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Marburgviruses are zoonotic pathogens that cause lethal hemorrhagic fever in humans and nonhuman
primates. However, they do not cause lethal disease in immunocompetent mice unless they are adapted to this
species. The adaptation process can therefore provide insight into the specific virus-host interactions that
determine virulence. In primate cells, the Lake Victoria marburgvirus Musoke strain (MARV) VP40 matrix
protein antagonizes alpha/beta interferon (IFN-o/f) and IFN-vy signaling by inhibiting the activation of the
cellular tyrosine kinase Jakl. Here, VP40 from the Ravn strain (RAVV VP40)—from a distinct Marburg virus
clade—is demonstrated to also inhibit IFN signaling in human cells. However, neither MARYV nor RAVV VP40
effectively inhibited IFN-signaling in mouse cells, as assessed by assays of the antiviral effects of IFN-o/f3 and
the IFN-a/B-induced phosphorylation of Jakl, STAT1, and STAT2. In contrast, the VP40 from a mouse-
adapted RAVV (maRAVYV) did inhibit IFN signaling. Effective Jakl inhibition correlated with the species from
which the cells were derived and did not depend upon whether Jakl was of human or mouse origin. Of the seven
amino acid changes that accumulated in VP40 during mouse adaptation, two (V57A and T165A) are sufficient
to allow efficient IFN signaling antagonism by RAVV VP40 in mouse cells. The same two changes also confer
efficient IFN antagonist function upon MARYV VP40 in mouse cells. The mouse-adaptive changes did not affect
the budding of RAVV VP40 in mouse cells, suggesting that this second major function of VP40 did not undergo
adaptation. These data identify an apparent determinant of RAVV host range and virulence and define specific

genetic determinants of this function.

Filoviruses, which include the genera Marburgvirus and Ebo-
lavirus (EBOV), are causative agents of severe hemorrhagic
fevers in humans and nonhuman primates. Human case fatality
rates have reached up to 90% in some outbreaks. The genus
Marburgvirus includes a single species, Lake Victoria marburg-
virus that is comprised of two lineages; one is represented by a
1987 isolate from Kenya (Marburg Ravn virus [RAVV]), and
the other is comprised of multiple strains, including Ozolin,
Popp, Musoke (abbreviated as MARYV here), and Angola (10,
14, 33).

Filoviruses counteract the innate immune responses of pri-
mate hosts, preventing the production of and cellular re-
sponses to alpha/beta interferon (IFN-o/B) (1, 28, 29, 40).
IFN-«/B and IFN-vy are cytokines that induce in cells an anti-
viral state and are of particular importance to innate antiviral
immunity (3, 36). Binding of IFN-a/p to its receptor results in
the tyrosine phosphorylation of the Janus kinases Jakl and
Tyk2, which subsequently phosphorylate the transcription fac-
tors STAT1 and STAT2. STAT1 and STAT2 form a het-
erodimer and associate with the IFN regulatory factor 9
(IRF9), translocate into the nucleus, and activate a set of genes
involved in antiviral response (25). The absence of Jakl leads
to lack of STAT activation (11, 21, 30, 44).

Filovirus proteins that antagonize IFN responses have been
identified. EBOV VP35 inhibits the production of IFN-o/3 by
antagonizing the RIG-I signaling pathway (1, 6, 12, 17). EBOV
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VP24 inhibits cellular responses to IFN-o/B and IFN-vy by
interacting with the NPI-1 subfamily of karyopherin o nuclear
transport proteins, preventing the nuclear accumulation of ty-
rosine phosphorylated STAT1 (20, 28, 29). Surprisingly, given
the similar genomic organization of EBOVs and Marburg vi-
ruses, MARYV was demonstrated to block cellular responses to
IFNs by a unique mechanism (40). Specifically, while the
MARYV VP24 protein did not exhibit binding to karyopherin «
proteins and did not block IFN signaling, the MARV major
matrix protein VP40, which drives viral budding (8, 16, 34, 39),
inhibits Jak1-dependent signaling pathways, including the IFN-
o/B, IFN-y, and interleukin-6 pathways (40). For the IFN-o/B
pathway, VP40 inhibits activation of Jakl, resulting in the
absence of IFN-o/B-induced Jakl, Tyk2, STAT1, and STAT2
tyrosine phosphorylation (40).

The assembly and budding functions of filovirus VP40 pro-
teins are related to their ability to bud from cells, and expres-
sion of VP40 proteins results in the release of virus-like par-
ticles (VLPs) from the cell surface (13, 15, 16, 23, 32, 39).
Implicated in the budding process are short amino acid motifs
known as late domains. EBOV VP40 possesses two late do-
mains: a PTAP motif and an overlapping PPXY motif (13, 23).
These mediate interaction with host proteins Tsgl101, Nedd4,
and Rsp5 (13, 35). MARV VP40 possesses a single PPPY
motif that allows interaction with Tsgl01 (39). However, late
domains represent only one component required for efficient
budding. For example, Liu et al. have demonstrated the
existence of additional conserved motifs (EBOV VP40
0sLPLGVA,,, or Marburg virus VP40 o, PLGIMy,) that are
also critical for release of VLPs (18).

Because nonadapted filoviruses do not kill adult immuno-
competent mice or guinea pigs and because of the need for
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small animal models of infection, several groups have gener-
ated guinea pig- and mouse-adapted Marburg viruses and
EBOVs (5, 9, 19, 41-43). These studies have implicated
changes in Zaire EBOV NP and VP24 for lethal mouse infec-
tion and changes in Zaire EBOV VP24 for lethal guinea pig
infection (9, 26, 41). Specific molecular mechanisms that ex-
plain the role of VP24 in host adaptation remain, however, to
be defined (29). Interestingly, adaptation of Marburg viruses
to rodents has not resulted in changes in VP24, but changes to
VP40 have occurred. Seven amino acid changes accumulated
in VP40 during adaptation of RAVV to mice, and one amino
acid substitution was observed in VP40 after adaptation of
MARYV to guinea pigs, suggesting a possible role for VP40 in
host tropism (19, 42, 43).

We demonstrate here that the VP40 from two distinct lin-
eages of marburgvirus, RAVV and MARYV, each efficiently
inhibits IFN signaling in human cells. However, IFN-a/B-in-
ducible STAT1 and STAT?2 phosphorylation is not inhibited by
either VP40 in murine cells. Interestingly, a mouse adapted
RAVYV VP40 is able to inhibit STAT1, STAT2 or Jakl phos-
phorylation in both human and murine cells. We further dem-
onstrate that maRAVYV VP40 counteracts the antiviral effects
of IFN in murine cells. Two amino acids are demonstrated to
be responsible for the gain of the IFN signaling inhibitory
function that occurred during the adaptation to mice. Finally,
we demonstrate that VP40s from human isolates can bud from
mouse cells as efficiently as the mouse-adapted VP40. These
data suggest that VP40 antagonism of IFN signaling may be
central to Marburg virus virulence in mice.

MATERIALS AND METHODS

Cell lines and viruses. Huh7 cells, Hepal.6 cells, and STAT2™/~ mouse em-
bryo fibroblasts (MEFs) were maintained in Dulbecco modified Eagle medium
(DMEM) supplemented with 5% fetal bovine serum and 10 mM HEPES (pH
7.5). A previously described Newcastle disease virus engineered to express green
fluorescence protein (NDV-GFP) was propagated in 10-day-old embryonated
chicken eggs (24).

Plasmids. PCR products corresponding to FLAG-tagged viral proteins of
MARY (accession no. NC001608), RAVV (accession no. EU500827), maRAVV
(accession no. EU500826), and the Langat virus (LGTV) of the Flaviviridae
family (described in references 2 and 40) were cloned into the pPCAGGS expres-
sion vector (22, 24). Human Jak1 (accession no. BAE02826) has been previously
described (40), while mouse Jak1 (accession no. NP666257.2) was PCR amplified
from a template and cloned with an N-terminal hemagglutinin (HA) tag into
pCAGGS. Site-directed mutagenesis was performed by using a QuikChange XL
II or Multi kit (Agilent Technologies, Santa Clara, CA).

Transfections. Hepal.6 cells and STAT2/~ MEFs were transfected by using
Lipofectamine 2000 (LF2K) at a ratio 1:3 with plasmid DNA (pg of DNA/ul of
LF2K). The ratio for the transfection of Huh7 cells was 1:2.75. Cells were lysed
with an IGEPAL lysis buffer (50 mM Tris [pH 8.0], 280 mM NaCl, 0.5%
IGEPAL, 0.2 mM EDTA, 2 mM EGTA, 10% glycerol, and 1 mM dithiothreitol
supplemented with protease inhibitor cocktail [Roche] and 0.1 mM Na;VO,)
(31) for 30 min on ice and spun at 13,000 rpm in a refrigerated tabletop centri-
fuge for 1 min.

Cytokines. Universal type I IFN (a consensus IFN-o/B; PBL, Piscataway, NJ)
was used at 1,000 IU/ml for 30 min in RPMI 1640 (Gibco) supplemented with
0.3% bovine serum albumin (BSA), unless otherwise specified.

Bioassay to monitor IFN-o/B-induced antiviral state. A total of 8 X 10°
Hepal.6 cells per well were cultured in six-well plates and transfected in tripli-
cate with 3 g of viral protein expression plasmid. At 24 h posttransfection, cells
were infected with NDV-GFP at a multiplicity of infection (MOI) of 10 in a
volume of 1 ml of 0.3% BSA in RPMI 1640 for 1 h, washed twice, and replaced
with DMEM supplemented with 10% fetal bovine serum (FBS). At 15 h postin-
fection, the cells were treated with trypsin, washed twice with phosphate-buffered
saline (PBS) supplemented with 5% FBS, and analyzed by fluorescence-activated
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cell sorting (FACS) using a Beckman Coulter Cytometer FC 500 (Brea, CA) for
GFP fluorescence intensity.

Western blotting and ELISAs. For the detection of the overexpressed viral
proteins, the anti-HA and anti-FLAG M2 (Sigma) antibodies were used at a
1:5,000 dilution in 1% nonfat dry milk in Tris-buffered saline (TBS; 20 mM
Tris-HCl [pH 7.4]; 150 mM NaCl). As a loading control, anti-beta-tubulin
(Sigma) antibody was used at a 1:10,000 dilution in 1% nonfat dry milk in TBS.
Anti-GFP (Clontech, Mountain View, CA) was used at a 1:10,000 dilution in 1%
nonfat dry milk in TBS. Phosphorylated STAT1 was detected with a phospho-
tyrosine specific antibody recognizing phospho-Y701 (BD Transduction Labo-
ratories, San Jose, CA), and the total levels of STAT1 were detected with an
antibody recognizing the STAT1 C terminus (BD Transduction Laboratories),
diluted to 1:1,000 and 1:500, respectively, in 1% nonfat dry milk in TBS. Phos-
phorylated (pY689) STAT2 was detected with polyclonal antibodies (Millipore,
Temecula, CA) diluted 1:500 in 5% nonfat dry milk and 0.2% Tween in TBS.
Anti-pY1022/1023-Jak1 (Cell Signaling, Beverly, MA) and anti-total Jakl (BD
Transduction Laboratories) antibodies were used at a 1:500 dilution in TBS,
0.1% Tween and 5% BSA. For the detection of mouse IFN-B, a mouse inter-
feron beta enzyme-linked immunosorbent assay (ELISA) kit (PBL Biomedical
Laboratories) was used on supernatants of Hepal.6 cells that had been trans-
fected 36 h before and diluted 1:10, 1:100, and 1:1,000 in sample dilution buffer.

VLP budding assay. Hepal.6 cells were transfected with 2 pg of expression
plasmid. At 48 h posttransfection, cell culture supernatants were clarified by
centrifugation at 200 X g for 5 min and then pelleted through a 20% sucrose
cushion in NTE buffer (100 mM NaCl, 10 mM Tris [pH 7.5], 1 mM EDTA [pH
8.0]) at 160,000 X g for 2 h at 4°C. Supernatants were aspirated, and the pellets
containing the VLPs were resuspended in NTE buffer. Cells were washed with
PBS and lysed in radioimmunoprecipitation assay buffer (50 mM Tris [pH 7.4],
150 mM NaCl, 0.1% sodium dodecyl sulfate [SDS], 0.5% deoxycholate, 1%
NP-40) supplemented with protease and phosphatase inhibitor cocktail (Roche).
VLPs and lysates were analyzed by SDS-PAGE and visualized by Western
blotting (7, 40).

Data and statistical analysis. The Student one-tailed ¢ test was used to com-
pare the means of continuous data using the GraphPad Prism statistical package.

RESULTS

The VP40 protein of RAVYV inhibits IFN-o/f signaling in
human but not mouse cells. Because VP40s from RAVV and
MARYV Musoke strain differ at 4 amino acid positions, the two
proteins were compared for their inhibition of IFN-o/B signal-
ing in both human and mouse cells. The human hepatoma cell
line Huh7 was transfected with plasmids that express a human
STAT1-GFP fusion and either the empty expression plasmid
pCAGGS or plasmids that express either FLAG-tagged NS5
from Langat virus (LGTV NS5), a previously described inhib-
itor of IFN-induced Jak-STAT signaling (2), RAVV VP40, or
MARYV VP40. At 24 h posttransfection, the cells were treated
with IFN-o/B and lysed 30 min later. The IFN-induced phos-
phorylation of STAT1-GFP was examined by Western blotting
with a phospho-STAT1 specific antibody. Both RAVV and
MARYV VP40 inhibited the phosphorylation of STAT1-GFP
(Fig. 1A). Note that the upper band corresponds to STAT1-
GFP, while the lower band corresponds to endogenous STAT1
(Fig. 1A).

It was also of interest to assess VP40 function in mouse cells.
In the mouse hepatoma cell line Hepal.6, the positive control
inhibitor, LGTV NS5, was able to completely inhibit STAT1-
GFP phosphorylation. In contrast, neither MARV nor RAVV
VP40 efficiently inhibited STAT1-GFP tyrosine phosphoryla-
tion (Fig. 1B), suggesting that these VP40s, which have not
undergone mouse-adaptation, are relatively ineffective antag-
onists of the IFN-a/B response in mouse cells. During the
course of experiments in Hepal.6 cells, we noted a reproduc-
ible and significant level of STAT1 tyrosine phosphorylation in
the absence of exogenous IFN-o/B (Fig. 1B). To determine
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FIG. 1. The VP40 proteins of RAVV and MARYV inhibit IFN-o/B signaling in human but not mouse cells. Huh7 (A) or Hepal.6 (B) cells were
transfected with hSTAT1-GFP expression plasmid and either empty vector (pPCAGGS) or the indicated expression plasmids encoding FLAG-
tagged viral proteins. At 24 h posttransfection, the cells were treated with IFN-o/f (1,000 U/ml) for 30 min and analyzed by Western blotting for
STAT1 phosphorylation. The total levels of STAT1-GFP were evaluated with an anti-GFP antibody, an anti-B-tubulin blot served as a loading
control, and anti-FLAG antibody was used to assess viral protein expression. The asterisk (*) indicates the band that corresponds to FLAG-tagged
LGTV NS5. (C) Hepal.6 cells were either left untransfected or were transfected with empty vector (pCAGGS). At 36 h after transfection, IFN-B

was measured by ELISA.

whether this was due to transfection-induced IFN-o/B release,
an ELISA was performed to detect mouse IFN-B in the su-
pernatants of untransfected and empty vector (pCAGGS)-
transfected Hepal.6 cells. The Hepal.6 cell supernatants con-
tained approximately 2 ng of IFN-B/ml when transfected, while
IFN-B in the supernatants from untransfected cells was below
the level of detection (Fig. 1C). Despite this endogenous
IFN-B production and the addition of IFN-B, the LGTV NS5
fully blocked STAT1-GFP phosphorylation (Fig. 1B).

Mouse adaptation of RAVV resulted in a VP40 with en-
hanced ability to suppress IFN-o/f signaling in mouse cells.
The parental RAVV and the maRAVYV VP40 proteins differ at 7
amino acid residues (Fig. 2A) (43). To determine whether these
changes enhance the capacity of RAVV VP40 to inhibit IFN-o/B
signaling in mouse cells, Hepal.6 cells were transfected with
STATI1-GFP and either empty vector (pCAGGS) or plasmids
expressing LGTV NS5, MARV, RAVYV, or mouse-adapted (ma)
RAVV VP40. 30 min after IFN-o/B addition STAT1-GFP ty-
rosine phosphorylation was assessed. Whereas the parental
MARYV and RAVV VP40s only modestly reduced STAT1 phos-
phorylation, the maRAVYV VP40 was a highly effective inhibitor,
reducing STAT1 phosphorylation to levels seen with the LGTV
NSS positive control (Fig. 2B). To determine whether maRAVV
VP40 was also functional in human cells, Huh7 cells were trans-

fected as in Fig. 2B. maRAVYV VP40 was able to inhibit IFN-o/
B-induced STAT1 phosphorylation in human cells as well as in
murine cells (Fig. 2C). In human cells MARV VP40 expression
inhibits Jakl function and therefore also causes a loss of both
STAT1 and STAT? tyrosine phosphorylation in response to IFN-
a/B (40). To determine whether maVP40 can also inhibit IFN-o/B
induced STAT2 phosphorylation in mouse cells, STAT2 deficient
mouse embryonic fibroblasts (STAT2™~ MEFs) were trans-
fected with a FLAG-tagged mouse STAT2 expression plasmid
and with plasmids expressing LGTV NS5, MARV VP40, RAVV
VP40, or maRAVV VP40. After addition of IFN-o/B, both
LGTV NS5 and maRAVV VP40 completely abrogated STAT2
phosphorylation, whereas the parental VP40s again were poor
inhibitors of IFN-o/f signaling in the mouse cells (Fig. 2D). These
data demonstrate that although neither the nonadapted MARV
nor the RAVV VP40s effectively inhibit IFN-o/B signaling in
mouse cells, RAVV VP40 acquired this capability during mouse
adaptation.

maRAVV VP40 inhibits the phosphorylation of overex-
pressed Jakl in murine and human cells. Overexpression of
Janus kinases leads to the tyrosine phosphorylation of the over-
expressed kinase and to the tyrosine phosphorylation of STAT
proteins (27, 40). Previously, MARV VP40 was demonstrated to
inhibit the tyrosine phosphorylation of Jakl and STATs 1, 2, and
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FIG. 2. Mouse-adapted RAVV VP40 exhibits enhanced ability to suppress IFN-o/B signaling in mouse cells. (A) The seven amino acid
positions at which RAVV VP40 and maRAVYV VP40 differ are indicated. Hepal.6 (B) or Huh7 (C) cells were transfected with hSTAT1-GFP
plasmid and empty vector (pCAGGS) or the indicated expression plasmids for FLAG-tagged viral proteins. At 24 h posttransfection, cells were
treated with IFN-o/B (1,000 U/ml for 30 min) and analyzed for STAT1 phosphorylation. Total levels of STAT1-GFP were evaluated with an
anti-STAT1, B-tubulin was used as a loading control, and anti-FLAG was used to assess protein expression. (D) STAT2 ™/~ MEFs were transfected
with FLAG-mSTAT?2 plasmid and the indicated plasmids. At 48 h posttransfection, the cells were treated with IFN-o/ (1,000 U/ml) for 30 min
and analyzed by Western blotting for FLAG-mSTAT?2 phosphorylation. Anti-FLAG antibody was used to evaluate the total levels of FLAG-
mSTAT?2 and viral protein expression, while anti-B-tubulin antibody was used as a loading control.

3 in Jakl-overexpressing Huh7 cells (40). To determine whether
maRAVV VP40 can inhibit the phosphorylation of Jakl and of
STAT proteins in Jakl overexpressing mouse cells, Hepal.6 cells
were transfected with either mouse or human Jakl and with
empty vector or plasmids expressing LGTV NS5, MARYV,
RAVV, or maRAVV VP40. maRAVV VP40 inhibited the ty-
rosine phosphorylation of both human and mouse Jak1, as well as
the Jakl-dependent phosphorylation of endogenous STAT1 in
these cells (Fig. 3A). To determine whether the VP40s were also
able to inhibit Jakl and STAT1 phosphorylation in human cells,
Huh7 cells were transfected in a similar manner as described
above. Each of the three VP40s inhibited the phosphorylation of
both human and mouse Jakl, as well as that of endogenous
STAT1 in the human cells (Fig. 3B). The ability of maRAVV
VP40 to inhibit human Jak1 in mouse cells coupled with the fact
that the nonadapted VP40s inhibit mouse Jakl in human cells
suggests that VP40 does not simply recognize Jakl. Rather, an-
other factor in mouse cells must contribute to the inhibition of
IFN-o/B signaling in mouse cells.

maRAVYV VP40 can counteract the antiviral effects of IFN in
murine cells. To assess the impact of VP40 expression on the
antiviral effects of IFN-o/B in mouse cells, Hepal.6 cells were
transfected with expression plasmids for LGTV NS5, MARV
VP40, RAVV VP40, and maRAVYV VP40. As shown in Fig.

1D, transfection of Hepal.6 cells induces IFN-B. This is suffi-
cient to induce an antiviral state in these cells such that when
empty vector transfected cells were infected with a Newcastle
disease virus that expresses GFP (NDV-GFP) and analyzed by
FACS for GFP expression at 15 h postinfection, virus replica-
tion and GFP expression was greatly suppressed relative to
untransfected cells (Fig. 4A). That the suppression is mediated
by IFN-a/B is supported by the fact that expression of a known
inhibitor of IFN signaling, LGTV NS5, rescues NDV-GFP
replication (Fig. 4A). By comparison, the nonadapted MARV
and RAVV VP40-transfected cells exhibited GFP expression
levels comparable to that seen in the empty vector-transfected
cells, whereas maRAVV VP40 restored GFP expression to
levels seen with LGTV NS5 (Fig. 4A). Figure 4B presents the
means of three independent experiments measuring the mean
green fluorescence intensity. Expression of maRAVV VP40 in
mouse cells significantly increases virus replication in the pres-
ence of IFN-a/B, relative to the nonadapted RAVV VP40.
Therefore, mouse adaptation allows VP40 to block the antivi-
ral effects of IFN-«/B in mouse cells.

The identity of residues 57 and 165 is critical for VP40
inhibition of IFN signaling in mouse cells. To identify the
residues that are important for the inhibition of IFN signaling
in mouse cells, point mutations were introduced in the
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FIG. 3. maRAVYV VP40 inhibits the phosphorylation of overexpressed Jak1 in both murine and human cells. Hepal.6 (A) and Huh7 (B) cells
were transfected with either human or mouse HA-tagged Jak1 and the indicated expression plasmids. At 24 h posttransfection, the phosphorylation
of Jakl and the Jakl-dependent phosphorylation of endogenous STAT1 was evaluated. Anti-HA, anti-FLAG, and anti-STAT1 antibodies were
used to evaluate the protein levels by Western blotting, while B-tubulin was used as a loading control.

maRAVV VP40 background, such that a given residue was
mutated to the corresponding amino acid in the nonadapted
RAVV VP40. Specifically, the following mutants were con-
structed in the maRAVYV VP40 cDNA: H7Y, H19Y, A57V,
A165T, N184D, and an S189N/A190T double mutant. The
mutant VP40s and appropriate controls were cotransfected
with FLAG-tagged mouse STAT2 into STAT2/~ MEFs, and
at 48 h posttransfection the cells were treated with IFN-o/ for
30 min and then analyzed by Western blotting for STAT2
phosphorylation (Fig. 5A). All mutants except A57V and
A165T inhibited STAT2 phosphorylation as efficiently as
maRAVYV VP40 did. The single amino acid substitution mu-
tants A57V or A165T or a double mutant (A57V/A156T) each
lost the ability to inhibit STAT2 phosphorylation in mouse
cells (Fig. 5A). To examine the biological significance of the
mutations, an IFN bioassay was performed in Hepal.6 cells.

The assay is analogous to that described above but included
the mutant maVP40s. In this experiment, maRAVV VP40 was
able to rescue viral replication such that GFP expression
reached 30% of the untransfected control, whereas the muta-
tions A57V and A165T, either alone or combined, resulted in
a significant reduction in GFP expression (Fig. 5B). To deter-
mine whether the introduced mutations were generally dele-
terious to VP40 function, Huh7 cells were transfected with a
human STAT1-GFP plasmid along with the expression plas-
mids tested in Fig. 5A and B. 30 min after IFN-o/B addition,
STAT1-GFP tyrosine phosphorylation was assessed. All of the
mutants, as well as the wild-type nonadapted and mouse-
adapted VP40s, inhibited STAT1 phosphorylation, indicat-
ing that the mutants are functional in human cells (Fig. 5C).
These data demonstrate that the identities of residues 57
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FIG. 4. maRAVYV VP40 can counteract the antiviral effects of IFN in murine cells. Hepal.6 cells were transfected with the indicated expression
plasmids. At 24 h posttransfection, the cells were infected with NDV-GFP at an MOI of 10. (A) At 15 h postinfection, the cells were analyzed by
FACS, and the fluorescence intensity of the virus-expressed GFP from representative samples is shown. (B) Bars represent the mean fluorescence

intensity (n = 3), and error bars represent the standard deviations. Western
to confirm equal expression of viral proteins (data not shown).

blots against B-tubulin and FLAG were used as a loading control and
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FIG. 5. Amino acid changes A57V or A165T render maRAVV un-
able to inhibit signaling in mouse cells. (A) STAT2 ™/~ MEFs were trans-
fected with FLAG-mSTAT?2 and the indicated expression plasmids for
wild-type, single amino acid mutants or double amino acid mutants of
FLAG-tagged maRAVYV VP40 as indicated. At 48 h posttransfection, the
cells were treated with IFN-o/f (1,000 U/ml) for 30 min and analyzed
by Western blotting for FLAG-mSTAT?2 phosphorylation. Anti-FLAG
antibody was used to evaluate the total levels of FLAG-mSTAT?2 and viral
protein expression, while B-tubulin levels served as a loading control.
(B) Hepal.6 cells were transfected with the indicated plasmids and, at
24 h posttransfection, the cells were infected with NDV-GFP at an MOI
of 10. At 15 h postinfection, the cells were analyzed by FACS, and the
mean fluorescence intensity (n = 3) corresponding to virus growth is
shown, with error bars representing the standard deviations. Western
blots for B-tubulin and FLAG were used as a loading control and to
confirm equal expression of viral proteins (data not shown). (C) Huh7
cells were transfected with hSTAT1-GFP expression plasmid and empty
vector (pCAGGS) or the indicated plasmids expressing FLAG-tagged
viral proteins. At 24 h posttransfection, the cells were treated with IFN-
a/B (1,000 U/ml) for 30 min and analyzed by Western blotting for STAT1
phosphorylation. Total levels of STAT1-GFP were evaluated with anti-
STAT1 antibody, B-tubulin levels served as a loading control, and anti-
FLAG antibody was used to assess viral protein expression.
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and 165 are critical for VP40 inhibition of IFN signaling in
mouse cells.

As a complementary approach, point mutations were intro-
duced into the nonadapted version of RAVV VP40 in order to
identify amino acid changes sufficient to confer the inhibitory
function in mouse cells. FLAG-tagged mouse STAT2 was
cotransfected into STAT2™/~ MEFs with empty expression
plasmid, plasmids for FLAG-tagged LGTV NS5 and wild-type
or mutant VP40s. Examination of FLAG-STAT?2 phosphory-
lation 30 min after IFN-o/B treatment indicated that the com-
bination of V57A and T165A mutations permits RAVV VP40
to block IFN-o/p signaling comparably to the maRAVV VP40
(Fig. 6A). In the bioassay, the individual RAVV VP40 mutants
V57A and T165A modestly rescued viral replication, and
RAVV VP40 V57A/T165A restored virus replication to levels
higher than was seen with maRAVV VP40 (Fig. 6B).

To determine whether the same residues influence the func-
tion of the MARV VP40, MARV VP40 mutants V57A,
T165A, and V57A/T165A were generated and tested for inhi-
bition of IFN-«/B signaling in mouse cells using the same
approach as that described for Fig. 6A and B. Again, the
V57A/T165A double mutant was able to inhibit STAT2 phos-
phorylation comparably to maRAVYV VP40 (Fig. 6C) and was
able to restore virus replication levels higher than that of
maRAVV VP40 (Fig. 6D).

Mutations acquired during mouse adaptation do not influ-
ence RAVV VP40 budding in mouse cells. The ability of VP40
to bud from cells is thought to be critical for virus release. It
was therefore of interest to determine whether any of the
mutations acquired during mouse adaptation affect the ability
of VP40 to bud from Hepal.6 cells. Of particular interest was
the change Y19H, which is part of the previously described late
domain (43). Included in this experiment were MARYV VP40,
RAVV VP40, and maRAVV VP40. To directly assess the
impact of changes at the late domain, RAVV VP40-Y19H and
maRAVV VP40-H19Y were also tested. Finally, the mutants
at residues 57 and 165, which exhibited gain or loss of function
in the IFN-o/B signaling assays were examined. Each expres-
sion plasmid was transfected into Hepal.6 cells. GFP was also
included as a control protein that does not bud from cells. At
48 h posttransfection, the VLPs present in the supernatants
from the transfected cells were pelleted through a 20% sucrose
cushion, and the pellets were examined by Western blotting to
detect FLAG-VP40. All of the constructs yielded comparable
levels of budded VP40, with the Y19H mutant showing only a
very modest 2-fold decrease, as determined by densitometry of
the blots, relative to the wild-type VP40. Therefore, the
changes that occurred during mouse-adaptation of VP40 do
not detectably affect RAVV VP40 budding in Hepal.6 cells

(Fig. 7).

DISCUSSION

An understanding of the determinants of virulence in differ-
ent host species is fundamental to our understanding of the
zoonotic nature of filoviruses. Rousettus aegyptiacus bats have
been implicated as reservoirs of Marburg viruses (37, 38). In
the laboratory, examining the adaptation of these viruses to
rodents may provide clues to viral and host factors that deter-
mine the outcome of these infections. Experimental infections
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FIG. 6. The combined changes V57A and T165A render the RAVV and MARYV VP40s able to antagonize IFN-o/p in mouse cells. STAT2 ™/~
MEFs were transfected with FLAG-mSTAT?2 expression plasmid and empty vector or expression plasmids for the indicated wild-type, single amino
acid mutant, or double amino acid FLAG-tagged RAVV VP40s (A) or MARYV VP40s (C) as indicated. At 48 h posttransfection, the cells were
treated with IFN-o/B (1,000 U/ml for 30 min) and analyzed by Western blotting for FLAG-mSTAT2 phosphorylation. Anti-FLAG antibody was
used to evaluate the total levels of FLAG-mSTAT2 and viral protein expression, while B-tubulin levels served as a loading control. Hepal.6 cells
were transfected with expression plasmids for the RAVV VP40 (B) or MARV VP40 (D) constructs and, 24 h posttransfection, the cells were
infected with NDV-GFP at an MOI of 10. At 15 h postinfection, the cells were analyzed by FACS. The mean fluorescence intensity (n = 3) from
virus-expressed GFP is shown, with error bars representing the standard deviations. Western blots against B-tubulin and FLAG were used as a

loading control and to confirm equal expression of proteins (not shown).

with filovirus isolates that cause severe disease in humans do
not typically result in disease in rodents. Experiments in mice
previously demonstrated a role for the host IFN-a/B responses
in the resistance of this species to lethal infection by non-
adapted filoviruses. For example, intraperitoneal infection of
adult wild-type mice did not result in lethal infection with
nonadapted Marburg viruses or EBOVs. In contrast, IFN re-
ceptor knockout mice succumbed to infection with nonadapted
Marburg viruses or EBOVs. Administration to animals of anti-
IFN-o/B antibodies also potentiates filovirus disease (4). Fur-
ther, adaptation of Marburg viruses or EBOVs overcomes
their inability to cause disease in IFN-competent animals (5, 9,
19, 41-43). These observations implicate the host IFN-o/B
response in host restriction of filoviruses, at least in mice.
However, the molecular basis by which adaptation allows dis-

ease to occur in IFN-competent animals remains incompletely
defined.

The present study demonstrates that both the nonadapted
MARYV VP40 and the VP40 of nonadapted RAVYV, a mar-
burgvirus from a different clade than MARYV, inhibit IFN-o/
signaling and prevent signaling in Jakl-overexpressing human
cells. These observations are consistent with the prior obser-
vation that MARYV infection or expression of MARV VP40
inhibits Jakl-dependent signaling in primate cells (40). This
results in a loss of cellular responsiveness to IFN-«/B or IFN-y,
mimicking the phenotype of Jakl-knockout cells. Thus, the
MARV-infected or VP40-expressing cells exhibited a general
loss of tyrosine phosphorylation of Jak tyrosine kinases and
STAT proteins after the addition of IFN-«/B or IFN-y to cells.
These cells also exhibited resistance to the antiviral effects of
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FIG. 7. Mutations acquired during mouse-adaptation do not influence RAVV VP40 budding in mouse cells. (A) Hepal.6 cells were transfected

with the indicated plasmids encoding FLAG-tagged wild-type or mutant RAVV VP40s. At 8 h posttransfection,

1,000 U of IFN-a/B/ml was added

with fresh medium to the cells. After 40 h, the supernatants were harvested, and VLPs were purified through a sucrose cushion. Cells were lysed
and examined together with the VLPs for protein expression levels (WCE, whole-cell extract). Anti-FLAG, anti-GFP, and anti-B-tubulin
antibodies were used in both the WCE and the VLP blot. (B) Bands from panel A were quantified by using NIH ImageJ, and the ratio of VLP
intensity to the WCE intensity was graphed after subtracting the value obtained for GFP.

IFN-o/B. When Jak family tyrosine kinases are overexpressed
in Huh7 cells, the overexpressed kinase becomes tyrosine
phosphorylated, as do cellular STAT proteins. In support of
the view that Jakl is a critical and specific target of VP40,
expression of either RAVV or MARV VP40 inhibits the ty-
rosine phosphorylation of Jakl and STAT proteins in Jakl-
overexpressing human cells (40) (Fig. 3).

Notably, neither MARYV nor RAVV VP40 could efficiently
inhibit IFN-o/B signaling in the mouse cells tested (Fig. 1).
Although a modest reduction in STAT1 or STAT2 phosphor-
ylation could be seen in VP40-expressing mouse cells, relative
to empty vector-transfected control cells, this inhibition was
not sufficient to counteract the antiviral effects of IFN (Fig. 4).
Strikingly, however, adaptation of RAVV to mice resulted in a
VP40 fully capable of inhibiting IFN signaling and blocking the
antiviral effects of IFN-B in mouse cells (Fig. 2 and 4). More-
over, maRAVYV VP40 was able to inhibit the phosphorylation
of either mouse or human Jakl and STAT1 in human and
mouse cells, while the nonadapted VP40s inhibited the phos-
phorylation of human Jakl and mouse Jak1 in human cells but
not in mouse cells (Fig. 3). These observations are consistent
with a model where VP40 inhibition of Jakl requires an addi-
tional host factor(s) to carry out its inhibitory function.

Given that the mouse-adapted RAVV exhibits increased
virulence in mice, relative to the parental strain from which it
was derived, the enhanced IFN antagonist function is consis-
tent with a role for VP40 IFN antagonist function in mouse
pathogenesis. Whether the mouse-adaptive changes in VP40
are sufficient for enhanced virulence in the absence of other
changes remains to be determined. It is intriguing that the
mouse-adapted RAVYV also accumulated several amino acid
changes in its VP35 protein. In EBOV, VP35 has been dem-
onstrated to inhibit the production of IFN-«/B by antagonizing
the RIG-I signaling pathway (6, 17). Whether these VP35
changes influence its function in mouse cells is therefore of
interest.

Of the 7 amino acid changes that accumulated in RAVV
VP40 during mouse adaptation, 2 residues (V57 and T165 in

the nonadapted RAVV VP40) proved to be critical for IFN
antagonist function in mouse cells. This was evidenced by the
gain of IFN antagonist function in mouse cells when only these
two residues were mutated to alanine in the context of an
otherwise nonadapted RAVV VP40. Both changes appear to
be required for full activity, although very modest increases in
inhibitory function were seen with individual changes at these
residues (e.g., Fig. 5). Also, the individual mutation of either
residue back to V57 or T165 in the context of the mouse-
adapted VP40 was sufficient to abrogate function in mouse
cells. When the V57A/T165A mutations were examined in the
context of the MARV VP40, this also conferred the ability to
inhibit IFN signaling in mouse cells, further emphasizing the
importance of these residues. A working hypothesis would be
that these residues allow VP40 to interact with an unidentified
factor in mouse cells that mediates inhibition of Jakl. How the
very conservative valine to alanine change at residue 57 dra-
matically affects function remains to be determined. It is note-
worthy that VP40s with an alanine at this position reproducibly
exhibit slightly retarded migration on SDS-PAGE, suggesting a
possible structural change or posttranslational modification of
the viral protein.

Expression of VP40 alone is able to drive the formation of
VLPs that bud from the cell membrane. Filoviral VP40s have
well-characterized late domains important for the budding
process: ZEBOV VP40 possesses two late domains, a PTAP
motif and an overlapping PPXY motif, which mediate inter-
action with Tsg101, Nedd4, and RspS. MARYV VP40 possesses
a single ;PPPY,, motif that allows interaction with Tsg101,
although it has been proposed that NP can also recruit Tsg101
to sites of MARV VP40 budding (8, 13, 23, 35, 39). Our
previous study suggested that the two functions of MARV
VP40—IFN signaling antagonism and VLP formation—are
independent (40). During the adaptation of RAVV, one of the
seven amino acids that were changed was the tyrosine at po-
sition 16 (43). This particular amino acid has been shown to
be involved in interaction with Tsg101 (39). However, in mouse
cells, change of this amino acid to a histidine only reduced the



Vor. 85, 2011

ability of the protein to bud by 2-fold (Fig. 7). None of the
other mutations that are involved in IFN antagonism in mouse
cells altered the protein’s ability to bud. Therefore, our data
suggest that the budding function of RAVV VP40 did not need
to adapt to the mouse.

The present study identifies a specific molecular function
that changed during RAVYV adaptation to mice. The host fac-
tor(s) that interact with VP40 to mediate its IFN antagonist
function should shed light upon its mechanism of action, and
the availability of VP40s that do or do not function in mouse
cells provides a useful system that may allow the identification
of these critical host factors. Additional studies will be required
to define the contribution of these changes to virulence in mice
and determine the contribution to host adaptation of other
changes in VP40.
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