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Abstract

Measles virus (MV), a paramyxovirus, is one of the most contagious human pathogens and is
responsible for thousands of deaths annually. Wild-type MV evolved to counter the innate immune
system by avoiding both type I interferon (IFN) induction and inhibiting IFN signaling through the
JAK/STAT pathway. Flowever, virus replication is significantly inhibited in IFN-pretreated cells.
Similarly, MV vaccine derived strains are also inhibited by IFN pretreatment, but vaccine strains
also induce IFN. Despite the significant progress in understanding the interactions between MV
and the IFN pathway, the IFN stimulated genes (ISGs) that inhibit MV replication remain largely
unknown. The aim of this study is to identify specific 1SGs that mediate restriction of MV. In this
study, we report that Radical S-adenosyl methionine domain containing 2 (RSAD?2) restricts MV
infection at the stage of virus release in infected 293T cells. Furthermore, attenuated MV strains
are currently being developed as a novel treatment for solid and hematological malignancies.
Therefore, we tested the impact of RSAD2 expression in an oncolytic virotherapy context using a
MYV permissive ovarian cancer line (SR-B2). As measured in 293T cells, MV release was also
impaired in SR-B2 cells transduced to express RSAD?2 /n vitro. Additionally, oncolytic MV
therapeutic efficacy was impaired in SR-B2 cells transduced to express RSAD2 /n vivo. Overall,
we identify RSAD2 as a novel restriction factor for MV by inhibiting the release of virus. These
results provide important information regarding the interaction between MV and the innate
immune system, as well as implications for the design of oncolytic MV platforms.
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1. Introduction

The negative, single-stranded Measles virus genome contains 15,894 nucleotides, consisting
of 6 genes that encode 8 proteins. The viral nucleocapsid, phosphoprotein and RNA-
dependent RNA-polymerase form the ribonucleoprotein (RNP), which associates with the
viral RNA genome. The RNP complex is bound by the matrix protein, which facilitates
transport to the cytoplasmic tails of the hemagglutinin (H) and the fusion protein (F)
glycoproteins at the cell surface [1,2].

The viral glycoproteins facilitate entry through three known receptors: CD46, nectin-4 and
SLAM [3-7]. Upon binding, H interacts with F to trigger a conformational change, resulting
in the insertion of the fusion peptide into the target cell membrane [8]. Fusion between the
viral and cellular membrane releases the RNP complex into the target cell. Spread of the
virus to neighboring uninfected cells has previously been demonstrated to assemble via lipid
rafts [9].

Similar to other viruses, vaccine derived MV can be detected by the innate immune system
to prevent the spread of infection. MV is detected by two known pattern recognition
receptors, RIG-1 and MDA-5 [10]. Activation of these sensors leads to production of IFN-f
and activation of the interferon system (IFN), resulting in the induction of interferon
stimulated genes (1SGs). ISGs are the effector proteins in the host’s antiviral defense system
that mediates restriction of virus replication. Induction of antiviral ISGs, such as MX1/2,
RSAD2 and OAS proteins, have been demonstrated to restrict HIV, MV, influenza and
vesicular stomatitis virus [11]. Previous studies have demonstrated that MV is sensitive to
the antiviral effects of IFN; however, many of the ISGs that restrict MV remain unknown
[12, 13]. While MX1 has been demonstrated to restrict MV in a cell-type specific manner,
additional 1SGs capable of restricting MV release have not entirely been identified [14, 15].

Vaccine derived MV strains are currently being developed as an oncolytic virus in the
treatment of several tumor types, such as glioblastoma, ovarian cancer, multiple myeloma
and others [16]. MV has demonstrated promising results in phase | clinical trials; however,
not all patients have benefited from MV therapy. In order to maximize oncolytic MV
therapeutic outcome, a further understanding of factors that impact virus replication is
required. Our laboratory’s recent study identified that constitutive expression of 1ISGs in
tumor cells can dramatically impair therapy in patients treated with oncolytic MV [17].
These results identify innate antiviral immune sensing of MV infection as a major hurdle
toward optimizing oncolytic virotherapy for widespread beneficial response among patients.
The aim of this study was to identify the potential 1SGs that restrict MV using rationally
designed assays and /n vivo treatment experiments. We hypothesized that identification of
ISGs that restrict MV can provide critical information to improve the design of oncolytic
MYV therapy, and possibly improve vaccine development.
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2. Materials and Methods

2.1 Cell lines and tissue culture

Vero cells were purchased from ATCC and grown according to the recommended protocol
provided. 293T cells and SR-B2 cells were cultured as previously described [18]. Primary
GBM lines were harvested from patients that had primary tumor resection at Mayo Clinic
and passaged as xenografts in mice [19]. All lines were grown in DMEM supplemented with
10% FBS (heat-inactivated) and penicillin-streptomycin. Stably transduced SR-B2 cells
were also supplemented with 1.2 pg/ml puromycin.

2.2 LV particle generation

Lentiviral particles were produced in 293T cells, as previously described [20]. Briefly, 4 x
10° cells were plated in a 6-well dish. 16 h later, 1 ug of psg9.8-1SG, 0.4 ug gag-pol and 0.2
ng VSV-G were transfected into 293T cells using Lipofectamine 2000, according to
manufacturer’s protocol. Supernatant was collected 48 h post-transfection and passed
through 0.45 pm filter. Collected supernatants were used for subsequent transductions. SR-
B2 and 293T cells were transduced with 400 plI of the collected supernatant. 48 h post-
transduction, 1.2 ug/ml puromycin was added to the culture.

2.3 Generation of LV-NAP-Tag expression plasmid system and ISG cloning

The LV-NAP plasmid encoding the ISGs used to transduce 293T and SR-B2 was generated
from the psg-9.8 (generous gift from Dr. Ikeda). First, additional cloning sites were added to
the psg-9.8 plasmid. pCMV6-entry (Origene) and psg-9.8 were digested with BamHI and
Notl at 37 °C. The 91 bp fragment of pPCMV6-entry was inserted into the psg-9.8 vector and
transformed into DH5-alpha cells (Invitrogen) and grown in LB-media supplemented with
ampicillin. The fragment insertion was confirmed through sequencing.

The generation and binding domain of the monoclonal antibody (MAb) 23C8 against the
neutrophil activating protein (NAP) of helicobator pylorihas previously been described [21,
22]. Complementary nucleotide sequences encoding the 23C8 epitope (amino acids 97-119)
were synthesized with additional BamHI and AsiSI (Sgfl) restriction sites added to the 5’
and 3’ ends, respectively. The complementary strands were annealed in 1x annealing buffer
(Agilent) at 55 °C for 1 h. The annealed strands were run on a 1% agarose gel and isolated
using the Qiaexll DNA isolation kit (Qiagen). Isolated NAP-tag DNA was treated with
BamHI and AsiSI (Sgfl) at 37 °C for 1 h. LV plasmid (psg9.8) was also treated with BamHlI
and AsiSI (Sgfl) and ligated to the BamHI treated NAP-tag DNA at 14 °C overnight. The
ligation reaction was then transformed in DH5-alpha cells (Invitrogen) and grown in LB
media supplemented with ampicillin. The LV-NAP plasmid was confirmed through
sequencing.

The selected ISGs were cloned from GBM39 cells. RNA was extracted from GBM39 cells
using the RNEasy kit (Qiagen) according to manufacturer’s protocol. cDNA was generated
with RT Superscript 1 (Invitrogen) using gene specific primers encoding AsiSI (Sgfl) and
Mlul restriction sites at the 5’ and 3’ ends, respectively, which were used for subsequent
PCR using the TA-cloning pcr2.1 kit. Plasmid DNA was transformed in DH5-alpha cells and
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colonies screened using a Mini-prep Kit (Qiagen). Plasmids with the inserted gene were then
expanded and isolated using a Midi-prep kit (Qiagen). LV-NAP and TA-ISG were digested
with AsiSI (Sgfl) and Mlul and run on 1% agarose gels. The corresponding bands were
isolated using the QiaexIl DNA isolation kit (Qiagen) and ligated using the DNA ligation Kit
(Roche) at 14°C for 1 h. Ligated DNA was transformed in DH5-alpha cells and gene
sequences confirmed by sequencing.

2.4 Immunofluorescence

5 x 104 SR-B2 cells were plated in 8-well chamber slides (Thermo) and transduced with LV
particles encoding the transgene of interest. The stably transduced cells (>20 days after
transduction) were fixed in ice-cold methanol for 20 minutes and stored at —20°C. Cells
were rinsed in PBS and blocked in 10% normal goat serum (Sigma). Cells were incubated
with the MAb 27H10 [21] culture supernatant (diluted 1:5 in PBS, 2% BSA) overnight at
2-8C. The slides were rinsed three times in PBS. Cells were then incubated with the
antibodies diluted in PBS, 2%BSA anti-Calnexin-Alexa Fluor 488 (Thermo MA3-027-
A488) and goat-anti-Mouse 1gG secondary Antibody Alexa Fluor 594 for 1 hr at room
temperature. Cells were then rinsed 5 times and mounting media with DAPI (DuoL.ink)
applied to cells prior to imaging.

2.5 Immunoblotting

Protein was isolated from samples using cell lysis buffer (Cell Signaling Technology).
Protein was quantified using the BCA protein quantification assay (Pierce). Samples were
run on 15% Tris-HCI Criterion gels and transferred to PVDF membranes. Membranes were
blocked in 10% skim Milk/PBS for 1 hr, followed by incubation with the primary
antibodies, NAP-specific MAb 23C8,8A11 (MADb recognizing MV-N generated by our
laboratory, unpublished) and Tubulin (DM1A, Sigma). Membranes were washed with PBS
supplemented with 0.05% Tween20 and incubated with the secondary goat-anti-mouse IgG
antibody (Santa Cruz). Membranes were visualized using chemiluminescent substrate
(Pierce).

2.6 Animal studies

All animal experiments were approved by the Mayo Clinic Institutional Animal Care and
Use Committee. 5-week-old female SCID mice were implanted intraperitoneally with 5 x
10% SR-B2 cells. Groups of 8-9 mice were treated with 1 x 108 MV-GFP (TCIDsg) or
inactivated virus beginning on day 10. Treatment was delivered once per week for 3 weeks.
Survival was compared using the log-rank test.

2.7 Statistical analysis

Graphpad Prism (7.0) was used for statistical analysis. Student t tests were used to compare
between two groups. Kaplan-Meier survival curves and log-rank tests were utilized to
compare animal survival studies. P-values less than 0.05 were considered statistically
significant. All tests were two-sided.
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3. Results

3.1 RSAD2 inhibits infection at the step of infectious virion release

In a previous study, our laboratory identified several genes differentially expressed between
Measles virus resistant and permissive cells [17]. To identify the specific ISGs that can
determine permissiveness, we expressed several of these genes, including MX1, 1F144,
IF127, RSAD2 and GBP1 in 293T cells. To confirm protein expression, we generated a Tag
protein that was placed on the amino-terminal of each gene. The N-terminal Tag is a 22
amino acid peptide generated from the neutrophil activating protein (NAP) of Helicobactor
pylori[21,22]. The ISGs were cloned from a human primary patient-derived glioblastoma
line, GBM39, and inserted into a lentivirus vector with the NAP tag (Supplemental Figure
1A). LV particles were generated and used to generate stable 293T cells (Supplemental
Figure 1B). A polyclonal population of 293T cells expressing the transgenes of interest were
screened for resistance to MV. Transduced 293T cells were infected with MV (MOI 0.1) and
virus production measured by titration on Vero cells. Infectious virus particle release was
significantly decreased in 293T cells expressing RSAD2/VIPERIN (p-value= 0.007);
however, the cell associated virus remained unchanged (Figure 1).

3.2 RSAD2 impairs the oncolytic MV therapeutic effect

To verify these results in a tumor model, the ovarian cancer cell line SR-B2 was transduced
with LV-NAP-RSAD?2 or RFP control. A polyclonal population of transduced SR-B2 cells
was used to determine the inhibitory effects of RSAD2. As observed in 293T cells, MV
release was significantly decreased at 48 and 72 hr post-infection up to 15-fold (p-value <
0.05, experiment run in triplicate and repeated twice) (Figure 2A). A decrease in cell-
associated virus was measured at 48 hr for both the RFP and RSAD2 transduced cells
relative to untransduced (control) cells. This could be due to changes associated with the
transduction and puromycin selection process. Importantly, however, no difference was
observed in cell associated virus production between RFP and RSAD2 transduced cells.

To examine the impact on oncolytic MV therapy, transduced cells were implanted
intraperitoneally (i.p.) into SCID mice. MV therapy significantly improved median survival
of mice implanted with SR-B2 cells transduced to express RFP (p-value <0.0001); whereas
median survival in mice implanted with SR-B2 cells transduced to express RSAD2 was not
significantly improved (p-value = 0.2247) (Figure 2B, C).

3.3 RSAD2 Mechanism of Restriction

To characterize the mechanism of RSAD2 mediated restriction, we first assessed viral
nucleocapsid in the supernatant of MV infected cells. As determined by western blot, the
amount of virus released from cells over-expressing RSAD2 is dramatically decreased
(Figure 3A). The results suggest that RSAD2 over-expression results in a reduction in the
number of viral particles, as demonstrated by N protein production in the supernatant of
infected cells. Previous studies have suggested that RSAD2 can inhibit glycoprotein
transport to the cell surface [23]. However, 293T cells expressing RSAD2 did not impact
MV hemagglutinin transport to the surface (Figure 3B).
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We next sought to identify the RSAD2 domains required for restricting MV replication.
RSAD2 contain an amino terminal ER localizing domain (residues 1-42), a central Fe-S
cluster domain (residues 71-182) and an unknown, highly conserved C-terminal domain
(182-361) [24]. The domain of the N’ and C’ terminals were deleted and the Fe-S cluster
domain ablated through cysteine to alanine mutations (Figure 4A). LV particles with the
RSAD2 mutant constructs were generated and used to transduce SR-B2 cells (Figure 4B).
Wild-type RSAD2 localized with the ER associated protein, Calnexin, as determined by
immunofluorescence. Ablation of the ER localizing domain (RSAD-N’42) resulted in the
mutant protein being localized to the cytoplasm and no longer co-localizing with Calnexin
(Figure 4C).

SR-B2 cells expressing the RSAD2 mutants were infected with MV (MOI 0.1) and virus
production measured at 48, 72 and 96 hr post-infection. Ablation of each domain results in
increased protein production, relative to cells transduced with the full-length wild-type
RSAD?2 construct (Figure 5A). Additionally, ablation of each domain rescued virus
production, suggesting that each individual RSAD2 domain is required to mediate restriction
(Figure 5B). However, mutation of Cysteine 87 to alanine still significantly restricts virus
release at 72 h post-infection, similar to cells expressing wt-RSAD2 (p-value = 0.03),
suggesting that this residue does not play a role in restricting MV. Cysteine 87 is an
important residue of the SAM domain and plays an important role for restriction of several
viruses, indicating that restriction of MV is occurring through an unknown mechanism [24].

4. Discussion

The antiviral IFN defense system is the first line of defense against potential pathogens.
Upon virus infection, host sensors detect viral products and induce expression of several
interferon stimulated genes (ISGs) to inhibit virus replication [11]. RSAD2 is an ISG that is
highly upregulated upon virus infection and type I/I1 IFN signaling through the JAK/STAT
pathway [25]. RSAD2 has previously been demonstrated to have broad antiviral activity
against several enveloped viruses, such as influenza virus, respiratory syncytial virus,
hepatitis C virus, West-Nile virus, Chikungunya virus, human cytomegalovirus and HIV-1
[26-31]. Similarly, MV has been demonstrated to induce RSAD2 upon infection [17]. In
addition, RSAD?2 is expressed at baseline levels in tumor cells identified to have a MV
infection resistant phenotype. In this study, we demonstrate that RSAD2 has antiviral
activity against MV and expression can inhibit the release of MV in infected cells. These
results are similar to previous observations demonstrating the restrictive properties of
RSAD2 on several enveloped viruses [24]. Additionally, we demonstrate that in an oncolytic
MV setting, RSAD2 expression abolishes therapeutic efficacy /in vivo.

The specific mechanism of infection restriction varies among the different viruses targeted
by RSAD2; however, the common inhibition effect is at the virion release step [25]. For
example, during influenza infection, RSAD2 interacts with farnesyl diphosphate synthase,
leading to the disruption of cholesterol biosynthesis [29]. The disruption in cholesterol
synthesis was able to disrupt the formation of lipid rafts and transport of virus glycoproteins,
resulting in the impaired release of influenza [29, 32]. For restriction of Dengue virus,
RSAD?2 co-localizes with viral protein at lipid droplets to impair virus infection [33].
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Despite the extensive studies examining the antiviral properties of RSAD2 against a wide
range of viruses, a unifying mechanism of restriction has not clearly been defined.
Furthermore, the domains of RSAD?2 required for restriction can vary across different
viruses but remain undefined for several viruses [24]. Our results suggest that each domain
of RSAD?2 is critical to mediate restriction of MV. We recognize that we are not able to
control for the level of protein expression between the different mutants (Figure 4B).
However, transduction with the RSAD2 mutants results in similar or increased protein
production relative to the full-length construct. Therefore, the lack of restriction mediated by
the mutants is unlikely due to insufficient transgene production.

While the mechanism in which RSAD? is able to restrict MV requires additional analysis,
we are in the process of design and characterization of a recombinant MV to counter
RSAD?2 restriction. Several viruses are able to evade restriction of RSAD2, such as human
cytomegalovirus (hCMV) [34, 35]. hCMV encodes a protein (mitochondrial inhibitor of
apoptosis (MIA)) that is able to disrupt localization of RSAD?2 in order to alter cellular
metabolism that favors hCMYV infection [35]. Recently, RSAD2 has been demonstrated to
enzymatically modify ribonucleotides, resulting in replication-chain termination [36]. This
does not appear to be the mechanism of restriction for MV, as demonstrated by similar levels
of cell-associated virus and MV-N protein production (Supplemental Figure 1C).
Additionally, while this mechanism appears to mediate restriction for a wide-range of
viruses, it is not a unifying mechanism for all viruses sensitive to RSAD2 [36, 37].
Generation of a recombinant MV encoding the MIA could be a strategy to circumvent
resistance in the context of oncolytic virotherapy. However, in order to fully circumvent ISG
mediated restriction of MV, additional studies are required to characterize all MV restricting
ISGs.

Overall, we identified RSAD2 as a novel restriction factor for MV propagation. These
results are important in expanding our understanding of the MV life cycle, and possibly
other Morbilliviruses. These findings could have a major impact in rational vaccine design
and generation of recombinant MV platforms for oncolytic virotherapy. Recent studies have
demonstrated the negative impact of the innate immune system and type I IFN triggered
response on oncolytic therapy [17]. Identification of the specific ISGs that mediate
restriction can provide important information to rationally design MV vectors to circumvent
this restriction. As previously demonstrated, inhibition of the IFN response with a JAK1
inhibitor is able to increase virus replication >1000-fold in MV resistant GBM cells;
however, systemic inhibition of JAK1 could impair the anti-tumor immune response
activated upon MV mediated tumor cell lysis [17]. Therefore, identification of MV
restricting 1ISGs is important in order to specifically target and circumvent single restricting
anti-viral proteins, such as RSAD2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
RSAD2/VIPERIN inhibits the release of Measles virus
Expression of RSAD2 impairs the oncolytic Measles virus therapeutic effect

This study provides important information regarding the interaction between
Measles virus and the interferon pathway
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Fig. 1. RSAD2 restricts MV release in 293T cells.
293T cells expressing RFP or RSAD2 were infected with MV-GFP (MOI=0.1). Released

and cell-associated virus titers at 72-h were collected and titrated on Vero cells (n =3).
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Fig. 2.

RSAD?2 restricts MV infection in OvCa SR-B2 cells /n vitro and in vivo. Non-transduced
SR-B2 cells (control) and SR-B2 cells transduced with RSAD2 or RFP were infected with
MV-GFP (MOI 0.1). Cell-associated virus and released virus in the supernatant was
collected at 24-120 h post-infection and titrated on Vero cells. Virus release in RSAD2
expressing cells was decreased 15-fold, relative to control cells (A). Mice were implanted
with SR-B2 cells expressing RFP (control cells) (B) or RSAD2 expressing cells (C) and
treated with 1 x108 TCID50 MV-GFP once per week for 3 weeks and followed for survival.
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MV-H Surface Expression (20H6)

102
FL2-Height

RSAD2 does not restrict MV glycoprotein transport. SR-B2-RFP and SR-B2-RSAD2 cells
were infected with MV-GFP (MOI 0.1). Release MV particles were assessed by immunoblot
(A). Flow cytometry analysis of MV-H expression on the surface of 293T cells expressing
MX1 (in green), RSAD2 (in red) and control non-infected 293 cells expressing MX1 (in

orange) or RSAD?2 (in blue) (B).
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NAP-tag calnexin merge

RSAD2

RSAD2-N42

RSAD2-C’17

RFP-NAP-co

isotype-co  isotype-co merge

RSAD2

Generation of RSAD2 mutants. RSAD2 mutants were generated by eliminating the N- or C-
terminal domain were generated (A). Additional mutants that ablate the Fe-S cluster domain
with cysteine to alanine mutations at positions 83, 87 and 90 were also generated. Protein
expression of the RSAD2 mutants was confirmed by western blot (B). RSAD2 mutant
proteins were analyzed for co-localization with the ER associated protein, Calnexin, by
immunofluorescence (C). The SR-B2 cells were transduced with wild type (RSAD?2) or
truncated N and C termiunus (RSAD-N’42 or RSAD2-C’17 respectively. Cells transduced
with RFP-NAP-tagged protein (RFP-NAP-co) were used as control. Isotype control
antibodies were incubated with RSAD2-transduced cells (bottom row).
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Fig 5.

Idgntification of RSAD2 domains involved in restricting MV infection. SR-B2 cells
expressing the RSAD2 mutants were infected with MV (MOI 0.1) and protein production
measured by western blot at 48, 72 and 96 h post-infection (C). SR-B2 cells transduced with
the RSAD2 mutants were infected with MV (MOI 0.1) and virus supernatant was measured
by titration on Vero cells (D).
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