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ABSTRACT

Ebola virus (EBOV) causes a severe hemorrhagic disease in humans and nonhuman primates, with a median case fatality rate of
78.4%. Although EBOV is considered a public health concern, there is a relative paucity of information regarding the modula-
tion of the functional host response during infection. We employed temporal kinome analysis to investigate the relative early,
intermediate, and late host kinome responses to EBOV infection in human hepatocytes. Pathway overrepresentation analysis
and functional network analysis of kinome data revealed that transforming growth factor (TGF-f3)-mediated signaling responses
were temporally modulated in response to EBOV infection. Upregulation of TGF-3 signaling in the kinome data sets correlated
with the upregulation of TGF-f secretion from EBOV-infected cells. Kinase inhibitors targeting TGF- signaling, or additional
cell receptors and downstream signaling pathway intermediates identified from our kinome analysis, also inhibited EBOV repli-
cation. Further, the inhibition of select cell signaling intermediates identified from our kinome analysis provided partial protec-
tion in a lethal model of EBOV infection. To gain perspective on the cellular consequence of TGF-f signaling modulation during
EBOV infection, we assessed cellular markers associated with upregulation of TGF-f3 signaling. We observed upregulation of
matrix metalloproteinase 9, N-cadherin, and fibronectin expression with concomitant reductions in the expression of E-cad-
herin and claudin-1, responses that are standard characteristics of an epithelium-to-mesenchyme-like transition. Additionally,
we identified phosphorylation events downstream of TGF-f3 that may contribute to this process. From these observations, we
propose a model for a broader role of TGF--mediated signaling responses in the pathogenesis of Ebola virus disease.

IMPORTANCE

Ebola virus (EBOV), formerly Zaire ebolavirus, causes a severe hemorrhagic disease in humans and nonhuman primates and is
the most lethal Ebola virus species, with case fatality rates of up to 90%. Although EBOV is considered a worldwide concern,
many questions remain regarding EBOV molecular pathogenesis. As it is appreciated that many cellular processes are regulated
through kinase-mediated phosphorylation events, we employed temporal kinome analysis to investigate the functional re-
sponses of human hepatocytes to EBOV infection. Administration of kinase inhibitors targeting signaling pathway intermedi-
ates identified in our kinome analysis inhibited viral replication in vitro and reduced EBOV pathogenesis in vivo. Further analy-
sis of our data also demonstrated that EBOV infection modulated TGF-f3-mediated signaling responses and promoted
“mesenchyme-like” phenotypic changes. Taken together, these results demonstrated that EBOV infection specifically modulates
TGF-B-mediated signaling responses in epithelial cells and may have broader implications in EBOV pathogenesis.

bola virus (EBOV) is a filamentous, nonsegmented, single-

stranded, negative-sense RNA virus. EBOV is the most lethal
of the five members of the Ebolavirus genus, all of which cause
Ebola virus disease (EVD), with a median case fatality rate of
78.4% (1). Although EVD outbreaks are sporadic, EBOV causes a
severe hemorrhagic disease in humans and nonhuman primates
(2). As aresult of its high lethality and the potential for accidental
introduction from regions where it is endemic to nonnative ones
or intentional release for bioterrorism purposes, EBOV is consid-
ered a global health concern (2). Concerns regarding virus spread
from rural to urban areas during the recent outbreak of EVD in
Uganda (due to Sudan virus) and the continuing outbreak in
Guinea, Liberia, and Sierra Leone (due to EBOV) have heightened
fears regarding the introduction of these highly lethal viruses into
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densely populated areas (3, 4). These concerns have been further
exacerbated by the importation of Marburg virus, a Filoviridae
family member that also causes severe hemorrhagic fever, by tour-
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ists returning to the Netherlands and the United States from
Uganda (5, 6). Although there has been considerable investigation
into medical countermeasures for EBOV infection (7, 8), treat-
ment is principally based on supportive care.

Clinical presentation of EVD (2, 9) includes gastrointestinal,
respiratory, vascular, and neurological manifestations (10, 11).
Hemorrhagic manifestations of EVD include petechiae and mu-
cosal hemorrhage that arise during the peak of illness and are
characterized by altered fluid distribution, hypotension, and ab-
errant coagulopathy (12, 13). Monocytes, macrophages, and den-
dritic cells are believed to be early targets of infection by the virus
and play a central role in infection through the expression of pro-
inflammatory and antiviral cytokines, including alpha interferon
(IFN-a), interleukin-1 (IL-1), IL-6, IL-8, IL-12, tumor necrosis
factor (TNF) family members, and coagulation factors (11, 13—
18). Further, virus replication can be found in most major organs
and cells of the endothelial, epithelial, and monocyte lineages in
human and nonhuman primates (18-22). Although dysregula-
tion of the vascular system and inflammatory response play key
roles in EVD progression, the effect of EBOV infection on global
cell signaling networks is largely uncharacterized.

Genome-wide expression studies have provided useful in-
formation regarding the host response to EBOV infection (23—
25). For example, Kash et al. demonstrated that EBOV sup-
pressed host antiviral responses, including Toll-like receptor
(TLR)-, interferon (IFN) regulatory factor 3-, and protein ki-
nase R (PKR)-mediated pathways in human hepatocytes (24).
More recently, Wahl-Jensen and colleagues demonstrated that
EBOV particle attachment and entry into human macrophages
resulted in the induction of proinflammatory mediators, in-
cluding interleukin (IL-6), IL-8, and tumor necrosis factor al-
pha (TNF-a), 1 h postinfection (p.i.) (25). While such studies
of global gene expression have been informative, many ques-
tions remain regarding the molecular pathogenesis of EBOV
infection. In addition, many cellular processes are regulated
through posttranslational modification of host proteins that
occur independently of changes in transcription or translation.
Virtually all cell signaling processes are regulated by phospho-
transfer reactions, and aberrant kinase activity has been impli-
cated in a variety of host- and pathogen-mediated diseases
(26). As aresult, kinases are regarded as an attractive target for
therapeutic intervention (27). Kinome profiling through
global analysis of kinase abundance, activity, phosphorylation
status, and substrate specificity provides a novel mechanism for
investigating disease pathogenesis through the activation or
repression of host cell signal transduction pathways (28). Re-
cently, we have demonstrated the power of kinome analysis for
characterizing molecular mechanisms of viral pathogenesis
and for identifying specific cell signaling networks modulated
during the course of infection (29).

The aim of this study was to investigate the temporal host ki-
nome response to EBOV infection in human hepatocytes to iden-
tify specific cell signaling networks modulated during the course
of infection. We employed HUH?7 liver cells, a hepatoma cell line,
as hepatocytes are targeted by EBOV during infection (20, 30) and
HUH?7 cells are permissive to EBOV infection (24). We deter-
mined the early, intermediate, and late host responses of EBOV-
infected HUH?7 cells compared to mock-infected cells through
temporal kinome analysis. Pathway overrepresentation analysis
(ORA) and functional network analysis were used to identify spe-
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cific cell signaling responses that were modulated throughout the
course of infection. Specifically, transforming growth factor beta
(TGF-B)-mediated signaling responses were modulated in re-
sponse to EBOV infection. The temporal upregulation of TGF-[3-
mediated signaling responses correlated with the enhanced secre-
tion of TGF-B1 and vascular endothelial growth factor (VEGF)
from EBOV-infected cells. In addition, in vitro kinase inhibitor
assays targeting cell signaling intermediates identified from our
kinome analysis confirmed the identity of specific downstream
signaling pathways modulated during EBOV infection. Treatment
with kinase inhibitors targeting these signaling pathways provided
partial protection in a lethal EBOV model of infection, thereby
validating and confirming the biological significance of the in vitro
results while providing evidence of the power of this approach to
rapidly identify therapeutic targets. To gain insight into the signif-
icance of TGF-f3 signaling modulation during EBOV infection, we
assessed cellular markers associated with activation or upregula-
tion of TGF-P signaling. The expression patterns of multiple cel-
lular proteins were consistent with epithelium-to-mesenchyme
transition (EMT). Based on these findings, we propose a role for
TGF-B-mediated signaling responses and epithelium-to-mesen-
chyme-like transition during EBOV infection that may have
broader implications in EVD pathogenesis.

MATERIALS AND METHODS

Cell and virus conditions. EBOV H.sapiens-tc/COD/1976/Mayinga
(EBOV), green fluorescent protein (GFP)-expressing EBOV (for kinase
inhibitor experiments), or mouse-adapted EBOV (for in vivo experi-
ments) were used for all infections. For purified virus preparations, Vero
E6 cells were infected with EBOV at a 1:1,000 dilution in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 2% fetal bovine
serum (FBS) and monitored daily for cytopathic effect (CPE). Cells sub-
sequently were scraped, and supernatants were clarified by centrifugation
at 3,000 rpm for 10 min. Supernatants then were pooled and overlaid over
20% sucrose solution, and virus was pelleted by ultracentrifugation at
25,000 rpm for 2 h. Supernatants were removed, and virus pellets were
resuspended in DMEM supplemented with 10% FBS. All viral infections
were performed at the National Institutes of Health Integrated Research
Facility-Rocky Mountain Laboratories in Hamilton, M T, at biosafety level
4 (BSL4) in accordance with NIH/CDC Biosafety in Microbiological and
Biomedical Laboratories guidelines, as well as in accordance with CDC
Select Agent regulations (31). HUH7 cells (a kind gift from Hideki Ebi-
hara), a human hepatoma cell line, were maintained in Dulbecco’s mini-
mal essential medium (DMEM) (Sigma-Aldrich) supplemented with
10% (vol/vol) heat-inactivated fetal bovine serum (FBS) and 2 mM r-glu-
tamine. All cultures were maintained at 37°C in a humidified 5% (vol/vol)
CO, incubator.

Chemical inhibitors. SB431542 and LY294002 were purchased from
SelleckChem. Rottlerin and AG879 were purchased from Tocris. SU1498
was purchased from EMD. All other inhibitors were purchased from Enzo
Life Sciences.

Antibodies. E-cadherin (Cell Signaling), N-cadherin (Cell Signaling),
vimentin (Cell Signaling), 3-catenin (Cell Signaling), claudin-1 (Cell Sig-
naling), MMP9 (Cell Signaling), and fibronectin (Sigma-Aldrich) primary
antibodies were used throughout this study for the detection of changes in
EMT marker expression. Phospho-TAK1 (Cell Signaling), phospho-
SMAD3 (Cell Signaling), phospho-JNK-1/2 (Cell Signaling), phospho-
p38 (Cell Signaling), and phospho-ERK-1/2 (Cell Signaling) primary an-
tibodies were used throughout this study for the detection of changes in
protein phosphorylation. B-Tubulin (Cell Signaling) primary antibody
was used as a control for protein loading.

Viral infection for kinome analysis. HUH7 cells were plated in 6-well
plates and rested for 24 h prior to infection. Cells were infected with EBOV
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at a multiplicity of infection (MOI) of 3 or mock infected with an equiv-
alent volume of culture medium free of virus. Virus was incubated with
host cells for 1 h at 37°C with periodic rocking. Following incubation,
HUHY cells were washed twice with phosphate-buffered saline (PBS) to
remove unbound virus and replenished with fresh DMEM supplemented
with 2% (vol/vol) FBS and incubated at 37°C. EBOV-infected and mock-
infected cells were harvested at the appropriate time points (1, 6, and 24 h
p.i.) for subsequent kinome analysis.

Kinome analysis. Design, construction, and application of the peptide
arrays were based on a previously reported protocol, with the following
modifications (32). EBOV-infected and mock-infected HUH7 cells were
scraped and pelleted following infection, and cell lysates were prepared
and incubated with human kinome arrays (JPT Technologies). Briefly,
cell pellets were lysed with 100 pl of lysis buffer (20 mM Tris-HCI, pH 7.5,
150 mM NaCl, 1 mM EDTA, 1 mM ethylene glycol tetraacetic acid, 1%
Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM Na,VO,, 1 mM
NaF, 1 pg/ml leupeptin, 1 pug/ml aprotinin, 1 mM phenylmethylsulfonyl
fluoride) and incubated on ice for 10 min, followed by centrifugation to
remove cell debris. A 70-l aliquot of the cleared supernatant was mixed
with 10 pl of activation mix (50% glycerol, 50 pM ATP, 60 mM MgCl,,
0.05% Brij-35, and 0.25 mg/ml bovine serum albumin) and incubated on
a kinome array for 2 h at 37°C. Kinome arrays subsequently were washed
once with PBS containing 1% Triton X-100, followed by a single wash in
distilled water (dH,O). Peptide arrays were subjected to gamma irradia-
tion to inactivate remaining virus (5 Mrad) and removed from the BSL4
laboratory according to approved standard operating protocols. Ki-
nome arrays were submerged in PRO-Q Diamond phosphoprotein
stain (Invitrogen) with gentle agitation in the dark for 1 h. Following
staining, arrays were washed in destain (20% acetonitrile, 50 mM so-
dium acetate, pH 4.0 [Sigma-Aldrich]) 3X for 10 min/wash with the
addition of fresh destain each time. A final wash was performed with
dH,O0, placed in 50-ml conical tubes, and air dried for 20 min. Re-
maining moisture on the arrays was removed by centrifugation of the
arrays at 300 X g for 3 min. Array images were acquired using an Axon
4000B microarray scanner at 532 to 560 nm with a 580-nm filter to
detect dye fluorescence. Images were collected using GenePix 6.0 soft-
ware (MDS). Signal intensity values were collected using GenePix 6.0
software (MDS) with the following settings: scanner saturation level
65535, background calculation done using the local feature back-
ground, signal mean and background mean intensity values were used
for analysis, local background features exclude 2 pixels, and width of
background set to 3 feature diameters. Intensity values for the spots
and background were collected for each array.

Kinome data preprocessing. The specific responses of each peptide
were calculated by subtracting background intensity from foreground in-
tensity. The resulting data were transformed using the variance stabiliza-
tion (vsn) model (33) to bring all of the arrays onto the same scale while
alleviating the dependence between variance and mean estimators. In ad-
dition, for each of the 297 peptides in a single treatment, the intensities
induced by the treatments were subtracted from the intensities from the
time-matched biological control (i.e., HUH7 plus control media), and test
statistics were calculated. Average intensities then were taken over the
three transformed replicate intensities, and these values were subjected to
hierarchical clustering analysis. Mathematical analysis of the data sets was
performed as previously reported (32, 34).

Treatment-treatment variability analysis. Peptide phosphorylations
were subjected to paired ¢ tests to compare their signal intensities under
one treatment condition to those under the control condition. Three tests
were done for each peptide, as previously described (33).

Hierarchical clustering analysis. The preprocessed data were sub-
jected to hierarchical clustering using the R function heatmap.2 to group
treatments based on their kinome profiles. Each treatment vector was
considered a singleton (i.e., a cluster with a single element) at the initial
stage of the clustering. The distance metric and linkage method used were
1 — Pearson correlation and the McQuitty method, respectively (35). The
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hierarchical clustering was augmented by a heatmap that is also generated
using the R function heatmap.2. The function converts the intensity val-
ues to statistical z-scores, and then the z-scores are coded as color (green/
red) intensities. Green usually indicates a value lower than the means; red
indicates a higher value.

Pathway overrepresentation analysis of differentially phosphory-
lated proteins. InnateDb (www.innatedb.com) is a publically available
resource that predicts biological pathways related to the innate immune
response of humans, mice, and bovines to microbial infection based on
experimental fold change data sets (36). Pathways are assigned a proba-
bility (P) value based on the number of genes present for a particular
pathway, as well as the degree to which they are differentially expressed or
modified relative to a control condition. For our investigation, input data
were limited to peptides that showed consistent responses across the bio-
logical replicates (P < 0.05) as well as statistically significant changes from
the control condition (P < 0.20), as reported previously (32). Addition-
ally, functional networks were created using ingenuity pathway analysis
(IPA) software (Ingenuity Systems, Redwood City, CA). Proteins with
known protein symbols and their corresponding phosphorylation values
were uploaded and mapped to their corresponding protein objects in the
IPA Knowledge Base. Networks of these proteins were algorithmically
generated based on their connectivity and assigned a score. Proteins are
represented as nodes, and the biological relationship between two nodes is
represented as an edge (line). The intensity of the node color indicated the
degree of up- or downregulation. Proteins in uncolored nodes were not
identified as differentially expressed in our experiment and were inte-
grated into the computationally generated networks on the basis of the
evidence stored in the IPA knowledge database, indicating a relevance to
this network.

Enzyme-linked immunosorbent assays. HUH7 cells were infected
with EBOV or mock infected as described above. Cell supernatants from
infected or mock-infected cells were harvested at 1, 6, or 24 h p.i. and
exposed to gamma irradiation to inactivate remaining virus (5 Mrad)
according to approved standard operating protocols. Following inactiva-
tion, supernatants were removed from the BSL4 conditions for subse-
quent analysis. The concentrations of 19 cytokines and chemokines in the
supernatants were analyzed using a Millipore human 19-plex panel (Mil-
lipore). Supernatant samples were transferred to a 96-well plate and incu-
bated with antibody-coated beads directed against different cytokines or
chemokines. Following incubation, the beads were washed, incubated
with anti-cytokine and anti-chemokine antibodies, and incubated with
streptavidin-R-phycoerythrin (SAV/RPE). Beads were assayed on the Lu-
minex 100/200 system (Bio-Rad, Hercules, CA). TGF-B1 and VEGF were
measured using a human TGF-B1 Quantikine enzyme-linked immu-
nosorbent assay (ELISA) kit and the human VEGF Quantikine ELISA kit
(R&D Systems) by following the manufacturer’s instructions. Detection
of Th1/Th2/Th17 cytokines was assessed with the human Th1/Th2/Th17
cytokine multianalyte ELISArray kit (Qiagen). Experiments were done in
duplicate and were repeated at least three times independently.

Kinase inhibitor assays. HUH?7 cells were plated in 96-well plates in
DMEM supplemented with 2% (vol/vol) FBS and rested for 24 h prior to
infection. Cells were treated with kinase inhibitors (10 wM) for 1 h prior
to infection with subsequent addition of GFP-expressing EBOV at an
MOI of 3 or were mock infected with an equivalent fraction of culture
medium free of any virus. The utility of EBOV-GFP as a screening tool for
antiviral activity was previously reported (37). Infected cells were incu-
bated at 37°C for 24 h. Cells were fixed in 10% neutral buffered formalin
(NBF) for 24 h prior to removal from BSL4 conditions according to ap-
proved standard operating protocols and for an additional 24 h under
BSL2 conditions with fresh 10% NBF. GFP signal was visualized on the
Operetta high-content imaging system (PerkinElmer), and data were an-
alyzed using Harmony software.

Cell viability assays. The effects of kinase inhibitors on HUH7 cell
proliferation were evaluated using the WST-1 proliferation assay (Milli-
pore). Briefly, HUH7 cells (2 X 10* cells) were plated and rested over-

jviasm.org 9879

1702 YMVIN NAYSG Ad $T0Z ‘TT Jequiaidas uo /610 wse IAl/:dny woij papeojumoq


http://www.innatedb.com
http://jvi.asm.org
http://jvi.asm.org/

Kindrachuk et al.

night, followed by incubation with the various kinase inhibitors for 24 h.
WST-1/ECS solution then was added at a ratio of 1:10 and incubated at
37°C for 2 h. Absorbance readings were acquired on a plate reader at a
wavelength of 450 nm. Independent experiments were done in duplicate
or triplicate and were repeated at least three times.

Animal infections. BALB/c mice (6 weeks of age) were obtained from
Charles River Laboratories and housed in HEPA-filtered microisolator
cage systems. Groups of 10 mice were infected with 1,000 50% lethal doses
(LD4y; 10 focus-forming units [FFU]) of mouse-adapted EBOV by the
intraperitoneal (i.p.) route. Kinase inhibitor treatments were delivered 1 h
p.i. by intraperitoneal administration (1 or 5 mg/kg of body weight) (day
0) and were repeated daily until day 5. Mice were monitored for signs of
disease, including ruffled fur, hunched posture, and weight loss, and sur-
vival for up to 21 days following infection. This study was carried out in
strict accordance with the recommendations described in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health,
the Office of Animal Welfare, and the United States Department of Agri-
culture (38). The Institutional Animal Care and Use Committee (IACUC)
at the Rocky Mountain Laboratories (RML) approved all animal work.
The RML is accredited by the American Association for Accreditation of
Laboratory Animal Care (PHS/OLAW Animal Welfare Assurance A4149-
01). All procedures were carried out under ketamine anesthesia by trained
personnel under the supervision of veterinary staff, and all efforts were
made to ensure the welfare of the animals and to minimize their suffering.
Early endpoint criteria, as specified by the RML IACUC-approved mon-
itoring parameters, were used to determine when animals should be hu-
manely euthanized.

Western blot analysis. HUH?7 cells were mock infected or infected
with EBOV as described above. Cells from infected or mock-infected cells
were harvested at 1, 6, or 24 h p.i. and lysed in SDS loading buffer without
bromophenol blue (200 mM Tris-HCIL, pH 6.8, 8% SDS, 40% glycerol, 4%
B-mercaptoethanol, 50 mM EDTA) and exposed to gamma irradiation to
inactivate remaining virus (5 Mrad) according to approved standard op-
erating procedures. Following inactivation, supernatants were removed
from the BSL4 conditions for subsequent analysis. Protein concentration
was determined using the bicinchoninic acid (BCA) protein assay kit
(Pierce) according to the manufacturer’s instructions. Equivalent
amounts of total cell lysates were separated on 4% to 12% Bis-Tris gradi-
ent gels (Invitrogen) and wet transferred onto polyvinylidene difluoride
membranes (Bio-Rad). Membranes were blocked (5% [wt/vol] nonfat
milk or 5% [wt/vol] BSA in TBS-Tween20 [0.5%, wt/vol]) prior to incu-
bation with primary antibodies and subsequent detection with appropri-
ate horseradish peroxidase-conjugated secondary antibodies (Pierce).
Complexes were visualized using SuperSignal West Femto chemilumines-
cent substrate (Pierce). Images were acquired using a Syngene G:Box
Chemi (Syngene).

Conditioned medium experiments. HUH7 cells were infected with
EBOV-GFP or mock infected as described above. Cell supernatants from
infected or mock-infected cells were harvested at 24 h p.i. Cells were
scraped into supernatant, and then supernatants were clarified by centrif-
ugation (1,000 rpm, 4°C, 20 min). Clarified supernatants then were ultra-
centrifuged to directly pellet virus and obtain virus-free conditioned me-
dia. Clarified supernatants were spun at 28,000 rpm for 1.5 h at 4°C in the
SW41 rotor of a Beckman Coulter ultracentrifuge. Virus-free superna-
tants subsequently were diluted 1:1 with fresh EGM-2 media (Lonza,
Walkersville, MD) and incubated with fresh human umbilical vein endo-
thelial cells (HUVECs) for 24 h. Removal of EBOV-GFP was verified by
imaging for GFP production in conditioned medium-treated HUVECs.
Cells from infected or mock-infected cells were harvested, lysed in SDS
loading buffer without bromophenol blue (200 mM Tris-HCI, pH 6.8, 8%
SDS, 40% glycerol, 4% B-mercaptoethanol, 50 mM EDTA), and boiled
for 10 min. VE-cadherin expression was examined through Western blot
analysis as described above.
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RESULTS

Temporal kinome analysis of cell signaling responses modu-
lated by EBOV infection. Previously, we reported the utility of
kinome analysis with peptide arrays for investigating host signal-
ing responses to West African and Congo Basin monkeypox virus
(29). Here, we employed a similar strategy to investigate host-cell
signaling responses to EBOV infection. EBOV infection of HUH7
human liver cells was employed, as hepatocytes are a target for
EBOV infection and do not undergo apoptosis following EBOV
infection (24). Cells were infected at a multiplicity of infection
(MOI) of 3 with EBOV and harvested throughout the course of
infection, along with time-matched, mock-infected control cells,
for kinome analysis with peptide arrays. Kinome analysis with
peptide arrays relies on phosphotransfer from active kinases in a
cell lysate to specific kinase targets (peptides) on the arrays and the
subsequent identification and quantitation of these phosphoryla-
tion events. Our arrays contained 300 unique peptides represent-
ing key phosphorylation events from a broad spectrum of cell
signaling pathways and processes. In agreement with previous in-
vestigations, EBOV infection of HUH?7 cells did not result in in-
duction of apoptosis (data not shown). The kinome data were
extracted from the arrays and analyzed using the Platform for
Intelligent, Integrated Kinome Analysis (PIIKA) software tool (32,
34). Data sets representing EBOV-infected cells clustered sequentially
with the mock-infected 24-h and 1-h samples following hierarchical
cluster analysis (Fig. 1A). Additional cluster analysis using PIIKA re-
vealed that biological subtraction of the mock-infected control ki-
nome data sets from their respective time-matched EBOV-infected
data sets resulted in stronger clustering and a higher degree of simi-
larity in host kinome responses between the 1-h p.i. and 24-h p.i. time
points than the 6-h p.i. time point (Fig. 1B). Principal component
analysis of the kinome data demonstrated almost complete separa-
tion of the mock- and EBOV-infected data sets into two individual
clusters (Fig. 1C). These results suggested some level of conservation
in the host responses to EBOV infection between the 1- and 24-h p.i.
time points.

To gain biological insight into the nature of the host response
to EBOV infection and, in particular, the nature of the conserved
host response found between the 1- and 24-h p.i. data sets, we first
utilized functional network analysis with the Ingenuity Pathway
Analysis (IPA) software suite. TGF-f and TGF-f signaling path-
way intermediates occupied central positions in both the 1- and
24-h p.i. networks but were absent from the 6-h p.i. network (Fig.
2A to C). To provide additional perspective on the specific cell
signaling networks that were modulated during these time points,
we performed pathway overrepresentation analysis (ORA) with
the online software InnateDB (39, 40) (Table 1). Upregulated
TGF-B-mediated signaling responses were found to be overrepre-
sented at 1 and 24 h p.i. (Table 1). As with the functional network
analysis, TGF-B-related signaling responses were absent from the
6-h p.. signaling pathway analysis. As exogenous molecules
within the virus preparation could have modulatory effects on
host signaling pathways, supplemental experiments were per-
formed using purified EBOV. Although the presence of exogenous
molecules in the original viral preparation could have affected the
activation state of host signaling networks at the 1-h p.i. time
point, infection of cells with purified EBOV resulted in the up-
regulation of TGF-B-mediated signaling responses, which were
highly overrepresented at 24 h p.i. These data further corrobo-
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FIG 1 Heatmaps and hierarchical clustering of host kinome responses to EBOV infection. Peptide phosphorylation was assessed by densitometry, scaled, and
normalized using GeneSpring 6.0 software. For hierarchical clustering, 1 — Pearson correlation coefficient was used as the distance metric, and the McQuitty
method was used as the linkage method. (A) Hierarchical clustering of the EBOV-infected kinome data sets alongside the mock-infected control data sets. (B)
Cluster analysis of the EBOV-infected kinome data sets following background subtraction of the time-matched mock-infected control data sets. Spots demon-
strating a significant differential phosphorylation between the EBOV-infected and mock-infected control were compiled into a data set for each time point for
comparative analysis. The lines at the top of the heatmap indicate the relative similarity between the conditions as listed along the bottom edge of the heatmap.
Line length indicates the degree of similarity, with shorter lines equating to stronger similarity. The lines on the left side of the heatmap indicate the relative
similarity in signal between the 300 individual peptide targets on the arrays. (C) Principal component analysis of the mock- and EBOV-infected kinome data sets.

rated our observations that EBOV infection modulated TGF-[3-
mediated signaling responses in hepatocytes (Table 2). Thus,
TGF-B-related signaling likely comprised an important biological
response in EBOV-infected hepatocytes, warranting further func-
tional analysis of the role of TGF-{ in the molecular pathogenesis
of EBOV.

The induction of TGF-f3 secretion in EBOV-infected cells
correlates with the activation of TGF-p signaling predicted by
pathway ORA. To further investigate the role of the TGF-f3 sig-
naling pathway in EBOV-infected hepatocytes, we assessed tem-
poral TGE-f secretion from the EBOV-infected cells. Superna-
tants were collected throughout the course of infection from the
mock- and EBOV-infected cells and screened for TGF-f3 secretion
by enzyme-linked immunosorbent assay (ELISA).

ELISA ofthe HUHY cell supernatants demonstrated significant
increases in TGF-f3 secretion from the EBOV-infected cells com-
pared to the mock controls atboth 1 and 24 h p.i. but not at the 6-h
time point (Fig. 3A). These results were corroborated by the up-
regulation of TGF- signaling responses identified in our pathway
ORA. As TGF-f can induce VEGF release from epithelial cells (41,
42) and multiple VEGF-mediated signaling pathways were up-
regulated by EBOV 1 h p.i., we also assessed VEGF secretion. As
expected, VEGF secretion was significantly upregulated at 1 h p.i.
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(Fig. 3B). Interestingly, VEGF secretion also was significantly up-
regulated at 24 h p.i. We also observed increased secretion of
monocyte chemoattractant protein 1 (MCP-1) and IL-8 at 1 h p.i.
and 24 h p.i., respectively (data not shown).

Taken together, the patterns of growth factor secretion from
the EBOV-infected HUH?7 cells and, in particular, TGF-B secre-
tion correlated with the observed overrepresentation of upregu-
lated signaling responses found in our pathway analysis.

Selective modulation of signaling networks identified from
kinome analysis decreases EVD severity in vivo. To gain further
insight into the relationship between host kinases and the progres-
sion of EBOV infection in hepatocytes, we assessed the functional
role of specific host kinases during infection. We first examined
the effects of various inhibitors of tyrosine kinase cell surface re-
ceptors on EBOV infection. Importantly, all kinase inhibitors had
negligible effects on cell proliferation (Fig. 4). Based on the over-
representation of TGF-f signaling events and, to a lesser extent,
VEGEF and nerve growth factor (NGF)-mediated signaling, we fo-
cused on these cell receptors. In addition, we also focused on
downstream signaling events conserved across these signaling net-
works (including phosphoinositide 3-kinase/AKT [PI3K/AKT],
protein kinase C [PKC], and mitogen-activated protein kinase/
extracellular signal-regulated protein kinase [MAPK/ERK] signal-
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FIG 2 Functional network analysis of EBOV-infected hepatocyte kinome responses. Functional network analysis was performed using the IPA software suite.
Each network represents the top functional network for the respective time point. (A) Responses at 1 h p.i,, including embryonic development, organismal
development, and cardiovascular system development and function. (B) Responses at 6 h p.i., including posttranslational modification, cell signaling, and
cellular assembly and organization. (C) Responses at 24 h p.i., including cell death and survival, cellular development, and hematological system development

and function.

ing). This choice was further supported by our observation that
phosphorylation of signaling intermediates from the PI3K/AKT
signaling pathway (PDK1 and PIK3R1), the MAPK/ERK signaling
pathway (p38 MAPK, MEK]1, Raf, and JNK), and PKC all were
increased in the EBOV-infected kinome data sets compared to the

9882 jvi.asm.org

mock-infected controls. Administration of kinase inhibitors tar-
geting TGF-(3 (SB431542), NGF (AG879), PI3K/AKT (LY294002;
wortmannin), and PKC signaling (rottlerin; GF109203X) retained
the strongest inhibitory activity against in vitro EBOV infection
when added before (—1 h) or after (+4 h) infection, whereas little
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TABLE 1 InnateDB analysis of temporal kinome datasets from EBOV-infected HUH7 cells”

P value
Description, regulation status, and modulation time point Upregulated Downregulated
1 hp.i.
Upregulated
TGF-P receptor signaling 0.005 1.00
TGF-f signaling pathway 0.01 1.00
Negative feedback regulation of TGF-@ superfamily signaling pathway by R-SMAD degradation 0.03 1.00
(TGF-P superfamily signaling pathway [canonical])
TGF- superfamily signaling pathway (canonical) 0.03 1.00
Endocytosis 0.07 0.96
BMP signaling pathway (TGF-B BMP Diagram [molecular variation]) 0.08 1.00
Gene expression of SMAD6/7 by R-SMAD:SMAD4 (TGE- superfamily signaling pathway [canonical]) 0.08 1.00
Gene expression of SMAD7 by R-SMAD:SMAD4 (TGF- superfamily signaling pathway [canonical]) 0.08 1.00
Negative feedback regulation pathway of TGF-[ superfamily signaling by (binding of smad6/7 and 0.08 1.00
TGE- receptor I) (TGF-B superfamily signaling pathway [canonical])
Negative regulation of transcription by R-SMAD:SMAD4 in TGF- superfamily signaling pathway 0.08 1.00
(TGF-P superfamily signaling pathway [canonical])
Signaling by TGF-3 0.08 1.00
TGF-B signaling pathway 0.08 1.00
Downregulated
Hepatitis C 1.00 0.03
Toxoplasmosis 1.00 0.03
P53 signaling pathway 0.99 0.05
Amyotrophic lateral sclerosis 1.00 0.06
Caspase cascade in apoptosis 1.00 0.06
Cyclins and cell cycle regulation 1.00 0.06
FoxO family signaling 1.00 0.06
Renal cell carcinoma 1.00 0.06
T cell receptor signaling pathway 1.00 0.06
Pathways in cancer 0.97 0.08
Small cell lung cancer 0.98 0.1
TNFRI signaling pathway (TNFR1 signaling pathway) 0.98 0.1
Toll-like receptor signaling pathway 0.98 0.1
6hp.i
Upregulated
ATEF-2 transcription factor network 0.02 1.00
Regulation of nuclear beta catenin signaling and target gene transcription 0.02 1.00
Prolactin 0.04 0.62
EPO signaling pathway 0.06 0.75
Calcium signaling pathway 0.08 1.00
Coregulation of androgen receptor activity 0.08 0.87
LIF signaling pathway (LIF signaling [JAK1 JAK2 STAT3]) 0.08 1.00
Androgen receptor 0.09 0.52
IL-6 0.1 0.56
RANKL 0.1 0.56
Leptin 0.1 0.59
Downregulated
Insulin receptor signaling (insulin receptor signaling) 0.95 0.004
mTOR signaling pathway 1.00 0.01
IGF-1 signaling pathway (IGF1 signaling pathway) 0.93 0.01
AKT (PKB) activation signaling (IGF1 signaling pathway) 1.00 0.02
B cell survival pathway 1.00 0.02
CD28-dependent PI3K/Akt signaling 1.00 0.02
FGF signaling pathway 1.00 0.02
PTEN-dependent cell cycle arrest and apoptosis 1.00 0.02
Regulation of bad phosphorylation 1.00 0.02
IGF-1 receptor and longevity 1.00 0.02
Trk receptor signaling mediated by PI3K and PLC-gamma 1.00 0.02
IGF-1 pathway 1.00 0.03
Phospholipids as signaling intermediaries 0.90 0.03
Role of ERKS in neuronal survival pathway 0.90 0.03

(Continued on following page)
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TABLE 1 (Continued)

P value
Description, regulation status, and modulation time point Upregulated Downregulated
T cell receptor signaling pathway (CD4 T cell receptor signaling) 0.78 0.03
Aldosterone-regulated sodium reabsorption 1.00 0.05
C-MYB transcription factor network 1.00 0.05
Carbohydrate digestion and absorption 1.00 0.05
Costimulation by the CD28 family 1.00 0.05
Ctcf (first multivalent nuclear factor) 1.00 0.05
mTOR signaling pathway 1.00 0.05
Plasma membrane estrogen receptor signaling 1.00 0.05
Reelin signaling pathway 1.00 0.05
Role of nicotinic acetylcholine receptors in the regulation of apoptosis 1.00 0.05
Skeletal muscle hypertrophy is regulated via akt-mTOR pathway 1.00 0.05
Tie2 signaling 1.00 0.05
Chronic myeloid leukemia 0.91 0.06
Endometrial cancer 0.55 0.07
Non-small-cell lung cancer 0.55 0.07
T cell receptor signaling (PLC-gamma, PKC, Ras, and IKK-NF-kB cascade), CD4 T cell receptor 0.83 0.07
signaling (NF-kB cascade)
Nfat and hypertrophy of the heart 1.00 0.07
Transcription factor creb and its extracellular signals 0.84 0.07
Colorectal cancer 0.69 0.07
IL-2 receptor beta chain in T cell activation 0.69 0.07
Natural killer cell-mediated cytotoxicity 0.69 0.07
Insulin signaling pathway 0.99 0.10
T cell receptor signaling pathway 0.78 0.10
24 hp.i.
Upregulated
Signaling by TGF-3 0.02 1.00
Gene expression of SOCS1 by STAT dimer (JAK-STAT pathway and regulation pathway Diagram) 0.06 0.96
Neurotrophic factor-mediated Trk receptor signaling 0.06 0.96
Erk1/Erk2 MAPK signaling pathway 0.08 0.88
TGF-B signaling pathway 0.08 1.00
Non-small-cell lung cancer 0.09 0.78
Downregulated
TNFRI signaling pathway (TNFR1 signaling pathway) 0.95 0.04
BCR 0.85 0.04
Epithelial cell signaling in Helicobacter pylori infection 0.87 0.04
Agrin in postsynaptic differentiation 1.00 0.06
Apoptotic signaling in response to DNA damage 1.00 0.06
Primary immunodeficiency 1.00 0.06
TAKI1 activates NF-kB by phosphorylation and activation of IKK complex 1.00 0.06
FoxO family signaling 0.84 0.08
IL-4 signaling pathway 0.84 0.08
Integrin-linked kinase signaling 1.00 0.08
P53 signaling pathway 1.00 0.08
Shigellosis 1.00 0.08
IL-2 signaling events mediated by PI3K 0.93 0.09
TWEAK 1.00 0.09

“ InnateDB is a publically available pathway analysis tool. Based on levels of differential expression or phosphorylation, InnateDB is able to predict pathways that are consistent with
the experimental data. Pathways are assigned a probability (P) value based on the number of proteins present for a particular pathway. It also provides the number of uploaded
pathways associated with a particular pathway as well as the subset of individual proteins that are differentially phosphorylated.

or no effect was observed after administration of the VEGFR in-
hibitor SU1498 (Fig. 4). This suggested that the role of VEGF
induction in EBOV-infected hepatocytes was largely independent
of direct activation of the VEGF receptor.

Taken together, our in vitro data strongly suggested that EBOV
infection resulted in the selective modulation of specific cell sig-
naling pathways, in particular those mediated by TGF-f3. The ki-
nase inhibitor experiments provided corroborating evidence that

9884 jviasm.org

particular signaling pathways, or intermediates, were selectively
and temporally modulated during EBOV infection, including
TGEF-B, NGF, PI3K/AKT, and PKC signaling events. If activation
of these signaling pathways is a requirement for EBOV infection
and replication, then selective inhibition of these cellular re-
sponses would be anticipated to reduce the lethality in an EBOV
animal model. To address this, we evaluated the efficacy of
SU1498 (VEGFR2), AG879 (TrkA), SB431542 (TGFBRII),
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TABLE 2 InnateDB analysis of kinome datasets from HUH?7 cells infected with purified EBOV

Upregulated
Pathway name or description P value Proteins in pathway from analysis
HIV-1 nef (negative effector of fas and TNF) 0.01 BCL2, BID, CHUK, MDM2, PAK2, PTK2, RELA, TRAF2
Downregulation of TGF-@ receptor signaling 0.01 SMAD?2, TGFBR1, TGFBR2
TGF-B receptor signaling activates SMADs 0.01 SMAD2, TGFBR1, TGFBR2
Glypican 1 network 0.02 FLT1, SMAD2, TGFBR1, TGFBR2
Agrin in postsynaptic differentiation 0.02 EGFR, GIT2, JUN, PAK2, PAK4, PTK2, PXN
Alpha4 betal integrin signaling events 0.04 PRKACA, PTK2, PTK2B, PXN, YWHAZ
M-calpain and friends in cell motility 0.04 EGFR, MAP2K2, PTK2, PXN, SHC1
TGE- signaling pathway 0.04 CDHI1, SMAD2, TAB1, TGEBR1, TGFBR2
Ctcf (first multivalent nuclear factor) 0.06 CDKNI1B, MDM2, MTOR, PIK3R1, PTEN, RPS6KB1, SMAD1, TGFBR1, TGFBR2
Cell cycle 0.08 CDK1, CDK4, CDKN1B, MDM2, SMAD2, YWHAZ
Chronic myeloid leukemia 0.09 ARAF, BRAF, CDK4, CDKN1B, CHUK, MAP2K2, MDM2, PIK3R1, RELA, SHC1,
SHC3, STAT5B, TGFBR1, TGFBR2
Fc-epsilon receptor I signaling in mast cells 0.09 CHUK, FOS, JUN, LYN, MAP2K2, MAP2K4, NFATC2, PAK2, PIK3R1, PTK2,
PXN, RELA, SHCI, SYK
AKT phosphorylates targets in the cytosol 0.09 CDKN1B, CHUK, MDM2
Alk in cardiac myocytes 0.09 SMADI, TGFBR1, TGFBR2
Apoptotic signaling in response to DNA damage 0.09 BAX, BCL2, BID
C-MYB transcription factor network 0.09 BCL2, CDKNI1B, KIT
Cell-to-cell adhesion signaling 0.09 CDHI, PTK2, PXN
FAS (CD95) signaling pathway 0.09 BID, CHUK, SYK
FCGR activation 0.09 HCK, LYN, SYK
GPCR adenosine A2A receptor signaling pathway 0.09 BRAF, MAP2K2, PRKACA
Integrin alphalIb beta3 signaling 0.09 PTK2, SHCI, SYK
Melanocyte development and pigmentation pathway 0.09 BCL2, KIT, MAP2K2
Melanogenesis 0.09 KIT, MAP2K2, PRKACA
P53 signaling pathway 0.09 BCL2, CDK4, MDM2
Prion diseases 0.09 BAX, MAP2K2, PRKACA
Regulation of actin dynamics for phagocytic cup 0.09 LIMK1, PTK2, SYK
formation
Role of mitochondria in apoptotic signaling 0.09 BAX, BCL2, BID
TGEF-P receptor signaling in EMT 0.09 RHOA, TGFBR1, TGFBR2
uCalpain and friends in cell spread 0.09 PTK2, PXN, RHOA
Validated targets of C-MYC transcriptional repression ~ 0.09 BCL2, CDKN1B, PDGFRB
a4b7 integrin signaling 0.09 PTK2, PXN, RHOA

LY294002 (PI3K), and rottlerin (PKC) to protect mice against a
mouse-adapted strain of EBOV (43). Although the selective inhi-
bition of the VEGF receptor had minimal inhibitory activity
against EBOV infection in vitro, we also tested the VEGF receptor
inhibitor SU1498, as VEGF secretion was significantly induced in
EBOV-infected hepatocytes (Fig. 3B) and because of the observed
upregulation of VEGF-mediated signaling events. Further, the ac-
tivation of TGF-( signaling events in epithelial cells can induce
VEGEF secretion (41, 42). Groups of 10 mice were infected with
1,000 LD, of mouse-adapted EBOV by the i.p. route. Kinase in-
hibitors were administered at 1 h postinfection (day 0) and then
once daily until day 5 and were delivered by i.p. administration.
Mice were monitored for signs of disease and survival for up to 21
days following infection.

All mice treated with vehicle alone succumbed to infection by
day 7 p.i. Treatment with SU1498 (VEGFR2) or SB431542 (TGF-
BRII) resulted in 20% survival at 5 mg/kg (Fig. 5). These results
were consistent with our hypothesis that TGF- and VEGF signal-
ing were modulated during the course of EBOV infection. Fur-
ther, administration of AG879 or SB431542 at 1 mg/kg resulted in
20% protection. Collectively, these results suggest that the patho-
genesis of EBOV infection is related to the selective modulation of
VEGF, NGF, and TGF-f signaling pathways. Further, administra-
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tion of LY294002 (PI3K) or rottlerin (PKC) at 1 mg/kg conferred
40% and 30% protection from EBOV infection, respectively.
These protective effects were shown to be significant for all of the
inhibitors tested by the Mantel-Cox test and confirmed that the
modulation of these signaling pathways during EBOV infection
contribute to pathogenesis in vivo. All surviving mice were ob-
served to be improved and gaining weight by 10 days p.i. These
results confirm for the first time that EBOV infection results in the
selective modulation of the TGF-3 and VEGF signaling pathways
and downstream PI3K and PKC signaling.

EBOV infection results in the modulation of expression of
promesenchyme cellular markers. System-level analysis of the
EBOV-infected kinome data sets demonstrated that upregulated
TGF-B-mediated signaling responses were overrepresented at
both 1 and 24 h p.i. and that TGF-3 formed central cores of func-
tional networks at these time points (Fig. 2 and Table 1). These
results correlated with the significant upregulation of TGF-3 se-
cretion from infected cells and the inhibitory activity of selective
TGFBRI antagonists on EBOV infection in vitro and in vivo. It also
has been demonstrated that TGF-{ induces an EMT state in hepa-
tocytes to a fibroblast-type phenotype (44, 45). Thus, we sought to
identify the potential cellular consequences for the upregulation
of TGF-B signaling in EBOV-infected hepatocytes. TGF-B is a
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FIG 3 ELISA of secreted factors from EBOV-infected hepatocytes. HUH7
cells were infected with EBOV at an MOI of 3, and supernatants were collected
at the indicated time points. The data presented represent the cytokines or
chemokines that had measurable values compared to medium-only controls.
Data are representative of three independent experiments * standard devia-
tions (SD).

pleiotropic molecule that has roles in the regulation of cell prolif-
eration, differentiation, migration, wound healing, and immune
responses (46). The influence of TGF-f on microbial pathogene-
sis has been described for a broad range of viruses, including in-
fluenza A virus, human immunodeficiency virus 1, and hepatitis B
and C viruses (46). TGF-f treatment enhances phenotypic trans-
formation of infected epithelial cells through EMT (47). This
transformation is characterized by the disassembly of adherens
junctions and tight junctions (48). Specific molecular character-
istics include repression of E-cadherin, claudin-1, and (3-catenin
expression and the induction of the mesenchyme cytoskeletal pro-
teins N-cadherin and vimentin, matrix metalloproteinase 9
(MMP9), and fibronectin (48). Viral infection can modulate the
expression of cellular markers of EMT (49). We examined the

9886 jvi.asm.org

effects of EBOV infection on common cellular markers of mesen-
chyme-like transition in an attempt to shed light on the effect of
TGF-B modulation in EBOV-infected cells. EBOV infection re-
sulted in downregulation of both E-cadherin and claudin-1 com-
pared to levels for mock-infected cells (Fig. 6). In contrast, the
expression of N-cadherin, MMP9, and fibronectin was increased
24 h following EBOV infection. Changes in the expression levels of
these proteins were similar to those previously reported for cells
undergoing EMT (47, 50). The modulation of these EMT markers
was dependent on viral entry and/or replication, as EBOV-like
particles constructed from VP40 or VP40 and GP, , viral proteins
and added exogenously to HUH7 cells had no effect on either
E-cadherin or claudin-1 compared to mock-infected cells (Fig. 7).
We also compared the effect of TGF-{ stimulation of hepatocytes
to mock-infected and EBOV-infected cells on a subset of EMT
markers. As TGF-f and VEGF secretion were significantly in-
creased in EBOV-infected hepatocytes, we next examined the ef-
fect of factors secreted from EBOV-infected HUH7 cells on endo-
thelial cells. Treatment of HUVECs with virion-free conditioned
media from EBOV-infected HUH7 cells resulted in the repression
of VE-cadherin expression (Fig. 8).

As EBOV infection resulted in the induction of an EMT-like
phenomenon in infected HUH7 cells, we next sought to identify
signaling events downstream of the TGF-B receptors that help
mediate these events. Western blot analysis was performed with
phospho-antibodies against key signaling intermediates from the
TGE-p signaling pathway that previously have been implicated in
EMT potentiation. We analyzed the phosphorylation states of
TAK1 (Thr187), SMAD3 (Ser423/Ser425), ERK1/2 (Thr202/
Tyr204), p38 MAPK (Thr180/Tyr182), and JNK (Thr183). Our
analysis demonstrated increases in phosphorylation of ERK1/2,
p38 MAPK, SMAD3, and TAK1 in EBOV-infected cells 24 h p.i.
(Fig. 9). In contrast, phosphorylation of JNK was decreased in
EBOV-infected cells.

Thus, infection of hepatocytes with EBOV results in the mod-
ulation of specific cellular markers of epithelial cells that include
decreased cell-to-cell contact, downregulated expression of cell
adhesion molecules, and increased expression of fibrogenic mol-
ecules. In addition, the overall trends of these phenotypic changes
mimicked those of TGF-f treatment. Further, Western blot anal-
ysis of signaling pathway intermediates suggest that EBOV infec-
tion results in the activation of ERK1/2, p38 MAPK, SMAD3, and
TAK1 through increased phosphorylation downstream of the
TGF- receptor.

DISCUSSION

EBOV is one of the deadliest human pathogens, causing severe
hemorrhagic fever with high case fatality rates (2, 51). Although
there have been extensive studies of the pathological response to
EBOV infection in animal models and EBOV exhibits a broad cell
tropism (19-22, 52-56), there is a relative paucity of information
regarding molecular pathogenesis beyond primary interactions
between the virus and target cells. Global host-response surveys
through genomic or proteomic techniques have been routinely
employed to characterize infectious disease pathogenesis at the
cellular level. Here, we employed kinomics along with system-
level analysis to characterize the functional, global activation state
of host kinases and cell signaling networks during EBOV infection
of hepatocytes, a cell type targeted by EBOV.

We have demonstrated that EBOV infection of hepatocytes
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FIG 4 Select kinase inhibitors specifically inhibit EBOV replication in hepatocytes. HUH7 cells were pretreated with the indicated kinase inhibitors (10 wM) for
1 h prior to infection (pretreatment) or 1 h postinfection with EBOV-GFP (MO], 3). Fluorescence was assessed 24 h postinfection. Inhibition of infection
(represented by bars) was calculated by comparing GFP-positive cells to total cells (DAPI stained). Data are representative of three independent experiments +
SD. Cell proliferation (represented by the line graph) was assessed using uninfected HUH7 cells treated with the indicated kinase inhibitors (10 pM) for 24 h.
WST-1 reagent was added at the 24-h time point, and absorbance was measured at 450 nm in a multiwall plate reader 1 h post-WST-1 reagent addition. Data are
presented as the means from three independent experiments. Graphical (A) and tabular (B) format of kinase inhibitor and cell viability results.

specifically modulated TGF-B-mediated signaling in a temporal
fashion. Further, we demonstrated that TGF-B-mediated signal-
ing responses were highly overrepresented 1 and 24 h p.i., TGF-f3
formed central nodes in the top functional networks associated
with these time points, and TGF-B1 secretion was significantly
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induced from EBOV-infected cells compared to mock-infected
control cells. Importantly, we observed a similar stimulatory effect
on TGF-beta-mediated signaling responses in hepatocytes after
infection with either crude virus preparations or with purified
virus, speaking against a modulatory effect of exogenous stimula-
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FIG 5 Inhibition of VEGF, NGF, PI3K, or PKC signaling pathways reduces

lethality in EBOV infection. BALB/c mice were infected by intraperitoneal

administration of mouse-adapted EBOV followed by intraperitoneal admin-

istration of kinase inhibitor 1 h later. A single administration of kinase inhib-

itor was given daily until day 5 postinfection.

tory molecules potentially present in the crude virus preparations
and providing further evidence for a critical role of this process
during EBOV infection. Recently, Zhao and colleagues reported
that SARS-CoV modulates TGF-B-mediated signaling, resulting
in the attenuation of apoptosis and promotion of tissue fibrosis
(57). In addition, it also has been shown that hepatitis C virus
(HCV) infection alone or coinfection of HCV and human immu-
nodeficiency virus 1 resulted in the upregulation of TGF-B-regu-
lated genes and enhancement of HCV infection (58). Although a
defined role for TGF-B-mediated signaling responses in EBOV
pathogenesis has not been established, a potential role for TGF-3
in filovirus infection has been suggested (59), and it was recently
shown that TGF- gene expression was temporally modulated in
EBOV-infected Syrian golden hamsters hepatocytes (60).

Mock
488 nm

EBOV
488 nm

VP40
Mock VP40 +GP

—— — —
-_— C— a—

E-cadherin

Claudin-1

B-tubulin | e - —

FIG 7 Ebola virus-like particles do not induce EMT-like phenotypic changes
in hepatocytes. EBOV-like particles were constructed from VP40 or VP40 and
GP viral proteins and quantified by electron microscopy. HUH7 cells were
treated with virus-like particles (MOI, 3) or mock treated for 1 h, followed by
washing. Cells were harvested 24 h postinfection and analyzed by Western
blotting.

To provide biological context to our observations, we exam-
ined specific cell markers that are associated with the modulation
of TGF-B-mediated signaling responses and demonstrated that
EBOV infection results in distinct local effects in hepatocytes. In
addition to pleiotropic regulatory effects on broad cellular re-
sponses, TGF-f also can influence the phenotypic characteristics
of cells, including those with epithelial or fibroblast morphologies.
TGF-B has been show to promote EMT in epithelial cells and
hepatocytes, resulting in the disassembly of tight junctions, mod-
ulation of the expression of specific cell proteins, and increased
migratory and invasive properties (48). Although EMT has been
investigated primarily for its role in embryonic development and
tumor progression (61), there is increasing precedent for a
broader role in microbial pathogenesis and wound healing (47,

B Mock EBOV Fold-Change

Fibronectin 3.27

MMP9 g 241
N-cadherin - - — 4.22
E-cadherin | Sl -2.47

Claudin-1 | SHEEED s -2.30
Vimentin | cessss ss— 1.46
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FIG 6 EBOV infection of hepatocytes induces markers of epithelium-to-mesenchyme transition. HUH?7 cells were infected with EBOV-GFP or were mock
infected (MOJI, 3) for 24 h. (A) EBOV-GFP induced morphological changes in HUH?7 cells, including reduced cell-cell contact, elongation, and spindle-like
formation 24 h postinfection. (B) Western blot analysis of EBOV-infected HUH?7 cell markers associated with EMT. EBOV infection resulted in the induction
of fibronectin, matrix-metalloproteinase 9, and N-cadherin and the repression of E-cadherin, B-catenin, and claudin-1 expression. B-Tubulin is shown as a
loading control, and EBOV NP is shown as a control for viral infection. Values for fold change differences in expression are displayed as EBOV levels relative to

those of mock infection following normalization based on B-tubulin.
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FIG 8 Phosphorylation state of TGF-f downstream regulators in response to
EBOV infection in hepatocytes. HUH?7 cells were infected with EBOV or were
mock infected (MOI, 3) for 24 h. Downstream signaling intermediates from
the TGF-f signaling pathway were analyzed with phospho-specific antibodies.
EBOV infection resulted in the upregulated phosphorylation of TAKI,
SMAD3, ERK1/2, and p38 compared to results for the mock-infected cells.
JNK1/2 phosphorylation was downregulated in EBOV-infected cells com-
pared to levels in the mock-infected controls. Values for fold change differ-
ences in expression are displayed as EBOV results relative to those of mock
treatment following normalization based on -tubulin.

62). EBOV infection resulted in the modulation of multiple cellu-
lar markers common to mesenchyme-like transition (including
upregulation of N-cadherin, fibronectin, and MMP9 and down-
regulation of E-cadherin and claudin-1). Further, infection of hu-
man hepatocytes with purified EBOV resulted in the upregulation
of several TGF-B-regulated signaling pathways, including those
related to EMT. We also demonstrated that phosphorylation of
ERK1/2, p38 MAPK, SMAD3, and TAK1 was increased in EBOV-
infected cells compared to levels under mock treatment condi-
tions 24 h p.i., providing evidence for a role of these downstream
signaling events in EBOV-induced TGF-f signaling. Taken to-
gether, these results highlight a novel biological role for the mod-
ulation of TGF-B-mediated signaling during EBOV infection. For
example, cells undergoing EMT can transverse into the vascula-
ture through intravasation (48). As it has been speculated that
EBOV-infected fibroblasts spread viral progeny to distant sites
through cell protrusions (63), the modulation of mesenchyme-
like cellular markers in EBOV-infected hepatocytes could enhance
viral spread in the liver. We also have shown that EBOV infection
modulated VEGF secretion and VEGF-mediated signaling re-
sponses in infected hepatocytes, and regulatory roles for TGF-f in
VEGEF secretion from epithelial cells, angiogenesis, and vascular
permeability have been reported (41, 42, 64, 65). Thus, the activa-
tion of TGF-B-mediated signaling during EBOV infection may
contribute to viral pathogenesis through both local phenotypic
effects on hepatocytes and secondary effects, including changes to
vascular permeability, resulting from the induction of VEGF or
other TGF-B-regulated cytokines, chemokines, and growth fac-
tors. In support of this, influenza A virus infection results in the
modulation of epithelial cell chemokine/cytokine secretion with
subsequent damage to the epithelium-endothelium barrier (66).
Thus, we have proposed a model for the role of TGF-f-mediated
signaling modulation during the course of EBOV infection (Fig.
10). We postulate that the infection of hepatocytes by EBOV re-
sults in the activation of two events: (i) the local release of cyto-
kines, notably TGF- and VEGF (and, to a lesser extent, MCP-1,
Gro-a, and IL-8), and (ii) the modulation of EMT-specific cell
marker expression within the infected cells. The local release of
cytokines could trigger the disruption of the adherens junctions in
proximal blood vessels or capillaries with the loss of endothelial
cell integrity, as described for influenza A virus infection (66).
Indeed, treatment of HUVECs with virus-free conditioned media
from EBOV-infected HUH?7 cells resulted in reduced expression
of VE-cadherin, a primary marker of endothelial cell integrity.
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FIG 9 VE-cadherin expression is downregulated in HUVECs following treat-
ment with virus-free conditioned media from EBOV-infected HUH7 cells.
HUVECs were treated with virus-free conditioned media from EBOV-infected
HUH?Y cells or mock-infected cells (diluted 1:1 with fresh EGM-2 media) for 24 h.
Cells were harvested 24 h postinfection and analyzed by Western blotting. Values
for fold change differences in expression are displayed as EBOV values relative to
those of mock treatment following normalization based on B-tubulin.

The latter events could contribute to EBOV infection and patho-
genesis through permeabilization of the vasculature and release of
infected hepatocytes and/or virus into the bloodstream, and these
tenets will be examined in future investigations.

We also investigated the roles for modulation of downstream
PI3K/AKT, PKC, and ERK/MAPK signaling during EBOV infec-
tion, and many of these signaling intermediates also have been
demonstrated to regulate EMT (67). Selective inhibition of PI3K,
but not AKT, resulted in inhibition of EBOV replication when
added pre- or postinfection, suggesting an important role for
PI3K in EBOV infection. This also was reflected in our kinome
data, as PI3K phosphorylation was significantly increased and
AKT phosphorylation significantly decreased in EBOV-infected
cells compared to mock-infected cells. Although inhibition of
multiple PKC isoforms resulted in reduced EBOV replication, our
data suggested a pivotal role for PKCS, as demonstrated by the
inhibitory activities of rottlerin and GF109203X when added pre-
or postinfection. In accordance with this, Bakin and colleagues
have demonstrated that PKC-mediated activation of MAPK sig-
naling can induce EMT (68). In addition, the administration of
kinase inhibitors selected from our in vitro data, in particular
those that inhibited EBOV infection, whether added pre- or
postinfection, reduced lethality in a mouse model of EBOV dis-
ease. The delay in disease progression and reduced lethality in our
animal model support a role for these signaling events during
EBOV infection in vivo. The inhibition of downstream PI3K/AKT
and PKC signaling resulted in a greater reduction in EBOV lethal-
ity and likely reflects the redundancy of the PI3K/AKT and PKC
signaling pathways across multiple signaling networks, including
TGF-B, VEGF, and NGF, for which only a marginally protective
effect was demonstrated. Although the inhibition of specific cell
signaling events did not result in complete protection from EVD
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FIG 10 Potential roles for TGF- signaling and mesenchymal cell marker expression modulation during EBOV infection. The proposed model of EBOV-
mediated TGF-f activation and modulation of mesenchyme-like cell marker expression occurs over four stages: stage 1, Ebola virus infects epithelial cells; stage
2, dissociation of cell-to-cell contacts; stage 3, infected cells release various cytokines and chemokines that can have autocrine or paracrine effects, with
concomitant modulation of expression of mesenchymal cell marker from epithelium-like to mesenchyme-like; stage 4, loss of epithelial cell integrity, increased
motility of infected mesenchyme-like cells, and release of cytokines and chemokines with downstream effects on the surrounding vasculature (i.e., disruption of
adherens junctions and downregulation of VE-cadherin) contribute to EBOV pathogenesis.

progression, the goal of this experiment was not to test full thera-
peutic efficacy but rather potential roles in disease pathogenesis.
Thus, these results may warrant additional studies that explore
more optimized treatment regimens or drug combinations to as-
sess therapeutic efficacy. Interestingly, SU1498, a selective VEGF
inhibitor, reduced lethality in vivo, in contrast to the lack of inhib-
itory activity of SU1498 on EBOV infection in vitro. This may
reflect a protective effect from secreted VEGF from infected hepa-
tocytes, as well as broader roles for the VEGF signaling pathway in
EBOV infection. Collectively, this highlights the multiple roles for
PI3K/AKT and PKC during the course of EBOV infection.

This investigation demonstrates the utility of temporal kinome
analysis for identifying specific host signaling networks or path-
ways modulated during infection and their potential biological
roles in disease pathogenesis. Our investigation has provided per-
tinent information regarding the host responses of hepatocytes to
EBOV infection and has demonstrated a role for the modulation
of TGF-B-mediated signaling pathways in hepatocytes during the
course of EBOV infection. In addition, we have confirmed that
TGF- and associated downstream signaling pathways contribute
to EBOV infection in vitro and in vivo. Lastly, we have identified a
novel mechanism through which EBOV infection of hepatocytes

9890 jvi.asm.org

may contribute to pathogenesis locally and systemically through
the modulation of specific cellular markers, reminiscent of mes-
enchyme-like transition. Taken together, we demonstrate the
power of kinomics for identifying specific cell signaling events and
their role in molecular pathogenesis through a global survey of
host responses and, importantly, for the identification of novel
host targets that may be of therapeutic interest.
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