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tamarins followed by recovery to the initial levels at
around 2 weeks after administration, while the cells were
maintained at the initial levels in the monkeys with
MOPC-21 (Fig. 2a). In addition, it is noteworthy that the
ratios of CD4™" and CD8™ T cells and CD20" B cells were
not affected by the administration of the 3G8 mAb (Sup-
plementary Figure 1). In the case of administration of mAb
MOPC-21, we confirmed no significant effect on CD16%
cells (Supplementary Figure 2). The killing activities of
the peripheral blood mononuclear cells (PBMCs) taken
from the 3G8-treated monkeys were reduced at day 1 post-
antibody-treatment, followed by an increase irrespective of
depletion of CD16" NK cells ‘at day 2 post-antibody-
treatment (1 day after DENV inoculation), suggesting that
the CD16~ NK population may be activated by DENV
infection (Fig. 2b). Plasma viral loads in both mAb-treated
monkeys rose to 10° copies/ml by day 1 after infection and
then reached a peak at 10° copies/ml on day 3 or day 7,
followed by a rapid decline, with values dipping below the
detectable level by day 14 after infection (Fig. 2¢). These
results suggested that CD16% NK cells apparently did not
contribute to DENV replication in the acute phase in our
tamarin model.

It was reported previously that non-structural glyco-
protein NS1 is essential for flavivirus viability and that the
NS1 protein circulates during the acute phase of disease in
the plasma of patients infected with DENV [1]. Epidemi-
ological studies have demonstrated that secreted NS1 lev-
els are correlated with viremia levels and are higher in
cases of DHF than in dengue fever (DF) early in illness
[16]. Thus, it has been suggested that NS1 might be a
useful marker as an indicator of the severity of dengue
disease. We have used the level of the NS1 antigen as an
alternative diagnostic marker to examine the effects of
CD16 antibody treatment on DENV replication. The NS1
was measured by Platelia Dengue NS1 Ag assay (BioRad).
Antigenemia was observed in these infected monkeys
between 3-14 days post-infection. Serum IgM and IgG
specific for DENV antigens were measured by ELISA.
DENV-specific IgM or IgG antibody was equally detected
in both mAb-treated monkeys (Fig. 3).

We recently demonstrated that marmosets are permis-
sive to DENV infection [22]. In this study, we found that
tamarins are also permissive to DENV infection (Fig. 1).
Moreover, we also investigated the role of NK cells against
early DENV infection using in vivo depletion of CD16"
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Fig. 2 Ratios of CD16" NK cells, killing activity of PBMCs, and
vRNA in DENV-infected tamarins after treatment with 3G8 or
MOPC-21 mAb. Tamarins were infected subcutaneously with DENV
at a dose 3x10° PFU/ml after treatment with 50 mg/kg of 3G8 or

MOPC-21 mAb. a Ratios of CD16" NK cells were determined in
whole-blood specimens. b The activities of NK cells were determined
in PBMCs of tamarins by NK cytotoxic assay. ¢ The vRNAs were
detected in plasma by real-time PCR
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Fig. 3 Levels of NS1 antigen and DENV-specific IgM and IgG in
plasma samples from DENV-infected tamarins after treatment with
3G8 or MOPC-21 mAb. The levels of NS1 antigen and DENV-
specific IgM and IgG in plasma were measured by ELISA. a ELISA
index of NS1 antigen, b positive/negative (P/N) ratio of DENV-
specific IgM, ¢ P/N ratio of DENV-specific IgG in plasma samples

NK -cells in tamarins and found that the depletion of
CD16" NK cells had almost no effect on DENV replication
(Fig. 2), indicating that this NK subpopulation is unlikely
to contribute to controlling DENV replication. Interest-
ingly, these results imply that the CD16™ NK subpopula-
tion may have a critical role of controlling DENV infection
in vivo.

Using our model, we investigated the role of NK cells in
vivo against DENV infection, which remains to be eluci-
dated in several aspects. We previously reported that
almost complete in vivo depletion of the CD16" NK sub-
population was not able to completely remove the
NK-mediated cytotoxic activity in tamarins [29]. In this
study, despite a transient but substantial reduction in the
CD16% NK cell number following 3G8 treatment in tam-
arins, DENV replication was comparable to that in mon-
keys that received the control mAb. The NK-mediated
cytotoxic activity was augmented in both study groups,
indicating that CD16™ NK cells were responsible for the
cytotoxic activity and suggesting that they might play a
role in controlling DENV replication.

The next question is how CD16™~ NK cells may regulate
DENV infection. One possibility regarding CD16~ NK
cells is that CD56™ or CD57" NK cells are involved in
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from DENV-infected tamarins after administration of the 3G8 or
MOPC-21 mAb. The P/N ratio was calculated as the optical density of
the test sample divided by that of a negative sample. P/N ratios <2
and >2 were considered to be negative and positive, respectively.
Top, 3G8; bottom, MOPC-21 mAb

controlling DENV infection. Human NK cells are classically
divided into two functional subsets based on their cell-surface
density of CD56 and CD16, i.e., CD56™"CD16™ immu-
noregulatory cells and CD56%™CD16™ cytotoxic cells. Both
subsets have been characterized extensively regarding their
different functions, phenotypes, and tissue localization [8].
The NK cell number is maintained by a continuous dif-
ferentiation process associated with the expression of
CD57 that results in NK cells with poor responsiveness to
cytokine stimulation but high cytolytic capacity [3, 18].
The second possibility is that CD16™ NK cells have a non-
cytolytic helper function. Generally, it is well known that
NK cells possess both a cytolytic and a non-cytolytic
helper function. It has been suggested that cytokine pro-
duction is carried out by CD56™€"CD16~ NK cells [4-6].
Interferon (IFN)-y secreted by NK cells has shown potent
antiviral effects against DENV infection in early phases
[25]. One aspect of the NK helper function arises from
recent evidence indicating that NK cells can be induced to
function as non-cytotoxic helper cells following stimula-
tion with interleukin-18 [19]. This cytokine induces IFN-y
secretion from NK cells and thus enables dendritic cells
(DCs) to secrete IL-12, leading to Th1 polarization [19]. It
is possible that CD16~ NK cells, which have poor

—376—



Role of CD16™ NK cells in dengue virus infection

cytotoxic activity but an enhanced ability to secrete cyto-
kines and then lead to a Th1 response, are preserved during
3G8 administration. The persistence of this minor CD16™
NK cell subpopulation could exert an antiviral effect
through INF-y-mediated pathways despite the depletion of
CD16™ NK cells. The third possibility is that CD16* NK
cells of tamarins play pivotal roles against bacterial
infections and cancer progression but not DENV-infected
cells. We will address these possibilities for the roles of the
NK subpopulation in the future studies.

In conclusion, this study provides a DENV in vivo
replication model in tamarins and new information on the
possible role of CD16" NK cells in DENV replication
in vivo. It remains elusive whether the CD16™ and CD16™
NK subpopulations could play an important role in the
control of primary DENV infection.
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It has been shown that infection of GB virus B (GBV-B), which is closely related to hepati-
tis C virus, develops acute self-resolving hepatitis in tamarins. In this study we sought
to examine longitudinally the dynamics of viral and immunological status following GBV-B
infection of marmosets and tamarins. Surprisingly, two of four marmosets but not tamarins
experimentally challenged with GBV-B developed long-term chronic infection with fluctu-
ated viremia, recurrent increase of alanine aminotransferase and plateaued titers of the
antiviral antibodies, which was comparable to chronic hepatitis C in humans. Moreover,
one of the chronically infected marmosets developed an acute exacerbation of chronic
hepatitis as revealed by biochemical, histological, and immunopathological analyses. Of
note, periodical analyses of the viral genomes in these marmosets indicated frequent and
selective non-synonymous mutations, suggesting efficient evasion of the virus from antivi-
ral immune pressure. These results demonstrated for the first time that GBV-B could induce
chronic hepatitis C-like disease in marmosets and that the outcome of the viral infection
and disease progression may depend on the differences between species and individuals.
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INTRODUCTION
Among the known viruses, GB virus B (GBV-B) is closely related
to hepatitis C virus (HCV), with 25-30% homology at the amino
acid level, and is tentatively classified in Hepacivirus genus of Fla-
vivirus family (Muerhotl et al., 1995; Simons et al., 1995; Ohba
et al., 1996). Due to limited epidemiological analyses, the natural
host(s) and prevalence of GBV-B have remained to be determined.
Hepatitis C virus is a major causative agent for non-A, non-B
hepatitis. HCV is globally disseminated and estimated to be carried
by more than 170 million people (Chisari, 2003; Lavanchy, 2009).
Most HCV-infected individuals develop chronic liver diseases such
as liver cirrhosis and hepatocellular carcinoma (Hootnagle, 1997;
Seeff and Hoofagle, 2002; Rehermann and Nascimbeni, 2005).
Since standard therapy with PEGylated interferon and ribavirin
is effective for only about 50% of patients, it is crucial to develop
more effective therapeutics (Feld and Hoofnagle, 2005; Melnikova,
2008). The only validated animal model for HCV infection is

Abbreviations: ALT, alanine aminotransferase; GBV-B, GB virus B; HCV, hepatitis
C virus; HE, hematoxylin and eosin; p.i., post infection.

the chimpanzees. This model has been valuable for determin-
ing important aspects of this disease, including the relationship
between the virus and the antiviral immune responses of the host
and the process of viral pathogenesis (3ukh, 2004; Akari et al,,
2009; Boonstra et al., 2009). However, chimpanzees are endan-
gered and present ethical complications and the availability of
these experimental animals is severely restricted.

When tamarins (members of the New World monkeys) are
infected with GBV-B, they generally develop acute viremia and
self-resolving hepatitis as indicated by increases in the levels of
serum enzymes such as alanine aminotransferase (ALT) (Bukh
et al., 1999; Beames et al., 2000; Beames et al., 2001; Shardellati
et al., 2001; Lantord et al,, 2003; Martin et al., 2003; Bright et al.,
20045 Jacob et al,, 2004; Nam et al,, 2004; Kyuregyan et al,, 2005;
Ishii eral,, 2007; Weatherford et al., 2009). Thus, the monkeys have
been proposed as a surrogate model of HCV infection of chim-
panzee and humans. However, a major hurdle for the development
of a monkey-based surrogate model is the difficulties encountered
in obtaining chronically infected monkeys that exhibit progression
of chronic hepatitis C-like diseases (Martin et al., 2003; Nam ct al.,
2004; Takikawa et al., 2010).
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It has recently been shown that marmosets, another mem-
ber of New World monkeys, are susceptible to GBV-B infec-
tion and develop relatively lower levels of acute viremia
(10°-108 copies/ml) as compared with that in tamarins (107-
1010 copies/ml) (I.anford et al., 2003; Bright et al., 2004; Woollard
et al., 2008; Weatherford et al., 2009), although it remains elusive
whether the marmosets could permit persistent GBV-B infection.
Considering that the viral loads in the acute phase of experimental
HCYV infection of chimpanzees that consequently develop persis-
tent infection are generally 107 copies/ml or less (Fernandez et al.,
2004; Bukh et al.,, 2008), it is possible that the lower viral loads
in the acute phase is preferable for the establishment of viral per-
sistency. We thus initiated studies of the dynamics of viral and
immunological status following GBV-B infection of tamarins and
marmosets in a longitudinal follow-up study. We show here for
the first time that GBV-B infection produces a chronic and pro-
gressive hepatitis C-like disease in marmosets as demonstrated by
fibrosis and a recurrent ALT increase and that one of the mar-
mosets experienced acute exacerbation of chronic hepatitis as
indicated by piecemeal necrosis and an ALT flare >4 years after
infection.

MATERIALS AND METHODS

ANIMALS

Adult red-handed tamarins (Saguinus midas) and common mar-
mosets (Callithrix jacchus) were housed in individual cages at the
Tsukuba Primate Research Center. All animal studies were con-
ducted in accordance with the protocols of experimental proce-
dures that were approved by the Animal Welfare and Animal Care
Committees of the National Institute of Biomedical Innovation
and the National Institute of Infectious Diseases.

GBY-B INFECTION IN TAMARINS AND MARMOSETS

GBV-B infectious serum obtained from a tamarin (1.3 x 10° viral
RNA copies per inoculum) was injected into each tamarin and
marmoset intrahepatically as previously described (Ishii et al.,
2007). We confirmed that the inoculum contained no mutations
as compared with the original sequence. Of note, an anti-luciferase
siRNA in a cationic liposome formulation was administered to one
of the marmosets (Cj05-002) 2 days before the infection, which
was performed as previously described (Yokota et al., 2007). Blood
samples were periodically collected from the femoral vein of each
animal under anesthesia and the plasma samples were evaluated
for GBV-B genomic RNA, ALT, and antibodies against GBV-B core
and NS3 proteins.

QUANTIFICATION OF GBV-B GENOMIC RNA

GBV-B RNA was isolated from the plasma samples by
using a QlAamp MinElute Virus Spin kit (QIAGEN) and
was quantified by real-time PCR using the 5'-exonuclease
PCR (TagMan) assay system (Ishii et al, 2007). The
primers 558F [5'-AACGAGCAAAGCGCAAAGTC] and 626R [5'-
CATCATGGATACCAGCAATTTTGT] and the probe 579P [5'-
FAM-AGCGCGATGCTCGGCCTCGTA-TAMRA] (Beames et al.,
2000) were obtained from Sigma-Aldrich. The cutoff value was
103 copies/ml. All the specimens were evaluated in duplicate and
the average values were calculated.

DETECTION OF ANTIBODIES AGAINST GBV-B CORE AND NS3
PROTEINS BY ELISA

Tamarin and marmoset plasma samples were evaluated for anti-
GBV-B core and NS3 antibodies by ELISA as described previously
(Ishii et al., 2007).

HISTOPATHOLOGICAL AND IMMUNOHISTOCHEMICAL ANALYSES

Liver samples obtained by necropsy from the GBV-B-infected mar-
moset were examined histopathologically as previously described
(Ishii et al., 2007). For standard histological examination, the
sections were subjected to hematoxylin and eosin (HE) stain-
ing. Masson’s trichrome staining was also performed to estimate
the development of fibrosis according to a standard laboratory
protocol. To detect the viral protein in tissues, we employed a
mouse anti-core monoclonal antibody, 5A10, that we generated.
In brief, Mice were immunized with the GBV-B core protein
expressed in E. coli (Ishii et al., 2007). Hybridoma cells produc-
ing an anti-core mAb were screened by both the core-expressing
293T cells and the liver sections of an acutely GBV-B-infected
tamarin. Liver samples were fixed in 10% neutral buffered for-
malin and embedded in paraffin wax. Sections were deparaf-
finized by pretreating with 0.5% periodic acid and then sub-
jected to antigen retrieval with citric acid buffer and heating in
an autoclave for 10 min at 121°C. The sections were then incu-
bated free floating in primary antibody solution (5A10; 1:50
dilution) overnight at 4°C. Following brief washes with wash
buffer, the sections were sequentially incubated with a biotiny-
lated goat anti-mouse IgG (1:400 dilution), followed by addition
of a streptavidin-biotin-horseradish peroxidase complex (sABC
kit; DAKO, Denmark). Immunoreactive elements in the sections
were visualized by treatment with 3,3'-diaminobenzidine tetrox-
ide (Dojin Kagaku, Japan), together with counterstaining with
hematoxylin.

DETERMINATION OF THE GBV-B SEQUENCE

Viral RNA was isolated from the plasma of GBV-B-infected
marmosets as described above. GBV-B ¢DNA was synthesized
using SuperScript reverse transcriptase III (Invitrogen) with
random hexamer primers (Invitrogen). The resulting cDNAs
were used to obtain PCR amplification products of lengths
of 0.5-1.0kb, using GBV-B-specific primers and LA-Tag DNA
polymerase (TaKaRa). The PCR products were then purified
from the gel using a QIA-quick gel extraction kit (QIAGEN),
and the purified amplimers were sequenced directly using a
CEQ-2000XL analysis system (Beckman) with a DTCS quick
start kit and GBV-B-specific primers according to the manu-
facturer’s instructions. Sequence data were analyzed using the
Sequencher 4.8 (Gene Codes) and Mac Vector 10.6 (MacVec-
tor) software packages. The GenBank accession numbers of
the viral genome sequences in each time point are as fol-
lows: AB630358, AB630359, and AB630360 for 45, 104, and
135weeks after infection in Cj05-002; AB630361, AB630362,
AB630363, and AB630364 for 33, 88, 141, and 229 weeks after
infection in Cj05-004, respectively. Throughout this article,
the amino acids are numbered according to the full-length
genome sequence of isolate pGBB (GenBank accession number
AF179612).
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RESULTS

GBV-B INFECTION IN TAMARINS AND MARMOSETS

Four tamarins and four marmosets were intrahepatically inocu-
lated with GBV-B and the growth kinetics and pathogenesis of the
virus were compared. In tamarins, the peak viral loads in plasma
reached 10°~10'0 copies/ml in the acute phase and the viremia was
maintained for an average of 3 months in parallel with increases
in plasma AIT levels (Figure 1A). Antibodies reactive with the
viral core and NS3 proteins were developed in all of the tamarins
as the plasma viral loads were reduced and the antibody titers
reached maximum levels concurrently with the complete loss of
detectable viral RNA (Figure 1A). In contrast, two of four mar-
mosets infected with GBV-B developed chronic infection while the
others exhibited a phenotype similar to that of the tamarins (i.e.,
subacute clearance of the viremia followed by antibody responses).
One exception is that lower plasma viral loads (107108 copies/ml)
were observed in the marmosets relative to those of the tamarins

(Figure 1B). The details of the chronically infected marmosets are
described below.

Case 1: Cj05-002 (Figures 1B and 2). The viral RNA was
undetectable until week 4 post infection (p.i.) and then grad-
ually increased to a peak at week 18 p.i. (3 x 107 copies/ml).
Subsequently, this case retained intermittent viremia during the
observation period of week 180 p.i., while the intervals between the
viremia phases were prolonged. Importantly, the titers of anti-core
and anti-NS3 antibodies reached a persistent plateau at 6 months
and 1 year p.i., respectively. In addition, ALT levels were recurrently
increased without observation of other clinical symptoms.

Case 2: Cj05-004 (Figures 1B and 2). During the acute phase
of infection, the level of viremia was relatively low and transient,
followed by a 1-year period when the virus was essentially unde-
tectable. Irrespective of the very low viral load, the titer of anti-NS3
but not anti-core antibody steadily increased and reached a plateau
at week 42 p.i. Moreover, an occasional but obvious increase in
the level of ALT was observed during this period. We thus sus-
pected that antigenic stimulation by a lower level of viral growth
in the liver, which remained below detectable levels in blood, might
lead to the induction of the anti-NS3 antibody and the recurrent
AILT increase. Subsequently, viremia became detectable at week 58
p.i. and 10%-10° copies/ml of the viral RNA persisted until week
108 p.i. Thereafter, an abrupt increase of the anti-core antibody
was detected, concomitant with augmentation of the viral load of
10° copies/ml on average and recurrent increases in the ALT level.
Eventually, the individual was euthanized at week 229 p.i. because
of poor prognosis since the ALT value drastically increased by 161-
fold, which was accompanied by a dramatic decrease of platelet
counts and a deteriorating general status. Histopathological analy-
ses of the necropsy samples demonstrated that the liver developed
diffuse piecemeal necrosis with infiltration of lymphocytes and
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formation of lymphoid follicles (Figure 3A, Appendix). The viral
load in the liver was relatively high (3.8 x 10* copies/mg tissue
weight), which was similar to the viral load observed for tamarins
acutely infected with GBV-B (Ishii et al., 2007). The high viral
load in the liver was consistent with a large number of granular
positive signals for the core protein, which was in similar manner
with the core protein of HCV (Mivanari et al., 2007), as immunos-
tained with an anti-GBV-B core monoclonal antibody (Figure 3B).
Notably, Masson trichrome staining (Figures 3C,D) as well as Elas-
tica van Gieson staining (Appendix) demonstrated that the liver
also developed diffuse and abundant fibrosis. The disease of this
marmoset was therefore diagnosed as a case of acute exacerbation
of progressive chronic hepatitis by GBV-B infection.

ANALYSIS OF MUTATIONS IN GBV-B GENOMES

Next, we determined the dominant sequence of the viral genomes
at weeks 45, 104, and 135 p.. in Cj05-002 and weeks 33, 88,
141, and 229 p.i. in Cj05-004. As seen in Figure 4A, it was
found that there was no specific region in which extensive
nucleotide mutations occurred throughout the study periods and
that the nucleotide mutation rates were 1.9-2.9 x 1072 and 1.5-
3.6 x 1073 changes per site per year in Cj05-002 and Cj05-004,
respectively (Table 1). In terms of amino acid substitution, we
observed the following: (i) several back or sequential mutations
(G250V > A, S731L> S, E2346G > E in Cj05-002; V254A >V,
1285V >1, L4958 > L, T735A > T, F2135L > F > S in Cj05-004)
in both marmosets; (ii) highly selective non-synonymous muta-
tions that were remarkable in E1, but such mutations were rarely
observed in core (Figures 4 and 5); and (iii) the non-synonymous
mutation rates were 1.8-4.0 x 1073 and 2.14.6 x 10~ substi-
tutions per site per year in Cj05-002 and Cj05-004, respectively
(Figures 4 and 5; Table 2). (iv) The non-synonymous changes
detected mainly in NS5A and NS5B in both animals were also
observed in a number of previous reports (Simons et al., 1995;
Bukh et al., 1999; Sbardellati et al., 2001; Martin et al., 2003;

FIGURE 3 | Histopathological and immunohistochemical analyses of
the liver from Cj05-004 at week 229 p.i. HE staining (A),
immunohistochemical staining for the core protein of GBV-B (B), and
Masson’s trichrome staining (C,D) are shown.

Nam et al.,, 2004; Kyuregyan et al., 2003; Weatherford et al., 2009;
Takikawa et al., 2010). It may be reasonable to consider that the
molecular clone we employed (Bukh et al., 1999) was derived from
aminor clone of mixed populations and emergence of a new muta-
tions easily occurred as a mechanism of GBV-B adaptation to a new
host, while it is also possible that “consensus” non-synonymous
changes were due to either a result of a selection of the pre-existent
minor variants. Taken together, these results suggest that efficient
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FIGURE 4 | Mutations in the viral genome sequences amplified from
plasma of the marmosets persistently infected with GBV-B. (A)
Positions of the nucleotide mutations in the viral genome sequences at
multiple time points (at weeks 45, 104, and 135 in Cj05-002 and weeks 33,
88, 141, and 229 in Cj05-004) are illustrated as bars. (B,C) Positions of the
non-synonymous mutations in the viral genome sequences at multiple time
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that had been identified in previous reports are indicated as black, while
those unidentified previously are shown as blue. Red squares illustrate back
or sequential mutations.
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Table 1| Summary of the nucleotide substitutions in GBV-B genome sequences amplified from plasma of the marmosets persistently infected

with GBV-B.
Genomic region nt position No. (%) of nt differences
Cj05-002 Cj05-004
45 weeks 104 weeks 135 weeks 33 weeks 88 weeks 141 weeks 229 weeks

5'UTR 1-445 2 (0.45) 3(0.67) 2 (0.45) 1(0.22) 0(0) 3(0.67) 0(0)
Core 446-913 0(0) 1(0.21) 1(0.21) 1(0.21) 4(0.85) 2{0.43) 3(0.64)
E1 914-1489 1{0.17) 3(0.52) 0(0) 1{0.17) 3(0.52) 1(0.17) 2(0.35)
E2 1490-2449 0(0) 5(0.52) 1(0.10) 0(0) 2(0.21) 1(0.10) 6 (0.63)
p13 24502641 2 (1.04) 1(0.52) 2 (1.04) 2(1.04) 1(0.52) 0(0) 1(0.52)
NS2 2642-3265 1(0.16) 5 (0.80) 1(0.16) 1(0.16) 4 (0.64) 1(0.16) 2(0.32)
NS3 3266-5125 1(0.05) 4(0.22) 3(0.16) 0(0) 5(0.27) 6(0.32) 3(0.16)
NS4A 5126-5290 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 1(0.61)
NS4B 52916034 0(0) 0(0) 2(0.27) 0 (O) 1(0.13) 0(0) 0(0)
NSBA 6035-7267 6 (0.49) 4(0.32) 2(0.16) 4{0.32) 4(0.32) 2{0.16) 31(0.24)
NS5B 7268-9037 4(0.23) 5(0.28) 3(0.17) 2(0.11) 10 (0.56) 1(0.06) 4(0.23)
Total 9037 17 {0.19) 31(0.34) 17 {0.19) 12(0.13) 34(0.38) 17 (0.19) 25{0.28)

Mutation ratefyear 22x1078 3.0x1073 3.2x 1073 2.1%x 1073 36x1078 1.8x10-38 16 x 10728

Table 2 | Summary of the amino acid substitutions in GBV-B genome sequences amplified from plasma of the marmosets persistently infected

with GBV-B.
Amino acid region aa position No. (%) of aa differences
Cj05-002 Cj05-004
45 weeks 104 weeks 135 weeks 33 weeks 88 weeks 141 weeks 229 weeks

Core 1-156 0(0) 0(0) 0 (0) 00 0(0) 0(0) 1(0.64)
E1 157-348 1(0.52) 2(1.04) 0(0) 1(0.52) 3 (1.56) 1(0.52) 1(0.62)
E2 349-613 0(0) 2(0.63) 0(0) 0(0) 1(0.31) 0(0) 4(1.25)
P13 669-732 1{1.66) 1(1.56) 1(1.56) 1(1.56) 0(0) 0(0) 0{0)
NS2 733-940 1(0.48) 2(0.96) 0(0) 1{0.48) 2 {0.96) 0(0) 0(0)
NS3 941-1560 1(0.16) 0(0) 1(0.16) 0{0) 2(0.32) 2(0.32) 1(0.16)
NS4A 1561-1615 0(0) 0(0) 0(0) 0(0) 0 0 1(1.82)
NS4B 1616-1863 0(0) 00 0(0) 0(0) 0 0(0) 0(0)
NS5A 1864-2274 4(0.97) 2(0.49) 0(0) 3(0.73) 11{0.24) 2(0.49) 3(0.73)
NS5B 2275-2864 2(0.34) 3(0.51) 1{0.17) 1(0.17) 5 (0.85) 1(0.17) 1(0.17)
Total 2864 10 (0.38) 12 (0.42) 3(0.10) 7 (0.24) 14 (0.49) 6(0.21) 12 (0.42)

Mutation ratefyear 3.7 x 10-3 1.8x 10°3 3.9x10°3 2.1% 1073 25x% 1073

4.0x 103

and selective evasion from immune pressure in the two marmosets
resulted in long-term persistent GBV-B infection accompanied by
subsequent chronic hepatitis.

DISCUSSION

In this study, we show for the first time that GBV-B is capable of
eliciting a chronic and progressive hepatitis C-like disease in mar-
mosets. Evidence for this condition is demonstrated by long-term
persistent GBV-B infection, recurrent ALT increase, and fibrosis.
Moreover, one of the chronically infected marmosets developed
acute exacerbation of chronic hepatitis as indicated by diffuse
piecemeal liver necrosis and an ALT flare, which is seen in patients

4.6x 1073

with viral hepatitis (Perrillo, 1997). While the usefulness of the
monkey model as a surrogate model for HCV infection has been
under debate due to the virtual inability of GBV-B to cause chronic
hepatitis C-like disease in tamarins, the present data demonstrate
that the ability of GBV-B to induce the chronic disease is likely
to be inherent depending on the differences between species and
individuals.

It has been reported that tamarins generally permit exten-
sive replication of GBV-B in the subacute phase of infection and
develop acute hepatitis as shown by significant increases of serum
enzymes such as ALT and isocitrate dehydrogenase. The viral load
in marmosets seems to be lower than in tamarins (Lanford et al.,
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2003; Bright et al., 2004; Woollard et al., 2008; Weatherford et al.,
20009). A recent report indicated that marmosets exhibit suscepti-
ble and partially resistant phenotypes upon infection with GBV-B
(Weatherford et al., 2009). Consistent with this finding, the present
results also showed that the marmosets appeared to exhibit two
phenotypes (Figure 1B). Importantly, the long-term persistent
GBV-B infection was established in the marmosets with lower
viral loads during the initial weeks p.i. (Figure 1B; Cj05-002 and
Cj05-004). This suggests that the mild viral growth in the mar-
mosets with a “partially resistant” phenotype is critical for the
establishment of the chronic infection. Of note, the viral growth
was undetectable until week 6 p.i. in Cj05-002, owing to unex-
pected interferon responses that were induced by administration
of an anti-luciferase small interfering RNA in a cationic lipo-
some formulation 2 days before GBV-B infection (Yokota et al,,
2007). Irrespective of the partial suppression of the viral growth,
humoral immune responses were delayed and consequently the
individual developed chronic infection. Taken together, it is rea-
sonable to assume that the viral persistence in marmosets may
be closely associated with inefficient antiviral immune responses
that are elicited at the periods of the lower viral loads. Previously,
we and others employed relatively higher amounts of GBV-B for
challenge in tamarins and marmosets. This could result in greater
viral loads in the acute phase than those in humans and chim-
panzees infected with HCV, followed by induction of efficient
protective immunity and acute clearance. To clarify the mecha-
nisms by which chronic GBV-B infection is established, further
characterization of the differences in innate and acquired antiviral
immunity between individuals with acute clearance and chronic
infection will be needed.

Accumulating evidence suggests that escape mutations occur-
ring during the course of chronic HCV infection may lead to
evasion of humoral and cellular antiviral immunity (Bowen
and Walker, 2003a,b; Burke and Cox, 2010). Consistent with
these observations, we found that GBV-B acquired multiple
back or sequential non-synonymous mutations (e.g., G250V > A,
S731L > S, E2346G > E in Cj05-002; and V254A >V, 1285V > I,
14958 > L, T735A > T, F2135L > F > S in Cj05-004) in the chroni-
callyinfected marmosets. Highly selective non-synonymous muta-
tions were identified especially in E1, but such mutations were
rarely observed in core (Figures 4 and 5). Moreover, the non-
synonymous mutations in the E1 and NS3 regions occurred
throughout the observation periods in Cj05-004 with chronic
GBV-B infection, which had not been identified previously
(Simons et al., 1995; Bukh et al., 1999; Sbardellati et al., 2001;
Martin et al., 2003; Nam et al., 2004; Kyuregyan et al., 2005; Weath-
erford et al., 2009; Takikawa et al., 2010). Together with the finding
that the rates of both synonymous and non-synonymous muta-
tions were similar to those observed in cases of HCV (Ogata et al.,
1991; Fernandez et al., 2004), these results strongly suggest that
efficient and selective evasion from immune pressures may result
in long-term persistent GBV-B infection and subsequent chronic
hepatitis. Further analyses on the functional significance of the
non-synonymous mutations will clarify this possibility.

It is surprising that in Cj05-004, the antibody titer to NS3
was observed to steadily increase after week 10 p.i. irrespective
of the scarce viral loads over 1year p.i, including the bipartite

A 5 -
. = 135w
4 4 E 404w
g @ 45w
@ 34
=
[
£
X

Core E1 E2

p13 NS2 NS3 NS4A NS4B NS5A NS5B
B 5 -
= 144w
Z 4] & 88w
5 @ 33w
3
o
&=
R

pi3 NS2 NS3 NS4A NS4B NSSA NS5B

& Cj05-002
i
05 | Cj05-004
o 06 A
2 0.6
> 0.4 -
0.2

o +—1

Core E1 E2

.

pl3 NS2 NS3 NS4A NS4B NSSA NS5B

FIGURE 5 | The frequency of the non-synonymous mutations in the
viral genome sequences amplified from plasma of the marmosets
persistently infected with GBV-B. (A,B) The accumulated frequency of
the non-synonymous mutations per total amino acid numbers of each viral
protein at multiple time points are illustrated [(A) at weeks 45, 104, and 135
in Cj05-002; (B} weeks 33, 88, and 141 in Cj05-004]. To compare the
frequency between the two marmosets, the data at week 229 p.i. in
Cj05-004 are omitted. {C) The ratio of the non-synonymous mutations per
total numbers of nucleotide mutations identified at weeks 45, 104, and 135
in Cj05-002 and at weeks 33, 88, and 141 in Cj05-004 in each viral gene. To
compare the frequency between the two marmosets, the data at week 229
p.i. in Cj05-004 are omitted.

periods of weeks 4-26 and 34-58 p.i. when the virus was unde-
tectable (Figure 1). Considering that three spikes of ALT levels
were observed during these periods, our results suggest that anti-
genic stimulation by the lower level of viral growth in the liver,
which was below detectable levels in blood, may induce the anti-
body and cytotoxic T-cell responses. In addition, during longitu-
dinal analyses of monkeys experimentally infected with GBV-B,
it is important to comprehensively evaluate multiple parame-
ters, including viral loads, serum enzymes, and antibodies against
core and NS3 proteins, to define whether virus-infected monkeys
that produce no detectable viremia for a period of time have
cleared the virus or are experiencing a latent period of chronic
infection.
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APPENDIX

MATERIALS AND METHODS

Liver samples obtained by necropsy from the GBV-B-infected mar-
mosets were histopathologically analyzed as described in Section
“Materials and Methods.” Elastica~van Gieson staining was per-
formed to evaluate fibrosis according to a standard laboratory
protocol. To detect CD3 and CD20 antigens, liver samples were
fixed in 10% neutral buffered formalin and embedded in paraffin
wax. Sections were deparaffinized by pretreatment with 0.5% peri-
odic acid and then subjected to antigen retrieval with citric acid

FIGURE A1 | Histopathological and immunohistochemical analyses of
the liver from Cj05-004 at week 229 p.i.

buffer and heating in an autoclave for 10 min at 121°C. Sections
were then incubated free floating in the monoclonal antibody
solution for CD20 (DAKO) and CD3 (DAKO) overnight at 4°C.
Following brief washes with buffer, the sections were sequentially
incubated with biotinylated goat anti-mouse IgG (1:400), followed
by streptavidin—biotin-horseradish peroxidase complex (sABC
kit; DAKO, Denmark). Immunoreactive elements were visual-
ized by treating the sections with 3,3’ -diaminobenzidine tetroxide
(Dojin Kagaku, Japan). The sections were then counterstained
with hematoxylin.
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trating virion assembly.

We previously described a single-cycle dengue vaccine (RepliVAX D2) engineered from a capsid (C) gene-deleted
West Nile virus (WNV) expressing dengue virus serotype 2 (DENV2) prM/E genes in place of the corresponding
WNV genes. That work demonstrated that adaptation of RepliVAX D2 to grow in WNV C-expressing cells resulted
in acquisition of non-synonymous mutations in the DENV2 prM/E and WNV NS2A/NS3 genes. Here we demon-
strate that the prM/E mutations increase the specific infectivity of chimeric virions and the NS2A/NS3 mutations
independently enhance packaging. Studies with the NS2A mutant demonstrated that it was unable to produce a
larger form of NS1 (NS1"), suggesting that the mutation had been selected to eliminate a ribosomal frame-shift
“slippage site” in NS2A. Evaluation of a synonymous mutation at this slippage site confirmed that genomes that
failed to make NS1' were packaged more efficiently than WT genomes supporting a role for NS1/NS1’ in orches-

© 2011 Elsevier Inc. All rights reserved.

Introduction

Flaviviruses are single-stranded, positive-sense RNA viruses and
have an 11-kb genome with a single open reading frame encoding
three structural proteins (C, prM/M and E) and seven non-structural
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5). Flavivirus
RNA replication occurs in the cell cytoplasm via a negative-strand
RNA intermediate, ultimately leading to the accumulation of
positive-strand RNAs. Several NS proteins have been implicated in ge-
nome replication. The NS2B/NS3 serine protease is required for pro-
teolytic processing at multiple sites in the viral polyprotein. NS3
also possesses RNA triphosphatase and RNA helicase activities and
NS5 contains methyltransferase and RNA-dependent RNA polymer-
ase activities (Lindenbach et al., 2007). NS1 is a non-structural glyco-
protein that is secreted from mammalian but not insect cells infected
by flaviviruses (Mason, 1989), and is found at high concentrations in
the blood of viremic dengue patients (Alcon et al,, 2002; Libraty et al.,
2002).

* Corresponding author at: Novartis Vaccines and Diagnostics, Inc,, 45 Sidney Street,
Cambridge, MA 02139, USA.
E-mail address: peter.mason@novartis.com (P.W. Mason).

0042-6822/% ~ see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/.virol.2011.09.007

NS1 is found in the viral polyprotein immediately following the
two structural proteins, prM/E. The coding regions of these proteins
are separated by signal peptidase cleavage sites, and all three proteins
acquire N-linked carbohydrates during their synthesis (Lindenbach
et al, 2007). prM and E form heterodimers which eventually undergo
a complicated maturation process that produces E dimers that cover
the surface of the mature viral particle (Li et al, 2008; Yu et al,
2008). Early studies demonstrated that NS1 was slowly secreted
from mammalian cells, and studies with trans-expressed prM/E/NS1
cassettes suggested a role for NS1 in virion morphogenesis (Fan and
Mason, 1990; Konishi et al., 1991; Mason, 1989). However, work
with NS1 mutants demonstrated that NS1 played an essential role
in viral RNA replication (Muylaert et al., 1996; Muylaert et al., 1997).

The insect-vectored flaviviruses are responsible for considerable
morbidity and mortality worldwide. The viruses exist on all conti-
nents of the world except Antarctica, and threaten much of the
world's population. DENV infections are estimated to occur in up to
100 million individuals annually and over 2.5 billion people live in
areas at risk for DENV infection. Vaccines are available for a number
of flavivirus diseases, including YF and JE, but there are currently no
vaccines available for dengue. Among the marketed vaccines, the YF
vaccine, which consists of the live-attenuated strain YF-17D, has
been widely recommended to travelers, and has been considered to
be remarkably safe and efficacious. However, recent documentation
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of disease in a tiny fraction of those vaccinated with YF-17D prompted
reconsideration of its safety and as a result, the American Committee
on Immunization Practices now recommends that the risk of infection
with YFV be taken into account when vaccinating travelers from non-
endemic regions (Staples et al., 2010). Nevertheless, YF-17D continues
to be an important public health tool, and has undisputable benefit in
populations at high risk of YFV infection. In the case of JE vaccines, a
live-attenuated vaccine is widely used in China, but safety and
manufacturing issues have restricted it from being used in other regions
of the world (Halstead and Thomas, 2011). In these areas, the product of
choice was an efficacious inactivated mouse-brain derived virus, but
safety concerns prompted its removal from use. However, new prod-
ucts, including cell-culture derived inactivated vaccines and a chimeric
live-attenuated product based on YFV 17D are now being marketed in
developed economies (Halstead and Thomas, 2011).

Recently, we reported the development of single-cycle flaviviruses
that can be used as safe and effective vaccines (Mason et al., 2006).
This single-cycle technology has been used to produce a series of vac-
cine candidates (named RepliVAX), that encode genomes harboring a
truncated C (trC) gene that prevents the RepliVAX genome from
being packaged into infectious particles unless the C gene is supplied
in trans (Ishikawa et al., 2008; Mason et al., 2006; Suzuki et al., 2009;
Widman et al., 2008). RepliVAX can infect normal cells in vaccinated
animals, and these infected cells release prM/E-containing sub-viral
particles (SVPs) and NS1 that induce effective antiviral immune re-
sponses. However, RepliVAX cannot spread or cause disease in ani-
mals, thus making them safe live-attenuated vaccines. The most
recent addition to the RepliVAX family is a chimeric RepliVAX that ex-
presses the prM/E genes of DENV2 in place of the WNV structural
genes, and this vaccine (RepliVAX D2) was able to control DENV2 dis-
ease in a mouse model for DENV2 infection (Suzuki et al., 2009).

During our development of RepliVAX D2, we discovered that the
initial construct grew poorly in C-expressing cells, but that growth
could be improved by extensive blind passage (facilitated by introduc-
tion of larger fragments of the C gene and passaging of packaging cells
along with the single-cycle virus). Analyses of these blind-passaged
variants demonstrated that their improved growth characteristics
were associated with the acquisition of specific mutations in the cod-
ing regions for prM, E, NS2A and NS3. In the case of the mutations in
prM and E, we used reverse genetics to show that a pair of mutations
in M (amino acid 9: G->R and amino acid 13: E->V; referred to by
convention as MR®SV13E) and a single mutation in E (E¥'2%T; number-
ing convention as shown for M) both operated individually to increase
yield of RepliVAX D2 in culture, but the combination of the M and E
mutations worked together to produce the greatest enhancement in
viral growth (Suzuki et al., 2009). Further, we showed that the muta-
tions in the NS2A (NS2A5%F) and the NS3 genes of the WNV backbone
(NS3R518Ky enhanced growth of a re-engineered RepliVAX D2, but did
not appear to have an effect on genome replication per se, since they
were unable to enhance replication of WNV replicons that did not con-
tain DENV genes (Suzuki et al., 2009).

Here we report that the mutations we identified in the growth-
adapted chimeric RepliVAX D2 constructs in the DENV2 prM and E re-
gion improve specific infectivity of flavivirus particles in a manner
similar to that of a previously characterized heparan sulfate (HS)-
binding mutation at a nearby position in E (EX'?E) (Lee et al,
2006). In addition, we demonstrate that the mutation in the WNV
NS2A (which acts in concert with the WNV NS3 mutation) eliminates
the production of an altered form of NS1 (NS1') that arises from ribo-
some slippage at a site found in WNV, but not DENV (Firth and Atkins,
2009; Melian et al., 2010). Finally, we demonstrate that the elimina-
tion of the production of NS1' by introduction of a synonymous muta-
tion in this ribosomal slippage site improved encapsidation of
particles without altering the amplification and translation of the ge-
nome, indicating a functional interaction between NS1/NS1' and the
structural proteins of flaviviruses during encapsidation.

Results
Mutations in DENV prM/E increase growth and alter specific infectivity

To determine how growth-enhancing mutations in the DENV2
prM/E coding region of single-cycle chimeric flaviviruses expressing
the prM/E genes of DENV2 and the NS genes of WNV function (Suzuki
et al., 2009), we produced a series of packaging cell lines (see Fig. 1A)
that encoded the low passage DENV2 New Guinea C (NGC) prVI/E se-
quences [BHK(VEErep/WNVC*-DENV2prM/E/Pac)] used to make our
first generation RepliVAX D2 as well as a cell line [BHK(VEErep/
WNVC*-DENV2pr/MROGVISE/EKI20T/pac)] that encoded the DENV2
prM/E sequences selected when RepliVAX D2 was adapted to grow
in cells expressing the C gene (Suzuki et al., 2009). These packaging
cells, along with cell lines carrying packaging constructs expressing
the WNV prM/E [BHK(VEErep/WNVC*-E/Pac)], the JEV prM/E [BHK
(VEErep/WNVC*-JEVprM/E/Pac)], and a cell line [BHK(pVEErep/
WNVC*-DENV2prM/EK'26E/Pac] expressing an E protein from a
high-passage NGC strain of DENV that contains a DENV2 E mutation
(EX'26Ey previously associated with HS binding (Lee et al, 2006)
(see Fig. 1A) were used to produce viral replicon particles (VRPs) con-
taining a WNV replicon (C-hFLuc2A-NS1-5, see Fig. 3A). When these
VRPs, which contained identical WNV-derived replicons transpack-
aged in the different coats provided by their packaging cell lines
(Fig. 1A), were tested side-by-side for their specific infectivities in
Vero cells (genome copies per [U; see Materials and methods), we dis-
covered that the VRPs packaged in WNV or JEV prM/E proteins exhibited
significantly better specific infectivities (500 to 2000 genome copies per
IU) than particles packaged in any of the DENV2 coats (50,000 to
200,000 genome copies per IU; Fig. 1B). Among the DENV2-packaged
VRPs, the VRPs coated with the prM/E proteins of a low-passage NGC
strain [from BHK(VEErep/WNVC*-DENV2prM/E/Pac)] displayed the
poorest infectivity (over 200,000 genome equivalents per [U), and the
particles packaged in coats containing the previously identified HS-
binding mutation at position 126 (Lee et al, 2006) [BHK(pVEErep/
WNVC*-DENV2prM/EX'26E/Pac)] displayed a slightly better specific in-
fectivity. Interestingly, the VRPs packaged in the cell lines encoding
the DENV2 prM/E genes selected in our RepliVAX D2 passaging studies
(Suzuki et al., 2009) [BHK(VEErep/WNVC*-DENV2pr/MROGV13E/EK120T,
Pac)] displayed a significantly better specific infectivity than the parti-
cles packaged in the WT DENV2-packaged VRPs, which contained
the same low-passage DENV2 genes used to initiate the passaging stud-
ies we performed with RepliVAX D2 (Suzuki et al, 2009) (Fig. 1B).
Taken together, these data demonstrate that the previously reported
low-specific infectivity of DENV particles (van der Schaar et al., 2007)
is due to the properties of the virion surface proteins and that changes
in specific infectivity in cell culture can be facilitated by addition of pos-
itively charged residues in M and E that presumably function by facili-
fating productive binding of negatively charged glycosaminoglycans
(GAGs) such as HS that are ubiquitously expressed on cells in culture
and aid in infection as previously demonstrated for DENV2 (Lee et al.,
2006). However, we cannot rule out the possibility that the mutations
in prM/E could also have a role in the maturation of the structural pro-
teins needed for flavivirus morphogenesis, especially in light of recent
work showing that extracellular DENV particles contain a mixture of
mature (lacking prM) and immature particles (Junjhon et al, 2010)
which likely contribute to their poor specific infectivity.

NS2A and NS3 mutations previously selected in DENV2/WNV chimeras
improve VRP growth when packaged in DENV2 envelopes

During propagation of a derivative of RepliVAX D2 containing the
prM/E mutations described above (Suzuki et al., 2009), two muta-
tions were selected in the WNV nonstructural protein-encoding re-
gions that improved the growth of these chimeric viruses. To help
learn how these mutations exerted their effects, we introduced
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Fig. 1. Effect of flavivirus M/E proteins on the specific infectivity of trans-encapsidated WNV replicon genomes. (A) Schematic representation of the packaging cell constructs. All
constructs contained a form of the WNV C protein (C*) engineered to contain synonymous mutations in the start of the genome to prevent generation of homologous recombinants
with the replicons, as well as complete prM/E cassettes from the indicated viruses (see Materials and methods); “aa” indicates the position of the affected codon within the indi-
vidual protein-coding regions. (B). Specific infectivities of VRPs created by packaging a WNV-derived replicon [pWNR C-hFLuc2A NS1-5-encoding hFLuc (see Materials and methods
and Fig. 3A)]. Data displayed indicate the particle number (determined by genome quantification using sqPCR) divided by the measured infectivity on Vero cells (see Materials and
methods). Error bars indicate the standard deviation between specific infectivity determinations established from two measurements of RNA concentration from the linear range of
the sqPCR standard curve, “*” denotes significance as measured by one-way ANOVA with Bonferroni post-test (p<0.05).

them into RepliVAX WN (as single or double mutations; Fig. 2A), and
tested how these mutations affected the growth of this non-chimeric
single-cycle virus in a WNV C-expressing cell line [BHK(VEErep/
Pac-Ubi-C*)]. Fig. 2B shows growth curves for the WT and mutated
RepliVAX WN that were created by averaging values from 3 indepen-
dent experiments. These growth curves demonstrate that the muta-
tions selected in the context of the chimeric RepliVAX D2 were unable
to produce a detectable improvement in growth of the non-chimeric
RepliVAX WN.

To further evaluate the interactions between WNV NS2A and NS3
mutations and the DENV2 prM/E cassettes, NS2ASF and NS3RS16K
were introduced as single- or double-mutations into a WNV replicon
encoding a humanized form of the firefly luciferase (hFLuc) reporter
gene (Fig. 3A). Comparison of the ability of VRPs containing these repli-
cons to grow in a subset of the packaging cells described in Fig. 1 dem-
onstrated that each of the non-structural protein mutations enhanced
growth in all three of the DENV2 packaging cell lines (Figs. 3B, C
and D). In addition, the two mutations displayed an additive/synergistic
effect on transpackaging within DENV2 envelopes (Figs. 3B, C and D).
However, neither of these mutations (independently or together)
produced a detectable improvement in the growth of this WNV-
derived replicon when replicons carrying these mutations were
propagated in packaging cells expressing the WNV envelope pro-
tein cassette (Fig. 3E).

NS2ASF mutation alters the production of a higher molecular weight
form of NS1

The recent observation that the NS2A gene of encephalitic flavi-
viruses contains a frame-shift motif (Firth and Atkins, 2009) that per-
mits the production of an altered form of NS1 [known as NS1'; (Melian
et al, 2010)] identified over 20 years ago in cells infected with JEV
(Mason, 1989) prompted us to further examine our NS2A% mutation.
Interestingly, this mutation disrupts the canonical UUUU portion of the
ribosome slip site that produces NS1' (CCCUUUU ->CCCUUCU; Fig. 4A).
To confirm that this mutation prevented the synthesis of NS1', we con-
ducted Western blot analyses, that clearly demonstrate that this muta-
tion results in the loss of NS1' (Fig. 4B).

Mutation of the ribosome slip site in NS2A enhances packaging of WN
replicons in DENV2 coats and eliminates production of NS1'

To demonstrate that the growth enhancing properties of the
NS2A%°F mutation resulted through the abrogation of NS1' production,
we engineered two silent mutations (CCCUUUU ->CCC cUUc) in this re-
gion of NS2A (producing a construct designated NS2A™F) that dis-
rupted the ribosome slip site (Fig. 5A). WNV replicons bearing this
mutation alone, or in the presence of the NS3 mutation, displayed a sig-
nificant enhancement of growth compared to the WT replicon genome
when they were grown in cell lines providing DENV2 coats (Figs. 5B, C
and D). Furthermore, Fig. 5E shows that the NS2A™F mutation, alone,
or in concert with the NS3®>'®¢ mutation produced a significant im-
provement in packaging in a WNV coat at several time points. As
expected from the intentional disruption of the slippage site, cells
infected with replicons expressing the NS2A™F mutation alone, or in
the presence of the NS3®*'% mutation did not produce any detectable
NS1' (Fig. 5F). To further understand the interaction between the
NS2AMFand NS3®°'K mutations and DENV coats, we investigated the
specific infectivity of C-hFLuc2A-NS1-5 and C-hFLuc2A-NS1-5 NS2AFF
NS3R516K VRPs produced in the WNVC*-DENV2pr/MROGV13E/EK120T
and the WNVC*-E cell lines harvested from the 72 hpi time point in
the study shown in Figs. 5D and E. These studies showed improved in-
fectivity for the DENV-packaged VRPs that carried the NS2A frame-
shift and NS3 mutations relative to the WT genomes, but no difference
in the infectivity of the WNV-packaged genomes containing these mu-
tations (Figs. S2A and B), suggesting that the C-hFLuc2A-NS1-5 NS2A™F
NS3®51%K were more efficiently assembled into infectious DENV parti-
cles. Furthermore, Western blot analyses of the E protein content of
these same VRP preparations showed a similar level of incorporation
of WNV E into VRPs produced with either mutant or WT NS genes,
but a more efficient incorporation of the DENV E into particles carrying
the mutant NS genes, consistent with the hypothesis that the NS2A
frame-shift and NS3 mutations produced higher infectious yields by in-
creasing efficiency of assembly of infectious particles with DENV coats.

To further evaluate the role of these mutations in virion packaging
in WNV coats, we utilized an additional, more sensitive assay consist-
ing of calculating the size of infectious foci formed by VRPs carrying
WT and mutant replicons on BHK(VEErep/WNVC*-E/Pac) cells.
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the indicated time points as described in the Materials and methods. The first time point (0 hpi) indicates the initial dose used to infect the cells. Values represent averages of three

individual experiments, Error bars indicate standard deviation.

Fig. 6 shows the results of these assays, which support the data in
Fig. 5E, by showing that all three VRPs tested in these assays tended
to produce larger foci on cells expressing the WNV structural proteins.

NS1 is required for flavivirus genome replication, and mutations in
NS1 have been shown to alter genome replication in cells in culture
(see Introduction). To determine if the effect of NS1' abrogation was
producing the enhanced growth/spread phenotype in packaging cell

A

lines, we infected WT BHK cells with VRPs harboring various repli-
cons and used the short-lived hFLuc reporter gene (Thompson et al.,
1991) to quantify the levels of their genome replication and polypro-
tein translation. These studies, shown in Fig. 7, showed that neither
the NS2AFF, NS3R516K nor the combined NS2AFF/NS3R516K myta-
tions significantly altered the levels of replicon amplification at 24 h
post infection.
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Fig. 3. NS2A>** and NS3®'®“ improve growth of WNV VRPs when transpackaged in DENV coats. (A) Schematic representation of derivatives of WNV replicons carrying mutations in
NS2A and NS3; “aa” indicates the position of the affected codon within the individual protein-coding regions. (B~E) Growth curves of VRPs harboring the genomes shown in Fig. 3A
on BHK cell lines encoding the indicated packaging constructs. Cell monolayers were infected at an MOI of 0.05 with the indicated VRPs, and media were harvested and titered at the
indicated time points as described in the Materials and methods. The first time point (0 hpi) indicates the initial dose used to infect the cells. Values represent averages of two in-

dividual experiments. Error bars indicate standard deviation.
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Fig. 4. Effect of NS2AS%F mutation on synthesis of NS1'. (A) Alignment of RNA and amino acid sequences at the NS1/NS2A junction region of WNV showing the ribosomal frame-shift
site (underlined) and its disruption by the NS2ASF mutation. (B) Western blot showing that cells infected with replicons encoding the NS2AS%F mutation fail to produce NS1". Cells
infected with particles encoding C-hFLuc2A-NS1-5 replicon (labeled NS1-5 WT) and its derivatives (see Fig. 3A; labeled in this panel by mutation only) were lysed, blotted, and
immunostained as described in the Materials and methods.

Discussion

Flaviviruses display a broad host- and cell-specificity which sug-
gests that these viruses can use a variety of cell surface receptors.
Multiple molecules have been identified that can serve as receptors,
but the most clearly documented example of a cell-surface compo-
nent that can be utilized as a receptor is the GAG, HS. Although the

models can acquire the ability to bind to HS through the acquisition
of mutations on the E protein that produce positively charged patches
that efficiently bind negatively charged GAGs (Anez et al, 2009;
Kroschewski et al., 2003; Lee et al., 2004; Lee and Lobigs, 2000; Lee
and Lobigs, 2002; Lee et al., 2006; Mandl et al., 2000). In the current
studies we used a transpackaging system to demonstrate that the
DENV2 M/E protein mutations found in our previously reported

role of HS in natural infections by RNA viruses remains unclear, flavi-
viruses that are adapted to grow in cell culture or in specific animal

cell-adapted dengue chimera (Suzuki et al,, 2009) improve the specif-
ic infectivity of transpackaged particles, explaining the selection of
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Fig. 5. Demonstration that ablation of ribosomal frame-shifting in NS2A enhances trans-encapsidation of WNV replicons and eliminates production of NS1'. (A) Alignment of RNA
and amino acid sequences at the NS1/NS2A junction region of WNV showing the ribosomal frame-shift site (underlined) and its disruption by silent mutations, (B~E) Growth
curves of VRPs harboring the WT replicon genomes, or genomes encoding the NS2A™F or NS2ATFNS3®516K mutations on BHK cell lines encoding the indicated packaging constructs.
Cell monolayers were infected at an MOI of 0.05 with the indicated VRPs, and media were harvested and titered at the indicated time points as described in the Materials and
methods. The first time point (0 hpi) indicates the initial dose used to infect the cells. Values represent averages of two individual experiments. Error bars indicate standard devi-
ation and “*” denotes significance as measured by two-way ANOVA with Bonferroni post-test (p<0.05) for 24-96 h timepoints (B and C) and 48-72 h timepoints (D). The same test
showed significant differences in Fig. 5E; in this case: “*" denotes significance (p<0.05) for C-hFLuc2A-NS1-5 vs C-hFLuc2A-NS1-5NS2APFNS3RS16K: wx» dengtes significance
(p<0.05) for C-hFLuc2A-NS1-5 NS2A™F vs C-hFLuc2A-NS1-5NS2ATFNS3R516K; and “***" denotes significance (p<0.05) for C-hFLuc2A-NS1-5 vs C-hFLuc2A-NS1-5 NS2AFF at indi-
cated timepoints. (F) Western blot showing that cells infected with VRPs containing the NS2A™F mutation fail to produce NS1". Cells infected with particles encoding C-hFLuc2A-
NS1-5 replicons encoding N$3®516K, NS2A™F, or NS2A™F NS3%516K mutations were lysed, blotted, and immunostained as described in the Materials and methods.
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Fig. 6. Comparison of foci sizes of VRPs harboring the WT replicon genome, or genomes
encoding the NS2A™F, NS2APFNS3R516K or NS3R516K mytations on BHK(VEErep/WNVC™-E/
Pac) cells expressing the WNV C-prM-E proteins. Cell monolayers were infected with serial
dilutions of the VRPs, overlaid with semisolid medium, fixed, and immunostained with anti-
NS1 antibody 48 h after incubation at 37 °C as described in the Materials and methods, The
graph represents the counts of cells from 10 individual foci per VRP tested. The line repre-
sents the average of the 10 fodi values for each group and “*” denotes significance as mea-
sured by one-way ANOVA with Bonferroni post-test (p<0.001).

these mutations during the adaptation of our dengue chimera to grow
in cell culture. Furthermore, by comparing the specific infectivity of
these preparations to those encoding envelopes of two encephalitic
flaviviruses, we clearly demonstrated the poorer specific infectivity
of particles encapsidated in DENV envelope proteins, consistent
with work of Kuhn and co-workers documenting the poor specific in-
fectivity of DENV2 virions (van der Schaar et al., 2007). Interaction
among the proteins of positive-strand RNA viruses is one of the hall-
marks of these viruses. Among the flaviviruses, numerous examples
of such interactions exist within the structural proteins or within
the well-defined non-structural protein complexes. Analyses of viable
chimeras created from different species within the Flavivirus genus
have revealed additional interactions. Several of these have docu-
mented interactions between components known to be involved in
genome replication and the structural components of the virion.
Among these, there has been a documented interaction of NS1 with
the viral replicase via an interaction with NS4A (Lindenbach and

RLU perinfected cell

Fig. 7. Replication of VRPs harboring the WT replicon genome, or genomes encoding
the NS2APF, NS2APFNS3R516K or NS3®516K mutations on BHK cells. Cells were cultured
in 96-well plates, infected with VRPs and incubated for 24 h, when the relative lucifer-
ase units (RLU) were d and then dardized to the number of VRP-infected
cells obtained by immunostaining wells infected in a parallel plate (see Materials and
methods). Data for each sample are averages of triplicate values with error bars show-
ing standard deviations.

Rice, 1999). In a previous report we demonstrated that adaptation
of a DENV/WNV single-cycle chimeric flavivirus to grow to higher ti-
ters in a specifically designed packaging cell line resulted in the selec-
tion of mutations in NS2A and NS3. Here we definitively demonstrate
that these mutations exert their growth-enhancing effect by interaction
with the structural proteins, and that this growth enhancing effect is
more pronounced in the context of DENV2 structural proteins. These
data explain how these adaptations arose in response to the unnatural
chimerization. In the case of the mutation in NS3, we were unable to de-
fine the mechanism by which this mutation was exerting its phenotype,
but the ability of this mutation which lies within the helicase domain of
NS3 to improve packaging of the viral genome supports previous evi-
dence showing that changes in the helicase domain can alter encapsida-
tion (Patkar and Kuhn, 2008).

In the case of our NS2A mutation, which was found at codon 9 of
the NS2A gene, we clearly demonstrate that this mutation functions
through alteration of a recently documented ribosomal frame shift
that produces an altered form of the NS1 protein (NS1') that is a char-
acteristic of members of the JEV/WNV serocomplex of the flavivirus
genus (Firth and Atkins, 2009; Mason, 1989; Melian et al., 2010).
This interesting effect was evaluated by trans-complementation of
genomes carrying the cell-adapted, non-synonymous mutation in
NS2A which ablated the ribosome slippage site. These studies showed
that this non-synonymous change increased transpackaging by prM/E
proteins, and simultaneously eliminated the production of NS1'. The
specific role of the frame shift in these phenotypes was confirmed
by studies which demonstrated that synonymous mutations in this
frame-shift site produced the same VRP growth-enhancing pheno-
type and ablation of NS1' production found in the non-synonymous
mutation selected in our previous blind-passaging studies. Careful an-
alyses of replicons harboring this mutation document that its effect
on genome packaging, which was additive with the NS3 mutation,
could be observed when packaging was evaluated in cells providing
WNV or DENV2 prM/E coats. However, the growth-enhancing pheno-
type was more dramatic with the DENV2 prM/E coats, consistent with
the hypothesis that these lower-specific infectivity coats provided a
more significant selective pressure, allowing these mutations to
arise in the chimeric background used for the initial passaging stud-
ies; the selection of these mutations is also consistent with prelimi-
nary studies showing that the combination of the NS2A frame-shift
and NS3 point mutations into a replicon improve VRP yield from
DENV E-producing cell lines by improving the specific infectivity of
the resulting particles. Since the NS1 gene has been shown to serve
a critical function in flavivirus genome replication we conducted
studies to determine if ablation of NS1' by alteration of the slippage
site could influence genome replication. These studies showed that
abrogation of NS1' had no effect on genome replication, indicating
that the mechanism by which NS1' alters particle packaging is due
to an effect on virion assembly/release.

Our data demonstrating that the NS1' protein alters genome pack-
aging expands the activities ascribed to the multifunctional NS1 pro-
tein. Although we have been unable to precisely determine how the
larger form of the NS1 protein interferes with transpackaging of ge-
nomes into infectious particles, these findings are consistent with
the slow egress of NS1 through the endoplasmatic reticulum (ER) of
infected mammalian cells (Mason, 1989), the regulation of its locali-
zation to several compartments (Youn et al.,, 2010), the documented
role of NS1 in genome replication (Muylaert et al., 1996; Muylaert

et al, 1997), and interactions with NS4A (Lindenbach and Rice,

1999), all of which indicate that NS1 likely serves as a bridge between
RNA synthesis and structural protein assembly. The finding that the
extended form of NS1 has an inhibitory effect on virion packaging in
vitro support this role. However, by themselves, these results are
somewhat surprising. The fact that the effect on packaging was less
pronounced in the presence of high-specific infectivity encephalitic
flavivirus prM/E proteins is consistent with the fact that NS1' has
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not been observed in other flaviviruses (see above). Interestingly, work
by Khromykh and co-workers showed that abrogation of NS1' in a low-
virulence isolate of WNV (Kunjin virus) reduced neurovirulence in mice
(Melian et al,, 2010). Although these studies did not document an effect
of NS1' ablation on viral growth, they clearly showed an interesting ef-
fect of the NS1' protein in vivo but were unable to demonstrate any ef-
fect of the frame-shift ablation on growth of a mutant Kunjin virus in
vitro in mammalian or insect cells (Melian et al., 2010). The inability
to observe differences in growth of Kunjin viruses with or without the
frame-shift mutation is consistent with our studies showing that pro-
ductive growth of a single-cycle WNV (namely RepliVAX WN) in a com-
plementing cell line was not improved by the introduction of this
frame-shift mutation. Finally, although the influence of the frame shift
on Kunjin virus neurovirulence may not provide an evolutionary advan-
tage per se, the association of the frame-shift slippage site with the en-
cephalitic flaviviruses likely reflects a selective biological advantage,
which could be related to acquisition of additional functions by the larg-
er form of NS1.

Materials and methods
Cells

BHK cells were maintained at 37 °C in minimal essential medium
(MEM) supplemented with 10% fetal bovine serum (FBS) and antibi-
otics. Vero cells were maintained at 37 °C in MEM containing 6% FBS
and antibiotics. BHK(VEErep/Pac-Ubi-C*) expressing the WNV C protein
(Widman et al.,, 2008), BHK(VEErep/WNVC*-E/Pac) cells expressing the
WNV C-prM-E proteins (Fayzulin et al, 2006), BHK(VEErep/WNC*-
JEVprM-E/Pac) cells expressing the WNV C and JEV prM-E (Ishikawa
et al., 2008), BHK(VEErep/WNVC*-DENV2prM/E/Pac) cells expressing
the WNV C and the DENV2 NGC (low passage) prM/E (generated as de-
scribed below), BHK(VEErep/WNVC*-DENV2prM/EX'2E/Pac) cells
expressing the WNV C and a HS-binding E derived from a high-passage
DENV2 NGC (generated as described below), and BHK(VEErep/WNVC*-
DENV2pr/MROGVI3E/EKI20T /pacy cells expressing the WNV C and the
DENV2 prM/E mutations selected in RepliVAX D2 (generated as de-
scribed below) were propagated at 37 °C in Dulbecco's MEM supple-
mented with 10% FBS and 10pg/ml puromycin as previously
described (Fayzulin et al., 2006).

Plasmid construction

The plasmid pWNR C-hFLuc2A NS1-5 encoding a WNV replicon
expressing a hFLuc reporter gene has been previously described (Gilfoy
et al,, 2009). This was used to construct the various mutant WNV repli-
con plasmids with specific mutations in NS2A (pWNR C-hFLuc2A NS1-5
NS2AS9F), NS3 (pWNR C-hFLuc2A CNS1-5 NS3®516K) NS2A and NS3
(PWNR C-hFLuc2A NS1-5 NS2ASP/NS3R18K) a5 well as a silent muta-
tion in NS2A (pWNR C-hFLuc2A NS1-5 NS2AF) using standard tech-
niques (Higuchi et al., 1988).

The plasmid encoding the RepliVAX WN replicon [pRepliVAX WN
(Widman et al., 2008); previously referred to as pRepliVAX WN.2 SP]
was modified using standard techniques to produce a series of mutant
RepliVAX WN plasmids with specific mutations in NS2A (pRepliVAX
WN NS2AS9F), NS3 (pRepliVAX WN NS3®°18X) and NS2A and NS3
(pRepliVAX WN NS2ASF/NS3R518K) ysing standard techniques
(Higuchi et al., 1988).

Plasmid pVEErep/WNVC*-E/Pac which encodes a Venezuelan
equine encephalitis virus replicon (VEErep) capable of persisting
in cells in the presence of puromycin and expressing the WNV struc-
tural proteins (C-prM-E) needed to package subgenomic replicons
(Fayzulin et al., 2006) was used to construct a series of plasmids encod-
ing a low-passage DENV2 NGC (Fonseca, 1994) prM/E cassette (pVEErep/
WNVC*-DENV2prM/E/Pac), a high-passage DENV2 NGC (Fonseca, 1994)
prM/E cassette (pVEErep/WNVC*-DENV2prM/EX12E/Pac), or the prM/E

cassette found in cell-adapted RepliVAX D2 (Suzuki et al, 2009)
(PVEErep/WNVC*-DENV2pr/MROGY13E/EK120T pacy Sequences of all con-
structs are available from the authors upon request.

Production of packaging cell lines

Cell lines harboring replicons from the VEErep plasmids were cre-
ated by a slight modification of the previously described procedures
(Fayzulin et al.,, 2006). Briefly, the plasmid DNAs were linearized by
using the Mlul restriction enzyme, and the resulting template DNAs
were in vitro-transcribed using MegaScript SP6 synthesis kit
(Ambion) in the presence of 7mG(ppp)G cap analog (New England
Biolabs). The yield and integrity of transcripts were determined by
using non-denaturing gel electrophoresis, aliquots of transcription re-
actions were transfected into BHK cells using Lipofectin (Invitrogen),
VEErep-harboring cell lines were selected in the presence of puromy-
cin, and clones displaying high-level expression of these replicons
were isolated and propagated using standard techniques.

Production of VRPs and RepliVAX WN derivatives

WNV replicon RNAs encoding the hFLuc gene (WNR C-hFLuc2A
NS1-5 and derivatives) or the WNV prM/E cassette (RepliVAX WN
and derivatives) were generated by using MegaScript T7 synthesis
kit (Ambion) and 7mG(ppp)G cap analog (New England Biolabs)
from Swal-linearized templates created from the relevant plasmid
DNAs using standard methods. Following analysis for yield and integ-
rity as described above, aliquots of transcription reactions were elec-
troporated into packaging cell lines (expressing C, prM, and E
constructs in the case of the hFLuc-expressing replicon constructs or
C only in the case of RepliVAX constructs) and then collected as pre-
viously described (Fayzulin et al., 2006).

VRP and RepliVAX titrations

VRPs and RepliVAX WN derivatives were titrated on Vero cells as
previously described (Fayzulin et al., 2006). Yields are reported as in-
fectious units per milliliter (IU/ml).

VRP and RepliVAX growth curves

To compare growth properties of the various WNV replicons in
cell lines encoding various prM/E packaging constructs, VRPs derived
from electroporations were used to infect these BHK packaging cells
at a multiplicity of infection (MOI) of 0.05 for 2 h, the monolayers
were washed 3 times (5 min each) with MEM supplemented with
1% FBS, 10 mM HEPES, and antibiotics, and the cultures were placed
at 37 °C. Media were removed and replaced with fresh media at the
indicated time points and stored at — 80 °C for subsequent titration
as described above.

Growth curves from RepliVAX WN and derivatives were prepared
by infecting BHK(VEErep/Pac-Ubi-C*) cells at an MOI of 0.01 using the
same procedure as described above.

Specific infectivity studies

Genome copy numbers and infectivity of VRPs produced by elec-
troporation (see above) were determined based on semiquantitative
PCR and Vero cell titration data. Briefly, VRP preparations were dilut-
ed to give titers of 1000 IU/ml, and one portion was titered on Vero
cells as described above, while RNA was isolated from a second por-
tion using the QIAamp Viral RNA kit {(QIAGEN) following the manu-
facturer's protocol. The viral RNA concentration in this sample was
determined by using a semiquantitative PCR (sqPCR) assay in which
serial 2-fold dilutions of RNA from each sample were used for reverse
transcription (RT) carried out with an ImProm II RT kit (Promega)
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with random hexamers followed by amplification of a 100 bp PCR
product using previously described WNV NS5-specific primers
(Bourne et al., 2007). The PCR conditions included an initial cycle of
5min at 95 °C, 30 cycles of 30s at 95°C, 30s at 53 °C and 30s at
72 °C, followed by 5 min at 72 °C. Following amplification, the PCR
products were resolved by electrophoresis on 2% agarose gels con-
taining 200 ng/ml of ethidium bromide, and images of the gels were
acquired with a CCD camera using a FluorChem 8900 Chemilumines-
cence Gel Imager (Alpha Innotech) and band intensities were quanti-
fied by using Image] software (available at http://rsbweb.nih.gov/ij/).
The intensities of these bands were compared to a standard curve
generated with known numbers of genome copies of in vitro synthe-
sized RNA from WNR C-hFLuc2A NS1-5 (ranging from 2000 to
200,000 copies), and the resulting standard curve (generated by
using GraphPad Prism 4 software) (Fig. S1) was used to calculate
the genome copies in each test sample. The specific infectivities of
each preparation were then calculated by dividing this genome copy
number per [U in the same sample volume, giving genome copies/IU
of each VRP.

Western blot analyses of NS1

VRPs containing different derivatives of WNR C-hFLuc2A NS1-5
were inoculated onto BHK cell monolayers at an MOI of 5 and incu-
bated at 37 °C with serum-free medium (OptiPro SFM, Gibco) supple-
mented with 10 mM HEPES and antibiotics. At 24 h after infection,
culture fluids were collected and cell lysates were prepared using
lysis buffer (0.1% Triton X-100, 300 mM NaCl, 50 mM Tris-HCl; pH
7.6) containing a protease inhibitor cocktail (Roche). Samples were
resolved on 4-12% gradient Bis-Tris polyacrylamide gels (Invitrogen)
and transferred to polyvinyldene diofluoride membranes, which were
then incubated with a 1:5000 dilution of a mouse anti-NS1 antibody
from hydridoma JE-6H4 (Kitai et al., 2007). Following washing, the
membranes were incubated with a 1:10,000 dilution of peroxidase-
conjugated anti-mouse IgG (KPL), and the bound peroxidase was vi-
sualized by using ECL Plus System (GE healthcare).

VRP focus-formation assay

To compare focus morphology, monolayers of BHK(VEErep/
WNVC*-E/Pac) cells expressing the WNV C-prM-E proteins were
infected with serial dilutions of VRPs harboring the WT replicon ge-
nome, or genomes encoding the NS2AFPF, NS2AFOFNS3RSI6K op
NS3®18K mutations. Following absorption for 2 h, the cells were over-
laid with medium containing 0.8% carboxymethyl cellulose (CMC)
(Sigma, Saint Louis, MO) supplemented with 1% FBS, 10 mM HEPES
and antibiotics and incubated at 37 °C for 48 h. To visualize foci, the
cells were fixed with 50% acetone-50% methanol solution followed
by incubation with a 1:5000 dilution of a mouse anti-NS1 antibody
from hybridoma JE-6H4 (Kitai et al., 2007), peroxidase conjugated
anti-mouse IgG (KPL, Gaithersburg, MD) and VIP substrate (Vector
Laboratories, Burlingame, CA). The number of cells forming individu-
alized focus was counted and used to compare focus size.

Luciferase assay

BHK monolayers prepared in 96-well black-wall plates were
infected with dilutions of VRPs harboring the WT replicon genome,
or genomes encoding the NS2A™F, NS2ATFNS3R516K or NS3RS16K mpyyy.
tations and incubated at 37 °C. At 24 h post infection, an equal volume
of 25% Steady-Glo Luciferase Assay System reagent (Promega) diluted
in lysis buffer was added to the cells and incubated for 5 min on rock-
er to allow cell lysis. The luminescence was measured on a Microplate
Luminometer (Applied Biosystems, Foster City, CA). A parallel plate
infected with the same dilutions of VRPs was harvested at 24 h post
infection and used to determine the number of VRP-infected cells

determined by immunostaining (as described above). The luciferase
activity was normalized by the number of VRP-infected cells and
expressed as relative luciferase units (RLU) per infected cell.

Statistical analyses

GraphPad Prism (GraphPad Software, San Diego, CA) was used to
analyze data. One-way or two-way analysis of variance (ANOVA)
with the Bonferroni post-test were used where appropriate. P values
less than 0.05 were considered to indicate statistical significance.
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