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Infection, and Death of Monocytes Through Toll-Like

Receptor 4 Activation
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A better understanding of the mechanisms used by Ebola virus to disable the host immune system and spread the infection are of
great importance for development of new therapeutic strategies. We demonstrate that treatment of monocytic cells with Ebola virus
shed glycoprotein (GP) promotes their differentiation resulting in increased infection and cell death. The effects were inhibited by
blocking Toll-like receptor 4 pathway. In addition, high levels of shed GP were detected in supernatants of cells treated with Ebola
vaccines. This study highlights the role of shed GP in Ebola pathogenesis and also in adverse effects associated with Ebola vaccines.
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The 2013-2016 Ebola virus (EBOV) epidemic in Western
Africa resulted in 28 616 infections including more than 11310
fatalities [1]. Despite the recent progress in characterization of
pathogenesis of EBOV infection [2], there are still no approved
vaccine or treatments available. Comparison between survivors
and fatal human cases of EBOV infections demonstrated lower
inflammation and viremia in survivors [3], indicating that
inflammation may contribute to mortality. Ebola virus infects
multiple types of cells including dendritic cells and macro-
phages [4], which represent major populations of antigen-pre-
senting cells. More importantly, EBOV infection of dendritic
cells leads to their abnormal maturation and subsequent death
[5-7]. These effects contribute the deficiency in induction of
innate and adaptive immune responses. A better understanding
of the mechanisms by which the virus induces death of immune
cells, disables the immune system, and causes uncontrolled
inflammatory responses is needed to identify treatments of
EBOV infection.

The only EBOV envelope glycoprotein (GP) is a type I trans-
membrane protein [8] that is anchored in infected cells. Ebola
virus infections are accompanied by secretion of soluble shed
GP resulting from proteolysis of full-length GP by cellular
tumor necrosis factor a-converting enzyme (TACE) [9]. Shed
GP was detected in the blood of infected guinea pigs and non-
human primates [9, 10]. Shed GP, along with full-length GP, was
demonstrated to bind Toll-like receptor (TLR)4 and activate
its signaling pathway, leading to expression of proinflamma-
tory cytokines, maturation of dendritic cells and macrophages,
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as well as increase in endothelial permeability [11, 12]. These
effects were demonstrated to be dependent on glycosylation
of shed GP and its capacity to bind TLR4 in a way similar to
lipopolysaccharides (LPS) [12]. The goal of this work was to
identify a possible role of shed GP in activation and infection of
monocytes. We show that shed GP causes a significant increase
in expression of monocyte activation markers in a manner par-
tially dependent on TLR4, and the resulting increase in EBOV
infection and cell death may contribute to “immune paralysis”
observed during EBOV disease.

METHODS

Cells

Human monocytic cells THP-1 were obtained from the
American Type Culture Collection ([ATCC]
Virginia) and cultured in Roswell Park Memorial Institute 1640
medium (Thermo Fisher Scientific, Waltham, MA) supple-
mented with 10% heat-inactivated fetal bovine serum (HI-FBS)
(GE Hyclone, Pittsburgh, PA) and 1% HEPES (Corning,
Corning, New York). Vero-E6 cell lines were obtained from the

Manassas,

ATCC and cultured in Dulbecco’s modified Eagle’s medium,
supplemented with 10% HI-FBS (Thermo Fisher Scientific),
1% HEPES (Corning), 1% nonessential amino acids (Sigma-
Aldrich, St. Louis, MO), 1% sodium pyruvate (Sigma-Aldrich),
and 2% penicillin-streptomycin mix (Thermo Fisher Scientific).

Viruses and Virus-Like Particles

The recombinant EBOV, strain Mayinga, expressing green flu-
orescent protein (EBOV-GFP) was generated and amplified
as described previously [5, 13]. All work with EBOV was per-
formed in biosafety level 4 facilities of the Galveston National
Laboratory. The vaccine construct VSV-AG-ZEBOVGP [14]
was kindly provided by Dr. H. Feldmann (Rocky Mountain
Laboratories, National Institute of Allergy and Infectious
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Diseases). The vaccine construct HPIV3/AF-HN/EboGP was
generated and amplified as previously described [15]. Ebola
virus virus-like particles (VLPs) were generated as in our previ-
ous study [16] using mammalian cell codon optimized plasmids
expressing EBOV GP pWRG7077:64755-2010-233-1_GP_
optVP40 (codop-EBO-GP), EBOV VP40 pWRG7077:64759-
2010-233-1-4_VP40_optVP40 provided by Dr. Sina Bavari
(US Army Medical Research Institute of Infectious Diseases)
and EBOV NP pCEZ-NP provided by Dr. Yoshihiro Kawaoka
(University of Wisconsin).

Recombinant Shed Glycoprotein

Recombinant shed GP, which represents ectodomain of EBOV
GP, was obtained by 2 methods. The first method involved
transfection of codop-EBO-GP plasmid in 293T cells using
TransIT-LT1 Mirus reagent (Mirus Bio, Madison, WI) for
72 hours. Transfected cells were collected and centrifuged at
10000 xg for 10 minutes to remove cell debris, and supernatants
containing shed GP were concentrated using Centricon-Plus
70 centrifugal filter units (EMD Millipore, Billerica, MA) fol-
lowing manufacturer’s recommendations. The second method
involved infection of Vero-E6 cells with vaccine constructs
VSV-AG-ZEBOVGP [14] and HPIV3/AF-HN/EboGP [15] at
multiplicity of infection (MOI) 1 plaque-forming units (PFU)/
cell for 72 hours. Then, supernatants were centrifuged for 10
minutes at 10000 xg to remove cell debris and purified using
0.1-um filter syringes (EMD Millipore). Because both vaccine
constructs quickly replicate and abundantly produce shed GP,
supernatants of vaccine-infected cells were not concentrated.
Shed GP preparations were analyzed by Western blotting.

Confocal Microscopy

THP-1 cells were plated in 12-well plates at 1 x 10° cells per well
and cultured with EBOV VLPs at MOI 3 particles/cell, quan-
titated using Virocyt Virus Counter 3100 (Sartorius Stedim
Biotech) or shed GP from supernatants of plasmid-transfected
cells at 20 pg/mL. Cells were incubated for 2 hours on ice,
washed with phosphate-buffered saline (PBS) (Corning) with
2% heat-inactivated fetal bovine serum, fixed with 4% form-
aldehyde (Polysciences, Warrington, PA), loaded on positively
charged slides (Thermo Fisher Scientific), and dried over-
night. Immune serum raised against EBOV VLPs (Integrated
BioTherapeutics, Rockville, MD) was diluted in PBS contain-
ing 1% bovine serum albumin (Thermo Fisher Scientific) and
0.1% Triton X-100 (Alfa Aesar) (PBS-BSA-TX100) at 1:100 and
put on the slides for 1 hour. Then, slides were washed 3 times
with PBS with 0.1% Triton X-100 and incubated with second-
ary donkey anti-rabbit antibodies (Cell Signaling Technology,
Danvers, MA) conjugated with Alexa Fluor 647 (Thermo Fisher
Scientific) diluted at 1:200 in PBS-BSA-TX100 for an addi-
tional 1 hour and washed as described above. Next, cells were
incubated with 4)6-diamidino-2-phenylindole (Thermo Fisher

Scientific) at 1 pg/mL for 2 minutes and washed with PBS.
The coverslips were mounted onto microscope slides using
PermaFluor mounting medium (Thermo Fisher Scientific).

Analysis of THP-1 Cell Activation Markers Expression

THP-1 cells were plated in 24-well plates at 1 x 10° cells/well,
treated or mock-treated with CLI-095 (InvivoGen, San Diego,
CA) at 100 ng/mL for 1 hour, and cultured for 24 or 96 hour
with LPS (500 ng/mL) (InvivoGen), EBOV-VLP, or shed GP in
supernatants of plasmid-transfected cells supernatants of 293T
cells. For analysis of monocyte activation, cells were harvested,
fixed, and permeabilized with Cytofix/Cytoperm reagent (BD
Biosciences, San Jose, CA) following manufacturer’s instruc-
tions and stained with the following antibodies: CD14-BUV395
(BD Biosciences no. 563561), CD11b-FITC (BD Biosciences
no. 562793), and CD68-PE/Cy7 (BD Biosciences no. 565595).

Analysis of Ebola Virus Infectivity and Cell Death

Cells incubated with shed GP were centrifuged for 5 minutes
at 250 xg, supernatants were removed, and cells were infected
with EBOV-GFP at a MOI 3 PFU/cell for 48 hours, and treated
or mock-treated with CLI-095 at 100 ng/mL for 48 hours. Cells
were harvested, fixed with 4% formaldehyde for 24 hours at 4°C,
and analyzed for GFP expression by flow cytometry. To analyze
cell death, cells were harvested, fixed with 4% formaldehyde for
24 hours at 4°C, and stained with annexin V antibody labeled
with phycoerythrin (BD Biosciences no. 559763) and Live/
Dead-Aqua blue dye (Thermo Fisher Scientific).

Statistical Analysis

Statistical methods are described in figure legends; the calcu-
lations were performed using GraphPad Prism 6 (GraphPad
Software, La Jolla, CA).

RESULTS

Previous reports demonstrated that monocyte activation and
differentiation increases their susceptibility to EBOV [17].
Furthermore, recent studies showed that EBOV itself is involved
in activation and differentiation of uninfected monocytes when
spreading from infected cells [16]. We hypothesized that bind-
ing of shed GP to TLR4 leads to activation and differentiation of
monocytes, resulting in their increased susceptibility to EBOV.
To demonstrate the effect of shed GP, we used a recombinant
form of this protein along with EBOV VLPs. We first confirmed
the presence of shed GP in the supernatants of GP-transfected
cells by Western blotting. In VLP supernatants, GP1 and full-
length GP2 were detected, whereas in shed GP supernatants,
GP1 and the truncated GP2ATM, which together compose shed
GP [12], were detected (Figure 1A). The detection of the trun-
cated GP2ATM form but not full-length GP2 in shed GP prepa-
rations suggests the absence of GP released from exosomes or
vesicles budding from the plasma membrane. Because GP is the
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Shed glycoprotein (GP) is produced by Ebola virus (EBOV) vaccine constructs and binds THP-1 cells. (A) Western blot analysis of supernatants containing lipopoly-

saccharides (LPS), shed GP, and EBOV virus-like particles (VLPs) used for stimulation of THP-1 cells (top panel) and of lysates and supernatants of GP-transfected cells and
supernatants containing EBOV VLPs for various forms of GP (bottom panel). (B) Western blot analysis of GP1 and GP2 in cell lysates and supernatants after infection of Vero-E6
cells with the VSV-AG-ZEBOVGP and HPIV3/AF-HN/EboGP vaccine constructs. (C) Confocal microscopy of EBOV VLPs or exogenously added shed GP bound to THP-1 cells.
Blue represents nuclei stained by 4',6-diamidino-2-phenylindole (DAPI), and red represents GP. Puncti in merged images indicate GP bound to THP-1 cells.

principal component of all EBOV vaccines, we also analyzed
supernatants of cells infected with the vaccine constructs based
on human parainfluenza type 3 (HPIV3) [15] and vesicular sto-
matitis virus (VSV) [14] vectors; in both cases, shed GP was
readily detected (Figure 1B). We used THP-1 human monocytic
cell line, which was analyzed using markers of activation and
differentiation CD14, CD11b, and CD68. “Classic monocytes”
in human blood have high expression of CD14 and CD11b and
low expression of CD68, whereas less abundant “nonclassic”
monocytes have low expression of CD14 and CD11b [18-20].
THP-1 cells, which are widely used as a model of EBOV infec-
tion [17, 21, 22], have low expression of CD14, CD11b, or CD68
under normal conditions but increased during activation and
differentiation [23-26]. Binding of shed GP to THP-1 cells

was confirmed by confocal microscopy (Figure 1C). Because
stimulation with TLR4 promotes differentiation of monocytes
to macrophages [27], THP-1 cells were pulsed with the TLR4
ligand LPS along with EBOV VLPs or shed GP in the presence
or absence of the TLR4 inhibitor CLI-095 for 24 or 96 hours.
Stimulation with shed GP, as well as VLPs and LPS, resulted in
a significant increase in the levels of markers of differentiation
CD14, CD11b, and CD68 at both 24 and 96 hours poststimula-
tion (Figure 2A and B and Supplementary Figure 1A and B). The
levels of markers of activation and differentiation were higher
at 96 hours compared with 24 hours postinfection (Figure 2C
and Supplementary Figure 1C). CLI-095 treatment significantly
reduced the expression of all 3 differentiation markers, which
was more pronounced at 96 hours, demonstrating the role of
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Figure 2. Treatment of THP-1 cells with shed glycoprotein (GP) promotes their Toll-like receptor 4-dependent differentiation. THP-1 cells were treated or mock-treated
with CLI-095 and cultured with shed GP, Ebola virus (EBOV) virus-like particle (VLP), or lipopolysaccharides (LPS) for 24 hours or 96 hours. Cells were harvested and analyzed
for expression of activation markers CD14 and CD11b by flow cytometry. (A) Primary data (left panel) and percentages of cells positive for CD14 (top right panel) and CD11b
(bottom right panel) at 24 hours. (B) Primary data (left panel) and percentages of cells positive for CD14 (top right panel) and CD11b (bottom right panel) at 96 hours. (C)
Percentages of THP-1 cells positive CD14 and CD11b after stimulation with LPS, VLP, or shed GP for 24 hours or 96 hours in the absence of CLI-095. Mean values based
on triplicate samples + standard error: *, P<.05; **, P< .01; *** P<.001; ****, P<.0001 (two-way analysis of variance followed by a Tukey's multiple comparison test).
Representative data from 2 independent experiments. Abbreviations: FSC, forward scatter; SSC, side scatter.
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TLR4 in shed GP-induced differentiation of THP-1 (Figure 2A
and B and Supplementary Figure 1A and B).

We next tested how shed GP-mediated differentiation affects
the rate of EBOV infection. THP-1 cells were cultured in the
presence of shed GP, VLPs, or LPS with or without CLI-095
for 24 hours or 96 hours and infected with EBOV-GFP for 48
hours. Presence of shed GP, as well as VLPs and LPS resulted
in a significant increase in the percentages of infected cells
(Figure 3A and B); the effect was more pronounced at 96 hours

(Figure 3C). Again, adding of CLI-095 reduced the percentages
of infected cells at both 24 and 96 hours (Figure 3A and B).
Overall, these results demonstrate that TLR4-dependent acti-
vation and differentiation of THP-1 cells after shed GP binding
increases their susceptibility to EBOV infection.

We next examined the effect of shed GP on cell death
(Figure 4A and B). THP-1 cells were cultured in the presence
of shed GP or LPS for 24 or 96 hours with or without CLI-095,
and cell death was analyzed by flow cytometry. Consistent with
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Figure 3.  Shed glycoprotein (GP) promotes Toll-like receptor 4-dependent THP-1 cells susceptibility to Ebola virus (EBQV) infection. THP-1 cells were stimulated with lipo-
polysaccharides (LPS), virus-like particles (VLPs), or shed GP with or without CLI-095 and infected with EBOV-green fluorescent protein (GFP). (A) Primary flow cytometry data
(left panel) and percentages of cells positive for EBOV-GFP (right panel) at 24 hours. (B) Primary flow cytometry data (left panel) and percentages of cells positive for EBOV-GFP
(right panel) at 96 hours. (C) Percentages of GFP-positive (infected) THP-1 cells prestimulated with shed GP, VLP, or LPS for 24 or 96 hours in the absence of CLI-095. Mean
values based on triplicate samples + standard error: ****, P<.0007 (two-way analysis of variance followed by a Tukey’s multiple comparison test). Representative data from
2 independent experiments. Abbreviations: FSC, forward scatter; SSC, side scatter.
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our data on the effects of shed GP on cell differentiation, shed
GP-mediated activation significantly increased the percentages
of dead cells compared with mock treatment (Figure 4A and B),
and this effect was more pronounced at 96 hours poststimula-
tion (Figure 4C). Furthermore, adding of CLI-095 reduced the
rates of cell death at 96 hours (Figure 4A and B) further con-
firming the role of TLR4-dependent stimulation in the death
of THP-1 cells. Overall, these results demonstrate that engage-
ment of TLR4 by shed GP triggers cell death, which subse-
quently leads to impaired immune response and increased level
of EBOV replication.

DISCUSSION

A previous study by Escudero-Pérez et al [12] described how
shed GP activates dendritic cells and macrophages and mod-
ulates endothelial cells function through TLR4. Moreover,
the study by Escudero-Pérez et al [12] demonstrated that
release of pro- and anti-inflammatory cytokines modulates
the inflammatory response during EBOV infection. Our study
extends and complements the study by Escudero-Pérez et al
[12] and demonstrates a new biological role for shed GP. We
show that a direct binding of shed GP to monocytes promotes

their differentiation that leads to their increased susceptibility
to EBOV infection and cell death. Consistent with previous
data demonstrating that monocyte differentiation promotes
EBOV infection [17], our data confirm an increased infection
of THP-1 cells associated with differentiation. Moreover, we
convincingly demonstrate the role of TLR4 signaling in these
effects, because a specific TLR4 inhibitor significantly reduced
THP-1 differentiation, infection, and death associated with
TLR4 stimulation by shed GP, as well as EBOV VLP or LPS
(Figure 5).

All EBOV vaccine candidates use GP as the sole antigen
inducing a protective antibody response [28]. We demonstrated
abundant presence of shed GP in supernatants of cells infected
with HPIV3- and VSV-vectored EBOV vaccines (Figure 1B).
Because the VSV-vectored vaccine replicates very efficiently,
the amount of shed GP released by susceptible cells in circu-
lation of vaccinees should be high. A recent clinical testing
of VSV-ZEBOVGP vaccine demonstrated that vaccination at
doses expected to be protective (5 x 107 PFU) induced adverse
side effects including oligoarthritis, maculopapular dermatitis,
vesicular dermatitis, and dermal vasculitis, which were clearly
associated with GP and not the VSV vector [29]. The present
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Figure 4. Shed glycoprotein (GP) triggers Toll-like receptor 4-dependent death of THP-1 cells. THP-1 cells were stimulated with lipopolysaccharides (LPS), virus-like par-
ticles (VLPs), or shed GP with or without CLI-095, stained with LIVE/DEAD and annexin V and analyzed by flow cytometry. (A) Primary flow cytometry data. (B) Percentages
of LIVE/DEAD* cells. (C) Percentages of LIVE/DEAD-positive cells after 24- or 96-hour-long stimulation in the absence of CLI-095. Mean values based on triplicate samples
+ standard error: ***, P<.001; ****, P<.0001, based on one-way analysis of variance (ANOVA) followed by a Dunnett's multiple comparisons test (top graph panel B) and
two-way ANOVA followed by a Tukey's multiple comparison test (bottom graph panel B). Representative data from 2 independent experiments. Abbreviations: FSC, forward

scatter; SSC, side scatter.
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study suggests that, at least in part, these effects are likely to be
associated with shed GP, which spread systemically and leads
to activation of TLR4 pathway. It also suggests that similar
effects can be expected from any EBOV vaccine, if adminis-
tered at doses leading to expression of GP at high levels.

CONCLUSIONS

Taken together, these results demonstrate the proinflammatory
effect of shed GP through stimulation of TLR4 pathway, which
results in increased differentiation of monocytes leading to ampli-
fied EBOV infection. We recently demonstrated that inhibition of
TLR4 signaling reduces inflammation caused by filovirus infec-
tions and promotes survival [30]. Our findings identify the role
of shed GP in spread of infection, suggesting that targeting of cir-
culating shed GP may be another way to treat filovirus infections.
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Supplementary materials are available at The Journal of Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader, the
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