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Amino Acid Residue at Position 79 of Marburg

Virus VP40 Confers Interferon Antagonism in
Mouse Cells

Alicia R. Feagins and Christopher F. Basler
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Marburg viruses (MARYVSs) cause highly lethal infections in humans and nonhuman primates. Mice are not gen-
erally susceptible to MARYV infection; however, if the strain is first adapted to mice through serial passaging, it
becomes able to cause disease in this animal. A previous study correlated changes accrued during mouse adap-
tation in the VP40 gene of a MARYV strain known as Ravn virus (RAVV) with an increased capacity to inhibit
interferon (IFN) signaling in mouse cell lines. The MARY strain Ci67, which belongs to a different phylogenetic
clade than RAVYV, has also been adapted to mice and in the process the Ci67 VP40 acquired a different collection
of genetic changes than did RAVV VP40. Here, we demonstrate that the mouse-adapted Ci67 VP40 more po-
tently antagonizes IFN-a/B-induced STAT1 and STAT?2 tyrosine phosphorylation, gene expression, and antivi-
ral activity in both mouse and human cell lines, compared with the parental Ci67 VP40. Ci67 VP40 is also
demonstrated to target the activation of kinase Jakl. A single change at VP40 residue 79 was found to be suf-
ficient for the increased VP40 IFN antagonism. These data argue that VP40 IFN-antagonist activity plays a key

role in MARV pathogenesis in mice.
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Marburg virus (MARV), a member of the Filoviridae
family along with the Ebola viruses (EBOVSs), is the eti-
ological agent of MARV disease [1-3]. The high mortal-
ity rate associated with filovirus disease is likely due, in
part, to viral encoded proteins that effectively inhibit the
host antiviral responses [4]. Upon viral infection, pat-
tern-recognition receptors recognize virus pathogen-
associated molecular patterns and trigger a signaling
cascade that culminates in the production of interferon
o/B (IFN-0/B). The IFN-0/Bs then bind to the IFN-o/B
receptor to activate JAK1 and TYK2 Janus kinases. The
activated kinases phosphorylate STAT1 and STAT2,
which dimerize, translocate to the nucleus, and stimu-
late transcription of hundreds of IFN-stimulated genes
(ISGs) and the establishment of an antiviral state [5].
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Filoviral proteins, including both MARV and EBOV,
block particular aspects of the IFN responses [6-9]. The
VP35 proteins of MARV and EBOV impair the produc-
tion of IFN-o/B by antagonizing the RIG-I signaling
pathway [10-13]. EBOV VP24 blocks IFN-0/f and
IFN-v signaling by interacting with karyopherin o pro-
teins to prevent the nuclear accumulation of tyrosine
phosphorylated STAT1 [14-17]. In contrast, the MARV
VP24 protein does not antagonize IFN responses. Rather,
it modulates antioxidant responses through interaction
with host protein Keapl [18]. Instead, MARV uses its
VP40 matrix protein to inhibit Jakl and block IFN-o/B,
IFN-y, and interleukin 6 signaling [19].

Inhibition of IFN signaling by the VP40 protein was
previously linked to host range and virulence in mice.
Previously, Ravn virus (RAVV) was serially passaged
in mice to produce mouse-adapted RAVV (maRAVV)
and a lethal model of MARYV disease [20,21]. A number
of changes were acquired throughout the genome dur-
ing mouse adaptation, with 7 amino acid changes
occurring in VP40, the viral matrix protein and IFN an-
tagonist [21]. Interestingly, maRAVV VP40 was dem-
onstrated to inhibit IFN signaling in both mouse and
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human cells, whereas RAVV VP40 inhibited IFN signaling in
human cells but not mouse cells [22]. Subsequent mapping ex-
periments revealed that 2 changes associated with mouse adap-
tation, V57A and D165A, were sufficient for RAVV VP40 to
inhibit JAK/STAT signaling in mouse cells [22].

The Ci67 strain of MARV was also passaged in mice until
lethality was achieved [21]. VP40 acquired 5 mutations dur-
ing this adaptation: Y19H, G79S, D184N, 1187T, and 1228 M.
Surprisingly, the 2 mutations critical for RAVV VP40 IFN an-
tagonism in mouse cells were not among the mutations that
Ci67 acquired. Therefore, it was of interest to characterize the
IFN-antagonist function of maCi67 VP40. Here, we demon-
strate that maCi67 VP40, like maRAVV VP40, inhibits IFN
signaling in both human and mouse cells, whereas the paren-
tal Ci67 VP40 effectively inhibits IFN signaling only in
human cells. Additionally, amino acids critical for Ci67 to
inhibit IFN signaling in mouse cells were identified, and
these residues differ from those identified in RAVV VP40.
The reproducible coupling of increased VP40 IFN antagonist
function with increased mouse virulence suggests that VP40
IFN-antagonist function may be a critical virulence determi-
nant in mice.

MATERIALS AND METHODS

Cells and Viruses

293T, Huh7 (human liver), Hepal.6 (mouse liver), and STAT27/~
mouse embryonic fibroblast (MEF) cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM,; Invitrogen) supple-
mented with 10% fetal bovine serum (Invitrogen) and grown at
37°C in the presence of 5% CO,. Newcastle disease virus express-
ing green fluorescent protein (NDV-GFP) was described previ-
ously [23].

Plasmids

FLAG-tagged MARV and Langat virus (LGTV) NS5 viral pro-
tein expression plasmids were described previously [19,22]. The
MARYV Ci67 VP40 mutants were constructed using the Quik-
Change II XL site-directed mutagenesis kit (Stratagene).
Human JAKI, mouse JAK1, and mouse STAT2 were also de-
scribed previously [19, 22].

Transfections

All transfections were performed with Lipofectamine 2000
(Invitrogen) at a ratio of 1:1, 1:2.75, 1:3, or 1:2 with plasmid
DNA for 293T, Huh7, Hepal.6, or STAT2™'~ MEF cells, respec-
tively, following the manufacturer’s protocol.

Interferon Treatments

Cells were treated with 1000 IU/mL of universal IFN (PBL) for
30 minutes in Roswell Park Memorial Institute 1640 medium
supplemented with 0.3% bovine serum albumin.

ISG54 Reporter Gene Assay

Hepal.6 and Huh7 cells were seeded in a 24-well plate and co-
transfected with empty vector (pCAGGS) or the indicated virus
protein expression plasmids, a plasmid that constitutively ex-
presses Renilla luciferase, and a reporter plasmid expressing
firefly luciferase gene under control of the ISG54 promoter.
Twenty-four hours after transfection, cells were treated with
1000 IU/mL of IFN for 24 hours. Cells were then lysed and lu-
ciferase activity was assessed using a dual luciferase kit (Prom-
ega) according to the manufacturer’s protocol. Each sample was
assayed in triplicate.

NDV-GFP Bioassay

The NDV-GFP assay was performed as described previously
[22]. Briefly, 6-well plates were seeded with Hepal.6 cells and
transfected with the indicated expression plasmids. Twenty-
four hours after transfection, cells were infected with NDV-
GFP at a multiplicity of infection of 10 in DMEM supplemented
with 10% fetal bovine serum. Fifteen hours after infection, cells
were harvested and prepared for fluorescence-activated cell
sorting (FACS). Data were analyzed using Flow]Jo software.

Western Blotting

Transfected cells were washed with phosphate-buffered saline
and lysed in radioimmunoprecipitation assay buffer (50 mM
Tris [pH 7.4], 150 mM NaCl, 0.1% sodium dodecyl sulfate
[SDS], 0.5% deoxycholate, and 1% NP-40) supplemented with
PhosSTOP phosphatase inhibitor (Roche) and cOmplete prote-
ase inhibitor cocktail (Roche). Lysates were analyzed by SDS-
polyacrylamide gel electrophoresis and visualized by Western
blot to detect viral proteins (anti-FLAG M2; Sigma), tyrosine
phosphorylated STAT1 (mouse anti-pY701 STAT1; BD Trans-
duction Laboratories), total STAT1 (mouse anti-STAT1; BD
Transduction Laboratories), tyrosine phosphorylated STAT2
(rabbit anti-pY689 STAT?2; Millipore), tyrosine phosphorylated
JAKI1 (rabbit anti-JAK1; Santa Cruz), JAKI (mouse anti-JAK1;
Cell Signaling), and B-tubulin (mouse anti-B-tubulin; Sigma).
Protein levels for transfected Flag-STAT2 were detected with
anti-FLAG antibody M2 (Sigma).

Statistical Analysis

All statistical analysis was performed using GraphPad Prism
software. Columns represent the mean and error bars represent
the standard deviation of triplicate samples and statistical sig-
nificance was assessed by a Student ¢ test.

RESULTS

maCi67 VP40 Inhibits IFN Signaling in Mouse and Human Cells
The phosphorylation of STAT1 and STAT?2 is a critical early
step in IFN signaling. To compare the capacity of the parental
Ci67 VP40 and the mouse-adapted Ci67 VP40 (maVP40) to
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maCi67 VP40 exhibits enhanced inhibition of interferon (IFN) signaling in mouse and human cells. A and B, Hepa1.6 cells overexpressing

STAT1—green fluorescent protein (GFP; A) or STAT2~/~ mouse embryonic fibroblasts overexpressing mouse STAT2-GFP (B) were transfected with the indi-
cated expression plasmids. Twenty-four hours after transfection, cells were treated with IFN (1000 [U/mL) for 30 minutes. Cells were subsequently lysed and
analyzed by Western blot for total and tyrosine phosphorylated STAT1 and STATZ phosphorylation, respectively. C, 293T cells overexpressing STAT1-GFP
were transfected, treated with IFN, and lysed as described above. Cell lysates were analyzed by Western blot for total STAT1 and for tyrosine phosphor-
ylated STAT1. Lysates were also probed for B-tubulin as a loading control and with anti-Flag antibody to detect Flag-tagged VP40s.

antagonize IFN signaling, we examined STAT1 and STAT2
tyrosine phosphorylation following IFN-o/p addition to transfect-
ed mouse cell lines. For these studies, empty vector (pCAGGS)
served as a negative control. The previously described IFN sig-
naling inhibitor, Langat virus NS5 protein, served as a positive
control [24]. Also included were the RAVV parental and mouse-
adapted VP40 proteins. In Hepal.6 cells overexpressing STAT1-
GFP, which typically runs as multiple bands on our Western
blots, the parental Ci67 VP40 only modestly affected tyrosine
phosphorylation of STAT1, while the maCi67 VP40 exhibited
an enhanced ability to inhibit STAT1 phosphorylation, com-
parable to the inhibition seen with LGTV NS5. The enhanced
activity of maCi67 VP40 was very similar to the enhanced activ-
ity of maRAVV VP40 versus that of the parental RAVV VP40
(Figure 1A). We next assessed IFN-induced STAT2 phosphoryla-
tion in the presence of maCi67 VP40 expression in STAT2™/~
MEF cells that were transfected with a Flag-tagged mouse
STAT?2 expression plasmid. The maCi67 VP40 significantly in-
hibited STAT2 phosphorylation when compared to Ci67 VP40

(Figure 1B). Despite the dramatic differences in suppression of
STAT1 and STAT2 phosphorylation in mouse cell lines, both
the parental and maCi67 VP40 decreased STAT1 tyrosine phos-
phorylation in the human-derived 293T cell line that had been
transfected with a STAT1 expression plasmid (Figure 1C). Inter-
estingly, in both cases, suppression of STAT1 tyrosine phosphor-
ylation was more complete in the presence of the mouse-adapted
VP40.

IFN-induced tyrosine phosphorylated STAT1 and STAT2
heterodimerize, interact with IRF9, and accumulate in the nu-
cleus, where the transcription factor complex activates expres-
sion of ISGs. To determine whether maCi67 VP40 inhibits
IFN-induced gene expression in mouse and human cells, re-
porter gene assays measuring IFN-induced activation of the
ISG54 promoter were performed in either Hepal.6 or Huh7
cells. Activation was blocked in both cell types by maCi67
VP40 and to a greater extent than parental Ci67 VP40 (Fig-
ure 2A and 2B). A similar pattern of suppression was seen
with parental and mouse-adapted RAVV VP40. Therefore,
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Figure 2. Expression of maCi67 VP40 inhibits interferon o/B (IFN-o/B)—
induced 1SG54 promoter activation in mouse and human cells and counter-
acts the antiviral response in mouse cells. A and B, Hepal.6 cells (A) and
Huh7 cells (B) were cotransfected with the indicated expression plasmids,
a plasmid expressing Renilla luciferase, and a reporter plasmid expressing
firefly luciferase gene under control of the 1ISG54 promoter. Twenty-four
hours after transfection, cells were mock treated or treated with IFN-o/B
(1000 IU/mL) for 24 hours. Cells were subsequently lysed, and a dual

mouse adaptation increased the ability of VP40s to suppress
IFN-induced gene expression in both the mouse and the
human cell line.

Expression of maCi67 VP40 Counteracts the Antiviral Response

in Mouse Cells

We next assessed whether the expression of maCi67 VP40 can
counteract the host antiviral response and thereby enhance viral
replication. Hepal.6 cells were mock transfected or transfected
with pCAGGS, LGTV NS5, Ci67 VP40, maCi67 VP40, and the
previously characterized RAVV and maRAVV VP40s. Twenty-
four hours after transfection, the cells were infected with NDV-
GFP at a multiplicity of infection of 10 and subsequently analyzed
by FACS for GFP expression, which serves as an indicator of
virus replication. Valmas et al previously demonstrated that
the transfection of empty vector (pCAGGS) alone in Hepal.6
cells is sufficient to induce IFN-0/p production and signaling
[22]. As a result, an antiviral state is established which then
restricts NDV-GFP replication and inhibits GFP expression
(Figure 2C). The expression of LGTV NS5, a potent IFN antag-
onist, counteracted the antiviral response and enhanced the
replication of NDV GFP. maCi67 VP40 counteracted the antiviral
response in a manner similar to maRAVV VP40, albeit to a lesser
extent. Recovery of NDV-GFP replication by maCi67 VP40
expression was significantly greater than that observed with the
expression of parental Ci67 VP40, and the recovery was similar
in magnitude to that observed for maRAVV VP40 (Figure 2C).

maCi67 VP40 Antagonizes IFN Signaling at the Level of JAK1
Phosphorylation

RAVYV VP40 was previously demonstrated to inhibit Jakl activa-
tion [19]. In mouse Hepal.6 cells overexpressing JAK1, maCi67
inhibited JAK1 tyrosine phosphorylation comparably to maR-
AVV VP40. In contrast, parental Ci67 VP40 and RAVV VP40
were less effective at reducing the phosphorylation of JAK1 (Fig-
ure 3A). In human-derived 293T cells overexpressing human
JAK1, both maCi67 and parental Ci67 VP40s inhibited JAK1
phosphorylation in a similar manner to RAVV and maRAVV
VP40, respectively (Figure 3B). Because the inhibition was

Figure 2 continued. luciferase assay was performed. Firefly luciferase
activity was normalized to Renilla luciferase activity. Each sample was as-
sayed in triplicate, and bars represent the mean fold induction. C, Hepa1.6
cells were mock-transfected or transfected with the indicated expression
plasmids. Twenty-four hours after transfection, cells were infected with
Newecastle disease virus expressing green fluorescent protein (GFP) at a
multiplicity of infection of 10. Fifteen hours after infection, cells were an-
alyzed by flow cytometry to determine the mean fluorescence intensity of
the GFP signal. Each sample was assayed in triplicate; columns represent
the mean fluorescence intensity, and error bars represent the standard de-
viations. The 1-tailed Student ¢ test was used to calculate P values, using
the GraphPad Prism software.
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maCi67 VP40 antagonizes interferon (IFN) signaling at the level of JAK1 phosphorylation. A and B, STAT2™~ mouse embryonic fibroblasts

overexpressing STATZ2 (A) and 293T cells (B) were cotransfected with mouse and human JAK1 FLAG, respectively, and the indicated additional expression
plasmids. Twenty-four hours after transfection, cells were treated with IFN (1000 IU/mL) for 30 minutes. Cells were subsequently lysed and analyzed for
total and tyrosine phosphorylated JAK1, for B-tubulin, and for the transfected Flag-tagged VP40s, which were detected with anti-Flag antibody.

complete under the conditions tested, we could not determine
whether the various VP40s exhibited differential inhibition of
Jakl in the 293T cells. Taken together, the data suggest that
maCi67 VP40 inhibits IFN signaling at or above the level of Jakl.

Mutating Amino Acid 79 of Ci67 VP40 Enhances IFN Antagonism
in Mouse Cells

Five amino acid mutations were acquired in Ci67 VP40 during
mouse adaptation. To identify the residues critical for IFN antag-
onism, single residues in the Ci67 VP40 were mutated to reflect
changes seen after mouse adaptation. Specifically, Ci67 VP40
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Figure 4. Mutating amino acid 79 of Ci67 VP40 enhances interferon
(IFN) antagonism in mouse cells. STAT2™/~ mouse embryonic fibroblasts
overexpressing STAT2—green fluorescent protein (GFP) were transfected
with the indicated expression plasmids. Twenty-four hours after transfec-
tion, cells were IFN treated (1000 [U/mL) for 30 minutes. Cells were sub-
sequently lysed and analyzed for total and tyrosine phosphorylated STATZ.
Lysates were also probed for B-tubulin as a loading control and with anti-
Flag antibody to detect Flag-tagged VP40s.

Y19H, G79S, D184N, 1187T, and 1228 mutants were constructed.
These variants were tested in STAT2™'~ MEFs overexpressing
mouse STAT?2 for inhibition of IFN-a/B-induced STAT2 tyro-
sine phosphorylation. Mutating positions 19, 184, or 187 modest-
ly enhanced Ci67 VP40 inhibition of STAT2 phosphorylation in
the mouse cell line to levels comparable to that observed with
maCi67 VP40. Interestingly, replacing the glycine at position
79 of Ci67 VP40 with a serine resulted in an enhanced IFN-

antagonist function relative to maCi67 VP40 (Figure 4).

DISCUSSION

Filoviruses do not cause death in adult immunocompetent mice
or guinea pigs unless adapted to these species first. Therefore,
mouse- and guinea pig-adapted MARV and EBOV have been
developed by serial passage in these species [20,21,25-29]. Our
previous work demonstrated that changes occurring in MARV
VP40 during adaptation to mice enhanced MARV VP40 IFN-
antagonist function [22]. Specifically, RAVV VP40, a protein
previously characterized as a MARV IFN antagonist [19], ac-
quired 7 amino acid changes during mouse adaptation of the
virus: Y7H, Y19H, V57A, T165A, D184N, N189S, and T190A
[21]. Valmas et al demonstrated that maRAVV VP40 exhibited
increased IFN-antagonist function in mouse cell lines, and 2 of
the mutations, V57A and T165A, were found to be sufficient for
the increased IFN antagonism in mouse cells [22]. This suggest-
ed a link between mouse virulence and IFN-antagonist func-
tion. Lofts et al also adapted the MARV Ci67 strain to mice
and assessed the resulting genomic changes [21]. The sequences
from this study allowed us to ask whether a similar phenome-
non occurred in this second case of mouse adaptation.

In the present study, we provide several lines of evidence indi-
cating that mouse adaptation also altered the IFN-antagonist
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function of the Ci67 VP40. Interestingly, mouse adaptation ap-
pears to enhance IFN-antagonist function in both human and
mouse-derived cell lines. We reached the same conclusion
when examining the effects of VP40s on distinct steps of the
IFN-o/B signaling pathway. In 2 different mouse cell lines,
Hepal.6 and STAT2 ™'~ MEFs reconstituted with STAT2 by trans-
fection, the parental Ci67 VP40 and the parental RAVV VP40
inhibited IFN-o/B-induced STAT1 or STAT2 tyrosine phosphor-
ylation, relative to the IFN-treated empty vector control. However,
both mouse-adapted versions of VP40 more completely sup-
pressed STAT1/2 tyrosine phosphorylation. A similar pattern
was seen in the human-derived 293T cell line. Similarly, when
the same VP40s were tested for suppression of IFN-o0/B-induced
gene expression, the parental VP40s were weak inhibitors of
ISG54 promoter activation, whereas in Hepal.6 cells, the
mouse-adapted VP40 exhibited improved suppression. In 293T
cells, the parental VP40s exhibited somewhat more-robust inhibi-
tion, but mouse adaptation once again improved inhibitory func-
tion. These data would argue that mouse adaption alters the VP40
of either of 2 strains of MARYV such that the IFN-antagonist func-
tion is improved in either mouse or human cells. However, be-
cause the parental VP40s are relatively ineffective inhibitors in
mouse cells but already efficient in the human cells, the impact
of adaptation is more dramatic in the mouse system.

Although MARV VP40 was previously demonstrated to in-
hibit Jakl phosphorylation and activation, how mouse adapta-
tion might influence inhibition of Jakl was not assessed [19,22].
In the present study, we demonstrate in STAT2™~ MEFs that
the parental VP40s modestly inhibit IFN-o/B-induced Jak1 ty-
rosine phosphorylation but the mouse-adapted RAVV and Ci67
VP40s exhibit enhanced inhibitory activity. In the 293T cells,
inhibition of Jakl phosphorylation was sufficiently strong that
no phospho-Jakl was detected in any of the VP40-expressing
cells. Therefore, our assay did not permit us to evaluate the rel-
ative strength of inhibition for the different VP40 variants. The
RAVYV and Ci67 VP40s are 98.7% identical at the amino acid
level, differing at only 4 amino acid positions. Therefore, it is
striking that different residues were selected for in the maCi67
VP40 (79) and maRAVV VP40 (57 and 165) but that, in each
case, the changes allowed effective suppression of the antiviral re-
sponse in mice. That there is plasticity in how VP40 may achieve
increased IFN antagonism is further supported by the observa-
tion that the V57A and T165A changes that conferred an in-
creased IFN antagonism to RAVV VP40 in mouse cells could
also enhance the IFN-antagonist function of VP40 with the
Ci67 sequence [22].

Another notable feature of the present study is that the im-
pact on IFN-antagonist function is not restricted to mouse cells,
with both the RAVV and Ci67 mouse-adapted VP40s exhibiting
improved function in the 293T cells and in the mouse cell lines.
Acquisition of increased activity may have more consequence in
mouse cells, where the parental VP40s appear to have poor

inhibitory activity. Nonetheless, the data suggest that MARV
could evolve more potent VP40 IFN-antagonist function
upon infection of humans or nonhuman primates. It is possible
that the other functions of VP40, which include critical viral as-
sembly and egress functions, constrain evolution of the IFN-
antagonist function. In support of this, we recently reported
that the valine at position 57 of RAVV VP40, which influences
IFN-antagonist function, is critical for efficient VP40 budding
from human but not mouse cell lines. Efficient budding from
human cell lines correlates with relative resistance of VP40 to
restriction by the IFN-induced antiviral protein tetherin. The
identity of residue 57 also influences VP40 oligomerization, as
assessed by coimmunoprecipitation assays [30].

The fact that mouse adaptation of 2 different MARYV strains
each time led to increased IFN-antagonist function in mouse
cells suggests an important role for VP40 IFN-antagonist func-
tion in MARV virulence. It also suggests that this function
should be explored as a target for anti-MARV therapeutics.
Drugs targeting this function would be expected to augment
the antiviral effects of IFNs produced during infection or
given as a therapy. It will also be important in future studies
to define the cellular targets of MARV VP40, to define how
these host factors modulate Jakl function and to understand
from a structural point of view how various adaptive mutations
alter IFN-antagonist activity.
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