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Abstract:

Natural killer (NK) cells protect against intracellular infection and cancer. These properties are
exploited in oncolytic virus (OV) therapy, where anti-viral responses enhance anti-tumour
immunity. We have analysed the mechanism by which reovirus, an oncolytic dsRNA
virus, modulates human NK cell activity. Reovirus activates NK cells in a type | interferon (IFN-
I) dependent manner, resulting in STAT1 and STAT4 signalling in both CD56%™ and CD56°"9"
NK cell subsets. Gene expression profiling revealed the dominance of IFN-I responses and
identified induction of genes associated with NK cell cytotoxicity and cell cycle progression,
with distinct responses in the CD56%™ and CD56""" subsets. However, reovirus treatment,
acting via IFN-I, inhibited NK cell proliferative responses to IL-15 and was associated with
reduced AKT signalling. In vivo, human CD56°™ and CD56°"" NK cells responded with similar
kinetics to reovirus treatment, but CD56""9" NK cells were transiently lost from the peripheral
circulation at the peak of the IFN-I response, suggestive of their redistribution to secondary
lymphoid tissue. These results show that reovirus modulates a spectrum of NK cell activity in
vivo, encompassing direct action on tumour cells and the regulation of adaptive immunity.

Such activity is likely to mirror NK cell responses to natural viral infection.
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1. Introduction

Natural killer (NK) cells are innate lymphoid cells (ILCs) with two broad functions, they detect
and destroy infected cells and tumour cells and they provide signals for the initiation of
adaptive immunity (1, 2). Humans with NK cell defects are highly susceptible to viral infection
(3, 4) and many viruses, herpesviruses and poxviruses in particular, encode numerous gene
products that mediate evasion of NK cells (5, 6). Indeed, battles between viruses and NK cells
act as a major driver of both viral and NK cell evolution (7, 8). Mouse and human studies have
confirmed the importance of NK cells in anti-tumour immunity (9) and the ability of NK cells to
respond to both viral infection and cancer makes them a key mediator of the anti-tumour
activity of oncolytic viruses.

Oncolytic viruses (OV) are an emerging group of therapeutic agents (10-13). The
therapeutic basis of OV activity was initially believed to result from their preferential replication
in tumour cells, resulting in direct lysis (14—16). However, it is now widely accepted that lytic
activity is accompanied by the stimulation of anti-tumour immunity, with NK cells playing a key
role in their action. Depletion of NK cells (or NK cell activity) from tumour-bearing mice reduces
the therapeutic effect of several OV (17-20) and human NK cells rapidly respond to oncolytic
reovirus treatment in vivo (21). Several studies have shown that human NK cell activation by
OV is mediated by IFN-I and that this results in enhanced cytotoxicity against tumour cells
(22—-24). However, the action of OV on human NK cells is not well defined. Studies to date
have analysed OV action on bulk NK cell activity, with a focus on NK cell cytotoxicity. However,
human NK cells exist in two major subsets; CD56%™ NK cells predominate in the blood, they
express CD16 and have strong cytotoxic activity, whereas the CD56""" NK cell subset is less
cytotoxic, have low (or no) CD16 expression and predominate in the secondary lymphoid
tissue (SLT) (25-27). Here we have combined in vitro studies with the analysis of a reovirus
clinical trial to gain insight into the action of OV on human NK cells. Our results demonstrate
that oncolytic reovirus differentially affects the CD56°™ and CD56°™¢" NK cell subsets,
modulating direct anti-tumour effects as well as responses that likely regulate adaptive

immunity.
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2. Materials and methods

2.1 Cells: Peripheral Blood Mononuclear Cells (PBMC) were obtained from waste apheresis
cones from healthy donors via NHS Blood and Transplant (UK). On the day of donation,
PBMCs were separated by density gradient centrifugation using Lymphoprep (Axis-Shield)
and cultured in Roswell Park Memorial Institute medium (RPMI) 1640 (Sigma) +10% foetal
calf serum (FCS) at a concentration of 2x10° cells/ml at 37°C, 5% CO,. Natural killer (NK) cells
were separated from PBMC, either on the day of donation or after the time specified, by
negative immunomagnetic selection (Miltenyi Biotec). NK cells were cultured in Dulbecco's
Modified Eagle Medium (DMEM) supplemented with 10% human AB serum (Gemini Bio-

Products) and 10% FCS at 37°C, 5% CO- unless otherwise specified.

2.2 Reovirus and the clinical trial: Clinical grade reovirus (Pelareorep; formerly known as
Reolysin) was provided by Oncolytics Inc. (Canada) and viral titres determined by routine
plague assays on L929 cells. Overnight cultures of PBMC were treated with reovirus at a
multiplicity of infection (MOI) of 1 (unless otherwise stated). For the trial, ten patients with
colorectal liver metastases were treated with intravenous reovirus prior to surgical resection
of their tumour. Blood samples from reovirus-treated patients were analysed immediately after
collection. The clinical study was undertaken at the Leeds Cancer Centre following full ethical
and regulatory approval. Patients were enrolled into the trial (and provided blood samples)
following informed consent. The patient group and the clinical trial, including dose and

scheduling of the reovirus treatment has been described previously (21, 28).

2.3 Cytokine treatment: PBMC or NK cells were cultured overnight before treating with
purified IFN-a (Sigma) or recombinant IFN-a (Miltenyi Biotec), recombinant IL-12 (R&D
systems and Peprotech) or recombinant IL-15 (Miltenyi Biotec) as described in the text and
figure legends. For IFN-I neutralisation, a cocktail of anti-human interferon o/ receptor chain

2 antibody (clone MMHAR-2), anti-human interferon-a (sheep polyclonal) and anti-human
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interferon-B (sheep polyclonal; all from PBL Assay Science) or a control cocktail of mouse

IgG2a (BioLegend) and sheep serum (Sigma) was used, as described previously (21).

2.4 Immunoblotting and ELISA assays: For immunoblotting, cells were washed with PBS
and lysed in RIPA buffer with added protease and phosphatase inhibitors (Roche). Samples
were sonicated, diluted in Laemmli sample buffer and separated by SDS-PAGE, before
transfer to PVDF membrane. Membranes were probed with antibodies listed in Supplementary
Table 1 and a secondary antibody conjugated to horseradish peroxidase, before developing
using enhanced chemiluminesence substrate. For IFN-I ELISA, 96 well plates were coated
with a mixture of antibodies against IFN-a (Mabtech, MT1/3/5) overnight at 4°C, and blocked
with PBS supplemented with 10% FCS. Samples along with recombinant IFN-a2 (Miltenyi),
for construction of the standard curve, were added in triplicate and incubated overnight at 4°C.
The plate was washed and IFN-I assayed using a mixture of biotinylated detection antibodies
against IFN-a (Mabtech, MT2/4/6). Avidin-conjugated alkaline phosphatase (Sigma,
ExtrAvidin), and p-Nitrophenyl phosphate substrate (Sigma, SigmaFast tablets) were used to
develop the ELISA. Absorbance was read at 405nm on a Multiskan EX plate reader (Thermo

Fisher).

2.5 Flow cytometry: For all flow cytometry experiments, staining buffer (PBS+2%
FCS+0.09% sodium azide) was used for washing and staining steps. Isotype matched control
antibodies were used in all experiments and a gate set whereby 2% of isotype control antibody
stained cells were positive; for test antibodies, cells staining within this gate were assessed
as positive. Cells were analysed on a LSRII flow cytometer (BD Biosciences) or a Cytoflex
cytometer (Beckman Coulter). For cell sorting, an Influx cell sorter (BD Biosciences) was used.
All antibodies used in flow cytometry experiments are listed in Supplementary Table 1. NK

cells within PBMC were identified as the CD56"CD3"*9 population (Supplementary Figure S1).
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2.6 Intracellular staining: For granzyme B, cells were first stained for surface proteins, fixed
in Cytofix buffer (BD Biosciences), washed and incubated in saponin buffer (staining buffer +
0.1% saponin), and stained in saponin buffer plus anti-granzyme B antibody (or a matched
isotype control). Cells were resuspended in 0.5% paraformaldehyde (in staining buffer) prior
to analysis. For other intracellular proteins, cells were stained for surface proteins if required
and then fixed in Cytofix fixation buffer (BD Biosciences), according to the manufacturer’s
instructions. For time-course experiments, fixed cells were stored at 4°C and all cells within
an experiment were stained at the same time. Samples were then resuspended in
Permeabilisation Buffer Il (BD Biosciences) and permeabilised on ice for 30 minutes, followed

by staining, washing and analysis.

2.7 NK cell degranulation assay: PBMC were co-cultured with K562 cells in a 96 well, round
bottomed cell culture plate (Corning), at an effector:target ratio of 10:1. After 1 hour of culture,
GolgiStop (BD Biosciences) was added and cells were cultured for a further 5 hours before

staining for NK cell markers and cell surface CD107a.

2.8 Proliferation and cell cycle profiling: For CFSE labelling, cells were labelled by
suspension in warm PBS, containing 2uM CFDA-SE (Invitrogen) and incubation for 10
minutes at 37°C. The labelling reaction was quenched with an equal volume of warm FCS and
analysed by flow cytometry. For propidium iodide (Pl) staining, washed cells were
resuspended in ice cold 70% ethanol at 1x10° cells/ml with vortexing. Samples were fixed on
ice for 30 minutes then stored at -20°C. For staining, fixed cells were washed with 2ml stain
buffer, centrifuging at 600xg. Samples (0.5-1x10° cells) were resuspended in 50ul of 100ug/ml
RNase A (Qiagen). PI (Life Technologies) at 16.6ug/ml in staining buffer was added directly
to samples in RNase A (final density of 10° cells in 650ul). Samples were incubated at room
temperature for 10 minutes and analysed using an LSRII flow cytometer (BD Biosciences), on
the lowest speed setting. Cell cycle profiling was performed using Modfit (Verity software)

according to the manufacturer's recommendations.
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2.9 Gene expression profiling and data analysis: PBMC isolated from five healthy donors
were cultured with or without 1 MOI reovirus for 48 hours. NK cells were isolated by
immunomagnetic selection and resuspended in RNAprotect Cell Reagent (Qiagen); RNA was
extracted with the RNeasy mini kit (Qiagen), according to the manufacturer’s instructions.
Contaminating DNA was removed by on-column DNase digestion and RNA integrity was
checked using an Agilent 2100 Bioanalyzer (Agilent Technologies). Total RNA was amplified,
sense strand cDNA synthesised and labelled using the GeneChip™ WT PLUS Reagent Kit
(Applied Biosystems, Thermo Fisher Scientific). Labelled cDNA was hybridised to an
Affymetrix GeneChip® Human Transcriptome Array 2.0 (Applied Biosystems, Thermo Fisher
Scientific). Raw intensity files (CEL files) for all conditions were processed with the Expression
Console software (Affymetrix) using the Signal Space Transformation-Robust Multi-Chip
Analysis (SST-RMA) algorithm. Normalised signal values were analysed with the
Transcriptome Analysis Console (TAC, Affymetrix) software, to identify statistically significant
differences between conditions. Following manufacturer guidelines, TAC software was used
to run paired ANOVA tests and false discovery rate (FDR) prediction. Differentially expressed
genes were defined as >1.5 fold up or downregulated with FDR<0.05. Gene set enrichment
analysis was performed using the tools provided by Enrichr (29, 30); available at

https://amp.pharm.mssm.edu/Enrichr/. Interferon regulation of genes was analysed using the

interferome database (31); available at http://www.interferome.org/interferome/home.jspx. We

used v2.01 of the database and restricted our analysis to human genes regulated (>1.5 fold
change) by IFN-I in haematopoietic cells, using the filters provided. To analyse intersection
of datasets we used the Venn diagram drawing tool available at;

http://bicinformatics.psb.ugent.be/webtools/Venn/. The microarray data is available at the

EMBL-EBI Array Express repository (https://www.ebi.ac.uk/arrayexpress/) with the accession

number E-MTAB-9826.
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2.10 Quantitative RT-PCR: Cells were resuspended and stored in RNAprotect cell reagent
(Qiagen). RNA was extracted with the RNeasy mini kit (Qiagen) and contaminating DNA
removed by on column DNase digestion, with the RNase-Free DNase Set (Qiagen). cDNA
was synthesised using random primers (New England Biolabs) and the Superscript Il reverse
transcriptase kit (Invitrogen). gPCR amplification was performed with either Tagman or SYBR
Green reagents. For both, 10ng cDNA was used together with assay specific primers
(Supplementary Table 2), and either PowerUp™ SYBR™ Green Master Mix (for SYBR Green
method) or Tagman gene expression Mastermix (both Applied Biosystems). Amplification was
carried out in a 7500 Real Time PCR machine or a QuantStudio 5 machine (Applied
Biosystems). Reactions were performed in triplicate and all replicate values were within 0.5
cycles. Fold change gene expression was calculated by the AACt method (32), normalizing to

ABL1 as the housekeeping gene.

2.11 Statistical testing: Tests (identified in the figure legends) were performed using Prism

(GraphPad Software).

3. Results

Several cytokines are implicated in virus-dependent activation of NK cell activity. In particular,
IFN-I, IL-12 and IL-15 have established roles in viral infection and NK activation (33, 34).
Signal transduction pathways for these cytokines overlap, but they utilise characteristic
JAK/STAT pathways that can be used to indicate their activity. Current models of cytokine
signalling indicate that IFN-I signals predominantly via STAT1 and STAT4, IL-12 via STAT4
and IL-15 via STAT5 (35-38); these patterns were verified using immunoblotting of lysates
from purified human NK cells treated with recombinant cytokines (Figure 1A). Furthermore,
this pattern of STAT phosphorylation was also observed using intracellular staining and flow
cytometry of NK cells present in cytokine-treated PBMC (Figure 1B and Supplementary Figure
S2). Combining intracellular staining of phosphorylated STAT molecules with detection of cell

surface markers allowed the responses of CD56°9" and CD56%™ NK cells to be analysed
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separately. The two subsets responded similarly to cytokines, the major difference being that
CD56"™" NK cells responded to IL-12 more strongly than their CD56°™ counterparts (Figure
1B), as shown previously (39). In a timecourse experiment, IFN-I treatment resulted in rapid
and transient phosphorylation of STAT1 and STAT4, whereas IL-12 and IL-15 led to sustained
STAT4 and STAT5 responses respectively, again with similar responses in both CD56%™ and
CD56""9" NK cells (Figure 1C).

We then analysed the responses of NK cells within reovirus-treated PBMC, modelling
the intravenous delivery of reovirus used in our clinical trials of this agent in colorectal cancer
and glioblastoma (28, 40). We treated PBMC at a multiplicity of infection (MOI) of 1
(approximating the dose used in the clinical trials) and analysed STAT phosphorylation in NK
cells at 8, 24 and 48 hours post-treatment, reasoning that cytokines induced during treatment
would take time to accumulate. For both the CD56°™ and CD56""9" NK cell subsets, the level
of phosphorylation of STAT1 and STAT4 seen with reovirus treatment of PBMC (Figure 2A)
was similar to those seen with IFN-I and IL-12 treatment respectively (Figure 1). The level of
STATS5 phosphorylation observed in the presence of reovirus was statistically significant in the
CD56"™" NK cells (Figure 2A), but was a very small effect compared to that observed with
both the CD56"™" and CD56°™ NK cell subsets treated with IL-15 (Figure 1A). These data are
consistent with IFN-I induced signalling in both CD56""" and CD56%™ NK cells. The duration
of STAT1 and STAT4 phosphorylation differed from the responses obtained using purified
cytokines, with STAT1 phosphorylation being maintained (and STAT4 phosphorylation
declining) in response to reovirus (Figure 2A). As expected, IFN-I was readily detectable in
the supernatants of reovirus treated PBMC (Figure 2B). Reovirus conditioned media (rCM)
from PBMC treated with reovirus for 24 hours was collected, filtered to remove virus particles
and added to purified NK cells in the presence or absence of anti-IFN antibodies; rCM induced
cell surface expression of CD69, a marker of NK cell activation, and tetherin, an IFN induced
anti-viral protein, on purified NK cells in an IFN-I dependent manner (Figure 2C). These data
suggest that the IFN-I dependent NK cell activation observed in response to reovirus is

associated with the direct action of IFN-I on the NK cells themselves.
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To further explore the responses of NK cells to reovirus treatment, we performed gene
expression profiling. NK cells were isolated from untreated and reovirus treated PBMC and
differentially regulated genes were identified. The NK cells from five healthy donors
upregulated cell surface expression of CD69, consistent with NK cell activation following virus
treatment (Supplementary Figure S3). Differentially regulated transcripts were detected by
2777 probes, representing some 1742 genes, with an approximately equal number of genes
induced and repressed by reovirus treatment (Figure 3A and Supplementary Table 3).
Amongst the upregulated genes were IFN stimulated genes (ISGs), including IFI44L and
IFIT1, which were also induced in NK cells following reovirus treatment of cancer patients (21).
Similarly, BST2 (encoding tetherin) and CD69 were induced at the mRNA level, consistent
with detection of their protein products at the cell surface following reovirus treatment in vivo
(21). Genes whose expression was downregulated by reovirus treatment included FCGR3A
(encoding CD16), the NK cell receptors KLRB1 (NKR-P1; CD161) and NCR3 (NKp30; CD337)
and the sphingosine-1-phosphate receptor, S1PR1. We used gene set enrichment analysis
(GSEA) to analyse the effects of reovirus on NK cells in more detail, exploiting the multiple
tools available via the Enrichr suite (29, 30). As expected, GSEA identified IFN regulated
pathways as the most highly enriched amongst the 1742 differentially expressed genes, but
also highlighted enrichment of genes regulating the cell cycle (Figure 3B and Supplementary
Table 4). Accordingly, transcription factors associated with the differentially expressed genes
included mediators of IFN and inflammatory responses, as well as regulators of the cell cycle
(Figure 3C) (41, 42).

We analysed the NK cell response to reovirus treatment in more detail. Schoggins et
al screened 348 previously identified ISGs for their antiviral effects (43). Of these 348 genes,
we found 156 to be differentially regulated in NK cells, with 150 of these 156 genes being
upregulated in NK cells during reovirus treatment of PBMC (Figure 3D). In addition, we
compared the genes upregulated in NK cells with a set of 79 ISGs induced across nine species

of mammals, termed core mammalian ISGs (44); four fifths of these core ISGs, encoding anti-
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viral and other IFN-I regulated functions were upregulated in the human NK cells following
reovirus treatment of PBMC (Figure 3D).

We previously showed that reovirus activates NK cell cytotoxicity in an IFN-I
dependent manner (23) and the expression profiling identified PRF1 (encoding perforin),
GZMB (granzyme B), TNFSF10 (TRAIL), FASLG (Fas ligand) and two genes, LYST
(lysosomal trafficking regulator) and STX11 (syntaxin 11), critical to the biosynthesis and
exocytosis of cytotoxic granules (45), as induced by reovirus treatment (Figure 3E). The 20-
fold induction of TNFSF10 mRNA was mirrored by strong induction of TRAIL on the NK cell
surface, an effect not seen with IL-15 treatment (Figure 3F). We further analysed TRAIL
expression on CD56°™" and CD56%™ NK cells. Without stimulation, TRAIL was expressed at
low levels on CD56°""™ NK cells and was undetectable on the CD56%™ NK cells. However,
reovirus treatment induced cell surface TRAIL expression on the both subsets (Figure 3G).
For the granule-mediated cytotoxic pathway, NK cells showed enhanced degranulation in
response to tumour target cells (Supplementary Figure S4), confirming our previous data (21).
We analysed intracellular granzyme B levels using flow cytometry and found that the cytotoxic
CD56%™ NK cell subsets showed little change in granzyme B content, whereas the CD56"""
NK cells, which have low cytotoxic activity under resting conditions, did induce expression of
granzyme B upon reovirus treatment (Figure 3G). Treatment with IFN-I itself induced a modest
increase in granzyme B in purified NK cells and significantly enhanced granule exocytosis,
albeit less effectively than IL-15 treatment (Supplementary Figure S4).

The action of IFN-I includes the induction of feedback inhibitory pathways which limit
responses (46). In our previous clinical trial, most patients received multiple infusions of
reovirus yet only demonstrated NK cell activation after the first virus infusion (21). We
speculated that this was due, at least in part, to the induction of feedback inhibitory
mechanisms that limit IFN-I responses. We analysed the gene expression profiling for
induction of candidate feedback inhibitors and found that the IFN-I signalling antagonists,
SOCS1, SOCS2, USP18, USP25 and IFI35 were all induced in NK cells following reovirus

treatment of PBMC (Figure 3E).
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Our GSEA also revealed the induction of genes associated with cell cycle progression
(Figure 3B and E; Supplementary Table 4). This suggested that reovirus treatment of PBMC
might stimulate NK cell proliferation. Indeed, studies performed in mice suggest that IFN-|
responses induce the expression of IL-15 (e.g. in dendritic cells) and that this, in turn, activates
NK cell cytotoxicity and proliferation (33, 34). Gene expression profiling identified induction of
the IL-15 receptor a chain gene (IL15RA) in NK cells, as well as increased expression of IL15
itself (Figure 3E). The transcriptional programme downstream of reovirus treatment is clearly
dominated by IFN-I responses. However, a variety of stimuli were expected to contribute to
the patterns of gene expression observed in NK cells from reovirus treated PBMC. We used
the interferome database (31) to assess induction of the 45 genes in Figure 3E in response to
IFN-I treatment; IFN-I induces genes encoding antiviral function, feedback inhibition of IFN-I
responses, NK cell cytotoxicity and IL-15/IL-15Ra, but the majority of the cell cycle functions
were not induced by IFN-I in haematopoietic cells (Figure 3E).

We investigated the induction of cell cycle characteristics in more detail. Reovirus-
mediated induction of genes encoding positive regulators of the cell cycle (MCM4, CDK2 and
CCNB1) was confirmed using qRT-PCR (Figure 4A and Supplementary Figure S5). Induction
of MCM4 mRNA was associated with a significant increase in MCM4 protein 48 hrs post-
reovirus treatment (Figure 4B and C). Cell sorting showed that both CD56"" and CD56%™
NK cells from reovirus treated PBMC induced the expression of IFIT1 mRNA, whereas MCM4
and IFNG were preferentially induced in the CD56°"9" population (Figure 4D). The induction
of cell cycle-related molecules is suggestive of NK cell proliferation. Markers of proliferating
cells include Proliferating Cell Nuclear Antigen (PCNA) and Ki67 and the genes encoding
these molecules were induced in NK cells (Figure 3E). At the protein level, the reovirus-
mediated induction of PCNA in NK cells was much weaker than that observed with IL-15.
Nevertheless, reovirus did induce PCNA expression in both CD56%™ and CD56°™" NK cells
(albeit not reaching statistical significance), with greater induction in the latter subset (Figure
4E and F). Similar experiments analysing Ki67 expression failed to show induction of this

marker in either NK cell subset following reovirus treatment, although expression in response
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to IL-15 was observed (Supplementary Figure S6). However, despite the proliferative gene
expression signature, reovirus treatment of PBMC did not induce division of either the CD564™
or CD56""" NK cells, as judged using by a 5-day CFSE assay (Figure 4G and H). This was
in sharp contrast to the potent mitogenic activity of IL-15, with the CD56°"" NK cells being
more responsive to IL-15 than the CD56%™ subset (Figure 4G), consistent with previous data
on this cytokine (47). These results suggested that reovirus treatment of PBMC was inducing
a number of components associated with proliferation in NK cells, but that the signals delivered
were insufficient to initiate proliferation itself.

The induction of the IL15RA gene encoding the high affinity a-subunit of the IL-15
receptor (Figure 3E), suggested that reovirus treatment might prime NK cells for subsequent
proliferative responses, as shown using mouse models and other viruses (33, 34). We pre-
treated PBMC with reovirus for 4, 24 or 48hrs followed by IL-15 for a further 3 days and
analysed the cell cycle profile. Addition of IL-15 alone induced S phase, but pre-treatment with
reovirus for as little as 4 hours caused a block in cell cycle progression (Figure 5A). Pre-
treatment with reovirus blocked the IL-15 mediated proliferation of both the CD56%™ and
CD56""9" subsets, with statistically significant impairment of the more proliferative CD56"""
NK cells (Figure 5B). Conditioned media collected from reovirus treated PBMC (filtered to
remove virions) and applied to fresh PBMC prior to IL-15 stimulation showed an inhibition of
proliferation of the CD56"™™ NK cell subset that was restored in the presence of blocking
antibodies against IFN-I and its receptor, revealing an inhibitory role for reovirus-induced IFN-
I in NK cell proliferation (Figure 5C). This was confirmed by stimulating purified NK cells with
IL-15 or IL-15 plus IFN-I, showing that IFN-I reduced the mitogenic activity of IL-15, as
determined by cell cycle profiling (Figure 5D). We analysed the effects of reovirus pre-
treatment on IL-15 mediated induction of DNA proliferation components. Induction of both
PCNA and Ki67 were blunted in the presence of reovirus in both the CD56%™ and CD56°"¢"
NK cells (Figure 5E). Furthermore, immunoblotting showed that pre-treatment with reovirus
reduced the induction of MCM4, cyclin B and CDK2 in response to IL-15 (Figure 5F). The

ability of reovirus treatment (and IFN-I) to block IL-15 mediated proliferation of NK cells
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suggested that IL-15 mediated signalling events might be disrupted. We treated PBMC with
reovirus for 48 hrs then added IL-15 for 30 minutes and analysed the phosphorylation of
STATS5, mTOR and AKT in NK cells using intracellular flow cytometry. The IL-15 mediated
phosphorylation of STAT5 and mTOR was unaffected by pre-treatment with reovirus, but IL-
15 induced AKT phosphorylation was significantly reduced (Figure 5G). Reovirus pre-
treatment also enhanced STAT1 phosphorylation downstream of IL-15, a pathway not typically
activated by this cytokine (Figure 5G). Taken together, these data show that reovirus primed
NK cells have skewed signalling pathway activation and reduced proliferation in response to
IL-15.

Amongst the genes downregulated in NK cells following reovirus treatment of PBMC
was the sphingosine-1-phosphate receptor, S1PR1 (~5-fold reduction; Figure 3A), a regulator
of lymphocyte trafficking (48). For mouse B and T lymphocytes, IFN-I induced CD69
expression decreases sphingosine-1-phosphate receptor activity, contributing to the retention
of these cells in lymph nodes (49). We analysed changes in S1PR1 gene expression alongside
CCRY7, a chemokine receptor implicated in lymph node homing (50). Reovirus treatment was
associated with reduced S1PR1 and increased CCR7 mRNA (Figure 6A). Coupled with the
IFN-I induced expression of CD69 both in vitro (Figure 3A and Supplementary Figure S3) and
in vivo (21), this phenotype suggested that reovirus treatment might alter the tissue distribution
of NK cells during therapy.

Using blood samples from reovirus-treated patients, we previously showed that the
peak of NK cell CD69 expression coincided with the peak IFN-I response (21). We analysed
CD69 expression in these patients in more detail, gating separately on CD56°™" and CD564™
NK cell populations; CD69 expression was induced on both subsets with similar kinetics.
Importantly, CD69 expression on both CD56°"" and CD56°™ NK cells was significantly
enhanced from 1hr to 48hrs post-treatment and significantly decreased from 48hrs to 96 hrs
post-treatment (Figure 6B) with peak CD69 expression in both subsets matching the peak
IFN-I response shown previously (21). We analysed the relative abundance of the two NK cell

subsets over the treatment course and found that, as a proportion of the total NK cells, the
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CD56"™" NK cells were significantly reduced in the blood 48 hrs post-treatment (Figure 6C
and D). Thus, for the CD56""" NK cell subset, the expression of cell surface CD69 is inversely
related to the abundance of these cells in the blood and as CD69 expression dropped 96 hrs
post-treatment, the CD56°™9" NK cells showed significantly increased abundance in the blood
(Figure 6C and D). These results reveal that oncolytic reovirus treatment transiently alters the

tissue distribution of human NK cell subsets in vivo.

4. Discussion
We have analysed the mechanisms by which oncolytic reovirus modulates human NK cell
activity. A previous clinical trial of intravenous reovirus in cancer patients identified a peak of
NK cell activation approximately 48hrs post-infusion. This was co-incident with the maximal
IFN-I response as determined by ISG expression in leucocytes. Not surprisingly, NK cell
activation in these patients bore the hallmarks of an IFN-I response (21). Related ex vivo
studies have shown that reovirus triggers IFN-I production by monocytes and that reovirus-
mediated enhancement of NK cell cytotoxicity is both monocyte and IFN-I dependent (22).
The kinetics of NK cell activation in these oncolytic reovirus-treated cancer patients resemble
those found in mouse models, as well as human studies (2, 51-55). The results presented
here demonstrate that reovirus-induced IFN-I acts directly on NK cells, inducing STAT1
phosphorylation and a characteristic transcriptional profile. The ISGs expressed by NK cells
following reovirus treatment include many that interfere with various stages of viral entry,
replication and egress (56, 57). In addition, analysis of the interferome database coupled with
prior studies confirm that components of the NK cell cytotoxic machinery are induced by IFN-
I (33, 58-60). These results show that NK cells respond to IFN-I in two ways; like other cells
they increase their own anti-viral defence mechanisms and, in addition, they increase
expression of cytotoxic components to eliminate infected cells. This allows NK cells to destroy
infected cells whilst minimising their own infection.

In mouse models, IFN-I induces IL-15 production by DC which then activates NK cells

(33, 34) and for human NK cells, enhancement of reovirus-mediated NK cell cytotoxicity is IL-
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15 dependent (61). Although not as striking as the IFN-I/STAT1 response, we detected a low
(but statistically significant) level of STAT5 phosphorylation in the CD56"" NK cells following
reovirus treatment. Furthermore, reovirus treatment induced several genes encoding cell cycle
functions in NK cells. Analysis of the regulation of these genes using the interferome database
suggests that they are not direct targets of IFN-I, but are more likely induced by other
cytokines, with IL-15 being a prime candidate (47, 62). This is consistent with data from mouse
models showing that IL-15 blockade following IFN-I treatment inhibits NK cell proliferation, but
not cytotoxicity (33).

Although reovirus treatment induced numerous cell cycle genes and their protein
products, we did not detect the induction of NK cell proliferation, even when prolonging our
assays for up to five days post-reovirus treatment. We considered the possibility that reovirus
and IFN-I were priming NK cells for subsequent proliferation (e.g. by inducing the expression
of IL15 and IL15RA genes), or that the weak STAT5 phosphorylation we detected in CD56°"9"
NK cells was simply reflective of low levels of IL-15 in these assays. However, blocking and
reconstitution experiments showed that reovirus treatment blocks IL-15 mediated NK cell
proliferation in an IFN-I dependent manner. This block on proliferation is not surprising; the
pro-cytotoxic, but anti-proliferative action of interferon on lymphocytes is long established (63,
64) and, more recently, mouse NK cells lacking a functional IFN-I receptor (/fnar’) were shown
to exhibit enhanced proliferation following MCMV infection (65). However, IFN-I mediated
inhibition of proliferation is paradoxical given that NK cell expansion occurs after viral infection
in both mouse models and humans (65-70). However, meaningful comparisons of the kinetics
of IFN-I responses and NK cell proliferation in these diverse systems are difficult to make. It
seems likely that NK cell proliferation occurs once the peak of the IFN-I response has
subsided; in the reovirus clinical trial, NK cell expansions were only detectable after the peak
of NK cell activation and ISG expression (21). Interestingly, for T cells, IFN-I can have both
pro- and anti-proliferative functions dependent upon whether it signals before or after TCR
signalling. This dichotomous activity is regulated by the balance of the pro-proliferative STAT4

versus anti-proliferative STAT1 in the pre- or post-TCR stimulated cell (71, 72). Furthermore,
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in some tumour cells, IFN-I signalling results in the induction of the cyclin-dependent kinase
(CDK) inhibitor, p21VA"" (73, 74); such activity preceding TCR signalling (or in NK cells, IL-15
receptor engagement) might prevent proliferation. We did not detect significant induction of
CDKN1A (p21Y¥A""), CDKN1B (p27X'"") or STAT4 mRNA in NK cells from reovirus treated
PBMC, but STAT1 mRNA was highly induced. Furthermore, PI3K-AKT signalling is essential
for mouse NK cell proliferation (75) and IL-15 induced AKT phosphorylation was reduced in
NK cells pre-treated with reovirus; reduced AKT phosphorylation may also antagonise nuclear
exclusion of p27"""!, favouring inhibition of proliferation (76, 77).

Gene expression changes suggestive of an altered NK cell trafficking phenotype
prompted us to analyse NK cell subset distribution in reovirus treated patients. These patients
showed the selective loss of the CD56"™" NK cell subset from the blood 48 hrs post-infusion.
This timepoint coincides with the peak IFN-I response following reovirus delivery in vivo (21).
The egress of NK cells from lymph nodes in response to S1P differs from B and T
lymphocytes, with S1PR5 as well as S1PR1 regulating activity (48, 49, 78, 79); only S1PR1
MRNA met our statistical criteria for differential expression following reovirus treatment. The
CD56"™" NK cell subset is highly enriched in SLT and it appears likely that reovirus treatment
reduces S1P-mediated egress from SLT in an IFN-I dependent manner. Reovirus treatment
induced IFNG expression in CD56"" NK cells and, by analogy with mouse models, the
transient retention of IFN-y expressing CD56"" NK cells in the SLT will favour Th1
differentiation and more effective cytotoxic T cell responses (80). However, S1P gradients also
regulate NK cell trafficking to inflamed tissues (79) and, since we were only able to sample
blood from these patients, we cannot rule out the possibility that the CD56°""™ NK cells lost
from the circulation have relocated to the tumour in the liver, where we previously showed
reovirus to be replicating (28).

The anti-tumour action of OV stems from the combination of direct tumour lysis and
the induction of anti-tumour immunity, and is dependent upon NK cell activity (13, 17-20). Our
results show that OV treatment regulates both NK cell cytotoxicity and the immunomodulatory

activity of CD56°"" NK cells, the latter contributing to the induction of adaptive anti-tumour
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responses. Our results also show that OV-mediated NK cell responses are in part driven by
the direct action of IFN-I on NK cells which activates effector functions, but inhibits IL-15
mediated proliferative responses. These OV-mediated effects presumably reflect the

spectrum of human NK cell responses seen during normal viral infection.

5. Acknowledgements
This work was supported by a Bramall PhD Scholarship (to MW) and grant awards from the

Medical Research Foundation and Cancer Research UK.

6. Author contributions and declarations

Conceived and designed study: MW, AAM, LFW, GPC.

Performed experimental work: MW, LFW, SLP, EBW

Performed bioinformatics analysis: MW, APD, GPC

Designed, implemented and analysed clinical trial: AAM, MC, YES, TDH, GPC

Wrote paper: MW and GPC with input from all authors

Pelareorep for the clinical trial and for laboratory studies was provided by Oncolytics Biotech.
Matt Coffey is an employee of Oncolytics Biotech with shares and stock options. Alan Melcher

has previously received research grant funding from Oncolytics Biotech.


https://doi.org/10.1101/2020.12.16.423062
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.16.423062; this version posted December 16, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

7. References

1. E. Vivier, et al., Innate or adaptive immunity? The example of natural killer cells.
Science (80-. ). 331, 44—49 (2011).

2. S. M. Vidal, S. I. Khakoo, C. A. Biron, Natural killer cell responses during viral
infections: Flexibility and conditioning of innate immunity by experience. Curr. Opin.
Virol. 1, 497-512 (2011).

3. C. A. Biron, K. S. Byron, J. L. Sullivan, Severe Herpesvirus Infections in an
Adolescent without Natural Killer Cells. N. Engl. J. Med. 320, 1731-1735 (1989).

4. J. S. Orange, Natural killer cell deficiency. J. Allergy Clin. Immunol. 132, 515-525
(2013).

5. S. De Pelsmaeker, N. Romero, M. Vitale, H. W. Favoreel, Herpesvirus Evasion of
Natural Killer Cells. J. Virol. 92 (2018).

6. G. L. Smith, et al., Vaccinia virus immune evasion: Mechanisms, virulence and
immunogenicity. J. Gen. Virol. 94, 2367-2392 (2013).

7. L. L. Lanier, Up on the tightrope: Natural killer cell activation and inhibition. Nat.
Immunol. 9, 495-502 (2008).

8. S. K. A. Savoy, J. E. Boudreau, The evolutionary arms race between virus and NK
cells: Diversity enables population-level virus control. Viruses 11 (2019).

9. J. Pahl, A. Cerwenka, Tricking the balance: NK cells in anti-cancer immunity.
Immunobiology 222, 11-20 (2017).

10. P. K. Bommareddy, M. Shettigar, H. L. Kaufman, Integrating oncolytic viruses in
combination cancer immunotherapy. Nat. Rev. Immunol., 1-16 (2018).

11. K. Harrington, D. J. Freeman, B. Kelly, J. Harper, J. C. Soria, Optimizing oncolytic
virotherapy in cancer treatment. Nat. Rev. Drug Discov. 18, 689-706 (2019).

12.  A. Lemos de Matos, L. S. Franco, G. McFadden, Oncolytic Viruses and the Immune
System: The Dynamic Duo. Mol. Ther. - Methods Clin. Dev. 17, 349-358 (2020).

13. L. Mdller, R. Berkeley, T. Barr, E. llett, F. Errington-Mais, Past, Present and Future of

Oncolytic Reovirus. Cancers (Basel). 12, E3219 (2020).


https://doi.org/10.1101/2020.12.16.423062
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.16.423062; this version posted December 16, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

J. E. Strong, P. W. Lee, The v-erbB oncogene confers enhanced cellular susceptibility
to reovirus infection. J. Virol. 70, 612—616 (1996).

J. E. Strong, M. C. Coffey, D. Tang, P. Sabinin, P. W. K. Lee, The molecular basis of
viral oncolysis: Usurpation of the Ras signaling pathway by reovirus. EMBO J. 17,
3351-3362 (1998).

M. C. Coffey, J. E. Strong, P. A. Forsyth, P. W. K. Lee, Reovirus therapy of tumors
with activated Ras pathway. Science (80-. ). 282, 1332—1334 (1998).

R. M. Diaz, et al., Oncolytic immunovirotherapy for melanoma using vesicular
stomatitis virus. Cancer Res. 67, 2840-2848 (2007).

A. Samson, et al., Oncolytic reovirus as a combined antiviral and anti-tumour agent
for the treatment of liver cancer. Gut 67, 562-573 (2018).

J. Zhang, et al., Maraba MG1 virus enhances natural killer cell function via
conventional dendritic cells to reduce postoperative metastatic disease. Mol. Ther. 22,
1320-1332 (2014).

L. B. John, et al., Oncolytic virus and anti-4-1BB combination therapy elicits strong
antitumor immunity against established cancer. Cancer Res. 72, 1651-1660 (2012).
Y. M. EI-Sherbiny, et al., Controlled infection with a therapeutic virus defines the
activation kinetics of human natural killer cells in vivo. Clin. Exp. Immunol. 180, 98—
107 (2015).

C. Parrish, et al., Oncolytic reovirus enhances rituximab-mediated antibody-
dependent cellular cytotoxicity against chronic lymphocytic leukaemia. Leukemia 29,
1799-1810 (2015).

R. A. Adair, et al., Cytotoxic and immune-mediated killing of human colorectal cancer
by reovirus-loaded blood and liver mononuclear cells. Int. J. Cancer 132, 2327-2338
(2013).

V. A. Jennings, et al., Potentiating Oncolytic Virus-Induced Immune-Mediated Tumor
Cell Killing Using Histone Deacetylase Inhibition. Mol. Ther. 27, 1139-1152 (2019).

M. A. Cooper, T. A. Fehniger, M. A. Caligiuri, The biology of human natural killer-cell


https://doi.org/10.1101/2020.12.16.423062
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.16.423062; this version posted December 16, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

subsets. Trends Immunol. 22, 633-640 (2001).

26. T.A. Fehniger, et al., CD56bright natural killer cells are present in human lymph
nodes and are activated by T cell-derived IL-2: A potential new link between adaptive
and innate immunity. Blood 101, 3052-3057 (2003).

27. G. Ferlazzo, et al., The Abundant NK Cells in Human Secondary Lymphoid Tissues
Require Activation to Express Killer Cell Ig-Like Receptors and Become Cytolytic. J.
Immunol. 172, 1455-1462 (2004).

28. R. A. Adair, et al., Cell carriage, delivery, and selective replication of an oncolytic virus
in tumor in patients. Sci. Transl. Med. 4 (2012).

29. M. V. Kuleshov, et al., Enrichr: a comprehensive gene set enrichment analysis web
server 2016 update. Nucleic Acids Res. 44, W90-W97 (2016).

30. E.Y.Chen, et al., Enrichr: Interactive and collaborative HTML5 gene list enrichment
analysis tool. BMC Bioinformatics 14 (2013).

31. I. Rusinova, et al., INTERFEROME v2.0: An updated database of annotated
interferon-regulated genes. Nucleic Acids Res. 41 (2013).

32. K. J.Livak, T. D. Schmittgen, Analysis of relative gene expression data using real-
time quantitative PCR and the 2-AACT method. Methods 25, 402—408 (2001).

33. K. B. Nguyen, et al., Coordinated and Distinct Roles for IFN-ap, IL-12, and IL-15
Regulation of NK Cell Responses to Viral Infection. J. Immunol. 169, 4279—-4287
(2002).

34. T. Baranek, et al., Differential responses of immune cells to type i interferon contribute
to host resistance to viral infection. Cell Host Microbe 12, 571-584 (2012).

35. L. C. Platanias, Mechanisms of type-I- and type-Ill-interferon-mediated signalling. Nat.
Rev. Immunol. 5, 375-386 (2005).

36. E.A. Mack, L. E. Kallal, D. A. Demers, C. A. Biron, Type 1 interferon induction of
natural killer cell gamma interferon production for defense during lymphocytic
choriomeningitis virus infection. MBio 2 (2011).

37. W. E. Thierfelder, et al., Requirement for Stat4 in interleukin-12-mediated responses


https://doi.org/10.1101/2020.12.16.423062
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.16.423062; this version posted December 16, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

of natural killer and T cells. Nature 382, 171-174 (1996).

38. J. X.Lin, et al., Critical functions for STAT5 tetramers in the maturation and survival of
natural killer cells. Nat. Commun. 8 (2017).

39. R. Trotta, et al., Differential expression of SHIP1 in CD56bright and CD56 dim NK
cells provides a molecular basis for distinct functional responses to monokine
costimulation. Blood 105, 3011-3018 (2005).

40. A. Samson, et al., Intravenous delivery of oncolytic reovirus to brain tumor patients
immunologically primes for subsequent checkpoint blockade. Sci. Transl. Med. 10
(2018).

41. F.J.Barrat, M. K. Crow, L. B. Ivashkiv, Interferon target-gene expression and
epigenomic signatures in health and disease. Nat. Immunol. 20, 1574-1583 (2019).

42. M. Fischer, G. A. Miller, Cell cycle transcription control: DREAM/MuvB and RB-E2F
complexes. Crit. Rev. Biochem. Mol. Biol. 52, 638-662 (2017).

43. J. W. Schoggins, et al., A diverse range of gene products are effectors of the type i
interferon antiviral response. Nature 472, 481-485 (2011).

44. A. E. Shaw, et al., Fundamental properties of the mammalian innate immune system
revealed by multispecies comparison of type | interferon responses. PLoS Biol. 15
(2017).

45. E. M. Mace, J. S. Orange, Emerging insights into human health and NK cell biology
from the study of NK cell deficiencies. Immunol. Rev. 287, 202-225 (2019).

46. K. H. Richards, A. Macdonald, Putting the brakes on the anti-viral response: Negative
regulators of type | interferon (IFN) production. Microbes Infect. 13, 291-302 (2011).

47. W. E. Carson, et al., Interleukin (IL) 15 is a novel cytokine that activates human
natural killer cells via components of the IL-2 receptor. J. Exp. Med. 180, 1395-1403
(1994).

48. A. A L.Baeyens, S. R. Schwab, Finding a Way Out: S1P Signaling and Immune Cell
Migration. Annu. Rev. Immunol. 38, 759-784 (2020).

49. L. R. Shiow, et al., CD69 acts downstream of interferon-a/B to inhibit S1P 1 and


https://doi.org/10.1101/2020.12.16.423062
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.16.423062; this version posted December 16, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

lymphocyte egress from lymphoid organs. Nature 440, 540-544 (2006).

R. Forster, A. C. Davalos-Misslitz, A. Rot, CCR7 and its ligands: Balancing immunity
and tolerance. Nat. Rev. Immunol. 8, 362-371 (2008).

R. M. Welsh, S. N. Waggoner, NK cells controlling virus-specific T cells: Rheostats for
acute vs. persistent infections. Virology 435, 37-45 (2013).

F. A. Ennis, et al., Interferon Induction and Increased Natural Killer-Cell Activity in
Influenza Infections in Man. Lancet 318, 891-893 (1981).

S. Jost, et al., Changes in cytokine levels and NK cell activation associated with
influenza. PLoS One 6 (2011).

P. C. da Costa Neves, D. C. de Souza Matos, R. Marcovistz, R. Galler, TLR
expression and NK cell activation after human yellow fever vaccination. Vaccine 27,
5543-5549 (2009).

A. Rechtien, et al., Systems Vaccinology Identifies an Early Innate Immune Signature
as a Correlate of Antibody Responses to the Ebola Vaccine rVSV-ZEBOV. Cell Rep.
20, 2251-2261 (2017).

W. M. Schneider, M. D. Chevillotte, C. M. Rice, Interferon-Stimulated Genes: A
Complex Web of Host Defenses. Annu. Rev. Immunol. 32, 513-545 (2014).

J. W. Schoggins, Interferon-Stimulated Genes: What Do They All Do? Annu. Rev.
Virol. 6, 567-584 (2019).

J. Martinez, X. Huang, Y. Yang, Direct Action of Type | IFN on NK Cells Is Required
for Their Activation in Response to Vaccinia Viral Infection In Vivo. J. Immunol. 180,
1592-1597 (2008).

P. Wang, et al., Identification of Resting and Type | IFN-Activated Human NK Cell
miRNomes Reveals MicroRNA-378 and MicroRNA-30e as Negative Regulators of NK
Cell Cytotoxicity. J. Immunol. 189, 211-221 (2012).

K. Sato, et al., Antiviral response by natural killer cells through TRAIL gene induction
by IFN-a/B. Eur. J. Immunol. 31, 3138-3146 (2001).

L. M. Fawaz, E. Sharif-Askari, J. Menezes, Up-regulation of NK cytotoxic activity via


https://doi.org/10.1101/2020.12.16.423062
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.16.423062; this version posted December 16, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

IL-15 induction by different viruses: A comparative study. J. Immunol. 163, 4473—-4480
(1999).

62. Y. Mao, etal., IL-15 activates mTOR and primes stress-activated gene expression
leading to prolonged antitumor capacity of NK cells. Blood 128, 1475-1489 (2016).

63. P.Lindahl, P. Leary, I. Gresser, Enhancement by interferon of the specific cytotoxicity
of sensitized lymphocytes. Proc. Natl. Acad. Sci. U. S. A. 69, 721-725 (1972).

64. P. Lindahl-Magnusson, P. Leary, I. Gresser, Interferon inhibits DNA synthesis induced
in mouse lymphocyte suspensions by phytohaemagglutinin or by allogeneic cells. Nat.
New Biol. 237, 120-121 (1972).

65. S. Madera, et al., Type | IFN promotes NK cell expansion during viral infection by
protecting NK cells against fratricide. J. Exp. Med. 213, 225-233 (2016).

66. A. O. Dokun, et al., Specific and nonspecific NK cell activation during virus infection.
Nat. Immunol. 2, 951-956 (2001).

67. J.C. Sun, J. N. Beilke, L. L. Lanier, Adaptive immune features of natural killer cells.
Nature 457, 557-561 (2009).

68. S. Lopez-Verges, et al., Expansion of a unique CD57 +NKG2C hi natural killer cell
subset during acute human cytomegalovirus infection. Proc. Natl. Acad. Sci. U. S. A.
108, 14725-14732 (2011).

69. N. K. Bjorkstrom, et al., Rapid expansion and long-term persistence of elevated NK
cell numbers in humans infected with hantavirus. J. Exp. Med. 208, 13-21 (2011).

70. J.C. Sun, L. L. Lanier, NK cell development, homeostasis and function: Parallels with
CD8 + T cells. Nat. Rev. Immunol. 11, 645-657 (2011).

71. M. P. Gil, et al., Regulating type 1 IFN effects in CD8 T cells during viral infections:
Changing STAT4 and STAT1 expression for function. Blood 120, 3718-3728 (2012).

72. J. Crouse, U. Kalinke, A. Oxenius, Regulation of antiviral T cell responses by type i
interferons. Nat. Rev. Immunol. 15, 231-242 (2015).

73. B. S. Parker, J. Rautela, P. J. Hertzog, Antitumour actions of interferons: Implications

for cancer therapy. Nat. Rev. Cancer 16, 131-144 (2016).


https://doi.org/10.1101/2020.12.16.423062
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.16.423062; this version posted December 16, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

74.

75.

76.

77.

78.

79.

80.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

M. Mandal, D. Bandyopadhyay, T. M. Goepfert, R. Kumar, Interferon-induces
expression of cyclin-dependent kinase-inhibitors p21(WAF1) and p27(Kip1) that
prevent activation of cyclin-dependent kinase by CDK-activating kinase (CAK).
Oncogene 16, 217-225 (1998).

N. Nandagopal, A. K. Ali, A. K. Komal, S. H. Lee, The critical role of IL-15-PI3K-
mTOR pathway in natural killer cell effector functions. Front. Immunol. 5 (2014).

I. Shin, et al., PKB/Akt mediates cell-cycle progression by phosphorylation of p27Kip1
at threonine 157 and modulation of its cellular localization. Nat. Med. 8, 1145—-1152
(2002).

J. Liang, et al., PKB/Akt phosphorylates p27, impairs nuclear import of p27 and
opposes p27-mediated G1 arrest. Nat. Med. 8, 1153—-1160 (2002).

C. N. Jenne, et al., T-bet-dependent S1P5 expression in NK cells promotes egress
from lymph nodes and bone marrow. J. Exp. Med. 206, 2469-2481 (2009).

T. Walzer, et al., Natural killer cell trafficking in vivo requires a dedicated sphingosine
1-phosphate receptor. Nat. Immunol. 8, 1337-1344 (2007).

A. Martin-Fontecha, et al., Induced recruitment of NK cells to lymph nodes provides

IFN-y for TH1 priming. Nat. Immunol. 5, 1260-1265 (2004).


https://doi.org/10.1101/2020.12.16.423062
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.16.423062; this version posted December 16, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

8. Figure legends

Figure 1: STAT phosphorylation dynamics in cytokine treated CD56%™ and CD56""9" NK
cells.

A) STAT phosphorylation in purified, total human NK cells. Cells were treated with 100 1U/mL
IFN-I, 10 ng/mL IL-12 or increasing concentrations of IL-15 and IFN-I for 1 hour, and blotted
for phosphorylated or total STAT1, STAT4 and STATS as indicated.

B) STAT phosphorylation in CD56°"¢" and CD56%™ NK cells (detected by intracellular staining
and flow cytometry) in PBMC treated with 100 1U/ml IFN-a, 10 ng/ml IL-12 or 50 IU/ml IL-15
for 1 hour. The flow cytometry gating strategy is shown in Supplementary Figure 1A. Graphs
show median fluorescence intensities (MFI), with mean and standard deviation from three
donors, from CD56%™ (black bars) and CD56"" NK cells (grey bars) as indicated. Data was
analysed by one-way repeated measures ANOVA, followed by Dunnet’s multiple comparison
test; *p<0.05, **p<0.01.

C) Time course of STAT phosphorylation in CD56"" and CD56%™ NK cells in PBMC treated
with cytokines as in panel B, fixed at 1, 8 and 24 hours and analysed by intracellular staining
and flow cytometry. Graphs show mean MFI and standard deviation from two donors. The

colour key indicates cytokine treatment.

Figure 2: STAT phosphorylation and NK cell activation following reovirus treatment.
A) STAT phosphorylation in CD56"" and CD56°™ NK cells (detected by intracellular staining
and flow cytometry) in PBMC cultured without virus (untreated; black line) or with 1 MOI
reovirus (purple line), for 8, 24 and 48 hours. Graphs show mean MFI and standard deviation
from three donors. Data was analysed by two-way repeated measures ANOVA, followed by
Sidak multiple comparisons test. *p<0.05 **p<0.01.

B) IFN-a production by PBMC following treatment with 1 MOI reovirus (or left untreated).
Supernatants was collected and analysed by ELISA. IFN levels were not detectable (ND) in
the untreated cells.

C) NK cell activation (as indicated by cell surface expression of CD69 and tetherin). PBMC
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(from one donor) were left untreated or treated with reovirus for 24 hours and the conditioned
media (CM) filtered to remove viruses. CM was added to purified NK cells in the presence of
an IFN-I blocking antibody cocktail (IFN block), a control blocking cocktail (control block) or no
added antibody (media). CM from untreated PBMC was used a control. After 48 hours, the
NK cell surface expression of CD69 and tetherin was measured by flow cytometry. Data is
from control CM or CM from reovirus-treated PBMC from a single donor, applied to three NK
cell donors. The y-axis shows the percentage of CD69 expressing cells (left panel) or the fold
change in MFI of tetherin relative to control CM and no added antibody treatment (right panel),

due to constitutive low level expression of this marker on unstimulated NK cells (20).

Figure 3: Gene expression profiling of NK cells following reovirus treatment.

A) Differentially expressed genes in total human NK cells following reovirus treatment. Genes
that were up (green columns) or downregulated (red columns) together with examples and
fold change are indicated. Data underlying this graph is shown in Supplementary Table 3.

B) The top ten pathways identified by gene set enrichment analysis of differentially expressed
genes. Data were generated using Enrichr and the output from Reactome 2016; the adjusted
P value of enrichment is shown. Full data is provided in Supplementary Table 4.

C) The top ten transcription factors associated with differentially expressed genes. Data were
generated using Enrichr and the output from ENCODE and ChEA Consensus Transcription
factors from ChlP-X; the adjusted P value of enrichment is shown. Full data are provided in
Supplementary Table 5.

D) Venn diagrams showing the overlap of the differentially expressed genes (DEGs) from NK
cells following reovirus treatment (Reo) with the interferon stimulated genes listed in
Schoggins et al (41; S-Set) or the core mammalian ISGs identified by Shaw et al (42; Core m-
ISGs). Overlaps were determined for all reovirus DEGs (left and right panels) or the
upregulated genes only (centre panel).

E) Expression of genes from selected pathways. The graph shows the fold change in gene

expression in NK cells following reovirus treatment, with genes and pathways indicated. A
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green circle below the x-axis indicates that the gene is induced by IFN-I in haematopoietic
cells, as determined using the Interferome database (30).

F) Induction of TRAIL following reovirus treatment. The top panel shows TRAIL expression
from a single representative donor, with NK cells from untreated, IL-15 or reovirus-treated
PBMC along with the isotype control stain as indicated. The lower graph shows the MFI of
expression from three separate donors. Data were analysed by a repeated measures one-
way ANOVA, with Tukey’s multiple comparison test; *p<0.05, **p< 0.01.

G) TRAIL and granzyme B expression by CD56%™ and CD56""" NK cells following reovirus
treatment. The top panel shows data from a single representative donor, with the different
treatments (and isotype control antibody) indicated along with the NK cell subset analysed via
gating. The lower graphs show data from three separate donors, analyse as in panel F;

*p<0.05. **p< 0.01.

Figure 4: Cell cycle analysis in NK cells following reovirus treatment.

A) Induction of MCM4 and CDK2 genes in NK cells following reovirus treatment. PBMC were
treated with reovirus for 48 hours, NK cells were purified and gene expression determined by
gRT-PCR (in 3 or 4 donors respectively). Differences between mean ddCt values were
analysed by a paired T test; *p<0.05.

B) Time course of MCM4 protein expression in NK cells following reovirus treatment. PBMC
were cultured with or without 1 MOI reovirus, or with 10 ng/ml IL-15, for either 24, 48 or 72
hours. Protein expression of MCM4 (and B-actin) was analysed by immunoblotting; the data
shown is from a single donor.

C) Quantitation of immunoblotting from three donors, with the fold change in MCM4
expression determined by comparison to 8 actin and analysed by T test; *p<0.05.

D) Induction of MCM4, IFNG and IFIT1 genes in CD56°™ and CD56""" NK cells following
reovirus treatment. Following reovirus treatment of PBMC, CD56%™ and CD56""" subsets
were purified by cell sorting and gene expression determined by qRT-PCR. Expression is

shown in the different treatments relative to the untreated controls, as indicated. These data
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are from a single donor and are representative of two donors analysed. The cell sorting gates
are shown in Supplementary Figure 1C.

E) PCNA expression in CD56%™ and CD56"9" NK cells following reovirus treatment. PBMC
were cultured with or without reovirus, or with 10 ng/ml IL-15, for 48 hours and PCNA
expression analysed by intracellular staining and flow cytometry. Data from a single donor is
shown with the PCNA high gate indicated (set as the top 2% of untreated CD56%™ cells). The
percentage of PCNA high expressing cells is indicated for each treatment.

F) Mean percentage of PCNA high cells in CD56%™ and CD56""%" NK cells (determined as in
E) from three donors. Differences were tested by paired T test and were not statistically
significant.

G) Cell division following reovirus treatment. PBMC were labelled with CFSE and cultured
with or without 1 MOI reovirus, or 10 ng/ml IL-15. After 5 days, CFSE content in CD56%™ and
CD56"™" NK cells was determined by flow cytometry as indicated. The percentage of cells
from each subset that fell to the left of the indicated gate and had lost CFSE content due to
cell division are indicated. These data are from a single donor.

H) Proliferation of CD56%™ and CD56""" NK cells from the CFSE assay performed in three
separate donors (as in G). Differences between treatment means were tested using a paired

T test and were not statistically significant.

Figure 5: Inhibition of NK cell proliferation following reovirus treatment.

A) Cell cycle profiling by DNA content. PBMC were treated with either 10ng/ml IL-15 for 3
days, or primed with 1 MOI reovirus for 4, 24 or 48 hours, followed by IL-15 treatment for 3
days. NK cells were purified, fixed and DNA stained with propidium iodide and analysed by
flow cytometry. Cell cycle profiles were analysed using Modfit software to quantify the
percentage of cells in each compartment, as shown in the graph (collated from three donors).
B) Reovirus mediated inhibition of IL-15 induced NK cell proliferation. PBMC were labelled
with CFSE, primed for 4 hours with 1 MOI reovirus or cultured without virus. 10 ng/ml IL-15

was then added and cells were cultured for a further 5 days. Cell division was assessed by
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CFSE loss using flow cytometry. Plots from a single donor are shown on the left with the
percentage of cells that have proliferated after 5 days indicated. Data from four donors are
shown on the right, analysed using a T test; **p<0.01. NS = Not significant.

C) Inhibition of CD56""" NK cell proliferation by reovirus-induced IFN-I. CFSE labelled PBMC
were cultured in conditioned media from unstimulated PBMC (untreated CM) or reovirus
treated PBMC (Reo CM), with or without the IFN-blocking antibody cocktail or with a control
blocking cocktail. 10 ng/ml IL-15 was added and cells were cultured for 5 days and proliferation
analysed by CFSE content of the CD56bright NK cells. The percentage of cells that have
proliferated after 5 days are indicated. These data are from a single donor, representative of
3 donors.

D) IFN-I blocks IL-15 induced S phase. Purified NK cells were cultured with IL-15 or IL-15+IFN-
I (all at 100 ng/ml) for 3 days and S phase assessed by propidium iodide staining, as shown
in panel A). One donor, representative of three donors tested.

E) Reovirus treatment blocks IL-15 induced expression of proliferation markers. PBMC were
cultured for 4 hours alone (no virus) or primed with 1 MOI reovirus (Reo). 10 ng/ml IL-15 was
then added directly to all samples for 48 hours. Expression of PCNA and Ki67 was determined
using intracellular staining and flow cytometry in the CD56%™ (green) and CD56""" (purple)
NK cells. These data are representative of 3 donors tested.

F) Reovirus treatment blocks IL-15 induced expression of cell cycle mediators. PBMC were
cultured as in E), for 3 days. Total NK cells were isolated and MCM4, cyclin B and CDK2
analysed by immunoblotting along with 3-actin as a loading control. The blot image has been
cut between the unstimulated control and cytokine treated lanes as shown by the boxing.
These data are representative of 3 donors tested.

G) Modulation of IL-15 mediated signalling by reovirus treatment. PBMC were cultured for 48
hours alone (no virus) or primed with 1 MOI reovirus (+ reovirus). After 48 hours, 0, 1 or 10
ng/ml IL-15 was added (as indicated) for 30 minutes. Phospho-STAT1, STAT3, STAT5, mTOR
and Akt were analysed by intracellular staining and flow cytometry, gating on the NK cell

population. Graphs show median fluorescence intensities (MFI) for 2 or 3 separate donors.
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Data were analysed by two-way repeated measures ANOVA. When the effect of virus was
statistically significant, a post-hoc Sidak multiple comparison test was applied to identify

statistically significant differences between “no virus” and “reovirus” MFI values; *p<0.05.

Figure 6: Reovirus treatment alters human NK cell subset distribution in vivo.

A) Expression of CCR7 and S1PR1 genes in NK cells following reovirus treatment in vitro.
PBMC were treated with reovirus for 24, 48 and 72 hours, NK cells were isolated and gene
expression assessed using qRT-PCR. The data show the fold change in expression in
reovirus treated cells compared to untreated, indicating the mean and standard deviation from
three donors. The effect of time and treatment on mean ddCt values was tested by two-way
repeated measures ANOVA, followed by Sidak multiple comparisons test; *p<0.05, **p<0.01

B) NK cell CD69 expression following reovirus treatment of patients. Nine cancer patients
were treated with intravenous reovirus at time zero with blood samples taken immediately prior
to infusion (Ohr) and at 1hr, 48hr and 96 post-infusion. Patients had another blood sample
taken immediately prior to surgery (Sgy) 1-4 weeks after infusion and additional samples 1
month (1M) and 3 months (3M) later. Samples were also taken from untreated healthy controls
(HC); full details of the patients, controls and treatment scheduling have been published
previously (20). Blood samples were used to assess NK cell activation by cell surface CD69
expression on the CD56dim (left panel) and CD56bright (right panel) NK cell subsets.
Statistically significant changes in CD69 expression, determined using a Wilcoxon Rank test,
are indicated; **p<0.01, ***p<0.001. Note that ten patients in total were treated in the trial
(20), but one patient had samples taken at different times, preventing their inclusion in this
analysis.

C) Loss of CD56°™" NK cells from the circulation at the peak of NK cell activation. The
percentage of CD56°™" NK cells (defined as CD56""", CD16"%"*%, CD3"%) was determined
as a fraction of the total NK cell population during reovirus treatment; this panel shows one
presentative patient.

D) Percentage of CD56""9" NK cells as a fraction of the total NK cell population in nine reovirus
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treated patients. Statistically significant changes in the size of the CD56°"9" NK cell population

were determined using a Wilcoxon Rank test; *p<0.05.
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9. Legends to Supplementary Figures and Tables.
Supplementary Tables 1 and 2:

List of antibodies and PCR primers used in this study.

Supplementary Table 3.

Gene expression profiling of NK cells following reovirus treatment. The table shows the 1742
differentially expressed genes (FDR<0.05, fold change >1.5X) that were either upregulated
(939 genes; highlighted in green) or downregulated (803 genes; highlighted in red) in NK cells
from reovirus treated PBMC compared to untreated PBMC. Data from this table were used to

construct Figures 3A-E of the main manuscript.

Supplementary Table 4.
Pathways represented by differentially expressed genes identified using gene set enrichment

analysis. The 1742 genes (listed in Supplementary Table 3) were inputted into the Enrichr tool

(28, 29; https://amp.pharm.mssm.edu/Enrichr/) and enriched pathways identified using the
Reactome 2016 database. The table shows the output from Enrichr, listing the significantly
enriched pathways (adjusted p<0.05), and those genes from the DEGs that are assigned to

these pathways. Data from this table was used to construct Figure 3B of the main manuscript.

Supplementary Table 5.
Transcription factors predicted to be associated with the differentially expressed genes
identified using gene set enrichment analysis. The 1742 genes (listed in Supplementary Table

3) were inputted into the Enrichr tool (28, 29; https://amp.pharm.mssm.edu/Enrichr/) and

candidate transcription factors analysed from the Encode and ChEA Consensus TFs from
ChlIP-X database. The table shows the output from Enrichr, listing the significantly enriched
transcription factors (adjusted p<0.05) and those genes from the DEGs that are associated
with these transcription factors. Data from this table was used to construct Figure 3C of the

main manuscript.
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Supplementary Figure S1.

Gating strategies to separate CD56%™ and CD56""9" NK cells

A) Representative gating of CD56%™ and CD56"™ NK cells for Phos-Flow, surface and
intracellular staining experiments.

B) Gating of CD56“"CD16+ and CD56°"%" CD16- NK cells after 5 day CFSE culture
experiments.

C) Gating used in cell sorting of CD56%™CD16+ and CD56""9" CD16- NK, after magnetic

isolation of NK cells from PBMC.

Supplementary Figure S2

Intracellular staining and flow cytometry to detect STAT phosphorylation

PBMC were treated with 100 IU/ml IFNa, 10 ng/ml IL-12 or 50 1U/ml IL-15 for 1 hour. NK cells
within the PBMC (detected using cell surface staining as shown in Supplementary Figure 1A)
were evaluated for levels of phosphorylated STAT1, STAT4 and STATS5 by intracellular flow
cytometry. Histograms show isotype control or phosphorylated protein staining in total NK

cells, representative of 3 donors.

Supplementary Figure S3

CD69 expression following reovirus treatment

A) PBMC from five donors were treated with reovirus for 48hrs in vitro and the NK cells purified
by magnetic immunoselection. Activation of the NK cells was verified by analysis of CD69
expression in all five donors. Four donors (1, 2, 4 and 5) were analysed using a FITC-
conjugated antibody (left hand panels) and one (donor 3) was analysed using a PE-conjugated
antibody (right hand panels). These NK cells were used as a source of mRNA for gene
expression profiling.

B) Expression of CD69 on CD56°™ and CD56""" NK cells. The values indicate the percentage
of cells expressing CD69 (or not) for both CD56""" NK cells (top two quadrants) and CD564™

NK cells (bottom two quadrants) in both untreated PBMC and PBMC treated with reovirus for
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48 hrs

Supplementary Figure S4

Reovirus and IFN-I regulate NK cell cytotoxicity.

A) PBMC were cultured without stimulation (untreated) or with reovirus (MOI 1) for 48 hours,
followed by co-culture with K562 target cells. Degranulation of NK cells determined by CD107a
expression on CD56+ NK cells. Plots are representative of data obtained from 2 donors.

B) IFN-I mediated induction of granzyme B. Purified NK cells were left untreated or stimulated
with 10ng/ml IL-15 or increasing amounts of IFN-I (50 IU, 100 IU and 200 IU) for 48 hrs.
Granzyme B expression was determined by immunoblotting, using actin as a control.

C) Purified NK cells were left untreated (Un) or stimulated with 10ng/ml IL-15 or 100 IU of IFN-
| for 48 hrs and used in a degranulation assay (as in panel A) against K562 cells. The

experiment was performed in triplicate and analysed using a Students T test.

Supplementary Figure S5

Expression of CCNB1 mRNA in response to reovirus.

PBMC were untreated (un) or treated with reovirus for 48 hours. NK cells were then isolated
and CCNB1 gene expression analysed by qRT-PCR. Mean relative expression and standard
deviation from three donors. Differences between mean ddCt values were tested by paired T

test and were not significant.

Supplementary Figure S6

Ki67 protein expression is not upregulated with reovirus treatment.

PBMC were cultured with (Reo) or without (Un) 1 MOI reovirus, or with 10 ng/ml IL-15, for 48
hours. Protein expression of Ki67 was analysed in CD56%™ and CD56""" NK cell
populations by intracellular flow cytometry.

A) Representative histograms of ki67 expression from 1 of 3 donors. Untreated cells were

used to set a gate for ki67 low cells (98%) or ki67 high expressing cells (2%). This gate was
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used to determine ki67 expression in the Reo and IL-15 treated samples in both CD56™
and CD56°™9" NK cell subsets.

B) Data from three donors, showing the percentage of ki67 high expressing NK cells in
untreated and reovirus treated PBMC. Differences between mean percentage values were

analysed using a paired T test.
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