L] AMERICAN Journal of
SOCIETY FOR . ®
— MICROBIOLOGY Verlogy

PATHOGENESIS AND IMMUNITY

L)

Check for
updates

Identification of Natural Molecular Determinants of Ross River

Virus Type | Interferon Modulation

Xiang Liu,2® Margit Mutso,>* Liubov Cherkashchenko,c Eva Zusinaite,c { Lara J. Herrero,2 Stephen L. Doggett,¢
John Haniotis,¥ ©© Andres Merits,< Belinda L. Herring,® Adam Taylor,2* 2’ Suresh Mahalingama*

aInstitute for Glycomics, Griffith University, Southport, Queensland, Australia

PMenzies Health Institute Queensland, Griffith University, Southport, Queensland, Australia

cInstitute of Technology, University of Tartu, Tartu, Estonia

dDepartment of Medical Entomology, Pathology West, ICPMR, Westmead Hospital, Westmead, NSW, Australia

Adam Taylor and Suresh Mahalingam are joint last authors.

ABSTRACT Ross River virus (RRV) belongs to the genus Alphavirus and is prevalent in
Australia. RRV infection can cause arthritic symptoms in patients and may include rash,
fever, arthralgia, and myalgia. Type | interferons (IFN) are the primary antiviral cytokines
and trigger activation of the host innate immune system to suppress the replication of
invading viruses. Alphaviruses are able to subvert the type | IFN system, but the mecha-
nisms used are ill defined. In this study, seven RRV field strains were analyzed for induc-
tion of and sensitivity to type | IFN. The sensitivities of these strains to human IFN-S var-
ied significantly and were highest for the RRV 2548 strain. Compared to prototype
laboratory strain RRV-T48, RRV 2548 also induced higher type | IFN levels both in vitro
and in vivo and caused milder disease. To identify the determinants involved in type |
IFN modulation, the region encoding the nonstructural proteins (nsPs) of RRV 2548 was
sequenced, and 42 amino acid differences from RRV-T48 were identified. Using fragment
swapping and site-directed mutagenesis, we discovered that substitutions E402A and
R522Q in nsP1 as well as Q619R in nsP2 were responsible for increased sensitivity of RRV
2548 to type | IFN. In contrast, substitutions A31T, N219T, S580L, and Q619R in nsP2 led
to induction of higher levels of type I IFN. With exception of E402A, all these variations are
common for naturally occurring RRV strains. However, they are different from all known
determinants of type | IFN modulation reported previously in nsPs of alphaviruses.

IMPORTANCE By identifying natural Ross River virus (RRV) amino acid determinants
for type | interferon (IFN) modulation, this study gives further insight into the mech-
anism of type | IFN modulation by alphaviruses. Here, the crucial role of type | IFN in
the early stages of RRV disease pathogenesis is further demonstrated. This study also
provides a comparison of the roles of different parts of the RRV nonstructural region
in type | IFN modulation, highlighting the importance of nonstructural protein 1
(nsP1) and nsP2 in this process. Three substitutions in nsP1 and nsP2 were found to
be independently associated with enhanced type | IFN sensitivity, and four indepen-
dent substitutions in nsP2 were important in elevated type | IFN induction. Such evi-
dence has clear implications for RRV immunobiology, persistence, and pathology.
The identification of viral proteins that modulate type | IFN may also have impor-
tance for the pathogenesis of other alphaviruses.

KEYWORDS Ross River virus, alphavirus, interferons, viral determinants

oss River virus (RRV) is a member of the Alphavirus genus (family Togaviridae) that
is prevalent throughout Australia and is a major concern in Papua New Guinea and
Pacific Island countries (1). Recent evidence suggests ongoing endemic circulation of
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RRV in Fiji (2). RRV is transmitted by mosquitoes. On average, approximately 5,000
clinical cases of RRV disease are reported annually in Australia (3, 4). According to
Australia’s National Notifiable Diseases Surveillance System (NNDSS), 9,542 RRV infec-
tion cases were reported in 2015, representing a 23-year high (5). The most common
clinical manifestations of RRV disease include polyarthritis and myalgia, which can last
up to 6 months. Some patients may also develop fever and rash (6). It is estimated that
the annual cost of RRV disease, including testing, treatment, and lost earnings, is
approximately AU$20 million (4). Common, and often ineffective, treatments for pa-
tients with RRV disease include analgesics and nonsteroidal anti-inflammatory drugs, as
there are currently no commercially available treatments or vaccines (6).

The type | interferon (IFN) system is the first line of defense against invading viral
pathogens. The system is triggered upon virus infection, leading to the activation of
interferon-stimulated genes (ISGs) (7-10). Many viruses, including alphaviruses, have
evolved to counteract the type | IFN system (11-13). Alphavirus infection generally
results in rapid shutdown of host cell transcription and protein synthesis in favor of viral
protein synthesis (14). This was also thought to be the main mechanism of alphavirus
type | IFN suppression. However, alphaviruses also exert more specific effects on the
type | IFN system. Recent work with Sindbis virus (SINV), Venezuelan equine enceph-
alitis virus (VEEV), and chikungunya virus (CHIKV) demonstrated that inhibition of STAT1
phosphorylation and nuclear export of STAT1 by these viruses, independent of host
protein shutoff, limited type | IFN signaling (15-18). For CHIKV, SINV, and Semliki Forest
virus (SFV), which together with RRV belong to the Old World alphaviruses, IFN
modulation is mediated by the viral nonstructural (replicase) proteins (nsPs) (12-15, 19,
20). Despite this, our knowledge of how alphaviruses suppress IFN independent of host
shutoff is limited and often contradictory (12, 20, 21). In addition, the precise molecular
determinants of type | IFN modulation/antagonism are still not clear.

The field strains of RRV used in this study have been isolated from different species
of Australian mosquitoes found in different states of Australia (Fig. 1). These field strains
provide us with a valuable natural pool of RRV with variation in biological activity and,
correspondingly, viral gene sequences. We hypothesize that gene variations naturally
occurring in these RRV field isolates modulate the type | IFN response to infection.
Several studies have investigated the response to type | IFN induction during alphavirus
infection (14, 22, 23). In contrast, type | IFN sensitivity is one of the least understood
aspects of alphavirus infection. In this study, the RRV field strains were found to exhibit
differences in type | IFN sensitivity, providing an opportunity to identify naturally
occurring determinants of this phenotype. RRV field strain RRV 2548, which was isolated
in 1989 in New South Wales (24, 25), exhibits greater ability to induce type | IFN both
in vitro and in vivo than the prototype RRV-T48 strain. We examined the pathogenesis
of RRV 2548 in vivo and assessed how different pathogenic phenotypes related to
differences in virus genotype and IFN induction/sensitivity. Our data indicate that nsP1
A402 and Q522 as well as nsP2 R619 residues are associated with RRV type | IFN
sensitivity, while nsP2 residues T31, T219, L580, and R619 are required for enhanced
type | IFN induction.

RESULTS

RRYV field strains differ in sensitivity to human IFN-pB. To screen the type | IFN
sensitivity of RRV field strains, Vero cells which are unable to produce type | IFN but can
react to exogenous IFN were mock treated with phosphate-buffered saline (PBS) or
treated with 0.05 ng/ml human IFN-B and infected at a multiplicity of infection (MOI) of
0.1 with different RRV strains. Cell culture media were collected for plaque assay 24 h
postinfection (p.i.). The replication of all RRV field strains was inhibited by IFN-B
treatment. For the strains RRV 4767, RRV 28937, and RRV 36750 as well as for laboratory
stain RRV-T48, inhibition was modest, approximately 8.5-, 22.5-, 9-, and 5.2-fold, respec-
tively. In contrast, for RRV 2548, RRV 53302, RRV 145290, and RRV 14291, more
prominent >100-fold inhibition of replication was observed (Fig. 2). Among all RRV field
strains, RRV 2548 showed the greatest sensitivity to human IFN-B, with approximately
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2548 ‘ 1989 ‘ Cx annul ‘ Griffith; Inland area ‘ Verox1

4767 1990 Cx annul » Wentworth; Inland area Not recorded

14291 ‘ 1992 ‘ Cx annul ’ Griffith; Inland area ‘ BHK21x1 = BHK21x1 = C6/36x1
28937 1994 Cx annul Boggabilla; Inland area C6/36x1 =P C6/36x1 =P BHK21x1 mp BHK21 x1
36750 ‘ 1996 ‘ Ae vigilax ‘ Port Stephens; Coastal area  PESK*x1 =3 PESKx1 =3 PESKx1 = C6/36x1
53302 1999 Ae vigilax  Port Stephens; Coastal area BHK21x1 =3 BHK21x1 = C6/36x1
145290 ‘ 2008 ‘ Cx annul ‘ Griffith; Inland area ‘ Not recorded
ey

*, PESK, Porcine Embryonic Swine Kidney cells

FIG 1 RRV field strains tested in the study. The RRV field strain, year it was isolated from the mosquito species, and

trap location in Australia were recorded along with passage histories.

330-fold growth inhibition compared to that of mock-treated controls. RRV 2548 IFN-3
sensitivity was significantly higher than that of any other field strain. For this reason,
RRV 2548 was selected for further comparison with the prototype strain RRV-T48.

RRV 2548 has a reduced rate of replication compared to that of RRV-T48 in
vitro. To determine the replication kinetics of RRV 2548 in vitro, multistep growth
curves were produced in Vero, Hela, and L929 cells. Cells were infected with either
RRV-T48 or RRV 2548 at an MOI of 0.1. Cell culture media were collected at 12, 24, 36,
and 48 h p.i. and analyzed using a plaque assay. In Vero cells (Fig. 3A), RRV 2548 grew
to significantly lower titers, ~17-fold and ~5-fold lower, than RRV-T48 at 24 and 36 h
p.i., respectively. Although titers converged with no difference at 48 h p.i. In Hela (Fig.
3B) and L929 (Fig. 3C) cells, the rate of infectious RRV 2548 production was consistently
lower than RRV-T48, with significantly reduced titers at 36 h p.i. (~9-fold and ~38-fold
lower, respectively). Thus, compared to RRV-T48, RRV 2548 displayed reduced growth
in all three mammalian cell lines.

RRV 2548 infection induces high levels of type I IFN in L929 cells and exhibits
enhanced sensitivity to human IFN-B. To compare type | IFN induction following
infection, L929 cells were infected with RRV-T48 and RRV 2548 at an MOI of 0.1. In
parallel, as a positive control for IFN induction, cells were transfected with 10 ug
poly(l-C). Cell culture media were collected and UV inactivated 12 h and 24 h later, and
type | IFN production was determined by performing a cytopathic effect (CPE) inhibi-
tion bioassay using SFV infection of L929 cells. Transfection of poly(l-C) and infections
with RRV-T48 and RRV 2548 all triggered type | IFN production to various degrees (Fig.
4A). RRV 2548 induced significantly higher levels of type | IFN than RRV-T48. On
average, RRV 2548 induced approximately 830 [U/ml and 925 IU/ml of type | IFN at 12
h and 24 h p.i., respectively, compared to approximately 180 IU/ml and 585 IU/ml
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FIG 2 Type | IFN sensitivities of RRV-T48 and RRV field strains. Vero cells were treated with human IFN-B at 0.05 ng/ml;
control cells were left untreated. The cells were then infected with RRV field strains and RRV-T48 at an MOI of 0.1. The cell
culture media were collected at 24 h p.i. and analyzed by plaque assay. The numbers above each column represent the
viral titer without/with IFN-B treatment (average from three independent experiments). The sensitivity to type | IFN is
represented by a decrease in viral titer by IFN-3 treatment. Error bars represent * standard errors of the means (SEMs) from
three independent experiments. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001 using one-way ANOVA with Bonferroni’s post

hoc test.

induced by RRV-T48 at the respective times. Thus, RRV 2548 also induced high levels of
type | IFN earlier than RRV-T48.

To characterize and compare the type | IFN sensitivity of RRV 2548 and RRV-T48,
Vero cells were treated with increasing amounts of human IFN-B ranging from
0.05 ng/ml to 0.25 ng/ml and then infected with RRV-T48 or RRV 2548; control cells
were mock treated. The supernatants were collected for plaque assay at 24 h p.i. The
replication of both RRV-T48 and RRV 2548 was reduced with increasing concentrations
of IFN-B (Fig. 4B). However, growth inhibition of RRV 2548 was significantly greater than
that of RRV-T48 at all concentrations of IFN-B (Fig. 4B), reaching ~390-fold already at
0.05 ng/ml IFN-B. At 0.25ng/ml IFN-B, RRV 2548 completely failed to replicate, as
observed titer ~102 PFU/mI most likely originated from the remaining virus used in the
inoculum. Together, the results suggest RRV 2548 is not only a stronger and earlier
inducer of type | IFN but also has increased sensitivity to IFN-B compared to that of
RRV-T48.

RRV 2548 induces high levels of type | IFN in C57BL/6 mice. To assess the
replication efficiency of RRV 2548 in vivo, twenty-day-old C57BL/6 wild-type (WT) mice
were infected subcutaneously with 104 PFU of RRV-T48 or RRV 2548. Mice were culled
at 12, 24, 48, and 72 h p.i, and serum, quadriceps, and spleens were collected for
plaque assay analysis. At 24 and 48 h p.i, mice infected with RRV 2548 showed
significantly reduced viremia compared to RRV-T48-infected mice (Fig. 5A). In the
spleen, RRV-T48 titers peaked at 24 h p.i., while RRV 2548 titers peaked at 48 h p.i. (Fig.
5B). The profile of infectious virus recovered from quadriceps showed significantly
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FIG 3 Multistep growth curves of RRV-T48 and RRV 2548. The growth kinetics of RRV-T48 or RRV 2548 were analyzed in Vero (A), Hela
(B), and L929 cells (C). Cells were infected with either RRV-T48 or RRV 2548 at an MOI of 0.1. All the cell culture media were collected at
12 h, 24 h, 36 h, and 48 h p.i. and analyzed by plaque assay. The limit of detection was 30 PFU/ml. Values are expressed as the mean
titers = SEMs from three independent experiments. *, P < 0.05; **, P < 0.01 using two-way ANOVA with Bonferroni’s post hoc test.

reduced titers of RRV 2548 at 24 h p.i. compared to those in RRV-T48-infected mice (Fig.
5Q). Thus, the replication profile of the two RRV strains differed in vivo, with RRV-T48
generally exhibiting more efficient replication.

To determine the level of type I IFN induced by RRV-T48 and RRV 2548 infection, IFN
bioassays were performed using serum, spleens, and quadriceps of infected mice.
Compared to RRV-T48, RRV 2548 induced ~1.9-fold higher levels of type | IFN in serum
at 12 h p.i. and ~2.1-fold higher levels of type | IFN in the spleen at 24 h p.i. (Fig. 5D
and E). In quadriceps, the levels of type | IFN induced by RRV 2548 and RRV-T48
infection peaked at 24 h p.i. (Fig. 5F). Although RRV 2548 induced larger amounts of
type | IFN than RRV-T48 in quadriceps, the difference between the two strains was not
statistically significant.

RRV 2548 induces milder disease than RRV-T48 in C57BL/6 mice. To investigate
the inflammatory disease manifestations caused by infection with RRV 2548, C57BL/6
mice were subcutaneously infected with 10* PFU of RRV-T48 or RRV 2548. Mock-
infected control mice received PBS alone. Weights and disease signs were recorded
daily. Compared to RRV 2548-infected mice, mice infected with RRV-T48 showed
significantly reduced weight gain from day 7 p.i. (Fig. 6A). RRV-T48-infected mice
developed severe hind limb weakness and loss of gripping ability. In contrast, mice
infected with RRV 2548 developed milder hind limb weakness, which contributed to
significantly lower disease scores than in RRV-T48-infected mice from day 7 to day 10
p.i. (Fig. 6B). At day 10 p.i., mice were culled, and quadriceps collected for histological
analysis by hematoxylin and eosin (H&E) staining. Histological analysis revealed that the
quadriceps of RRV-T48-infected mice had greater signs of inflammation and muscle
tissue damage than those of RRV 2548-infected mice (Fig. 6C). Furthermore, semiquan-
titative analysis of quadriceps immune cell infiltration showed that the number of cells
in the muscle of RRV-T48-infected mice was ~1.5-fold higher than that measured in the
quadriceps of mice infected with RRV 2548 (Fig. 6D). Taken together, these results
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demonstrate that RRV 2548-infected mice developed less severe disease and displayed
reduced inflammation in the quadriceps muscle than RRV-T48-infected mice.

RRV nsP1 and nsP2 play a major role in type | IFN modulation. The nsPs of RRY,
CHIKV, SINV, and SFV were previously shown to play essential roles in type I IFN
modulation (12, 13, 23, 26, 27). Therefore, the sequence of the RRV 2548 nonstructural
region was determined and compared to that of RRV-T48. In total, 221 nucleotide
differences were revealed (Table 1). Most of these differences represented synonymous
changes; however, there were 4 nonsynonymous substitutions in nsP1, 8 in nsP2, and
6 in nsP4. nsP3 of RRV 2548 contained, in addition to 12 nonsynonymous substitutions,
a 12-amino-acid insertion (Table 2). To determine whether these mutations were
responsible for the different type | IFN responses of RRV-T48 and RRV 2548, we
designed and constructed two chimeric viruses, RRV M12 that contained the nsP1-nsP2
region from RRV 2548 and RRV M34 that had the nsP3-nsP4 region from RRV 2548 in
the RRV-T48 backbone (Fig. 7A). Both chimeras were viable and replicated in L929 and
Vero cells to similar levels. It was noticed, however, that the yields of the chimeric
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FIG 5 RRV 2548 replication and type | IFN induction in vivo. Twenty-day-old C57BL/6 WT mice (5 mice per group) were injected
subcutaneously with 10* PFU of RRV-T48 or RRV 2548. Animals were euthanized, and serum, spleens, and quadriceps were collected at
12 h, 24 h, 48 h, and 72 h p.i. Viral titers were determined by plaque assay for serum (A), spleen (B), and quadriceps (C), and type | IFN
levels were measured by SFV bioassay for serum (D), spleen (E), and quadriceps (F). Values are shown as the means * SEMs from duplicate
experiments. *, P < 0.01; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 using two-way ANOVA with Bonferroni’s post hoc test.

viruses were significantly different. RRV M34 replicated to high titers that were com-
parable to those of RRV-T48. In contrast, RRV M12 replicated to lower titers similar to
those of RRV 2548 in L929 but had higher titers than RRV 2458 in Vero cells (Fig. 7B).
Next, the type | IFN induction abilities of RRV M12 and RRV M34 were investigated. Both
chimeric viruses induced higher levels of type | IFN in L929 cells than RRV-T48.
Furthermore, RRV M12 induced significantly higher levels of type I IFN than RRV M34 or
even RRV 2548 both at 12 and 24 h p.i. (Fig. 7C). A similar tendency was revealed for
type | IFN sensitivity. Again, IFN-B inhibited replication of both chimeric viruses to a
larger extent than it inhibited replication of RRV-T48. Inhibition of RRV M12 replication
was significantly more prominent than that of RRV M34 and, similarly to RRV 2548, RRV
M12 most likely completely failed to replicate at 0.25 ng/ml IFN-3 (Fig. 7D). Therefore,
it was concluded that the type | IFN modulation determinants of RRV 2548 were mostly
associated with nsP1 and/or nsP2. The type | IFN modulation determinants of RRV 2548
associated with nsP1 and/or nsP2 were therefore mapped further. However, as RRV-
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M34 was also more type | IFN sensitive than RRV-T48, some determinants of type | IFN

sensitivity were likely located in nsP3 and/or nsP4.

Mapping of determinants of RRV 2548 type | IFN modulation. From all amino
acid substitutions detected in the nsP1-nsP2 region of RRV 2548, V186A, E402A, and

TABLE 1 Comparison of nucleic acid sequences of nonstructural regions of RRV 2548 and

RRV-T48
nsP gene Length (bp) No. of substitutions
nsP1 1,602 31
nsP2 2,394 51
nsP3 1,614 (RRV-T48) 94
1,650 (RRV 2548)
nsP4 1833 45

9There is a 36-bp insertion in nsP3 gene of RRV 2548.
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TABLE 2 Comparison of amino acid sequences of nonstructural regions of RRV 2548 and

RRV-T48
No. of
nsP  Length (aa)? substitutions Substitutions (RRV-T48 to 2548)
nsP1 534 4 V186A, 1278V, E402A, R522Q
nsP2 798 8 R11K, A31T, E116D, V123l, E167D, N219T, S580L, Q619R
nsP3 538 (RRV-T48)  12¢ T28A, Q59R, N279S, K323Q, T331M, RADTVSLDSSVL
332-343 (insertion)®
550 (RRV 2548) V419A, E436G, K439T, C505R, K506E, V5201, S530P
nsP4 611 6 V41A, T98Il, K106R, R116L, L235F, V450l

9aa, amino acids.
bThere is a 12-amino-acid insertion in nsP3 of RRV 2548.

R522Q in nsP1 and A31T, N219T, S580L, and Q619R in nsP2 were assessed as significant
differences based on the change in charge, steric hindrance, and hydrophobic index of
these amino acid residues (Table 3). With the exception of nsP1 E402A, all these
substitutions were found to be common in different isolates of RRV and, interestingly,
often occur in combinations similar to these found in RRV 2548 (Table 4). To further
define if these substitutions represent novel type | IFN determinants, seven mutant
RRV-T48 infectious clones, each harboring a single mutation in nsP1 or nsP2, were
constructed (Fig. 8A). All mutant viruses were successfully rescued. In contrast to RRV
M12 (Fig. 7B) and RRV 2548, they were all able to replicate in L929 cells to titers of >107
PFU/ml (Fig. 8B). Next, the type | IFN induction abilities of these seven viruses were
determined. Compared to RRV-T48, viruses harboring substitutions S580L and Q619R in
nsP2 induced significantly higher levels of type | IFN at 24 h p.i. (Fig. 8C). In contrast,
none of the mutants harboring substitutions in nsP1 produced elevated type | IFN
levels (Fig. 8C). However, when the type | IFN sensitivities of these mutants were
determined, a similar trend was not observed. Compared with RRV-T48, mutant viruses
with substitutions E402A and R522Q in nsP1 and Q619R in nsP2 exhibited enhanced
growth inhibition in the presence of human IFN-B at a concentration of 0.25 ng/ml (Fig.
8D). Furthermore, all viruses with substitutions in nsP1 and virus with nsP2 Q619R
substitution demonstrated statistically significant enhanced growth inhibition com-
pared to that of RRV-T48 already at 0.1 ng/ml IFN-S3 (Fig. 8D). These results indicate that
all seven residues of RRV-T48 are involved in generating the resistance to type | IFN. The
impact of V186, E402, and R522 in nsP1 and Q619 in nsP2 was most prominent, as
substitution of any of these residues alone resulted, in the presence of IFN-, in titers
coherent with complete lack of replication, e.g., they had a phenotype similar to that
of RRV-M12 harboring all these changes combined.

Interferon sensitivity of RRV recombinants and mutants does not correlate
with general shutoff of cellular translation. We have previously demonstrated that
RRV-T48 infection results in complete shutoff of host cell translation in BHK-21 cells (23).
To determine the effect of RRV recombinants and mutants on host cell protein
synthesis, similar experiments were performed. In BHK-21 cells lacking a functional type
I IFN system (28, 29), RRV recombinants and all RRV mutants were capable of inducing
near-complete shutoff of host cell translation by 24 h p.i; no clear differences from
RRV-T48 were observed at any time point (Fig. 9A). These results suggest that enhanced
IFN induction/sensitivity of RRV recombinants and mutants may be due to a more
specific mechanism rather than general protein shutoff. A slight reduction in the level
of structural polyprotein of RRV M12 suggests that RRV M12 has reduced replicative
capacity compared to those of RRV-T48 and recombinant RRV M34 (Fig. 7B).

It has been demonstrated by us and others that defects of nonstructural polyprotein
processing can also result in increased induction of type I IFN (14, 17, 23). Albeit none
of the seven mutations found in RRV 2548 is associated with polyprotein cleavage sites
or known determinants of nsP2 protease activity, we analyzed nonstructural polypro-
tein processing in a cell-free system. Results of this analysis confirmed that all RRV
recombinants and mutants were able to process the nonstructural polyprotein as
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FIG 7 Type | IFN modulation of chimeric RRVs. (A) The chimeric RRV M12 and M34 were constructed as
shown. (B) Vero and L929 cells were infected with RRV-T48, RRV 2548, RRV M12, and RRV M34 at an MOI
of 2, and cell culture media were collected at 12 and 24 h p.i. for analysis by plaque assay. The type | IFN
induction (C) and sensitivity (D) of RRV-T48, RRV 2548, RRV M12, and RRV M34 were determined as
described for Fig. 4A and B, respectively. Error bars represent =SEMs from three independent experi-
ments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 using two-way ANOVA with
Bonferroni’s post hoc test (B and C); *, P < 0.05; ****, P < 0.0001 using one-way ANOVA with
Bonferroni’s post hoc test (D).

April 2020 Volume 94 Issue 8 e01788-19

Journal of Virology

jviasm.org 10


https://jvi.asm.org

RRV Genomic Determinants for Type | IFN Modulation

TABLE 3 Significant substitutions in nsP1-nsP2 regions of RRV 2548 compared to those of RRV-T48

Journal of Virology

Substitutions Amino Charge Side chain mol wt Hydrophobic Substitution
NsP (RRV-T48 to 2548) acid at pH 7.0 (steric hindrance) index significance?
nsP1 V186A \ Nonpolar 99.14 76 Yes
A Nonpolar 71.09 41
1278V | Nonpolar 113.16 99 No
Vv Nonpolar 99.14 76
E402A E Acidic 129.12 —31 Yes
A Nonpolar 71.09 41
R522Q R Basic 156.19 —14 Yes
Q Polar 128.14 -10
nsP2 R11K R Basic 156.19 —14 No
K Basic 128.17 —-23
A31T A Nonpolar 71.09 41 Yes
T Polar 101.11 13
E116D E Acidic 129.12 =31 No
D Acidic 115.09 —55
V123l \ Nonpolar 99.14 76 No
| Nonpolar 113.16 99
E167D E Acidic 129.12 —-31 No
D Acidic 115.09 —55
N219T N Polar 114.11 —28 Yes
T Polar 101.11 13
S580L S Polar 87.08 =5 Yes
L Nonpolar 113.16 97
Q619R Q Polar 128.14 —-10 Yes
R Basic 156.19 —-14

aThe significance of the differences between nsP1-nsP2 regions of RRV 2548 and RRV-T48 was assessed based on the charge, hindrance steric, and hydrophobic index
(67) of the amino acid residues located in variable positions. The substitutions assessed as significant have at least one notable change in the three factors.

efficiently as RRV-T48 (Fig. 9B), indicating that the enhanced type | IFN induction and
sensitivity to IFN-B were not due the differences in processing.

RIG-I and phosphorylated IRF3 are differentially regulated during infection
with recombinant RRV mutants. To further investigate the mechanism of increased
IFN induction by RRV strains, recombinants, and variants harboring point mutations, the
expression of type | IFN-inducible proteins during infection was examined by Western
blotting. No difference in expression levels of MDAS5, IPS-1, TRAF3, TBK1, IRF3, IRF7,
STAT1, or STAT2 was observed. In contrast, the levels of RIG-I were reproducibly higher
in RRV 2548-infected cells than in RRV-T48-infected cells (Fig. 10). RIG-l expression was
also notably increased in cells infected with RRV M12 or with RRV-T48 point mutants,
with the exception of virus harboring nsP1 E402A substitution (Fig. 10). Additionally,
RRV 2548, RRV M12, RRV M34, and RRV mutants harboring an nsP1 V186A, nsP2 A31T,
or nsP2 N219T substitution induced higher levels of IRF3 phosphorylation than RRV-T48
in infected cells. Interestingly, IKK-i was found to be upregulated by only nsP1 R522Q,
suggesting this substitution may modulate type | IFN induction, increasing its IFN
sensitivity. RRV 2548-infected cells also showed prominently increased STAT1 phos-
phorylation compared to that in cells infected with RRV-T48. Compared to that in cells
infected with RRV-T48, STAT1 phosphorylation was also increased in cells infected by all
RRV recombinants and variants harboring point mutations. However, the observed
increase was minor and not to the levels seen in RRV 2548-infected cells. In contrast, no
prominent increase in STAT2 phosphorylation was observed in cells infected by any of
the analyzed viruses. STAT2 phosphorylation was only slightly increased in RRV 2548-,
RRV M12-, and RRV nsP2 Q619R-infected cells compared to that in RRV-T48-infected
cells (Fig. 10). These results suggest that increased RIG-I expression and/or IRF3
phosphorylation may play a role in the enhanced IFN induction and/or sensitivity of
RRV harboring nsP1 V186A, nsP2 A31T, nsP2 N219T, nsP2 S580L, or nsP2 Q619R
substitutions. STAT1 and STAT2 phosphorylation during RRV 2548 infection may also
contribute to enhanced IFN induction.
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TABLE 4 Sequence variability analysis at the seven positions in RRV nsP1 and nsP2 across
the isolates

RRV type nsP1 186 nsP1402 nsP1522 nsP2 31 nsP2 219 nsP2 580 nsP2 619

RRV-T48

RRV 2548
RRV-1959-T48
RRV-2975
RRV-3078
RRV-2982
RRV-14389
RRV-9057
RRV-8961
RRV-K3011
RRV-1503
RRV-SW38788
RRV-SW24336
RRV-SW12358
RRV-SW11747
RRV-SW3181
RRV-NB5092
RRV-NC_001511
RRV-PW14
RRV-MIDI13
RRV-MIDI86
RRV-MIDI32
RRV-TT
RRV-QML 1
RRV-P6179
RRV-P1373
RRV-P42273
RRV-P42213
RRV-P42161
RRV-P42134
RRV-P42115
RRV-K2505

w
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DISCUSSION

The type | IFN system is a crucial component of the innate immune system,
providing defense against viral invasion. Alphaviruses are sensitive to type | IFN (30-32),
and mice deficient in IFN-a/3 receptor are highly susceptible to SINV, CHIKV, and VEEV
infection (16, 33-35). However, alphaviruses, like many other viruses, have an ability to
counteract the type | IFN system (15, 19, 36, 37). These type | IFN interference strategies
can be loosely grouped as follows: (i) induction of general shutoff of cellular gene
expression; (ii) specific virally encoded mediators, such as IFN antagonists (15); (iii)
vector-derived immunosuppressive mediators (e.g., mosquito and tick saliva) that limit
host responses against the invertebrate vector and also benefit the transmitted patho-
gen (36); and (iv) variations in viral glycosylation (37). Furthermore, viruses can use RNA
structural motifs to avoid immune restriction (38).

For RRV, the mechanism of type | IFN modulation is still unclear. Mutations in the
nsP1 region affect the ability of RRV to induce and counteract type | IFNs (14) and also
affect its virulence in mice (14, 39). However, these studies were performed using
laboratory-generated mutations and/or laboratory-adapted RRV strains. In the present
study, seven previously uncharacterized RRV field strains were shown to possess
different levels of sensitivity to type | IFN. Among these field strains, RRV 2548 was
highly sensitive to type | IFN. Compared to RRV-T48, RRV 2548 replicated to lower titers
in both type | IFN-competent cells and Vero cells unable to produce IFN (40, 41). Hence,
the reduced in vitro replication of RRV 2548 may be influenced by, but is not solely
dependent on, increased induction/sensitivity to type | IFNs. Notably, however, in L929
cells, RRV 2458 induced high levels of IFN at early stages of infection, with no or
minimal increase of IFN levels at later stages. In contrast, RRV-T48-infected cells showed
lower levels of IFN at early stages postinfection that increased at later stages (Fig. 4A).
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FIG 8 Type | IFN modulation of RRV-T48 mutants. (A) Mutations corresponding to significant changes found
in RRV 2548 sequence were introduced into the RRV-T48 backbone. (B) Vero cells were infected with RRV-T48,
RRV 2548, and indicated RRV-T48 mutants at an MOI of 2; cell culture media were collected at 24 h p.i. for
plague assay. The type | IFN inductions (C) and sensitivities (D) of analyzed viruses were determined as
described for Fig. 4A and B. Error bars represent =SEMs from three independent experiments. *, P < 0.05; **,
P < 0.01 using two-way ANOVA with Bonferroni’s post hoc test (C); *, P < 0.05; ***, P < 0.001; ****, P < 0.0001

using one-way ANOVA with Bonferroni’s post hoc test (B and D).
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FIG 9 Analysis of host cell translational shutoff and viral polyprotein processing by recombinant RRV
mutants. (A) BHK-21 cells were infected at an MOI of 10 with RRV-T48 and its mutants indicated above
the panels. At 4, 6, 12, and 24 h p.i, cells were labeled with [3**S]Met and [3°S]Cys. Cells were collected
30 min later and lysed in 1X SDS-PAGE loading buffer. Proteins were separated by SDS-PAGE and
visualized with a Typhoon imager. The experiment was repeated twice with similar results; data from one
experiment are shown. (B) In vitro translations were performed using TnT-SP6 rabbit reticulocyte lysate
system and [3°S]Met. One-tenth of the in vitro translation reaction was separated by SDS-PAGE. nsP2 and
P123 bands were quantified by a Typhoon phosphorimager. Three independent experiments were
performed in parallel; data from one experiment are shown. nsP2/P123 ratios calculated and normalized
to the ratio of RRV-T48 were taken as 100%. The quantified results are presented as the means =
standard deviations.

Therefore, it is likely that IFN produced in RRV-T48-infected cultures mostly originated
from cells that were not infected by the original virus inoculum but were primed by IFN
released from infected cells and then were infected by virus progeny, as described for
SINV-infected cultures (42). RRV 2548, in contrast, likely induces IFN production in cells
infected by the original virus inoculum. If so, this strain has a defect in the suppression
of IFN induction. The lack of subsequent increase of IFN levels may be due to limited
spread of RRV 2548 in cell culture, consistent with high sensitivity of this strain to the
antiviral effects of IFN.
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FIG 10 Levels of type | IFN signaling proteins in cells infected with RRV strains, recombinants, and
mutants. L929 cells were infected at an MOI of 2 with RRV-T48, RRV 2548, RRV M12, RRV M34, and
RRV-T48 harboring the changes indicated above the panels. Cell were collected at 24 h p.i, lysed, and
analyzed by Western blotting using antibodies recognizing RIG-l, MDAS5, IPS-1, TRAF3, TBK1, IKK-i, IRF3,
p-IRF3, IRF7, STAT1, STAT2, p-STAT1, and p-STAT2. Antibody against B-actin was used to detect loading
control. Blots represent one of two independent reproducible experiments.

Multiple studies using mice deficient in type | IFN have found that alphaviral
infection leads to higher mortality rates, more severe disease, and increased viremia
compared to that for WT mice (33-35, 43-47). Here, we found that mice with higher
levels of type | IFN developed milder inflammatory disease. Therefore, the results of our
in vivo study suggest that the type | IFN response in the spleen and serum may be
required for protection from RRV disease, particularly at early times postinfection. For
CHIKV, SINV, and SFV, nsPs play essential roles in type | IFN modulation (12, 13, 26, 27).
Amino acid substitutions have been mapped to nsP1 and nsP2, regions highly involved
in type | IFN modulation for Old World alphaviruses. Specifically, one mutation, Ala to
Val, either at position 532 or 534 of RRV nsP1 is sufficient to modulate type | IFN
induction (14, 23). For SINV and SFV, nsP2 is able to inhibit type | IFN by the induction
of shutoff host cell gene expression (13). Furthermore, the nsP2 of CHIKV was previously
shown to inhibit type I IFN by blocking STAT1 phosphorylation (15, 19). All these reports
suggest essential roles of nsP1 and nsP2 in type | IFN modulation. It should be noted
that involvement of nsP3 in modulation of the type I IFN response is also possible, given
its ability to reverse ATP-ribosylation in infected cells (48) and cause shutoff of host cell
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translation (49). In addition, nsP4 contains determinants responsible for the type |
IFN-resistant phenotype of a virulent strain of SFV (50). This study has focused on
substitutions found in the nonstructural region of RRV 2548. Interestingly, swapping of
the nsP3-nsP4 region of RRV-T48 with that of RRV 2548 indeed increased type | IFN
sensitivity, though this effect was less prominent than that caused by swapping of the
nsP1-nsP2 region. Thus, our data provide evidence that nsP1-nsP2, and to a lesser
extent nsP3-nsP4, are crucial for type | IFN modulation by RRV.

Further investigation of the amino acid differences between nsP1 and nsP2 of
RRV-T48 and RRV 2548 associated with type | IFN modulation revealed that all seven
substitutions, assumed to be significant due to the nature of swapped amino acid
residues and, with one exception, common for different RRV strains (Table 4), had an
effect on type | IFN induction and/or sensitivity. When introduced into the genome of
RRV-T48, all seven mutations increased the sensitivity to IFN treatment. Altered nsP1
functions could explain the higher type I IFN sensitivities of RRV nsP1 E402A and nsP1
R522Q. nsP1 is part of the viral RNA replicase responsible for the initiation of minus-
strand RNA synthesis (51-53). A recent study on RRV nsP1 showed a double mutation
of S79C and L2241 led to virus attenuation and higher sensitivity to type | IFN in vitro
(39). In a separate study, mutant RRV (RRVpgrs; persistent strain of RRV isolated from
long-term RRV-infected RAW 264.7 cells under ipopolysaccharide [LPS] treatment) was
found to have increased resistance to type | IFN in vitro (54). Compared to RRV-T48,
RRVpers had 12 amino acid differences, five of which were in the nsP1 region, namely,
R143T, A147S, R/G/W154A, R303P, and K499N. These substitutions were suggested to
contribute to the lower type | IFN sensitivity of RRVpggs. This study shows that two
mutations in the C-terminal region of nsP1, E402A and R522Q, are also related to RRV
type | IFN sensitivity. These mutations lie outside areas with known effect on protein
function. It is possible the mutations may modulate nsP1 function or its interactions
with other viral nsPs. Further studies are required to decipher the mechanism by which
these mutations alter nsP1 and/or replicase function and how this may modulate RRV
type | IFN sensitivity.

RRV nsP2 is a multifunctional enzyme. The C-terminal protease region plays an
essential role in replicase precursor (nonstructural polyprotein) processing (51, 55-57).
The N-terminal region of nsP2 has RNA helicase and nucleoside triphosphate (NTP)
binding domains. Several studies have focused on the role of nsP2 in suppression of IFN
induction (15, 19). nsP2 was found to inhibit cellular transcription by degrading Rpb1,
a key subunit of the RNA polymerase Il complex (20). The C-terminal region of CHIKV
nsP2 was found to counteract type | IFN by inhibiting JAK-STAT signaling (19). The
mutation Q619R identified in our study is located in the C-terminal part of the protease
domain of nsP2, which is known to be involved in suppression of the type I IFN
response by SFV and CHIKV (12, 19). The molecular basis of type | IFN suppression
caused by mutations in the corresponding regions of SFV and CHIKV are not well
understood, and available data are contradictory (19, 58, 59). Residue 619 is also close
to the recently described V-loop (amino acid residues 674 to 677 in CHIKV nsP2) that
is crucial for cytotoxicity and shutoff of cellular transcription (60). Therefore, we
speculate that the Q619R substitution may alter cytotoxic properties of nsP2 and/or its
nuclear transportation, which were both previously reported to be related to type I IFN
modulation (61). In addition, the mutations may affect the ability of nsP2 to counteract
induction of type | IFN. Further studies focused on the effect of the mutations on the
nsP2 and whole viral replicase are needed to elucidate these mechanisms. For the
Q619R substitution, it would also be interesting to analyze whether the elevated IFN
induction and increased sensitivity to type | IFN originate from one and the same
mechanism or whether the Q619R mutation affects different aspects of interactions
between RRV and the host type | IFN system.

On its own, the replicase of SFV induces high levels of type | IFN through the
RIG-I/MDA5 pathway, and the effect is enhanced by R649D mutation in the protease
part of the protein (62). SINV/G, a SINV variant with a P726G mutation in nsP2, was
found to induce much higher levels of type | IFN in vitro than wild-type SINV (13). These
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reports suggest that the processing of replicase precursor is related to type | IFN
modulation. We recently reported a similar effect for RRV (23). Therefore, it was
tempting to speculate that the S580L and Q619R substitutions in the protease region
of RRV nsP2 may both result in altered nsP2 function and lead to perturbed viral RNA
synthesis and generation of excess of type | IFN-inducing RNAs. Indeed, all four nsP2
mutants were associated with increased expression of type | IFN regulators RIG-l and/or
phosphorylated IRF3. However, none of the positions of the nsP2 mutations match
amino acid motifs known to affect activity of nsP2 protease. Indeed, these mutations
had no effect on polyprotein processing in the cell-free system; a finding arguing
against the above-presented hypothesis. Although STAT1 phosphorylation was dra-
matically increased in RRV 2548-infected cells compared to that in cells infected with
RRV-T48, none of the RRV recombinants or variants harboring point mutations showed
a similar level of increased STAT1 phosphorylation as RRV 2548. These results suggest
a cumulative effect of the RRV 2548 nonstructural proteins is required to stimulate
STAT1 phosphorylation. The effect of RRV infection on STAT2 phosphorylation was
generally small, and the differences between parental viruses were minimal. RRV-T48
harboring the nsP2 Q619R substitution stimulated STAT2 phosphorylation to a similar
level as RRV 2548, again indicating that the mutation at position 619 may affect the
ability of nsP2 to counteract induction of type I IFN.

From a preliminary sequence variability analysis (Table 4), we found that six of the
seven significant substitutions found in the nsP1-nsP2 region of RRV 2548 exist among
26 of the 30 RRV stains. In 14 of the 30 RRV isolates, nsP1 186A, nsP1 522Q, nsP2 219T,
and nsP2 580L have been found somehow linked together. nsP1 31T and nsP2 619R
were found to occur alone in seven and three isolates, respectively, suggesting these
two mutations may result from independent selection pressure. Taken together, these
six substitutions and their combinations occur commonly under natural conditions.
Interestingly, only residues found either in RRV-T48 or RRV 2548 were also found in
other RRV strains, indicating that for each of these positions, only two amino acid
residues have been naturally selected, highlighting the functional importance of these
positions and corresponding amino acids. Only nsP 402A exclusively exists in RRV 2548
and may therefore contribute to its distinguished sensitivity/induction to type | IFN.

In conclusion, we have characterized the genetic, phenotypic, and pathological
properties of the RRV field strain, RRV 2548, both in vitro and in vivo. Through genomic
analysis, we have identified RRV nsP determinants related to type | IFN modulation. This
study suggests the mechanism of RRV type | IFN modulation involves amino acid
determinants in nsP1 and nsP2 and provides new insights into alphavirus-host inter-
actions and viral pathogenesis.

MATERIALS AND METHODS

Ethics statement. All animal experiments were approved by the Animal Ethics Committee of Griffith
University (Gly/01/14/AEC). All procedures conformed to the National Health and Medical Research
Council guidelines (63). The humane endpoint was defined as a clinical disease score of 7 (moribund) or
weight loss greater than 15%.

Cells and viruses. Vero cells (88020401; Sigma-Aldrich) were propagated in Opti-MEM (Life Tech-
nologies) supplemented with 5% fetal bovine serum (FBS; Bovogen). HeLa (ATCC CCL-2) and mouse
fibroblast L929 cells (ATCC CCL-1) were cultivated using Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 5% FBS. HeLa cells were kindly provided by Nigel McMillan (Griffith University, School
of Medical Science), while L929 cells were a gift from Andreas Suhrbier (QIMR Berghofer Medical Research
Institute). BHK-21 cells (ATTC CCL-10) were grown in Glasgow minimum essential medium (GMEM)
supplemented with 10% FBS, 2% tryptose phosphate broth, 10 mM HEPES, 100 ng/ml streptomycin, and
100 IU/ml penicillin. All cells were maintained at 37°C and 5% CO.,.

The prototype infectious clone of RRV-T48 (kindly provided by Richard Kuhn, Purdue University) is
based on virus originally isolated from Aedes vigilax in northeast Queensland that was passaged 10 times
in suckling mice and twice in Vero cells prior to generating an infectious clone (64, 65). The RRV-T48 virus
stock was generated by in vitro transcription of infection clone DNA using an mMESSAGE mMACHINE SP6
Transcription kit (Ambion) followed by virus rescue as previously described (64). Briefly, 2 ug of RRV-T48
cDNA plasmids were linearized and transcribed, with the resulting transcription products electroporated
into Vero cells using an electroporator (Eppendorf, Germany). Recovered viruses were amplified on Vero
cells. The RRV field strains (Fig. 1) were amplified on Vero cells for 3 passages.
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Virus titers were determined by standard plaque assay on Vero cells (66). Briefly, Vero cell monolayers
were infected with serial dilutions of viral stocks prior to the addition of a 0.2% agarose overlay. Plates
were incubated for 48 h, after which the cells were fixed with 4% formaldehyde and stained with 0.05%
crystal violet. Viral titers were calculated using the following formula: PFU/ml = [average plaques/volume
(ml) of virus added] X dilution factor (67). Virus stocks were stored in 0.5-ml aliquots at —80°C.

Genome sequencing. Genomic RNA of RRV 2548 was extracted by using TRIzol RNA isolation
reagents (Life Technologies) according to the manufacturer’s instructions. The first strand of cDNA was
synthesized using a SuperScript lll first-strand synthesis system (Invitrogen) with oligo(dT) as a primer.
The cDNA corresponding to the nonstructural region of the RRV 2548 genome was amplified by PCR
using the cDNA as the template and then sequenced by DNA Sanger sequencing (AGRF); the sequence
of this region was assembled by Vector NTI software.

Chimeric viruses. The cDNA fragments F12 and F34, containing the sequences corresponding to RRV
2548 nsP1-nsP2 or nsP3-nsP4 regions, respectively, were both amplified by PCR with the RRV 2548 cDNA
as a template. The primers used for amplification of these two fragments were F12-forward (TTAACGC
CCGAAGGAGGTTG), F12-reverse (GGCCCCTAGGTCAAGATCATAAATACQ), F34-forward (TTGACCTAGGATTA
CCCCTGAATGC) and F34-reverse (TTTAGGGCCCTTAAGCCTAGTAAC). F12 and F34 were then cloned into
RRV-T48 infectious clone backbone, replacing their counterpart fragments and making the chimeric RRV
M12 and RRV M34 infectious clones, respectively. RRV M12 and RRV M34 were rescued and propagated
as described for RRV-T48.

Site-directed mutagenesis. Seven point mutations, each substituting a single amino acid residue in
RRV-T48 nsP1 or nsP2 (nsP1 V186A, nsP1 E402A, nsP1 R522Q, nsP2 A31T, nsP2 N219T, nsP2 S580L, and
nsP2 Q619R), were introduced into RRV-T48 subclone designated pUC19-F7 using QuikChange Il XL
site-directed mutagenesis kit (Agilent) according to the manufacturer’s instructions. Fragments harboring
the correct mutation were cloned back to the RRV-T48 infectious clone backbone, replacing the original
fragments. The new RRV-T48 infectious clones containing point mutations were used to generate seven
RRV mutants as described above.

Pulse labeling of proteins in infected cells. BHK-21 cells were seeded on 35-mm plates and
infected separately with RRV-T48 and nine RRV mutants generated in this study at an MOI of 10. At 4, 8,
12, and 24 h postinfection, cells were starved in methionine- and cysteine-free DMEM for 30 min and
labeled for 30 min with 0.5 ml starvation medium containing 50 uCi [**S]Met and [3>>S]Cys (1,175 Ci/
mmol; Perkin Elmer, USA). After labeling, cells were rinsed with PBS, lysed with 0.1 ml of 1X SDS loading
buffer, and boiled for 5 min. Obtained samples were analyzed by 10% SDS-PAGE; labeled proteins were
visualized with a Typhoon imager.

IFN-B treatment of cells. Vero cells were seeded into 12-well plates and cultured overnight. The cell
growth medium was discarded, and cell monolayers were washed once with PBS. Serum-free medium
containing 0.0, 0.05, 0.1, or 0.25 ng/ml human IFN-B (PeproTech) was added to the cells, and the plates
were incubated at 37°C for 24 h before virus infection.

SDS-PAGE and Western blot analysis. L929 cells were lysed in RIPA buffer (150 mM NaCl, 0.1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl [pH 8.0], 1% protease inhibitor
cocktail; Sigma) and diluted 1:2 with 2X protein solubilizing buffer (50 mM Tris-HCI [pH 6.8], 2% [wt/vol]
SDS, 20% [vol/vol] glycerol, 50 ng/ml bromophenol blue, 10 mM dithiothreitol [DTT]) and heated at 99°C
for 5 min. Proteins were separated by SDS-PAGE followed by transfer onto a polyvinylidene difluoride
(PVDF) membrane (Millipore). Membranes were probed by the following antibodies from Santa Cruz
Biotechnology Inc.: RIG-I (H-300, catalog number [cat no.] sc-98911); MDA5 (H-61, cat no. sc-134513);
IPS-1 (E-3, cat no. sc-166583); TRAF3 (H-122, cat no. sc-1828); TBK1 (108A429, cat no. sc-52957); IKK-i (A11,
cat no. sc-376114); IRF3 (SL-12, cat no. sc-33641); IRF7 (H-246, cat no. sc-9083); STAT1 (c136, cat no.
sc-464); STAT2 (B3, cat no. c-514193), and B-actin (C4, cat no. sc-47778). Antibody against phosphorylated
IRFS (p-IRF3) (4D4G, cat no. 4947) was purchased from Cell Signaling Technology. Antibody against
p-STAT1 (Y701, cat no. ab29045) was purchased from Abcam. Antibody against p-STAT2 (Y690, cat no.
SAB4503836) was purchased from Sigma-Aldrich. Proteins were visualized with enhanced chemilumi-
nescence (Amersham ECL Select Western blotting detection reagent) according to the manufacturer’s
instructions, using either anti-rabbit IgG horseradish peroxidase (HRP)-linked antibody (cat no. 7074; Cell
Signaling Technology), or anti-mouse IgG HRP-linked antibody (cat no. 7076; Cell Signaling Technology).

Transfection with poly(l-C). Transfections were performed with Lipofectamine 2000 reagent (Life
Technologies) according to the manufacturer’s protocol when cells reached 80% confluence. Briefly,
10 g of poly(l-C) (Sigma) was added to 50 ul serum-free culture medium, mixed with 3 ul Lipofectamine
2000 (Life Technologies), and diluted in 50 ul serum-free culture medium. The transfection mixture was
incubated for 20 min at room temperature. Then, the supernatants were removed from the cells and
replaced with serum-free medium. The transfection mixture was added dropwise, and plates were
incubated at 37°C for 6 h, after which, the culture medium was replaced with complete growth medium
(Opti-MEM with 5% FBS). The cells were incubated at 37°C for a further 18 to 24 h.

Mouse infections and disease monitoring. C57BL/6 WT mice were obtained from the Animal
Resources Centre (Perth, Australia). Twenty-day-old C57BL/6 WT mice were inoculated subcutaneously in
the thorax below the right forelimb with 104 PFU RRV diluted in PBS to a volume of 50 ul (68).
Mock-infected control mice were inoculated with PBS only. Mice were weighed and scored for disease
daily. RRV disease scores were assessed based on strength and hindlimb dysfunction using the following
scale: 0, no disease signs; 1, ruffled fur; 2, very mild hindlimb weakness; 3, mild hindlimb weakness; 4,
moderate hindlimb weakness and dragging of hindlimbs; 5, severe hindlimb weakness/dragging; 6,
complete loss of hindlimb function; 7, moribund. Humane endpoint was defined as clinical disease score
of 7 or weight loss greater than 15% of starting weight (69).
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Type | IFN detection bioassay. The concentration of type | IFN in cell culture supernatants or mouse

tissues was assessed by a CPE inhibition bioassay using SFV infection of L929 cells (70). Briefly, L929 cells
were seeded into 96-well flat-bottom plates at 2.5 X 10* cells/well. Samples were serially diluted (1:2
dilutions) in serum-free DMEM medium and UV inactivated for 1 h. Samples were then added to the L929
cells and cultured for 24 h; 2.5 X 103 PFU of SFV was added to each well. Forty-eight hours later, cells
were fixed with 4% formaldehyde, stained with 0.05% crystal violet for 10 min, and washed once with
PBS. The crystal violet was released from stained cells by adding 100 ul of 100% methanol to each well.
The absorbance of crystal violet dissolved in methanol was measured at a wavelength of 595 nm. The
type | IFN concentrations in units per milliliter were calculated according to the protection against SFV
infection provided by treatment with known concentrations of human IFN-B (Sigma-Aldrich). The
sensitivity of the assay (50% protection against SFV infection at an MOI of 0.1) was 10 international units
(V) per ml.

Histological analysis. Mouse quadriceps were collected and fixed in 4% paraformaldehyde (PFA),

followed by paraffin embedding. Samples were cut into 5-um-thick sections and stained with hematox-
ylin and eosin (H&E). Images were taken using a Nikon Eclipse TS100 inverted microscope, and the
density of the infiltrated cells was analyzed using ImageJ software.

Polyprotein processing analysis. In vitro translation was carried out using a TnT-SP6-coupled rabbit

reticulocyte system (Promega) according to the manufacturer’s protocol. Ten-microliter reaction mixtures
contained 4 uCi [3°S]Met (EasyTag Express protein labeling mix; PerkinElmer) and 500 ng infectious clone
DNA of RRV V186A, RRV E402A, RRV R522Q, RRV A31T, RRV N219T, RRV S580L, RRV Q619R, and RRV-T48.
The reaction mixtures were incubated for 45 min at 30°C, stopped with 1 mM cycloheximide for 5 min,
treated with 10 ng of RNase A for another 5 min, and denatured with equal volumes of SDS loading
buffer at 70°C for 10 min. One-tenth of the reaction volume was separated by 8% SDS-PAGE; the gels
were vacuum dried and visualized with a Typhoon phosphorimager (GE Healthcare). Intensities of nsP2
and P123 precursor bands were quantified using ImageQuant TL software (GE Healthcare). The ratio
between intensities of nsP2 and unprocessed P123 represents the efficiency of polyprotein processing.
nsP2/P123 ratio of RRV-T48 was taken as 100%.

Sequence variability analysis. Thirty RRV genome sequences containing the full nonstructural

region were selected randomly from GenBank. The sequences were analyzed with Bioedit software. nsP1
and nsP2 sequences were aligned and compared with those of RRV-T48 and 2548 strains.

Statistical analysis. Data for mouse weight, IFN bioassay, and plaque assays were analyzed using

two-way analysis of variance (ANOVA) with Bonferroni's post hoc test. All data were tested for normality
using the D'Agostino-Pearson normality test prior to analysis. RRV type | IFN sensitivity, infiltrated cell
density assay, and differences in mouse clinical scores were analyzed using the nonparametric Mann-

Whitney test. All statistical analyses were performed with GraphPad Prism software.
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