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ABSTRACT Type | interferon (IFN) inhibits viruses by inducing the expression of an-
tiviral proteins. The IFN-induced myxovirus resistance B (MxB) protein has been re-
ported to inhibit a limited number of viruses, including HIV-1 and herpesviruses, but
its antiviral coverage remains to be explored further. Here we show that MxB inter-
feres with RNA replication of hepatitis C virus (HCV) and significantly inhibits viral
replication in a cyclophilin A (CypA)-dependent manner. Our data further show that
MxB interacts with the HCV protein NS5A, thereby impairing NS5A interaction with
CypA and NS5A localization to the endoplasmic reticulum, two events essential for
HCV RNA replication. Interestingly, we found that MxB significantly inhibits two addi-
tional CypA-dependent viruses of the Flaviviridae family, namely, Japanese encepha-
litis virus and dengue virus, suggesting a potential link between virus dependence
on CypA and virus susceptibility to MxB inhibition. Collectively, these data have
identified MxB as a key factor behind IFN-mediated suppression of HCV infection,
and they suggest that other CypA-dependent viruses may also be subjected to MxB
restriction.

IMPORTANCE Viruses of the Flaviviridae family cause major illness and death around
the world and thus pose a great threat to human health. Here we show that IFN-
inducible MxB restricts several members of the Flaviviridae, including HCV, Japanese
encephalitis virus, and dengue virus. This finding not only suggests an active role of
MxB in combating these major pathogenic human viruses but also significantly ex-
pands the antiviral spectrum of MxB. Our study further strengthens the link between
virus dependence on CypA and susceptibility to MxB restriction and also suggests
that MxB may employ a common mechanism to inhibit different viruses. Elucidating
the antiviral functions of MxB advances our understanding of IFN-mediated host an-
tiviral defense and may open new avenues to the development of novel antiviral
therapeutics.
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yxovirus resistance (Mx) proteins, a small family of interferon (IFN)-induced

proteins, are known for their protection of mice from infection by influenza A
virus (1, 2). Mx genes are evolutionarily conserved among vertebrates ranging from fish
to primates (3). The mouse genome contains two Mx genes, named Mx1 and Mx2, both
of which exert broad antiviral activity against DNA and RNA viruses. The majority of
inbred mice carry an inactive Mx1 gene, rendering them more susceptible to influenza
virus infection (4, 5). Humans also have two Mx genes: MxA and MxB. It is interesting
that, during evolution, rodents lost the ortholog of the human MxB gene and carry two
MxA orthologs (Mx1 and Mx2) (6). Transgenic mice bearing the human MxA gene are
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resistant to influenza virus infection (7, 8). In contrast to MxA, the human MxB protein
was long considered nonantiviral (9, 10), until human immunodeficiency virus type 1
(HIV-1) was reported to be inhibited by MxB in 2013 (11-13).

Mx proteins are dynamin-like large GTPases (14). Their expression is stimulated by
type | interferon and, to a lesser extent, type lll interferon (15, 16). The crystal structures
of human MxA and MxB proteins show that their GTPase domains fold into indepen-
dent globular structures which are connected via the bundle signaling element (BSE)
hinge to the helical stalk domain (14). The stalk domain mediates the dimerization and
oligomerization of the MxA and MxB proteins, which are required for the antiviral
function of both proteins (17, 18). Current data indicate that MxA is more dependent
on its GTPase activity than MxB for inhibition of viruses (19, 20). Further, MxA uses its
loop 4 to recognize the nucleoprotein (NP) of influenza A virus (21, 22), whereas MxB
targets the HIV-1 capsid core structure with its N-terminal sequence, which is absent in
MxA (13, 23).

Our understanding of the antiviral function of MxB and appreciation of its impor-
tance in host antiviral defense will greatly benefit from defining the antiviral breadth of
MxB and further characterizing the underlying antiviral mechanisms. In our quest for
new target viruses of MxB, we found that hepatitis C virus (HCV) is significantly
inhibited by MxB. We further observed that MxB inhibition of HCV is correlated with
HCV dependence on cyclophilin A (CypA), a peptidyl prolyl isomerase that binds to the
HCV protein NS5A and promotes HCV replication (24). Interestingly, our results show
that two other Cyp-dependent viruses, dengue virus (DENV) (CypA dependent) and
Japanese encephalitis virus (JEV) (CypB dependent), are also inhibited by MxB, which
suggests that MxB may have a relatively broad antiviral spectrum given that many
viruses depend on Cyp for efficient replication (25).

RESULTS

MxB inhibits HCV infection. With the aim of determining whether MxB inhibits
viruses other than lentiviruses, we tested the effect of MxB on HCV infection. We first
generated a Huh7.5.1 cell line that was stably transduced with a tetracycline-inducible
retroviral vector carrying the MxB cDNA. We produced the Jc1-Luc HCVcc virus, which
expresses Gaussia luciferase (Gluc) as a reporter, and used this virus to infect the MxB
Huh7.5.1 cells in the presence of doxycycline to induce MxB expression (Fig. 1A). The
results of Western blotting showed that MxB expression reduced the level of HCV core
protein in the infected cells approximately 3-fold (Fig. 1A), which was corroborated by
a 2-fold decrease in HCV RNA (Fig. 1B). The levels of infectious HCV virions in the culture
supernatants were determined by infecting regular Huh7.5.1 cells and then measuring
the Gluc activity. The results showed that MxB diminished the production of infectious
HCV 2-fold (Fig. 1C). We further examined the inhibitory effect of MxB on HCV infection
by immunostaining HCV core protein in the infected cells. The results of confocal
microscopy showed a profound suppression of HCV core expression when MxB was
induced by doxycycline (Fig. 1D). Approximately 70% of the cells expressed MxB with
doxycycline induction, and HCV infection did not change this MxB-positive percentage
(data not shown). Pearson and Manders coefficient analysis revealed a very small
amount of overlap between the red fluorescent signals for MxB and the green fluo-
rescent signals for HCV core protein, with coefficient values of 0.27 and 0.56, respec-
tively (Fig. 1E), which indicates a very potent inhibition of HCV core expression by MxB
and suggests a possible underestimation of the anti-HCV potency of MxB shown by the
results in Fig. 1A to C, which also incorporate the values from the MxB-negative cells.

MxB expression was highly induced by IFN-a-2b in HEK293T, Huh7, and Huh7.5.1
cells (Fig. 2A). To determine the role of endogenous MxB in IFN-mediated inhibition of
HCV, we depleted MxB in IFN-a-2b-treated Huh7 cells by use of small interfering RNA
(siRNA) and then infected these cells with Jc1-Luc HCVcc. The results of Western
blotting showed that all three siRNAs significantly reduced the level of endogenous
MxB compared to that with the control siRNA (Fig. 2B). IFN-a-2b (50 IU/ml) diminished
the production of infectious HCV by 50%, which was reversed to the level of control
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FIG 1 MxB inhibits HCV infection. (A) Jc1 HCVcc was used to infect Huh7.5.1 cells, which were treated with doxycycline (Dox) to express MxB.
Levels of MxB protein and HCV core proteins were determined by Western blotting at 72 hpi. The band densities for core and actin were
quantified by use of NIH ImagelJ software. (B) Levels of HCV RNA in infected cells were quantified by qRT-PCR. The GAPDH mRNA level was also
determined, and the data were used as an internal control to normalize the level of viral RNA. (C) HCV infection was determined by measuring
Gluc activity in the supernatant. (D) Immunofluorescence staining of HCV core protein (green) and MxB (red). Nuclei were visualized by DAPI
staining (blue). (E) Colocalization coefficients (Pearson and Manders coefficient values) of the HCV core protein (green) and MxB (red) shown in
panel D were determined for randomly selected cells (>30) by use of Image-Pro Plus 7.0C software. Data are representative of at least three
independent experiments, and values are expressed as means = SD. For panels A to C, data are normalized to the control group, with the control
value arbitrarily set to 1.

infection without IFN-a-2b when MxB was knocked down (Fig. 2B). These data dem-
onstrate the important role of MxB in IFN-mediated inhibition of HCV infection.

It is notable that multiple interferon-stimulated genes (ISGs), including MxA, Viperin,
and ISG56, have been reported to restrict HCV replication (50). To understand why
knockdown of endogenous MxB alone almost completely eliminated the inhibitory
effect of IFN on HCV replication, we determined the expression levels of several ISGs in
Huh7.5.1 cells that were treated with different doses of IFN. We found that at 50 1U/ml
IFN-a-2b, the mRNA level of MxB was much higher than that of MxA, Viperin, or 1ISG56
(Fig. 2C), which suggests that MxB may play a dominant role in inhibiting HCV
replication. However, when cells were treated with a higher dose of IFN (500 1U/ml), the
expression level of MxA surpassed that of MxB 6-fold (Fig. 2C). Accordingly, with
treatment at 1,000 IlU/ml IFN-a-2b, which diminished the HCV RNA level almost 100-
fold, knockdown of MxB still increased HCV RNA expression 3-fold but was unable to
reverse the inhibitory effect of IFN-a-2b, likely because the high levels of MxA and other
restrictive 1SGs still profoundly suppressed HCV infection (Fig. 2D).

In addition, we also assessed the effect of MxB on the expression levels of other ISGs,
and we found no significant change in mRNA levels of MxA, Viperin, and ISG56 in either
MxB knockdown cells treated with IFN (Fig. 2E) or MxB-overexpressing cells (Fig. 2F)
compared to those in the control group. This result demonstrates that MxB does not
regulate the transcription of the ISGs tested, suggesting that MxB plays no role in
regulating their anti-HCV activity by inducing their expression.
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FIG 2 MxB plays an important role in IFN-mediated inhibition of HCV infection. (A) Expression levels of MxB in different
cell lines. HEK293T, Huh7, and Huh7.5.1 cells were treated with IFN-a-2b (500 IU/ml) for 48 h. Levels of MxB and
SamHD1 were determined by Western blotting. (B and D) Jc1 HCVcc was used to infect Huh7 cells that were
transfected with either siRNA targeting MxB or control scrambled siRNA (siNT), followed by treatment with 50 1U/ml
IFN-a-2b (B) or 1,000 [U/ml IFN-a-2b (D). Levels of MxB were determined by Western blotting. HCV infection was
assessed by measuring Gluc activity at 72 hpi. (C) Huh7 cells were treated with IFN-a-2b (0, 50, and 500 1U/ml) for 48 h.
The mRNA copies of MxB, MxA, Viperin, and ISG56 were quantified by qRT-PCR. (E) Huh7 cells were transfected with
either siRNA targeting MxB or control scrambled siRNA (siNT) and treated with 50 IU/ml IFN-a-2b for 48 h, and mRNA
levels of MxB, MxA, Viperin, and 1SG56 were detected by qRT-PCR. (F) Huh7 cells were transfected with a plasmid
expressing MxB-Flag for 48 h, and mRNA levels of MxB, MxA, Viperin, and I1SG56 were detected by qRT-PCR. Data are
representative of at least three independent experiments, and values are expressed as means = SD. For panels B and
D to F, data are normalized to the control group, with the control value arbitrarily set to 1.
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FIG 3 The NLS of MxB is required for its anti-HCV activity. (A) Schematic representation of wild-type (WT) and mutant MxB proteins. The position
of each domain is illustrated by amino acid numbers. (B) The anti-HCV activities of MxB mutants were examined by transfecting Huh7.5.1 cells
with plasmids expressing Flag-tagged wild-type and mutated MxB, followed by infection with Jc1 HCVcc. Data are representative of at least three
independent experiments, and values are expressed as means * SD. Data are normalized to the control group, with the control value arbitrarily

set to 1.

The first 25 amino acids of MxB have been shown to be essential for inhibiting HIV-1
(13, 23). In a similar fashion, deletion of this 25-amino-acid fragment ablated the
anti-HCV activity of MxB (Fig. 3). However, the anti-HCV function of MxB was restored
when the first 25 amino acids, which contain a nuclear localization signal (NLS) motif,
were replaced with an NLS (PKKKRKV) sequence derived from the simian virus 40 (SV40)
large T antigen (Fig. 3). These results further confirm the role of the N-terminal
sequence of MxB in its antiviral function against HIV-1 and HCV and suggest that MxB
may employ similar mechanisms to inhibit these two viruses.

MxB suppresses HCV RNA replication. Next, we investigated which step of HCV
infection is inhibited by MxB. To ensure the physiological relevance of MxB overex-
pression in our work, we first compared the levels of MxB expression in Huh7.5.1 cells
either transfected with an MxB-expressing vector or treated with IFN. For better
quantification of Western blots, we used an Odyssey infrared imaging system (Li-Cor) to
obtain digital readings of Western blots. The result showed that transfection of 500 ng
of pMxB-Flag DNA, which was used in our experiments, generated a level of MxB similar
to that induced with 500 IU/ml IFN-a-2b, demonstrating the physiological relevance of
MxB overexpression in our study (Fig. 4A). Huh7.5.1 cells transiently expressing Flag-
tagged MxB were infected with the JFH1 virus strain. We then quantified viral protein
and viral RNA in the infected cells and determined virus production and viral infectivity
in an equal volume of supernatant at 72 h postinfection (hpi). The results showed that
the overexpressed MxB caused 2-fold reductions in viral protein (Fig. 4B), viral RNA (Fig.
4(Q), virus production (Fig. 4D), and the infectivity of progeny viruses (Fig. 4E). This
suggests that MxB mainly affects the early stage of HCV replication. We did not observe
any effect of MxB on HCV attachment to target cells (Fig. 4F) or on HCV entry (Fig. 4G).
We further found that overexpression of MxB led to 50% reductions of the HCV protein
NS3 (Fig. 4H) and of viral RNA (Fig. 4l) in a Huh7 cell line containing the JFH1-derived
subgenomic replicon (JFH1; HCV subtype 2a), which suggests that MxB inhibits viral
gene expression at the transcription and/or translation level. To further determine
which step of HCV infection is inhibited by MxB, we measured the effect of MxB on viral

January 2019 Volume 93 Issue 1 e01285-18

jviasm.org 5


https://jvi.asm.org

Yi et al. Journal of Virology

A B C D
Cell Cell Supernatant
IFN pMxB-Flag 5
(IU/ml) (ng) EV MxB ‘on 510 _‘ $10] —
0 50 500 O 500 1000 Flag — < 3
= —&W DA ;
MxB o
X 70 Core|ww w25 B o O o
I 05 0.5
- ACtinE ; E
]
MxB_ 54 0.47 0.66 0.42 0.65 1.2 o 3 &
Actin Core 100 045 &
Actin ’ 0.0 0.0
EV MxB EV MxB
E F Binding test G Entry test
Progeny virus 1.5+ 1.5 n.s.
° °
g : : 1
8 104 M ﬁ n.s ﬁ
< S 10 — : < 1.0
z = =
> 3 Y o .
) I I
T 0.5 4 . o 0.54 o 0.54
[ 2 >
2 © 5
& © ©
< o o
o0 TR = s 5
T EV | mxB s 2 X S I £
3 T 3 (5]
3 0 S
=2 o o
@
-
H | J
Reoli Replicon
eplicon JFH1 JFH1(GND)
- EV MxB
EV MxB ﬂ>) 10d — ——]
—] " EV MxB EV MxB
a ag
g o z -— -—
>
NS3 w W70 20.5_ Core| W | - 25
o ;
ACn | nm — — £ Actin | e | — -
—40 = 0
3]
NS3 (4 Core 4 oo 0.22 1.00 1.22
Aot 100 078 0.41 00 Actin

FIG 4 MxB inhibits RNA replication of HCV. (A) Huh7.5.1 cells were either treated with IFN-a-2b (0, 50, or 500 IU/ml) or transfected with MxB-Flag
DNA (0, 500, or 1,000 ng) for 48 h, and MxB levels were determined by Western blotting and quantified by use of a Li-Cor Odyssey system. (B)
Huh7.5.1 cells were transfected with a plasmid expressing MxB-Flag or with empty vector DNA (EV) as the control and then infected with JFH1
HCVcc (MOI = 0.5). Levels of MxB and HCV core were determined by Western blotting. (C) Levels of HCV RNA in infected cells were quantified
by gRT-PCR. The level of GAPDH mRNA was used as the internal control to normalize the level of viral RNA. (D) HCV production was determined
by measuring the HCV core level in the supernatant by enzyme-linked immunosorbent assay (ELISA). (E) Levels of infectious progeny viruses in
supernatants were determined by infecting Huh7.5.1 cells, followed by qRT-PCR quantification of viral RNA in the newly infected cells at 72 hpi.
(F) Effect of MxB on HCV binding to target cells. Huh7.5.1 cells were incubated with JFH1 HCVcc (MOI = 0.5) at 4°C for 1 h. Anti-CD81 antibody
was used to prevent HCV binding to its receptor, CD81. The attached HCV particles on the cell surface were quantified by determining the amount
of viral genomic RNA by qRT-PCR. (G) Effect of MxB on HCV entry. After incubating Huh7.5.1 cells with JFH1 HCVcc, HCV that had entered Huh7.5.1
cells was quantified by determining the level of viral genomic RNA by gqRT-PCR. IFN-a-2b was used as a control treatment of cells for 24 h before
HCV infection. (H) Huh7 cells harboring the JFH1-derived subgenomic replicon were transfected with MxB-Flag plasmid DNA, followed by Western
blotting to measure levels of MxB and HCV NS3. (I) Levels of HCV RNA were determined by qRT-PCR. (J) Effect of MxB on translation of HCV RNA.
Huh7.5.1 cells were cotransfected with MxB-Flag plasmid DNA together with in vitro-synthesized JFH1T mRNA or JFH1(GND) mRNA. Levels of MxB
and HCV core proteins were determined by Western blotting. Data are representative of at least three independent experiments, and values are
expressed as means *+ SD. For panels B to J, data are normalized to the control group, with the control value arbitrarily set to 1.

protein expression from mutated HCV JFH1/GND, which contains a mutation in the HCV
RNA polymerase NS5B and is unable to replicate viral RNA. Unlike that of wild-type HCV,
the viral protein expression of the HCV mutant was insensitive to MxB, suggesting that
MxB does not affect the translation of viral mRNA (Fig. 4J). Therefore, we conclude that
MxB mainly inhibits viral RNA replication.
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Knockdown of CypA abrogates MxB inhibition of HCV. We previously found that
depletion of CypA impairs MxB inhibition of HIV-1 (13). We therefore asked whether
CypA also affects the anti-HCV activity of MxB. To answer this question, we knocked
down CypA by using short hairpin RNA (shRNA), and we observed that HCV production
decreased by 50% and that MxB did not further diminish HCV production (Fig. 5A). In
support of this observation, the CypA inhibitor cyclosporine (CsA) neutralized the
anti-HCV effect of MxB (Fig. 5B). In contrast, MxB was still able to reduce HCV infection
by 50% in the presence of the NS5B (viral RNA-dependent RNA polymerase) inhibitor
sofsbuvir (Fig. 5B). In this work, a dose close to the 50% inhibitory concentration (ICs,)
was chosen for both sofsbuvir and CsA. Moreover, a CypA-independent HCV mutant,
DEYN (26), which harbors the D316E and Y317N mutations in the NS5A protein and is
refractory to CsA (Fig. 5C), also resisted MxB inhibition (Fig. 5D). Together these data
suggest that MxB targets a CypA-dependent step during HCV replication.

MxB disrupts interaction of CypA with the HCV protein NS5A. Since CypA
contributes to HCV RNA replication through interaction with the viral protein NS5A, we
examined whether MxB affects the formation of CypA-NS5A complexes. We first
transfected cells with plasmid DNAs expressing MxB-Myc, CypA-HA, and NS5A-Flag and
then immunoprecipitated CypA-HA by using an anti-HA antibody. The results in Fig. 6A
and further quantification in Fig. 6B show that NS5A-Flag was coprecipitated with
CypA-HA and that wild-type MxB-Myc or the MxB(26-715+SV40-NLS)-Myc mutant
significantly reduced the level of NS5A-Flag that was coprecipitated with CypA-HA. In
contrast, the MxB(26-715)-Myc mutant exerted no effect in this regard, consistent with
its inability to inhibit HCV. These results are in agreement with the data from immu-
nofluorescence staining experiments (Fig. 6C), which showed that the strong colocal-
ization of CypA-HA and NS5A-Flag was disrupted by either MxB(WT)-Myc or MxB(26-
715+SV40-NLS)-Myc but not by MxB(26-715)-Myc. This is further illustrated by the results
of quantification analysis, which showed an approximately 10-fold reduction in the per-
centage of NS5A colocalization with CypA in the presence of MxB or MxB(26-715+SV40-
NLS) compared to that for the control group or in the presence of the MxB(26-715)-Myc
mutant (Fig. 6D). Together these data demonstrate that MxB disrupts the interaction
between NS5A and CypA, which may have caused the decrease of HCV infection.

MxB associates with HCV NS5A. We next investigated how MxB interferes with the
formation of NS5A-CypA complexes. One possibility is that MxB binds to NS5A and
prevents the binding of CypA to NS5A. To test this, we performed coimmunoprecipi-
tation (co-IP) experiments and observed that NS5A was coprecipitated with MxB as well
as with the MxB(26-715+SV40-NLS) mutant, but not with MxB(26-715) (Fig. 7B). The
MxB association with NS5A is specific, as we did not detect any association of MxB with
other HCV proteins, including NS3 and NS4A (Fig. 7A). We further determined which
sequence of NS5A associates with MxB. NS5A comprises an N-terminal AH motif and
domains |, II, and lll (Fig. 7C). The AH motif anchors NS5A to the endoplasmic reticulum
(ER), and domains Il and lll are involved in the interaction with CypA (27). We
constructed NS5A mutants with each of these four regions deleted individually and
examined their association with MxB. The results showed that NS5A lost interaction
with MxB only when domain | was deleted (Fig. 7D), suggesting that domain | is
primarily responsible for the interaction of NS5A with MxB. Furthermore, removal of
domain | did not affect the NS5A association with CypA (Fig. 7E), in agreement with
previous reports showing that CypA interacts with domains Il and Il of NS5A (27). As
a result, MxB did not disrupt the association of domain I-deleted NS5A with CypA (Fig.
7E). These data suggest that MxB binds to NS5A through domain I, which prevents
CypA from accessing domain Il of NS5A, likely by creating a steric hindrance.

Next, we examined the interaction between the DEYN NS5A protein and CypA by
co-IP, and we observed an association of the mutated NS5A protein with CypA (Fig. 7F).
Interestingly, as opposed to the disruption of wild-type NS5A binding to CypA by MxB,
binding of the DEYN NS5A mutant to CypA was not affected by MxB (Fig. 7F). These
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results suggest that MxB does not affect the interaction of DEYN NS5A and CypA, which
may contribute to the resistance of the DEYN HCV strain to MxB.

MxB prevents NS5A localization to the ER. NS5A is localized to the ER and is an
essential component of the HCV replication complex (28). MxB was minimally colocal-
ized with the ER marker protein disulfide isomerase (PDI) (Fig. 8A), which does not
explain the interaction of these two proteins which we observed in the coimmuno-
precipitation experiments. One possibility is that MxB might have altered the subcel-
lular localization of NS5A. Indeed, as opposed to strong colocalization of NS5A with PDI
when it was expressed alone, MxB or MxB(26-715+SV40-NLS), but not MxB(26-715),
profoundly diminished this colocalization (Fig. 8B). This is further supported by the
results of quantification analysis, which showed that the percentage of NS5A colocal-
ization with PDI decreased from 23% in the control group to 3% and 2% in the presence
of MxB and MxB(26-715+SV40-NLS), respectively (Fig. 8C). Therefore, in addition to
disrupting NS5A association with CypA, MxB also prevents NS5A localization to the ER.
Both defects together dampen HCV infection.

There is currently no evidence supporting the role of domain | in the association of
NS5A with the ER. Nonetheless, our data suggest that MxB binding to domain | alters
the localization of NS5A from the ER, although the detailed mechanism awaits further
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investigation. It is possible that MxB binding to domain | prevents the AH domain from
interacting with the ER, likely because these two domains are adjacent to each other.
In addition, a recent study showed that mutations in domain | which impair NS5A-CypA
interaction alter the subcellular localization of NS5A (29), which suggests the involve-
ment of CypA in regulating NS5A transportation. Therefore, disassociation of CypA from
NS5A via MxB probably also affects localization of NS5A to the ER.

MxB inhibits dengue virus and Japanese encephalitis virus. In addition to HCV,
we further tested whether MxB inhibits other members of the Flaviviridae, including
JEV, Zika virus (ZIKV), and DENV. The pcDNA4-MxB plasmid DNA was transfected into
Vero cells to transiently express MxB, and the cells were challenged by JEV, ZIKV, or
DENV. Levels of JEV and ZIKV replication were determined by quantifying viral RNA in
the infected cells by quantitative reverse transcription-PCR (qRT-PCR). The results
showed that JEV infection was reduced 2-fold (Fig. 9A), whereas ZIKV infection was not
affected by MxB (Fig. 9B). Levels of infectious DENV in the culture supernatants were
determined by performing viral plaque assays, and the results showed a 10-fold
decrease of DENV production from MxB-expressing cells compared to that from cells
that were transfected with empty vector (Fig. 9C). Therefore, in addition to HIV-1 and
HCV, MxB also inhibits specific flaviviruses. It is worth noting that in agreement with
previous work, both HCV and JEV were inhibited by CsA, whereas Zika virus resisted
both MxB and CsA (Fig. 9D). Together with an early study showing that JEV replication
is dependent on CypB (30), these data show that there is a potential link between virus
dependence on CypA/B and viral susceptibility to MxB inhibition.

Flaviviruses do not encode NS5A. However, a previous study reported the interac-
tion of West Nile virus (WNV) NS5 with CypA in an in vitro glutathione S-transferase
(GST) pulldown assay, suggesting that the NS5 protein may represent a target of CypA
(31). We thus decided to test whether MxB interacts with the NS5 proteins of JEV and
DENV. When we coexpressed MxB and the NS5 protein of JEV or DENV, we found a
significant reduction of NS5 expression (Fig. 9E and F), suggesting that MxB inhibits the
expression of the NS5 proteins of both JEV and DENV. Addition of the proteasome
inhibitor MG132 restored NS5 expression, which demonstrates that MxB induces NS5
degradation through the proteasomal pathway (Fig. 9E and F). The results of co-IP
analysis further showed that MxB was associated with the NS5 proteins of both JEV and
DENV (Fig. 9G). We therefore propose that MxB inhibits JEV and DENV infection by
interacting with NS5 and causing NS5 degradation via proteasomes.

DISCUSSION

Upon IFN stimulation, hundreds of ISGs are upregulated. These ISGs exert a
broad range of antiviral activity by hampering different stages of the virus life cycle.
The antiviral function of MxB has been much less well known than the well-
characterized antiviral role of MxA. Shortly after the cloning of human MxB cDNA in
1989 (32), its antiviral activity against several viruses, including influenza A virus,
mengovirus, encephalomyocarditis virus, Semliki forest virus, herpes simplex virus
type 1, and vesicular stomatitis virus, was tested in murine 3T3 cells, and no antiviral
effects against these viruses were observed (33). MxB was considered nonantiviral
for quite a long time, until in 2011 the results of a screening study for the antiviral
function of ISGs presented a weak inhibition of HIV-1 by MxB (28). In 2013, three
groups convincingly showed that MxB indeed strongly inhibits HIV-1 and that HIV-1
is able to escape from MxB inhibition by changing the sequence of its viral capsid
protein (11-13). Certain simian immunodeficiency virus (SIV) strains, including
SIVyno (from mandrill monkeys) (12), and herpesviruses (34, 35) were subsequently
shown to be inhibited by MxB. The potentially broad antiviral function of MxB is
supported by an evolutionary analysis of MxB proteins in primates showing that MxB
has been undergoing positive selection yet this positive selection has not been driven
by lentiviruses (36). In support of this conclusion, the results of the present study show
that members of the Flaviviridae, including HCV, JEV, and DENYV, are inhibited by MxB.
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MxB-Flag DNA and then infected with JEV (SA14-14-2) at an MOI of 0.01. After 48 h, levels of JEV RNA in the infected

cells were determined by qRT-PCR. Expression of MxB-Flag was examined by Western blotting. (B) Zika virus

(PLCal_zV) (MOI = 0.5) was used to infect Vero cells transiently expressing MxB-Flag. At 48 hpi, the level of Zika
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This suggests that MxB has evolved to control a range of different pathogenic viruses,
thus playing an important role in host antiviral defense.

We noted that MxB inhibited HCV and JEV at a moderate level (2-fold). One
possibility is that these two viruses might have evolved partial resistance to MxB after
a sufficiently long period of transmission in the human population. Alternatively,
different genotypes of HCV may exhibit different levels of susceptibility to MxB inhi-
bition. In support of this speculation, it has been reported that sequence heterogeneity
of different HCV genotypes accounts for different levels of sensitivity to HCV NS5A
inhibitors (37). As a result, a given HCV NS5A inhibitor is often used to treat infections
by certain HCV genotypes. Since domain | of NS5A serves as the binding site for its
inhibitors, which MxB also likely targets, it is possible that the sequence polymorphism
in domain | of NS5A also modulates the sensitivity of HCV to MxB inhibition, which
warrants further investigation.

Both HIV-1 and HCV recruit CypA as a cofactor to promote viral infection (38-40).
CypA binds to a loop structure in the N-terminal domain of the HIV-1 capsid protein
(41), regulates the uncoating of the viral core after viral entry, and helps to shield viral
RNA and DNA from recognition by innate immune sensors (39, 42). CypA promotes the
function of HCV NS5A by interacting with domains Il and Il (24, 27). HCV infection
depends on CypA to such a great extent that a CypA inhibitor, alisporivir, has been
developed and tested in clinical trials to treat HCV-infected patients (43). Interestingly,
depletion of CypA or treatment with CsA alleviates MxB inhibition of HIV-1 or HCV (13).
Although we cannot formally rule out the possibility that CypA acts as a cofactor of
MxB, the results of this study support a mechanism by which MxB inhibits CypA-
dependent viruses by deterring viral access to CypA. In the case of HCV, our data show
that MxB associates with the viral protein NS5A, disrupts NS5A binding to CypA, and
prevents NS5A localization to the ER, as illustrated in Fig. 10. This antiviral mechanism
is further supported by the resistance of the CypA-independent HCV mutant DEYN to
MxB, although it is still able to interact with MxB (Fig. 9G). Similarly, mutations in the
CypA-binding loop in the HIV-1 capsid protein generate resistance to MxB (11-13, 44),
even though the viral core structure built with these mutated capsid proteins still
associates with MxB (44, 45), suggesting that MxB loses its inhibition when the virus
becomes independent of CypA. It will be interesting to test whether such a mechanism
operates in MxB inhibition of other viruses that also depend on CypA.

MxB may use a similar mechanism to recognize the HIV-1 capsid core and the HCV
NS5A protein. Results of mutagenesis studies have shown that the N-terminal sequence
of MxB, including the 11-RRR-14 motif, determines its specific recognition of the HIV-1
core structure (46, 47). Our study showed that deletion of the first 25 amino acids of
MxB abrogates its inhibition of HCV and impairs MxB association with NS5A. Although
the residues within this 25-amino-acid region that mediate the latter recognition event
remain to be determined, it is clear that the N-terminal region of MxB is involved in
specific targeting of both HIV-1 and HCV.

MxB appears to interact with a tertiary structure that is only available in the HIV-1
capsid core, since neither the monomer, dimer, nor hexamer of capsid protein associ-
ates with the MxB protein (18). However, this putative tertiary structure has not yet
been identified. In any event, MxB is readily coprecipitated with NS5A, and this

FIG 9 Legend (Continued)

virus RNA in the infected cells was determined by qRT-PCR. (C) Vero cells were transiently transfected with
MxB-Flag DNA and then infected with DENV2 (Tr1751) (MOI = 0.5). After 48 h, the supernatants were collected for
plague assay to measure the titers of DENV2. (D) Effects of CsA on replication of HCV, JEV, and ZIKV. HCV
(MOI = 0.5), JEV (MOI = 0.01), and ZIKV (MOI = 0.5) were used to infect Huh7.5.1 cells in the presence of different
doses of CsA (0.25 uM, 0.5 uM, 1 uM, and 2 uM). After 48 h, levels of viral RNA was determined by qRT-PCR. (E and
F) Effects of MxB on expression of NS5. Either JEV NS5-Flag (E) or DENV NS5-Flag (F) was coexpressed with various
amounts of MxB-Myc for 24 h, followed by treatment with MG132. The expression of NS5 and MxB was determined
by Western blotting. DMSO, dimethyl sulfoxide. (G) MxB interacts with NS5A(DEYN), JEV NS5, and DENV NS5.
Immunoprecipitation was performed with anti-Flag antibody to pull down Flag-tagged NS5A(DEYN), JEV NS5, and

DENV NS5. Levels of coprecipitated MxB-Myc were determined by Western blotting.
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FIG 10 Schematic presentation of MxB inhibition of HCV replication through disruption of the interaction
of NS5A and CypA. In the absence of IFN, MxB is not expressed. CypA binds to NS5A and promotes HCV
replication at the ER. When MxB is expressed upon IFN stimulation, the interaction of CypA with NS5A
is disrupted by MxB binding to NS5A. As a result, NS5A cannot localize to the ER, and HCV infection is
restricted.

association depends on domain | of NS5A (Fig. 7). Further, MxB disrupts the binding of
CypA to wild-type NS5A but not to an NS5A mutant with domain | deleted (Fig. 7). One
possible scenario is that after binding of domain I, MxB dimerization and oligomeriza-
tion interfere with domain Il of NS5A interacting with CypA. In addition, an early study
showed that mutation of NS5A domain | impairs the NS5A-CypA interaction (29), which
suggests a role of domain | in facilitating the formation of the NS5A-CypA complex.
Therefore, it is possible that binding of MxB to domain | abrogates the latter role of
domain | in the NS5A-CypA interaction. In any event, the detailed mechanisms warrant
further study.

Our study suggests a potential link between virus dependence on CypA/B and viral
susceptibility to MxB inhibition. For example, not only are HIV-1 and HCV sensitive to
CsA inhibition (25), but JEV and DENV were also reported to be inhibited by CsA (30,
31). In contrast to these four viruses that are subjected to MxB restriction, ZIKV resists
MxB as well as CsA inhibition (Fig. 6). This plausible correlation remains to be investi-
gated further and, if proven, may help to illuminate the possible common mechanism
behind the antiviral action of MxB against different viruses.

In summary, we have discovered that MxB inhibits members of the Flaviviridae,
which has expanded the antiviral coverage of MxB beyond restricting lentiviruses and
herpesviruses. The mechanistic study of MxB inhibition of HCV suggests that MxB may
target and suppress infection by CypA-dependent viruses by impairing viral association
with CypA. Collectively, our results further demonstrate the important role of MxB in
IFN-mediated antiviral defense against different virus families.

MATERIALS AND METHODS

Plasmid DNA and reagents. Construction of Retro-X-MxB and Retro-X-CypA plasmid DNAs was
described previously (13). MxB and CypA cDNA sequences were inserted between the BamHI and Notl
restriction sites in the pcDNA4/TO expression vector, with Flag, Myc, and hemagglutinin (HA) tag
sequences attached to the C termini of both proteins. Flag-tagged NS3, NS4A, and NS5A sequences of
HCV and NS5 sequences of JEV and DENV were cloned into pcDNA4/TO. The infectious viral DNA HCV
clones [JFH1 and JFH1(GND)] were kindly provided by Takaji Wakita. NS5A point mutations (D316E and
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Y317N) were generated in the context of JFH1 viral DNA by use of a site-directed mutagenesis kit (SBS).
The antibodies used for Western blotting included mouse anti-core (ab2740; Abcam), anti-NS3 (ab65407;
Abcam), anti-Flag M2 (F3165; Sigma-Aldrich), anti-PDI (ab2792; Abcam), anti-HA (sc-7392; Santa Cruz),
and anti-beta-actin (ab8224; Abcam) monoclonal antibodies as well as rabbit anti-Flag (B1020;
Biodragon), anti-MxB (NBP1-81018; Novus), and anti-PPIA (AV51352; Sigma-Aldrich) polyclonal antibodies
and goat anti-Myc antibody (ab9132; Abcam). Alexa Fluor-conjugated secondary antibodies were
purchased from Thermo Fisher.

Cell culture and transfection. Huh7 cells (Rongtuan Lin, McGill University), Huh7.5.1 cells (Rongtuan
Lin, McGill University), MxB-expressing Huh7.5.1 cells (Fei Guo, CAMS), HEK293T cells (CRL-11268; ATCC),
and Vero cells (CCL-81; ATCC) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco)
supplemented with 10% fetal bovine serum (FBS) at 37°C with 5% CO,. The MxB-expressing Huh7.5.1 cell
line was generated by stable transduction with the doxycycline-inducible Retro-X-MxB retroviral vector
under puromycin selection. HEK293T and Huh7.5.1 cells were transfected by use of Lipofectamine 2000
(Invitrogen) and Vigofect (Vigorous), respectively, in accordance with the manufacturers’ instructions.

In vitro RNA transcription and production of infectious HCV. In vitro synthesis of JFH1 RNA or
replication-incompetent JFH1/GND RNA was performed as described by Takaji Wakita (48), using an in
vitro RNA transcription kit (Ambion). HCV RNA was then transfected into Huh7.5.1 cells by use of
Lipofectamine RNAi Max (Invitrogen) according to the manufacturer’s protocol. Immunofluorescence
staining for core protein was performed 72 h after transfection and showed that 60 to 80% of the cells
were positive for HCV core protein, indicating a high level of transfection and HCV replication in Huh7.5.1
cells. The transfected cells were passaged to allow sufficient HCV particles to accumulate in the culture
supernatants, and viruses were harvested by centrifugation and filtration through 0.45-um filters to
remove cell debris and then stored at —80°C. The 50% tissue culture infective dose (TCID,,) of the HCV
stock was determined by limiting dilution assay. The reporter Jc1 HCVcc is an intragenotypic recombi-
nant infectious virus between the JFH1 and J6-CF strains which expresses Gaussia luciferase (Gluc) as a
reporter (49). Huh7.5.1 cells were infected with Jc1 HCVcc at a multiplicity of infection (MOI) of 0.1, and
the infected cells were passaged for 7 days to amplify infectious viral particles.

Virus infections. Huh7.5.1 cells were seeded into 6-well plates (5 X 10° per well) 1 day prior to
transfection with pMxB and pcDNAA4. At 48 h posttransfection, cells were infected with JFH1 or Jc1 HCVcc
at an MOI of 1. After 72 h, cells were harvested. Cell lysates were used for Western blotting to measure
the level of HCV core protein. Total RNA was extracted from the infected cells, and the level of HCV RNA
was determined by gRT-PCR. Amounts of infectious Jc1 HCVcc in the supernatant were measured by
infecting Huh7.5.1 cells and then determining the activity of Gluc that was secreted into the culture
supernatants by the infected Huh7.5.1 cells, using a Centro XS3 LB 960 luminometer. Vero cells
overexpressing MxB were infected with JEV (SA14-14-2), ZIKV (PLCal_ZV), or DENV2 (Tr1751) for 48 h, viral
RNA was quantified by qRT-PCR, and the viral titer was measured by plaque assay in order to determine
viral infectivity.

Western blotting and immunoprecipitation. Cells were lysed in buffer containing 25 mM Tris, pH
7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA, and 5% glycerol (Pierce) on ice for 1 h and then centrifuged
at 12,000 rpm for 10 min to remove cell debris. Cellular extracts were subjected to SDS-PAGE. Proteins
were transferred onto polyvinylidene difluoride (PVDF) membranes and probed with the indicated
antibodies at predetermined concentrations. For immunoprecipitation, 8% of the whole-cell lysates (8%
WCL) were directly examined by Western blotting, and the remaining lysates were incubated with
antibodies for 4 h and then further incubated with protein A+G agarose gel beads overnight with gentle
agitation at 4°C. The antibody beads were washed with lysis buffer, and the bound proteins were
examined by Western blotting. The protein band intensities on the Western blots were determined using
NIH ImageJ software.

Gene silencing. To knock down MxB, Huh7.5.1 cells were transfected with control siRNA or siRNA
targeting MxB (Ribobio) (siMxB-1, GCACGATTGAAGACATAAA; siMxB-2, GGGACGCCTTCACAGAATA; and
siMxB-3, GGAGAATGAGACCCGTTTA) by use of Lipofectamine RNAi Max (Invitrogen). The expression of
CypA was silenced by use of shCypA (TRCN0000049228; Sigma).

qRT-PCR. Total RNA was extracted from the infected cells or supernatant by use of an RNA extraction
kit (Tiandz). The level of viral RNA was determined by performing qRT-PCR analysis by use of a one-step
SYBR PrimeScript RT-PCR kit. The primer pair (5'-GCGTTAGTATGAGTGTCGTG-3' and 5'-TCGCAAGCACC
CTATCAG-3’) amplifies the 5’ untranslated region (UTR) of HCV. Other primers were designed to have the
following sequences: for HCV, 5'-GCGTTAGTATGAGTGTCGTG-3" and 5'-TCGCAAGCACCCTATCAG-3’; for
JEV, 5'-ACAATCATGGCAAACGACAA-3" and 5'-CTTCTCGTTGTGGGCTTCTC-3'; for ZIKV, 5'-CCACGCACTGA
TAACAT-3" and 5'-AAGTAGCAAGGCCTGCTCT-3’; for MxA, 5'-GTGCATTGCAGAAGGTCAGA-3' and 5'-TTC
AGGAGCCAGCTGTAGGT-3’; for MxB, 5'-AAGCAGTATCGAGGCAAGGA-3" and 5'-TCGTGCTCTGAACAGTTT
GG-3’; for Viperin, 5'-CTGAGAGGGCCAGATGAGAC-3" and 5'-GAAATGGCTCTCCACCTGAA-3'; and for
1SG56, 5'-ACAAGCTGGCTGGAAAGAAA-3’ and 5'-GTACACGAAGGTGCTGCTCA-3'. Levels of cellular
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA were amplified with primers 5'-ATCATCCCT
GCCTCTACTGG-3" and 5'-GTCAGGTCCACCACTGACAC-3’; the results served as an internal control to
normalize the level of HCV RNA.

Immunofluorescence staining. Cells were fixed in 4% paraformaldehyde (in 1X phosphate-buffered
saline [PBS]) and permeabilized with 0.2% Triton X-100-PBS prior to incubation with primary antibodies
for 1 h at room temperature with gentle shaking. After washing with 1X PBS three times, Alexa
Fluor-conjugated secondary antibodies (Alexa Fluor 488 -donkey anti-mouse, Alexa Fluor 555-donkey
anti-rabbit, and Alexa Fluor 640 -donkey anti-goat) were added for a further incubation of 30 min. Nuclei
were stained with DAPI (4',6-diamidino-2-phenylindole). Images were recorded with a PerkinElmer Ultra
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View VoX confocal imaging system. Colocalization coefficients (Pearson and Manders coefficient values)
were determined for randomly selected cells (>30) by use of Image-Pro Plus 7.0C software.

Treatment with CsA and sofsbuvir. Huh7.5.1 cells were seeded into 24-well plates 1 day prior to

transfection with pMxB or pcDNA4 for 48 h and then infected with Jc1-Luc HCVcc at an MOI of 0.5 in the
presence of cyclosporine (CsA) (0.1 ug/ml) or sofsbuvir (0.02 wg/ml) for 4 h. The virus inoculum was
washed off, and cells were cultured for an additional 72 h. Cells were harvested for Western blotting, and
the Gaussia luciferase activity in the supernatants was measured.

Binding and entry tests. For binding tests, 4 X 10> Huh7.5.1 cells were seeded into 6-well plates

overnight and then transfected with pMxB and pcDNA4 by use of Vigofect transfection reagent for 48 h.
We incubated CD81 antibodies (final concentration, 1.5 ng/ml) with pcDNA4-transfected cells for 1 h as
a positive control before JFH1 HCVcc infection (MOI = 0.5), and then virus-infected cells were incubated
at 4°C for 1 h, followed by washing with PBS, and the HCV absorption on the cell surface was quantified
by qPCR. To test for virus entry, cells incubated with virus particles at 4°C for 1 h were shifted to 37°C for
4 h and then treated with 50 ug/ml proteinase K to remove remnant viral particles from the cell surface,
and the HCV RNA in cells was used to evaluate the efficiency of virus entry. For the entry test,
pcDNA4-transfected cells were treated with 1,000 IU/ml IFN-a-2b for 24 h as a positive control.

Statistical analysis. All data are presented as means * standard deviations (SD). Statistical analyses

were performed with two-tailed, unpaired Student’s t test, available in GraphPad Prism software. The
significance of differences is indicated in the figures (*, P < 0.05; **, P < 0.01; ***, P < 0.001; and n.s., not
significant).
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