translational shutdown observed after reovirus infection (5).
Therefore, reovirus has been shown to replicate with higher
efficiency in cells harboring an activated RAS pathway, including
many cancers and cancer cell lines that are preferentially infected
with the reovirus (6). As the RAS pathway promotes proliferation,
its activation remains a critical event in cancer transformation (7).
Mutations in RAS genes are present in 19% of all tumors (8). 15-
25% of melanoma tumors possess an activating mutation in the
NRAS gene (9); 45-50% of colorectal tumors possess activating
mutation KRAS (10), and in certain tumors, such as glioblastoma,
the RAS pathway can be highly activated even without a direct
mutation in the RAS genes (7).

This, along with the fact that reovirus type-3 Dearing (T3D) is a
naturally lytic virus, has led to the prospect of using reoviruses as anti-
tumor agents (11). A seminal study by Coffey et al. demonstrated that a
single intratumoral injection of the reovirus could result in regression
of human U87-MG glioblastoma tumors in immunodeficient (SCID)
mice (12). Similarly, they further demonstrated that multiple reovirus
injections in immunocompetent mice could lead to complete tumor
regression (13). Other preclinical studies have further supported the
therapeutic potential of reovirus-based therapy against melanoma,
glioblastoma, breast cancer, head and neck cancer, prostate cancer, and
other types of cancer (12, 14-17), but have also revealed several
limitations to the use of reovirus as a single therapeutic agent (13,
16-18). Notably, in the last 20 years, a clinical-grade formulation of the
T3D strain of wild-type reovirus (Reolysin®; Oncolytics Biotech,
Calgary, Canada) has been tested in various clinical trials. These
studies have shown the relative safety but varying response rates of
reovirus-based therapy in patients with melanoma, malignant glioma,
breast cancer, pancreatic adenocarcinoma, colorectal carcinoma, or
other types of tumors (19-24).

It has been suggested that the varied response to reovirus-based
therapy could be an indication that oncolytic virus-based
treatments can reshape the tumor microenvironment (TME). It
was later shown that oncolytic viral-based treatments can increase
proinflammatory cytokines in the TME, enhance the cytotoxicity of
innate immune cells, and augment antigen presentation and
adaptive immune responses. For example, in a study by Muller
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et al,, reovirus treatment increased the number of NK and cytotoxic
T cells, which also exhibited a stronger activated phenotype. In
addition, reovirus treatment enhanced the memory response of the
immune system (25). Altogether, it has been shown that reovirus
significantly alters the immune response towards the tumor (22,
25-28).

Natural killer (NK) cells are innate lymphoid cells which are
considered to be a key factor in the defense against tumor
transformation and viral infections, as they can identify a wide
range of patterns associated with “danger,” and unleash a cytotoxic
response towards those patterns (29). NK cell cytotoxicity is
regulated by an array of activating and inhibitory receptors (30),
with the NKG2D receptor being among the most prominent
activating receptors of NK cells (29, 31, 32). The NKG2D
receptor binds to eight stress-induced ligands present on the cell
surface, which are split into two families: the MHC class I chain-
related protein (MIC) family, which includes MICA and MICB, and
the UL16-binding protein (ULBP) family, which includes ULBP1-6.
These ligands are overexpressed in tumor cells (33), making
NKG2D-mediated recognition a prominent pathway by which
NK cells identify and kill transformed cells (34). Moreover,
because the expression of NKG2D ligands also enhances the
cytotoxic activity of NK cells towards virus-infected cells, different
viruses have developed unique mechanisms to manipulate the
expression of stress-induced ligands to evade NK-mediated
elimination (32, 35-39).

In an attempt to shed light on the effects of reovirus infection on
the cytotoxicity of NK cells towards the infected tumor cells, we
have previously shown that the NK activating receptor NKp46 can
specifically recognize the o1 protein of the reovirus and that this
interaction can alter the activity of NK cells towards the infected
tumor cells (40). Other studies have demonstrated that reovirus-
activated NK cells together with monoclonal antibody treatment
synergistically enhance their anti-tumor cytotoxicity in colorectal
cancer model (41), and that reovirus enhances rituximab-mediated
NK cytotoxicity against chronic lymphocytic leukemia (42).
Moreover, checkpoint inhibition was shown to improve the
ability of NK cells to kill reovirus-infected tumor cells (43). Our
discovery that NK cells possess a receptor through which they can
recognize the reovirus antigen uncovered an important mechanism
by which NK cells interacts with reovirus-infected cells. However,
NK cell activation is dictated by and array of activating and
inhibitory (44). Therefore, we focused on the influence of reovirus
infection on activation via the NKG2D receptor, as little is known
about the effects of reovirus infection on the expression of the
NKG2D ligands on the surface of infected tumor cells, and their
possible impact on NK cell cytotoxicity. These data are of crucial
importance, as reovirus-based drugs are advancing in clinical
phases and are soon to be employed against a wide range of
tumors. Here, we demonstrate that reovirus infection can impair
the expression of NKG2D ligands in melanoma and glioblastoma
cells. We further demonstrated that the changes in NKG2D ligand
expression on the surface of reovirus-infected melanoma cells
impair the cytotoxic activity of primary human NK cells towards
malignant cells.
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Materials and methods
Cells and media

MNT-1 (ATCC, CRL-3450), a human melanoma cell line, and
U87-MG (ATCC, HTB-14), a human glioblastoma cell line, were
used for reovirus infection. The cells were maintained in DMEM
supplemented with 10% fetal bovine serum, 1 mM sodium
pyruvate, 2 mM L-glutamine, 1 mM streptomycin, and 0.1 mM
NEAA. Primary human NK cells and NK-92 cell lines were used to
evaluate NK activity towards reovirus-infected cells. NK-92 cells
were maintained in RPMI supplemented with 10% fetal bovine
serum, 1mM sodium pyruvate, 2 mM L-glutamine, 1 mM
streptomycin, 0.1 mM NEAA, and 20 ng/mL recombinant IL-2,
as previously described (45). To isolate primary human NK cells,
peripheral blood mononuclear cells were derived from healthy
donors and purified using an NK Cell Isolation Kit (Miltenyi
Biotec, 130-092-657), then maintained in mixed media of F12-
DMEM and DMEM at a ratio of 1:1.3, supplied with 10% human
serum, 1% sodium pyruvate, 2 mM L-glutamine, 1 mM
streptomycin, 0.3 mM NEAA, 100 U/mL recombinant IL-2, and
10 ng/mL recombinant IL-15. The percentage of purified NK cells
was verified using anti-CD56 (BioLegend, 36503) and anti-CD3
(Thermo Fisher Scientific, 56-0038-82) antibodies, in which the
CD56"CD3" population was measured. RKO cells were used to
evaluate NKG2D ligand-shedding. B16 murine melanoma cell line
was used for evaluation of mouse NKG2D-Ig binding to reovirus-
infected cells. All the cells were maintained at 37°C with 5% CO,.

Reovirus infection and
degradation inhibitors

Reovirus 3 strain Dearing (ATCC, VR824) was propagated as
previously described (46), and plaque assays were performed on
MNT-1 cells to determine the concentration of plaque-forming
units (PFU) of the propagated reovirus stock (47). MNT1 and U87-
MG cells were seeded in a six-well plate at a density of 3x10> cells
per well and infected with the reovirus in 0.6mL of growth media.
MOI is listed in the figure legend of each figure. The cells were then
incubated with the virus for 1 hour (hr) at room temperature.
Following incubation, 0.9mL of growth media was added to the
cells, and the cells were incubated at 37°C with 5% CO,. In
experiments that required proteasomal or lysosomal blockers,
cells were infected as described above, followed by exposure to
100 uM chloroquine (Sigma-Aldrich) or 10 uM MGI132 (Sigma-
Aldrich, 474790) at 24 hours (hrs) post-infection. The analyses were
performed 48 hrs post-infection. In the kinetic experiments, the
analyses were performed at 0, 6, 12, 24, 36, 48, and 60 hrs following
infection. For UV-inactivation, viruses were irradiated with 254 nm
UV light for 30 minutes, and inactivation of the viruses was
confirmed by plaque assays.
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Antibodies and fusion proteins

The following primary antibodies were used for flow cytometry:
anti-MICA (R&D, MAB1300), anti-MICB (R&D, MAB1599), anti-
ULBP1 (R&D, MAB1380), anti-ULBP2 (R&D, MAB1298, with
cross reactivity to ULBP5 and ULBP6), anti-ULBP3 (R&D,
MABI1517), anti-GLUT-1 (abcam, Ab150299), anti-IFNY (R&D,
MAB285), anti-CD56 (BioLegend, 36503), anti-CD3
(ThermoFisher Scientific, 56-0038-82), anti-G1 (Sigma-Aldrich,
MAB994-1-25UG), anti-CD4 (BioLegend, 344604), anti-CRT
(Invitrogen, 902A), anti-ERp57 (BioLegend, 937301) and anti-
PVR (BioLegend, 337602). Additionally, anti-KIRL2D3, murine
anti-NKG2D, and anti-NKP46 antibodies were purified from
hybridomas as previously described (48). These primary
antibodies were stained with AF448-coupled donkey anti-mouse
IgG (Jackson ImmunoResearch, 715-545-151) or APC-coupled goat
anti-mouse IgG (Thermo Fisher Scientific, 31981). Murine
NKG2D-Ig and human NKG2D-Ig fusion protein (R&D, 1299-
NK) were followed by secondary staining with PE-coupled F(ab’),
fragment goat anti-human IgG (Jackson ImmunoResearch 109-
116-088). Additionally, a Fixable Viability Dye eFluor' ™ 780 (FVD)
(Thermo Fisher Scientific, 65-0865-14) was included in the flow
cytometry staining to exclude the dead population.

Flow cytometry

MNT-1, U87-MG, NK-92, or primary NK cells were harvested and
washed twice in PBSx1 supplemented with 1% bovine serum albumin
(FACS media) and then incubated for 40 min on ice with FACS media
containing primary antibody diluted as recommended by the
manufacturer. The cells were then washed with FACS media and
further incubated for 40 min on ice with FACS media supplied with
0.5% secondary antibody and 0.1% FVD (ThermoFisher Scientific, 65-
0865-14). Finally, the cells were washed twice and read using an
LSRFortessa flow cytometer (BD Biosciences) or through an Arialll
flow cytometer (BD Biosciences). Intracellular staining of cells was
performed using the Fixation/Permeabilization kit (BD Biosciences,
554714) or with the eBioscience " Intracellular Fixation &
Permeabilization Buffer Set (ThermoFisher Scientific, 88-8824-00),
according to the manufacturer’s instructions. Primary antibodies
were incubated with the cells for 1 hr on ice. Murine NKG2D-Ig and
human NKG2D-Ig were incubated with the cells for 90 minutes. For
intra-cellular FACS staining of CRT, ERp57 and GLUT-1 in MNT-1
and U87-MG cell lines, the cells were fixed using FIX & PERM Cell
Fixation and Cell Permeabilization Kit (Invitrogen). Data were
analyzed using the BD FACSDIVA software and further analyzed
using FlowJo_10.8.1. All of our FACS analysis were done only on live
cells that were stained negatively to FVD, in order to minimize the
effects of eminent cell death caused by the reovirus. In all experiments,
the background binding was measured through incubating unstained
cells with the relevant secondary Ab.
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Generating MNT-1-CD4 and
U87-CD4 cells

Lentiviruses expressing human CD4 were generated by
transfecting 293T (ATCC, CRL-3216) cells with 6pg psPAX2
plasmid (Addgene, 12260), 4ug pMD2.G plasmid (Addgene,12259)
and 4pg lentiMPH v2 plasmid (Addgene, 89308) containing the CD4
gene inserted at positions 7654 and 9085. Then, 0.6x10° cells of
MNT-1 or U87-MG cell lines were infected with CD4-lentivirus,
followed by positive selection through growth media containing
hygromycin B (InVivoGen, ant-hg) at a concentration of 500ug/
mL. The selection media was replaced every 2 days for a period of 7
days. After selection, CD4" cells were sorted using FACSAria (BD
Biosciences) and stained with anti-CD4 (BioLegend, 344604) for
further purification.

Ligand shedding and ELISA

3x10°> MNT-1 cells were seeded in a six-well plate and infected
as described above. Media from reovirus-infected and mock-
infected wells were collected 48 hrs post-infection. To remove cell
debris, the samples were centrifuged for 5 min at a speed of 350 rcf.
The media was then concentrated to a final volume of 200 pL using
Amicon Ultra centrifuge tubes (Sigma-Aldrich) and centrifuged for
30 min at 4000 rpm. For MICA and MICB testing, tubes with a
molecular weight cut-off (MWCO) of 30 kDa were used (Sigma-
Aldrich, UFC-9030). For ULBP2 and ULBP3 testing samples, tubes
with a MWCO of 10 kDa were used (Sigma-Aldrich, UFC-8010).

As a positive control, we used RKO cells overexpressing
MICA*008, which was generously donated by Prof. Ofer
Mandelboim (36). 0.9x10° RKO cells were treated with 2 units of
phosphoinositide-specific phospholipase C (PI-PLC) (Sigma-
Aldrich, P5542) for 4 h, in 600 pL of buffer prepared according to
the manufacturer’s instructions. Finally, the cells were centrifuged
at 350 rpm to remove cell debris, and the supernatant was collected
and aliquoted into three 200 uL samples.

The concentrated media samples and the positive control were
plated on an ELISA plate and left to coat overnight. The following
day, the wells were washed twice with PBSx1 containing 0.05%
TWEEN20 (Sigma-Aldrich, p9416; Sigma-Aldrich). They were then
blocked in PBSx1 containing 2% dry milk (Sigma-Aldrich, 70166-
500). Primary antibodies (R&D, MAB1300, MAB1599, MAB1298,
MABI1517) were added to the wells at the concentration of 2 pug/mL
and incubated for 2.5 hrs. The wells were then washed six times with
PBSx1 containing 0.05% TWEEN20. The secondary HRP-
conjugated anti-mouse antibody was added to the wells at a
concentration of 2 pg/mL and incubated for 1.5 hrs, followed by
6 washed with PBSx1 containing 0.05% TWEEN20. Finally, 100 uL
TMB Single Solution (Life Technologies, 02049211-7) was added to
the wells and incubated for 12 min before being read in Epoch
(BioTek) at 605 nm.
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Quantitative polymerase chain
reaction analysis

MNT-1 cells, U87-MG cells, primary human NK cells and NK-92
cells were incubated with reovirus as previously described. After 48
hrs, cellular RNA was isolated using the Total RNA Mini kit
(Geneaid, RBD050), followed by cDNA synthesis using an iScript
cDNA synthesis kit (BioRad, 1708890). Finally, qPCR was performed
using the PowerTrack SYBR Green Master Mix (Thermo Fisher
Scientific, A46109). All kits were used according to the
manufacturer’s instructions. The qPCR reaction was read using a
CFX Connect Real-Time System (Bio-Rad). The primers used in the
experiment were: GAPDH forward primer GATT
CCACCCATGGCAAATTC, reverse primer GGCAGAGATG
ATGACCCTTT. Actin forward primer AAGACCTGTACGC
CAACAGC, reverse primer GTCATACTCCTGCTTGCTGAT. MI
CA forward primer ATCTGTGCAGTCAGGGTTTC, reverse
primer GCCTTCTTTCTGGTCCTTGATA. MICB forward primer
ATCTGTGCAGTCAGGGTTTC, reverse primer CCTCCT
TCTGGTCCTTGATATG. ULBP2 forward primer CTGGAG
CCAGAAAGATGAAAGA, reverse primer ATGATGAGGA
GGCAGCAAAG. ULBP3 forward primer GGATGAA
AGAGAAGTGGGAGAAG, and reverse primer GGATGAA
GCAGAGGATGATGAG. CRT forward primer CCTCACCC
CTGGTTCTCATC, reverse primer GAGGAAGAACGGGGC
TCTTC. ERp57 forward primer GCTGCAGCTACCAGATTAAAA
GG, reverse primer GACCAGCTTCAGTGCCTCTC. S4 forward
primer CTGGCTTCAGGTTGACCCAA, reverse primer
TGGGTTTGACGAGCATCTCC. M3 forward primer
ATGATGGCAGGATGGCTGAC, reverse primer AGCGTT
GTCCCGATCTTTGA. L3 forward primer GAGACTGGAC
TGATGGTGCC, TTTCTTCAAGCCAGGCGGAT reverse primer.
All samples were tested in triplicates.

Electroporation

The S1-4, M1-3 and L1-3 viral genes were inserted into pAAV-
DYRK4-2A-GFP (Addgene, 118288) at positions 1323 and 3111.
MNT-1 cells were harvested, washed twice, and resuspended at a
density of 107 cells/mL in Opti-MEM. A total of 10° cells were
mixed with 10pg of the target plasmid, followed by electroporation
with NEPA21 (Almog Diagnostics) using appropriate cuvettes
(Almog Diagnostics, ec-002). Poring pulse: voltage 210V, pulse
length 3ms, pulse interval 50ms, D. rate 10%, positive polarity, two
pulses. Transfer pulse: voltage 20V, pulse length 50ms, pulse
interval 50ms, D. rate 40%, positive/negative polarity, five pulses.
After electroporation (EP), the cells were cultured in growth media
(1.5mL) for 72 hrs until further analysis. All the plasmids used in
the EP experiments were sequenced. The prevalence and the
NKG2D ligand-phenotype of GFP* cells were evaluated using
flow cytometry.
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NK cytotoxicity assay

3x10° MNT-1 cells were infected with 3x10” PFU of reovirus for 1
hr at room temperature, then incubated at 37°C. At 48 hrs of infection,
the cells were harvested and labelled with CFSE (ThermoFisher
Scientific, C34570) according to the manufacturer’s instructions.
They were then cocultured with purified primary NK cells for 4 hrs
at effector-to-target (E:T) ratios of: 10:1, 5:1, 2.5:1, or 1:1. NK cells were
adjusted to the number of target cells. To assess spontaneous lysis of
cells, samples containing target cells only were included for both the
infected and uninfected groups. The lysis of target cells was assessed by
staining each sample with 0.01% fixable viability dye (FVD), and was
measured by flow cytometer. Following doublets discrimination, the
percentage of the specific lysed population was gated as %CFSE ' FVD*
out of the CFSE" population. NK cell specific cytotoxicity was
calculated by following formula . All tested groups, including
different E:T ratios, were done in triplicate. In assays with NKG2D
receptor blocking, prior to coculturing with target-cells, NK cells were
washed twice in PBSx1 and incubated on ice for 30 min with anti-
NKG2D (R&D, MAB139) at the concentration of 10pg/mL. The cells
were then washed twice in PBSx1 and cocultured as described above.

IFNY quantification assay

NK-92 cells were cocultured with reovirus-infected or mock-
infected target MNT-1 cells for 20 hrs at an effector-to-target (E:T)
ratio of 2.5:1, followed by 4 hrs of exposure to Brefeldin A (Thermo
Fisher Scientific, 00-4506-51) and monensin (ThermoFisher
Scientific, 00-4505-51). The cells were stained with FVD, anti-
CD3 and anti-CD56. They were then fixed and stained for IFNY.
The results were analyzed using flow cytometry. Following doublets
discrimination, the FVD CD3 CD56" population was further
analyzed for the expression of IFNY. PMA and Ionomycin -
eBioscience' " Cell Stimulation Cocktail (500X), (ThermoFisher
Scientific 00-4970-93) was used to stimulate NK cells as IFNY™"
control. All tests were performed in triplicate.

CFSE proliferation assay

NK-92 cells were stained with CFSE according to the
manufacturer’s instructions, followed by coculture with infected or
uninfected target cells for 96 hrs at an effector-to-target (E:T) ratio of
2.5:1. NK cell counts were adjusted according to the number of target
cells. The cells were stained with FVD, anti-CD56 and anti-CD3.
Following doublet discrimination, the FVD'CD3°'CD56" population
was further assessed by FlowJo proliferation analysis, using CFSE as a
proliferation marker. A group of unstimulated NK-92 cells cultured
alone was used as a control. All tests were performed in triplicate.

Statistical analysis

Normal distribution was tested using the Shapiro-Wilk test.
Experiments wherein normal distribution was determined,
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statistical significance was calculated by one-tailed unpaired
Student’s t-test, two-tailed unpaired Student’s t-test, or two-way
ANOVA followed by either Sidak’s or Tukey’s test. Multiple t-tests
were corrected with a false discovery rate (FDR) of 0.01.
Experiments wherein normal distribution was not likely,
Kruskall-Wallis test followed by Mann-Whitney tests were used.
The legend of each figure addresses the specified statistical test used.
Statistical tests were performed using GraphPad Prism.
Quantitative PCR analysis and Cq calculations were performed
using the CFX Manager software 3.1 (BioRad). Data are presented
as the mean + SEM. A value of p> 0.05 was deemed not
statistically significant.

Results

Reovirus infection reduces the
expression of NKG2D ligands on
the surface of tumor cells

We and others have previously demonstrated that NK cells can
directly eliminate reovirus-infected tumor cells (40-42). Here, we
sought to evaluate whether the reovirus has developed mechanisms
to impair NK cell cytotoxicity towards infected cells. We analyzed
the levels of NKG2D ligands on the surface of reovirus-infected
tumor cells, as NKG2D is a dominant NK cell receptor that
augments NK-cell anti-viral activity (29, 31, 32). We infected the
human melanoma cell line MNT-1, and human glioblastoma cell
line U87-MG with reovirus T3D. Both of these cell lines were shown
to be permissive to reovirus infection and have an aberrant RAS/
PI3K signaling (49-52). Infection was conducted using 3x10” PFU
of the reovirus to infect 3x10° cells of MNT-1 melanoma and U87-
MG glioblastoma cell lines (MOI=100). Infection analyses were
performed only on the live population (Figure S1A). High infection
rates were observed in the live population in both cell lines, with
93.9% of U87-MG cells (Figure S1B) and 82.7% of MNT-1 cells
expressing the 61 protein of the reovirus (Figure S1C). The same
gating strategy was applied in all the experiments in this study
(Figure S1A).

Next, we evaluated the expression levels of the NKG2D ligands
MICA, MICB and ULBP1-3 at 48 hrs post-infection (Figures 1A, B).
ULBP1 was not detected on the surface of either cell line (Figure
S1D). Downregulation of the surface expression of MICA, ULBP2,
and ULBP3 was observed in both MNT-1 and U87-MG cells
following reovirus infection (Figures 1A, B). MICB was also
downregulated in reovirus-infected MNT-1 (Figure 1A) cells
compared to mock-infected cells, but was not expressed on the
surface of U87-MG cells (Figure SIE). As control, U87-MG and
MNT-1 cells were engineered to stably express CD4 on their
surface, and no significant changes were seen in CD4 surface
expression upon reovirus infection (Figures 1A, B).

To validate that the observed downregulation was not due to
general interference with host protein expression, we tested the
surface levels of four endogenously expressed proteins: calreticulin
(CRT), ER protein 57 (ERp57), the poliovirus receptor (PVR) and
the glucose transporter 1 (GLUT-1). The surface levels of CRT were
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FIGURE 1

Reovirus infection reduces the expression of NKG2D ligands on the surface of infected cells. (A) FACS staining for NKG2D-ligands (MICA, MICB,
ULBP2, ULBP3) and for human CD4 in MNT-1 cell line and in U87-MG cell line 48 hrs post infection. CD4 staining was done on transduced CD4"*
cells, NKG2D ligands staining was done on WT cell lines. Grey histogram depicts mock-infected cells, black line depicts reovirus infected cells, red
dashed-line depicts the background staining of mock-infected cells, blue dotted-line depicts the background staining of reovirus-infected cells.
Shown is 1 representative staining out of 3 that were performed. MOI=100 was used in this experiment. (B) Summary of the geometric mean
fluoresce intensity (MFI) of the staining shown in (A). Grey columns depict mock-infected cells, white columns depict reovirus-infected cells. Shown
is a summary of 3 experiments. Two-tailed unpaired Student's t test was used to determine statistical significance. FDR of 0.01 was applied. *p<0.05,
**p<0.01, ***p<0.005, ****p<0.0001. Each dot on the plot depicts the result of an independent experiment. Data is presented as mean + SEM.

(C) Intra cellular FACS staining for CRT, ERp57, PVR and GLUT-1 in the MNT-1 cell line and the U87-MG cell line. Grey histogram depicts mock-
infected cells, black line depicts reovirus infected cells, red dashed-line depicts the background staining of mock-infected cells, blue dotted-line
depicts the background staining of reovirus-infected cells. Shown is 1 representative staining out of 3 that were performed. MOI=100 was used in
this experiment. (D) Summary of the MFI of the staining shown in (C). Grey columns depict mock-infected cells, white columns depict reovirus-
infected cells. Shown is a summary of 3 experiments. Two-tailed unpaired Student's t test was used to determine statistical significance. FDR of 0.01
was applied. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001. Each dot on the plot depicts the result of an independent experiment. Data is presented
as mean + SEM.
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of particular interest, as CRT, was recently identified as a novel
ligand for the NK activating receptor NKp46 (53). Thus, CRT
provided a control with comparable biology in terms of function,
target and turnover time (53, 54). We observed no significant
differences in the expression of CRT, ERp57, PVR or GLUT-1 in
mock-infected cells compared to reovirus-infected cells (Figures 1C,
D). Furthermore, a previous study by S. Schmechel et al. has
demonstrated that the reovirus T3D does not impair cellular
protein translation in infected cells (55).

Reovirus infection impairs the binding of
NKG2D-lg to infected-tumor cells

Changes in the surface expression of NKG2D ligands have been
shown to significantly alter NK cell cytotoxicity to tumor cells and
virus-infected cells (32). Thus, we wanted to further analyze the
kinetics of NKG2D ligand downregulation following reovirus
infection, in order to gain a thorough understanding of how
reovirus infection of tumor cells might affect NKG2D-binding in
the tumor microenvironment. Moreover, we have increased the
reovirus MOI (MOI=200) to evaluate if the level of the NKG2D

10.3389/fimmu.2023.1231782

ligand downregulation is dependent on the amount of virus that is
used for infection. Since MICB was expressed only in MNT-1 cells
(Figure S1E), we focused our analysis on this cell line. To study the
downregulation kinetics, we selected seven representative time
points: 0, 6, 12, 24, 36, 48, and 60 hrs post-infection. Later time
points were limited by extensive cell death and by a small live
population in the reovirus-infected group, which prevented an
accurate analysis (Figure S2A).

We observed a downregulation in MICA at 36 hrs post-
infection, with a decreasing trend at the following time points
(Figure 2A). Similarly, MICB was first downregulated at 36 hrs
post-infection; however, we did not observe a further decrease in
expression at later time points (Figure 2A). ULBP2 and ULBP3 were
downregulated at earlier stages of infection. ULBP2 expression was
reduced at 24 hrs post-infection (Figure 2A), and ULBP3 expression
was reduced as early as 12 hrs post-infection (Figure 2A). In all
tested ligands, we observed no time point at which the expression of
the ligands was elevated in comparison to the time point 0 hrs of
infection (Figure 2A). Finally, the increased amount of reovirus
(MOI=200) that was used in these experiments augmented the
downregulation of all NKG2D ligands compared to infection with
reovirus at MOI=100 (Figures 1, 2).
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FIGURE 2

Reovirus infection impairs the binding of NKG2D-Ig to infected cells. (A) The kinetics of down-regulation of NKG2D ligands (MICA, MICB, ULBP2 and
ULBP3) in reovirus-infected MNT-1 cells compared to mock-infected MNT-1 cells. The y axis shows fold change of MFI of reovirus-infected cells
divided by MFI of mock-infected cells. The x axis shows time post infection (TPI) in hrs. Shown are 3 pooled experiments in each time point.
Statistical significance was tested in comparison to time point O hrs post infection. MOI=200 was used in these experiments. Two-tailed unpaired
Student’s t test was used to determine statistical significance. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001. Data is presented as mean + SEM.

(B) FACS staining with NKG2D-Ig fusion protein after incubation with mock-infected and reovirus-infected MNT-1 cells, 48 hrs post infection. Grey
histogram depicts mock-infected cells, black line depicts reovirus infected cells, red dashed-line depicts the background staining of mock-infected
cells, blue dotted-line depicts the background staining of reovirus-infected cells. Shown is 1 representative staining out of 3 that were performed.
MOI=100 was used in these experiments. (C) Summary of the MFI of the staining with human NKG2D-Ig at 24 hrs post infection and at 48 hrs post
infection. The grey columns depict mock-infected cells and the white columns depicts reovirus-infected cells. Shown is a summary of 3
experiments in each time point. MOI=100 was used in these experiments. Two-tailed unpaired Student'’s t test was used to determine statistical
significance. *p<0.05, **p<0.01, ***p<0.005 ****p<0.0001. Each dot on the plot depicts the result of an independent experiment. Data is presented

as mean + SEM.
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Next, we tested whether the reovirus-mediated downregulation
of NKG2D ligands would impair the recognition of infected tumor
cells by the NKG2D receptor. To this end, we stained mock-infected
and reovirus-infected MNT-1 cells with a fusion protein composed
of the extracellular portion of the human NKG2D receptor, fused to
the Fc portion of human IgGl (NKG2D-Ig). Notably, a significant
reduction in the binding of NKG2D-Ig to reovirus-infected cells
was observed in comparison with mock-infected cells 24 hrs and 48
hrs post-infection (Figures 2C, C, S2B, C). To validate this result, we
repeated the experiment using the U87-MG glioblastoma cell line
and obtained concurring results (Figure S2D). Overall, this data
together with the kinetics of the NKG2D-ligands downregulation
(Figure 2) indicated that 24 hrs and 48 hrs after tumor cell infection,
the NKG2D recognition of tumor cells is diminished.

The translation of MICA, MICB and ULBP3
in tumor cells is impaired following
reovirus infection

Viruses have developed diverse mechanisms that hinder the
expression of NKG2D ligands in infected cells to evade NK cell-
mediated elimination. This includes interference with NKG2D
ligand transcription, rapid degradation of mRNA, decreased
protein synthesis, increased protein degradation, and shedding of
ligands from the cell surface (56).

To uncover the mechanism by which reovirus infection leads to the
reduced expression of MICA, MICB, ULBP2, and ULBP3 in infected
cells, we first evaluated their shedding from the cell surface. ELISA was
performed on growth media collected from reovirus-infected and mock-
infected MNT-1 cells 48 hrs post-infection. As a positive control, we used
RKO cells expressing the glycosylphosphatidylinositol (GPI)-anchored
allele of MICA, MICA*008 (36). Upon incubation with PI-PLC, the PI
link is cleaved, leading to the release of MICA*008 into the media. The
shedding of MICA*008 was validated using FACS staining (Figure S2E).
In contrast to the positive control, in which high optical density (OD)
was observed, low amounts of NKG2D ligands were detected in the
media samples of reovirus-infected and mock-infected MNT-1 cells.
Shedding of MICA, ULBP2, and ULBP3 was not enhanced post-
infection, whereas shedding of MICB was reduced (Figure 3A).
Altogether, we concluded that the downregulation of NKG2D ligands
in infected tumor cells is not due to shedding from the cell membrane.

Next, we tested other mechanisms by which the reovirus could
manipulate the NKG2D ligand-expression. We performed quantitative
polymerase chain reaction (QPCR) on mRNA derived from mock-
infected or reovirus-infected MNT-1 cells 48 hrs post-infection. The
results were normalized to GAPDH levels, as it had stable expression-
levels following reovirus infection (Figure S2F). In contrast to the
reduced levels of these proteins on the cell surface of the infected cells,
no effect on the mRNA levels of MICA, MICB, ULBP2, and ULBP3
was observed following infection (Figure 3B), or on the mRNA levels of
CRT and ERp57 (Figure S2G), indicating that the impaired expression
of MICA, MICB, ULBP2, and ULBP3 in reovirus-infected cells was not
due to reduced transcription levels of these NKG2D ligands.

Thus, we further tested whether the intracellular protein levels
of MICA, MICB, ULBP2, and ULBP3 were altered upon reovirus

Frontiers in Immunology

10.3389/fimmu.2023.1231782

infection. We analyzed the intracellular levels of NKG2D ligands in
mock-infected and reovirus-infected cells at 48 hrs post-infection.
We observed reduced levels of MICA, MICB, and ULBP3 in
infected cells, but no significant changes in ULBP2 levels
(Figure S2H).

Furthermore, to determine whether the reduced protein levels
of MICA, MICB, and ULBP3 were due to impaired translation or
increased protein degradation, we treated mock-infected and
reovirus-infected cells with protein degradation inhibitors.
Reovirus-infected cells were treated with either the lysosomal
blocker chloroquine (CQ), proteasome blocker MG132, or a
combination of both blockers. Applying those treatments 24 hrs
post infection did not alter the viability of cells, suggesting that, at
this time point, CQ and MG132 do not inhibit the release of the
viral core to the cell (Figure S3B). Intracellular protein levels of
MICA, MICB, ULBP2, and ULBP3 were tested 48 hrs post-
infection. In accordance with our previous results, which
demonstrated that ULBP2 protein levels were not affected by
reovirus infection (Figure S2H), protein degradation inhibitors
did not lead to significant changes in ULBP2 expression,
indicating that the downregulation of ULBP2 is not dependent on
induced degradation or impaired translation (Figure 3C). Notably,
protein degradation inhibitors failed to rescue the expression of
MICA, MICB, and ULBP3 (Figure 3C), indicating that the reduced
protein levels of MICA, MICB, and ULBP3 in the infected tumor
cells were due to the impaired translation of these ligands, and not
due to increased protein degradation.

Moreover, to test the prospect that the downregulation in
MICA, MICB, and ULBP3 is due to a cellular response triggered
by innate immune sensing of RNA viruses, we have incubated
MNT-1 cells and U87-MG cells with a UV-inactivated reovirus and
followed the surface expression of the NKG2D-ligands 48 hrs after
the initial incubation. No consistent reduction in the surface
expression of MICA, MICB, and ULBP3 was observed following
exposure of the cells to the UV-inactivated reovirus (Figure S3A), as
we have previously shown (40).

To identify the viral gene responsible for the diminished
translation of MICA, MICB and ULBP3, and the gene responsible
for the reduced surface levels of ULBP2, we transferred viral genes
into cells using electroporation (EP). To ensure the accuracy of
results, we applied the T2A-GFP system, which allows reliable
analysis of cells positive for the viral gene in prospect, as its
expression correlates with the GFP" signal (Figures S3C, D). Of
note, we tested whether EP alters the expression of NKG2D ligands
and concluded that the expression remains stable, as levels of
NKG2D ligands on the surface of MNT-1 cells were not affected
after EP (Figure S3E). Additionally, we infected MNT-1 cells that
were previously subjected to EP with reovirus and found that the EP
did not interfere with the downregulation of NKG2D ligands post
reovirus infection (Figure S3F).

Initially, we focused on the viral proteins that were previously
described to have RNA-binding properties, proteins that facilitate
the formation of viral factories, or proteins that have been reported
to alter protein translation. Of the 10 viral genes that form the
reovirus genome, six genes have been described to harbor at least
one of these properties: S2, S3, S4, M1, M3, and L3 (57-61). After
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The Mechanism of NKG2D ligands downregulation in reovirus-infected cells. (A) ELISA analysis of growth media of mock-infected or reovirus-
infected cells at 48 hrs post infection. A sample of RKO-MICA*008 cells treated with PI-PLC enzyme was included as a positive control. Shown 1 out
of 3 independent experiments. The black column depicts the positive control of PI-PLC treatment, grey columns depict the mock-infected group,
the white columns depict reovirus-infected group. MOI=100 was used in these experiments. Two-tailed unpaired Student’s t test was used to
determine statistical significance. FDR of 0.01 was applied. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001. *p<0.05, **p<0.01, ***p<0.005,
****n<0.0001. Each dot on the plot depicts the result of an independent experiment. Data is presented as mean + SEM. (B) Analysis of quantitative
polymerase chain reaction (qPCR) of the NKG2D ligands MICA, MICB, ULBP2 and ULBP3 normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) at 48 hrs post infection. The grey columns depict mock-infected cells, the white columns depict reovirus-infected cells. Shown is a
summary of 3 independent experiments. MOI=100 was used in these experiments. Mann-Whitney tests were used to determine statistical
significance. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001. Each dot on the plot depicts the result of an independent experiment. Data is presented
as mean + SEM. (C) Expression of NKG2D-ligands (MICA, MICB, ULBP2, ULBP3) in mock-infected or reovirus-infected MNT-1 cells at 48 hrs post
infection. Grey columns depict mock-infected cells, white columns depict reovirus-infected cells. The y axis depicts the MFI. The x axis depicts
NKG2D-ligands, grouped by treatment type. Mock-infected and reovirus-infected cells, were treated with mock, 100uM of chloroquine (CQ), 10pM
of MG132, or a combination of both. Shown is pooled data from 4 independent experiments. MOI=100 was used in these experiments. Two-way
ANOVA followed by Tukey's test were used to determine statistical significance. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001. Each dot on the plot
depicts the result of an independent experiment. Data is presented as mean + SEM.

cloning these viral genes into the T2A-GFP plasmid, the plasmid
was electroporated into MNT-1 cells and the GFP™ population was
evaluated. The transfection efficacy of all plasmids was sufficient,
reaching 75.3% (Figure S3D). The surface levels of NKG2D ligands
were analyzed in GFP" cells compared to the GFP~ population in the
same sample, as well as in a sample electroporated with a mock GFP
plasmid without an inserted viral gene. However, none of these
genes induced downregulation of NKG2D ligands 72 hrs after EP
(Figure S4).

Next, we investigated the possibility that genes that do not
typically interfere with protein expression have evolved to
specifically inhibit the translation of NKG2D ligands. S1 was
further investigated, as it has been suggested to act as a cofactor
in the process of viral protein translation in the reovirus strain type
1 and could have a similar activity in the reovirus T3D used in this
study (62). Additionally, L2 was analyzed because of its mRNA-
capping properties (63). The M2 gene, which produces the outer
capsid protein, and the L1 gene, which produces RNA-dependent
RNA polymerase, were also included in our analysis. Neither of
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these two proteins was described to affect translation in infected
cells, yet they were included to provide a complete evaluation of all
reovirus proteins. Using the same method described above, none of
these genes could induce the downregulation of NKG2D ligands 72
hrs post-EP (Figure S4). Overall, our single-gene analysis could not
identify a viral gene that leads to the same effect as the complete
genome of the reovirus, indicating that it may be an effect
dependent on several viral genes.

Reovirus-mediated downregulation of
NKG2D ligands diminishes NK cells activity
towards infected-tumor cells

NK cell cytotoxicity is controlled and modulated by an array of
activating and inhibitory receptors (30). As reovirus is currently
being tested in numerous clinical trials for the treatment of
melanoma and other cancers, it is of special interest to evaluate
whether changes in NKG2D receptor binding to reovirus-infected
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tumor cells can alter the function of NK cells in the tumor
microenvironment. To test whether reovirus infection affects the
cytotoxic activity of NK cells towards tumor cells, we purified
primary human NK cells from three independent donors with
variable NK cell surface receptor repertoires (Figure S5A). We
then performed an NK cytotoxicity assay with purified primary
human NK cells against mock- infected and reovirus-infected
MNT-1 cells. Importantly, the levels of NK cytotoxicity towards
tumor cells were significantly reduced following reovirus infection
(Figure 4A). This significant reduction in cytotoxicity was observed
in NK cells derived from all three donors (Figure 4A) despite the
variability in the expression of NK receptors on the cell surface
(Figure S5A). Pooling of data acquired from the three donors, also
yielded a significant reduction in the NK-mediated cytotoxicity
against reovirus-infected tumor cells (Figure S5C). To evaluate
whether the impaired NK cell cytotoxicity towards the reovirus-
infected tumor cells, is mediated by the reduced expression of
NKG2D ligands, we repeated the cytotoxicity assay with primary
NK cells derived from the 3 donors, while blocking the NKG2D
receptor with NKG2D-blocking antibody (38). Similar to the results

10.3389/fimmu.2023.1231782

shown in Figure 4A, the cytotoxic activity of NK cells against
reovirus-infected cells was diminished compared to that in mock-
infected cells. However, following NKG2D receptor blockade, the
killing of reovirus-infected cells was similar to that of mock-infected
cells (Figure 4B). Taken together, these results indicate that altered
expression of NKG2D ligands impairs NK cell cytotoxicity against
reovirus-infected tumor cells through reduced NKG2D receptor
recognition. Of note, we also tested if NK cells can be infected with
reovirus in our in vitro experimental settings, which in turn could
account for their altered cytotoxic activity. However, no infection of
NK cells with reovirus was observed as tested by qPCR analysis of
three different reovirus genes of RNA isolated from NK cells
(Figure S5B).

Finally, we aimed to determine whether, in addition to the
direct elimination of tumor cells, other NK cell functions are altered
due to reovirus infection of target cells. These experiments were
performed using the prominent human NK cell line NK-92, which
is currently being tested in advanced clinical trials as a possible
cellular immunotherapeutic against tumors (45, 64-66). The
cytotoxicity of NK-92 against MNT-1 was validated in a
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Reovirus infection impairs NK cell cytotoxicity. (A) NK cytotoxicity assay for mock-infected or reovirus-infected MNT-1 cells 4 hrs after coculturing
with NK cells derived from 3 different donors (#001, #002, #003), at different effector to target (E:T) ratios that are shown in the x-axis. The y axis
depicts cell lysis attributed to NK-cytotoxicity. Grey dots depict mock-infected cells, white dots depict reovirus-infected cells. Shown is 1 out of 3
experiments that were performed, each consisting of 3 biological triplicates, with cells derived from the 3 different donors. MOI=100 was used in
these experiments. Two-way ANOVA followed by Sidak's test were used to determine statistical significance. *p<0.05, **p<0.01, ***p<0.005,
***%n<0.0001. Each dot on the plot depicts the mean. Data is presented as mean + SEM. (B) NK cytotoxicity assay for mock-infected or reovirus-
infected MNT-1 cells, 4 hrs post coculturing with NK cells which were incubated without antibody or with NKG2D-blocking-antibody (Ab) prior to
coculturing. Coculturing was done at the E:T ratio of 5:1. Shown is summary of experiments performed with NK cells derived from 3 independent
donors, each experiment consisting of biological triplicates. MOI=100 was used in these experiments. Two-way ANOVA followed by Sidak’s test
were used to determine statistical significance. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001. Each dot on the plot depicts the result of an
independent experiment. Data is presented as mean + SEM. (C) IFNY production in NK-92 cells 24 hrs after coculturing with mock-infected or
reovirus-infected MNT-1 cells at the E:T ratio of 2.5:1. MOI=100 was used in these experiments. Two-tailed unpaired Student's t test was used to
determine statistical significance. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001. Each dot on the plot depicts the result of an independent
experiment. Data is presented as mean + SEM. (D) FACS staining for CFSE in NK-92 cells 96 hrs after coculturing with mock-infected or reovirus-
infected MNT-1 cells. Grey histogram depicts NK-92 cells which were incubated with mock-infected MNT-1 cells, black line depicts NK-92 cells
which were incubated with reovirus-infected MNT-1 cells, red dashed-line depicts NK-92 cells which were incubated alone without stimulation,
blue dotted-line depicts the background staining of NK-92. Shown is 1 representative staining out of 5. MOI=100 was used in these experiments.
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cytotoxicity assay, in which cytotoxicity towards reovirus-infected
cells was reduced (Figure S5D), consistent with the results observed
in primary NK cells (Figure 4A). Cell proliferation and IFNYy
production by NK-92 cells were analyzed following incubation
with mock-infected or reovirus-infected MNT-1 cells. IFNy
production was tested 24 hrs post-coculturing, whereas
proliferation was tested 96 hrs post-coculturing. We found that
NK-92 cells cocultured with reovirus-infected MNT-1 cells
produced less IFNy compared to NK-92 cells cocultured with
mock-infected MNT-1 cells (Figure 4C). Additionally, NK-92
cells which were exposed to reovirus-infected cells proliferated at
a lower rate than NK-92 cells incubated with mock-infected MNT-1
cells (Figure 4D). Altogether, this indicates that reovirus may hinder
NK-92 cell activity, which may lead to poor functionality of this cell
line when used in parallel with reovirus-based treatments.

To gain further insights on whether the impaired elimination of
reovirus-infected tumor cells is limiting or enhancing the tumor
growth, we followed the MNT-1 cells elimination during the course
of four days in the presence of either reovirus at low MOI
(MOI=0.5), NK-92 cells or a combination of NK-92 and reovirus.
Under these settings, the MNT-1 elimination is dominated by
reovirus-mediated lysis of the tumor cells, as only 11.65% of the
MNT-1 cells survived following incubation with reovirus in
comparison to 64.5% survival in MNT-1 cells that were incubated
with NK-92 cells (Figure S5E). Moreover, no significant changes
were seen in the elimination of the MNT-1 cells following
incubation with reovirus or a combination of reovirus and NK-92
(Figure S5E). Our findings indicate that the impaired elimination of
reovirus-infected tumor cells by NK cells, may result in an enhanced
replication of the reovirus within the tumor. Consequently, this
could lead to improved tumor elimination during reovirus therapy.

The dominant effect of reovirus-mediated tumor elimination
could be specific to the MOI and the experimental setting
that were used in our assay, which does not reflect the tumor
microenvironment in the host. Thus, we attempted to design a
mouse model that will make it possible to better assess the outcome
of the NKG2D ligands downregulation on reovirus-based therapy.
We infected the mouse melanoma cell line B16 with reovirus and
tested the binding of mouse NKG2D-Ig to the mock-infected B16
cells and the reovirus-infected B16 cells. No significant differences
were observed in mouse NKG2D-Ig binding between mock-
infected and reovirus-infected B16 cells (Figure S5F). These
results reflect the poor homology of human NKG2D ligands and
murine NKG2D ligands (67-70).

Discussion

Talimogene Laherparepvec (T-VEC), which is based on herpes
simplex virus (HSV-1), was the first oncolytic drug approved by the
Food and Drug Administration (FDA) in 2015. Since then,
oncolytic viruses have attracted much interest in oncology-related
research (25). Pelareorep, a proprietary isolate of the reovirus Type
3 Dearing strain, has shown varied efficacy in treating melanoma,
glioblastoma, colorectal, lung, and ovarian cancers (71). Although
much of the therapeutic capacity of reoviruses is attributed to their
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ability to selectively replicate in and lyse RAS-transformed cells,
several studies have demonstrated the ability of oncolytic viruses to
trigger the host immune system against infected tumor cells, which
could augment tumor elimination (22, 26-28). It was further shown
that reovirus anti-tumor activity is mediated through the activation
of innate and adaptive host immune systems through dendritic
cells, NK cells, and effector T-cells (72, 73). NK cells are directly
activated by reovirus-infected cells (40). Dendritic cells, which are
activated by reovirus, can stimulate NK cell cytotoxicity (73).
Moreover, reovirus infection increases the number of activated
NK cells during the treatment of multiple myeloma (25). Finally,
the interaction of NK cells with reovirus was also found to be
important in other immune-mediated disorders, as NK cells have
been shown to promote reovirus-mediated loss of tolerance to
dietary antigens (74).

Our current work sheds new light on the complex nature of
reovirus-NK cell interactions, as we uncovered that reovirus
downregulates NKG2D ligands from infected tumor cells to
impair NK cell cytotoxicity. NK cells are very heterogenic in the
receptor repertoire, as receptor expression is determined in the
germline, which results in differential NK cell populations even in
the same individual depending on the microenvironment (75-77).
Despite this heterogeneity, we demonstrated a consistent inhibition
of cytotoxicity against reovirus-infected tumor cells in NK cells
derived from three independent donors with different cell-surface
receptor repertoires. This suggests that the immune evasion
mechanism that we have uncovered has a dominant role in NK
cell anti-tumor cytotoxicity. These results may partially explain the
varying response rates of reovirus-based therapies observed in
different clinical trials. Our findings highlight the possible
therapeutic potential of combination therapy with oncolytic
viruses and immune checkpoint inhibitors against various types
of tumors, in which oncolytic virus treatments are used together
with NK-activating antibodies.

The poor homology between human NKG2D ligands and
murine NKG2D ligands (67-70) hindered us from determining
whether reovirus-mediated downregulation of NKG2D ligands
impairs or promotes reovirus-based cancer therapy. Moreover,
our work highlights that the NK-response to reovirus infection is
fundamentally different towards human or murine cell lines, as the
cytotoxic activity is also dependent on the presence or absence of
NKG2D ligands compared to other ligands that activates NKp46
(40). We postulate that the ability of the reovirus to restrain NK cell
cytotoxicity will limit the elimination of tumor cells but will enable
better spread of the reovirus in the tumor microenvironment, which
could improve the oncolytic activity of virus-based treatments.
Determining the accuracy of these two possibilities is critical, as it
could have implications for the future usage of reovirus in the clinic
and will enable better assessment of the relevance of this study for
developing novel reovirus-based therapeutics. This could be
addressed in future studies that will follow NK cell functionality
and tumor growth in reovirus-treated cancer patients, in addition to
testing the expression of NKG2D ligands in tumor biopsies prior to
and following reovirus treatment. Alternatively, designing a
recombinant reovirus which fails to reduce the human NKG2D
ligands will enable to better evaluate the impact of the NKG2D
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ligands downregulation during reovirus-treatment in preclinical
studies. This could be further tested and evaluated using ex-vivo
tumor models that better resemble the tumor microenvironment
and the anti-tumor immune responses (78). Moreover, although the
antibody used in this study to stain for ULBP2 (R&D, MAB1298)
was used in numerous studies to follow the expression of ULBP2
(36, 79, 80), the possible altered expression of ULBP5 and ULBP6
should be further analyzed as this antibody was reported by the
vendor to also bind ULBP5 and ULBPé6.

Additionally, we show reduced cytotoxicity, proliferation and
IFNY production of NK-92 cell line after exposure to infected
tumor cells. This indicates that reovirus-based therapy may
interfere with the communication between NK cells and
neighboring immune cells in the tumor microenvironment.
Similarly, the NK-92 cell line is used to generate NK-based
cellular immunotherapies, which are currently being tested in
clinical trials (64-66). Our results suggest that NK-92-based
interventions may be affected by reovirus-based treatment.

Importantly, our single gene analysis could not detect a single
viral gene that induces the downregulation of the NKG2D ligand in
transduced tumor cells. This may indicate that the downregulation
is mediated through the cooperative function of several viral genes,
as was previously shown for human cytomegalovirus (HCMV) (81).
Studying the mechanism of NKG2D ligand downregulation and
identifying the viral and cellular proteins that mediate this effect
could be further studied using reverse genetics systems that have
been developed for engineering recombinant reoviruses (82).
Moreover, we showed that the downregulation mechanism of
NKG2D ligands occurs through interference with translation.
Finally, as shedding of NKG2D ligands is a well-described
immune evasion mechanism of tumor cells (56) we also tested
MICB shedding, which was reduced after reovirus infection. Our
results suggest that reovirus-based therapies may be of special
interest in tumors with high shedding of NKG2D ligands.

In summary, we report a novel NK-evasion mechanism of
reovirus, which could have implications for future reovirus-
based therapeutics.
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