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Abstract

Fatal outcomes of Ebola virus (EBOV) infections are typically preceded by a ‘sepsis-like’ syn-

drome and lymphopenia despite T cells being resistant to Ebola infection. The mechanisms that

lead to T lymphocytes death remain largely unknown; however, the degree of lymphopenia is

highly correlative with fatalities. Here we investigated whether the addition of EBOV or its enve-

lope glycoprotein (GP) to isolated primary human CD4+ T cells induced cell death. We observed

a significant decrease in cell viability in a GP-dependent manner, which is suggestive of a direct

role of GP in T cell death. Using immunoprecipitation assays and flow cytometry, we demon-

strate that EBOV directly binds to CD4+ T cells through interaction of GP with TLR4. Transcrip-

tome analysis revealed that the addition of EBOV to CD4+ T cells results in the significant

upregulation of pathways associated with interferon signaling, pattern recognition receptors and

intracellular activation of NFκB signaling pathway. Both transcriptome analysis and specific

inhibitors allowed identification of apoptosis and necrosis as mechanisms associated with the

observed T cell death following exposure to EBOV. The addition of the TLR4 inhibitor CLI-095

significantly reduced CD4+ T cell death induced by GP. EBOV stimulation of primary CD4+ T

cells resulted in a significant increase in secreted TNFα; inhibition of TNFα-mediated signaling

events significantly reduced T cell death while inhibitors of both necrosis and apoptosis similarly

reduced EBOV-induced T cell death. Lastly, we show that stimulation with EBOV or GP aug-

ments monocyte maturation as determined by an overall increase in expression levels of mark-

ers of differentiation. Subsequently, the increased rates of cellular differentiation resulted in

higher rates of infection further contributing to T cell death. These results demonstrate that GP

directly subverts the host’s immune response by increasing the susceptibility of monocytes to

EBOV infection and triggering lymphopenia through direct and indirect mechanisms.
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Author summary

The latest outbreak of Ebola virus (EBOV) in West Africa resulted in more than 28,000

human infections including more than 11,000 deaths thus highlighting the necessity for

the development of countermeasures. Monocytes and dendritic cells are among the pri-

mary targets of EBOV infection; infection of these critical antigen presenting cells con-

tributes to the immune deficiency observed in Ebola virus disease (EVD). In contrast,

lymphocytes are resistant to EBOV infection; however, in fatal EVD, pronounced lym-

phopenia is uniformly observed. Here we report that T lymphocyte cell death in the

absence of detectable infection was observed in an EBOV glycoprotein (GP)-dependent

manner. Using transcriptome analysis of EBOV-stimulated CD4+ T cells we show upre-

gulation of both toll-like receptor 4 (TLR4) and cell death associated pathways. Further-

more, we demonstrate that EBOV increases susceptibility of monocytes to infection by

promoting cellular differentiation. Both EBOV-induced monocyte differentiation and

cell death of T lymphocytes result from a direct interaction between GP and TLR4.

Blocking of TLR4 signaling significantly reduced both EBOV-induced T cell death and

infection of monocytes. These data contribute to understanding of the ‘immune paraly-

sis’ during EBOV infections and provide evidence for the development of targeted ther-

apies for the treatment of EVD.

Introduction

Ebola virus (EBOV) is one of the deadliest pathogens known to exist as evidenced by the latest

outbreak in West Africa that resulted in more than 28,000 confirmed and suspected infections

including more than 11,000 fatalities [1]. Currently, experimental EBOV candidate vaccines

and monoclonal antibody-based therapies are being tested in clinical trials [2, 3]; however,

none have yet to be approved for treatment of infected patients. Gaining an in depth under-

standing of the mechanisms of EBOV’s unparalleled ability to counteract and disrupt the

immune response is critical to developing targeted approaches aimed at reducing the patho-

genesis directly or indirectly caused by the virus.

A characteristic feature of EBOV infection is the rapid onset of lymphopenia, which is

observed in both humans and experimentally infected non-human primates (NHP) [4–11].

Development of lymphopenia is typically observed in EBOV patients that succumb to disease,

whereas survivors have been shown to maintain CD3+ T lymphocyte populations throughout

the course of disease [12, 13]. Strikingly, lymphopenia occurs despite the inability of EBOV to

infect lymphocytes [4]. On the other hand, dendritic cells (DCs) and cells derived from mono-

cyte-macrophage lineages are among the primary targets of EBOV infection in vivo [11, 14].

EBOV infection of these cells results in their aberrant activation [15–18] and induction of Fas

and tumor necrosis factor related cell death inducing factor (TRAIL) pathways [19, 20]. We

and others recently demonstrated that the lack of proper maturation of these critical antigen

presenting cells (APCs) results in a limited activation of antigen-specific T lymphocytes [21,

22] further contributing to the deficient adaptive immune response. In addition, infection of

monocyte-macrophage lineage may also contribute to EBOV-associated pathogenesis by sev-

eral mechanisms including the release of inflammatory mediators, which may contribute to

their apoptosis and necrosis [23].

The only EBOV envelope glycoprotein (GP) was shown to bind and activate the TLR4 sig-

naling pathway [24]. TLR4 is known to trigger both apoptotic and necrotic pathways via direct
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and/or indirect activation of infected cells or bystander cells, which may contribute to these

inflammatory mechanisms [25]. Lastly, TLR4 stimulation of cells of the monocyte/macrophage

lineage and DCs results in their activation and/or differentiation [26, 27]. Cellular differentia-

tion may further contribute to the release of inflammatory mediators associated with the onset

of a cytokine storm, which is a characteristic feature of EBOV infection [28–30].

Since lymphocytes are resistant to EBOV infection, the mechanisms causing lymphopenia

during EBOV infection remain largely unknown. Hence, the primary goal of this study was to

examine whether EBOV directly stimulates T lymphocytes and determine the direct and indi-

rect role of TLR4 in mediating T cell death in the pathogenesis of EBOV infection.

Results

EBOV directly induces cell death of T lymphocytes

As lymphopenia is a common feature observed in fatal cases following EBOV infection [4–11],

we first sought to determine if a direct interaction of EBOV with DCs can cause T cell death.

To visualize the infection, we used a recombinant EBOV expressing enhanced green fluores-

cent protein (GFP) from an added transcriptional cassette (EBOV-GFP); this virus replicates

in cultured cells at the same level as wt EBOV [31]. Human monocyte-derived DCs and autol-

ogous T lymphocytes were co-cultured with EBOV-GFP for 7 days, and the percentages of

apoptotic CD4+ or CD8+ T cells were determined by annexin-V staining. We also included

primary lymphocyte cultures in which highly purified naïve or CD3/CD28 activated CD4+ T

cells were exposed directly to EBOV-GFP in the absence of DCs or monocytes. Culturing of

CD4+ T cells in the presence of EBOV-infected mature (by adding TNFα) or immature DCs

resulted in a significant increase of apoptotic cells (Fig 1A). Unexpectedly, the highest level of

cell death was observed when isolated CD4+ T cells were cultured alone in EBOV-containing

medium and this effect was observed to be dose-dependent (Fig 1B, S1A and S1B Fig). Similar

results were observed with isolated CD8+ T cells (S1C Fig). We also observed an elevated level

of proliferation of CD4+ T cells cultured with EBOV alone or with EBOV-infected immature

DCs, but not CD3/CD28 bead-stimulated or mature DCs (Fig 1C). Similarly, EBOV induced

proliferation of CD8+ T cells (Fig 1D, S1D Fig). These data suggest that EBOV is capable of

inducing non-specific proliferation of lymphocytes. Five days after addition of EBOV-GFP, we

detected a dose-dependent increase in the percentages of dead CD4+ T cells or cells positive

for activated caspase-8 and caspase-9, as well as proliferated cells (Fig 1E). The addition of the

inhibitor of apoptosis z-VAD-FMK significantly reduced cell death associated with EBOV;

however, proliferation remained unabated (Fig 1F and 1G). Similarly, the addition of the pro-

survival cytokines IL-7 and IL-15 significantly reduced the percentages of apoptotic CD4+ and

CD8+ T cells cultured in the presence of EBOV (S1E and S1F Fig). The infectivity of EBOV

incubated under the experimental conditions used for these studies was determined by daily

collection of aliquots from cell-free medium, their flash freezing, infection of Vero E6 cells and

flow cytometry analysis of the percentages of GFP+ cells. A moderate reduction of infectivity

not exceeding 32% was detected on days 1–3, followed by ~66% reduction of infectivity on

days 4–6 (data now shown). These data demonstrate that EBOV directly triggers apoptotic

death of T cells, despite the lack of their infection.

Cell death of T lymphocytes is triggered by direct binding of GP

We next tested if death of T lymphocytes exposed to EBOV is caused by binding of GP. We

used the chimeric parainfluenza virus type 3 in which its envelope proteins HN and F are

replaced with EBOV GP (HPIV3/ΔF-HN/EboGP); the structure of GP at the surface of this

chimeric virus has been shown to be identical to that found on the surface of EBOV particles
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[32]. Total PBMCs or purified CD3+ T lymphocytes were cultured for 1, 4 or 7 days in the

presence of HPIV3 or HPIV3/ΔF-HN/EboGP and stained with annexin-V. Cultivation with

HPIV3/ΔF-HN/EboGP resulted in a significant increase compared to HPIV3 in the percent-

ages of dead (annexin V+) cells in gated CD3+ T cells in total PBMCs (Fig 2A) and in purified

CD3+ T cells directly exposed to EBOV (Fig 2B). We also sought to evaluate cell death and the

role of EBOV GP by using the chimeric vesicular stomatitis virus VSVΔG/ZEBOVGP in which

the sole envelope protein G was replaced with EBOV GP [33]. A 4 day-long incubation of

SupT1, a lymphoblastoid CD4+ T cell line, with this virus resulted in a dose-dependent cell

death (S2A and S2B Fig). The findings suggest that EBOV-induced apoptosis of T cells is

directly associated with EBOV GP.

We next determined if exposure of lymphocytes to GP activates apoptotic pathways. Jurkat

cells were cultured in presence of HPIV3/ΔF-HN/EboGP, HPIV3 or staurosporine, which is a

strong inducer of apoptosis, for 7 days. We found that culturing with HPIV3/ΔF-HN/EboGP

or staurosporine caused a strong increase in the levels of activated caspases 3, 8 and 9, which

were higher than that in cells treated with HPIV3 or mock treated cells (Fig 2C–2E). To char-

acterize caspase activation at a single-cell level, the cultured Jurkat cells were also analyzed for

activated caspase 8 by flow cytometry; we found that culturing with HPIV3/ΔF-HN/EboGP

and HPIV3 resulted in 60.3±1.9% and 28.7±0.9% of cells, respectively, positive for active

Fig 1. EBOV induces cell death of T lymphocytes. A. Percentages of annexin-V+ cells in preparations of

CD4+ T lymphocytes cultured alone, activated overnight with CD3/CD28 beads, or co-cultured with imDCs or

mDCs in the absence (mock) and presence of EBOV (MOI 0.3 PFU/cell) for 7 days. B. Percentages of annexin-

V+ CD4+ T cells following incubation of with EBOV at MOI of 0.3, 1.0 or 10.0 PFU/cell for 4 days. Staurosporine

(1 μM final concentration) treatment was used as a positive control for cell death. C. Percentages of CFSElow

(divided) CD4+ T lymphocytes treated as indicated in panel A. D. Percentages of CFSElow (divided) CD4+ and

CD8+ T lymphocytes cultured in the presence of EBOV for 4 days at MOI 0.3 PFU/cell. E. Flow cytometry

analysis of CD4+ T lymphocytes cultured with EBOV for 4 days at MOI of 0.3 or 1.0 PFU/cell: dead (Live/Dead+)

cells, cells positive for activated caspase-8 and activated caspase-9, and CFSElow (divided) cells. F, G. Per-

centages of dead (Live/Dead+) cells and proliferation of isolated CD4+ T cells exposed to EBOV for 4 days in the

presence of the apoptosis inhibitor zVAD-FMK. Data are representative of triplicate samples from one of 7

independent donors. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001, n.s., non-significant (Student T-test).

https://doi.org/10.1371/journal.ppat.1006397.g001
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caspase 8 (Fig 2F and 2G). Taken together, this data indicates that EBOV triggers cell death

pathways through GP-dependent mechanisms.

GP mediates binding of EBOV to T lymphocytes through TLR4

Since T lymphocytes express TLR4 [34], we hypothesized that the virus can attach to T lym-

phocytes. Previous reports have indicated that EBOV GP binds to and activates TLR4 signaling

in DCs [24, 35]. We confirmed binding following transfection of 293T human embryo kidney

cells with plasmids expressing EBOV GP, VP40 and/or TLR4/TLR4-FLAG. EBOV GP, but not

VP40, efficiently co-precipitated with anti-TLR4 antibodies, suggesting that GP specifically

interacts with TLR4 (Fig 3A and 3B). To determine if GP mediates binding to T lymphocytes,

we used confocal microscopy and flow cytometry; to distinguish the role of GP as opposed to

Fig 2. Cell death of T lymphocytes is triggered by direct binding of GP. A. Percentages of annexin V+

CD3+ T cells in PBMCs incubated with HPIV3/ΔF-HN/EboGP or HPIV3 for 1, 4 and 7 days determined by flow

cytometry. Mean values ±SE based on 3 donors. B. Percentages of annexin-V+ isolated primary CD3+ T cells

incubated with HPIV3/ΔF-HN/EboGP or HPIV3 for 1, 4 or 7 days at 37˚C determined by flow cytometry. Mean

values ±SE based on 3 donors. A, B, Two-Way ANOVA followed by a Tukey’s multiple comparisons test, P

values are indicated in Fig 1C, 1D and 1E. Activation of caspases in Jurkat cells incubated with HPIV3 or

HPIV3/ΔF-HN/EboGP for 7 days or stimulated with staurosporine for 6 h determined by Western blotting: non-

activated and activated caspases 3 (C), 8 (D) and 9 (E). Amounts of active caspases as percentages of total

(active and inactive) caspases. Panels C, D and E are one set of representative data from two independent

experiments. F, G. Flow cytometry analysis of activated caspase 8 in Jurkat cells incubated with HPIV3/

ΔF-HN/EboGP or HPIV3 for 7 days or stimulated with staurosporine (control) for 6 h: representative primary

data with percentages of positive populations indicated for each treatment (F) and mean percentages of

caspase-8+ cells ±SE based on triplicate samples from one of three independent experiments. P values *
P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 (Student T-test) (G).

https://doi.org/10.1371/journal.ppat.1006397.g002
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whole EBOV, we utilized HPIV3/ΔF-HN/EboGP. As expected, both confocal microscopy and

flow cytometry demonstrated direct binding of EBOV and HPIV3/ΔF-HN/EboGP to control

293T cells expressing TLR4 from a transfected plasmid [36], as wild-type 293T cells do not

express TLR4 [37]. Importantly, binding of EBOV and HPIV3/ΔF-HN/EboGP to purified

human CD4+ T cells, Jurkat cells and SupT1 cells previously shown to possess a strong TLR4

signaling pathway following activation [38] was observed (Fig 3C and 3D). EBOV stimulation

of naïve and CD3/CD28-bead activated CD4+ T cells reduced the relative density of TLR4 on

cell surface (Fig 3E), suggesting that TLR4 may be internalized. Moreover, blocking of TLR4

with polyclonal anti-TLR4 antibodies significantly reduced binding of EBOV to SupT1 T cells

Fig 3. EBOV GP mediates binding to T lymphocytes through TLR4. A, B. Western blotting analysis of

immunoprecipitation of TLR4 or TLR-4 FLAG with EBOV GP (A) or EBOV VP40 (B). Representative data

from one of two independent experiments. C. Confocal microscopy of HPIV3/ΔF-HN/EboGP bound to primary

CD4+ T lymphocytes, Jurkat cells and 293T-TLR4 cells. Insets show the formation of plasma membrane

associated GP-positive puncti. D. Flow cytometry analysis demonstrating the binding of EBOV and HPIV3/

ΔF-HN/EboGP to SupT1 T cells. E. Flow cytometry analysis of TLR4 expression by isolated CD4+ T cells. T

cells were activated with CD3/CD28 beads and then cultured with EBOV. Results are representative of 3

donors. F. Inhibition of EBOV binding to SupT1 cells by anti-TLR4 serum: % of no serum control. Mean values

±SE based on triplicate samples of one of two independent experiments, *** P<0.001 (Student T-test).

https://doi.org/10.1371/journal.ppat.1006397.g003
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(Fig 3F). These data demonstrate that EBOV GP binds to T cells via TLR4 resulting in stimula-

tion of cells despite the lack of infection.

EBOV GP induced cell death of T lymphocytes is triggered via TLR4

activation

A functional TLR4 response in primary T lymphocytes has been demonstrated [39]; we there-

fore sought to determine if TLR4 signaling was the initial trigger of primary CD4+ T cells

death exposed to EBOV GP. We previously confirmed that EBOV binds to SupT1 cells (Fig

3D). The relative binding efficiency of EBOV appeared to be similar to that observed on pri-

mary CD4+ T cells and Jurkat cells. SupT1 cells or monocytes, which were used as control cells

susceptible to EBOV infection, were cultured in the presence of EBOV, the natural TLR4

ligand lipopolysaccharide (LPS) [40], HPIV3, its derivative expressing EBOV GP from an

added transcriptional cassette HPIV3/EboGP [41], HPIV3/ΔF-HN/EboGP described above, or

the TLR3 agonist polyI:C, which was used as a control for TLR specificity. Cells were cultured

in the presence or absence of the TLR-4 inhibitor CLI-095 to determine the role of TLR4 sig-

naling. Activation of TLR4 signaling cascade was examined by analysis of the phosphorylation

state of TLR4 adapter proteins p-TRAM1, phosphorylated following endosomal translocation

of TLR4 and activating MyD88-independent pathway [42], dephosphorylated IRAK4, p-Pyk2

or p-p38. The data demonstrated activation of TLR4 signaling following stimulation with

EBOV or its GP protein in both SupT1 cells and monocytes with a reduction in TLR4 signaling

being observed when cells were cultured with CLI-095 (Fig 4A). To more specifically demon-

strate that EBOV stimulated TLR4 through its glycoprotein GP, we evaluated the capacity of

recombinant GP-bound beads or empty beads to activate both the TRAM1 and MyD88-de-

pendent pathways using THP-1, THP-1 MyD88-/- and SupT1 cells (Fig 4B, S3A Fig). While in

THP-1 and SupT1 cells GP beads were able to activate TLR4 signaling, in THP-1 MyD88-/-

cells they were unable to trigger dephosphorylation of IRAK4, phosphorylation of Pyk2 or

p38, while phosphorylation of TRAM1 still occurred. The addition of CLI-095, which blocks

both the TRAM1 and MyD88 pathways, significantly reduced TLR4-associated signal trans-

duction. These data demonstrate that EBOV GP induces TLR4 signaling in CD4+ T cells by

triggering both MyD88-dependent and MyD88-independent pathways.

We next examined activation of NFκB, a downstream transcription factor known to be acti-

vated following TLR4 stimulation [36], by stimulating SupT1 cells, monocytes, THP-1 and

THP-1 MyD88-/- cells with GP delivered by HPIV3/ΔF-HN/EboGP, virus-like particles

(VLPs) or GP beads (Fig 4C–4E). Cell lysates were examined for the phosphorylation status of

the p65 subunit of NFκB, which plays a major role in immune and inflammatory responses

and whose phosphorylation is indicative of NFκB signaling activation [43]. Peak phospho-p65

(p-p65) was detected 2 h after stimulation (S3B Fig). Stimulation of SupT1 cells, monocytes,

THP-1 and THP-1 MyD88 -/- cells with EBOV, HPIV3/ΔF-HN/EboGP, VLPs, GP beads or

LPS, as well as control CD3/CD28 activation beads, resulted in a marked increase in phosphor-

ylated p65 (Fig 4C–4E). Treatment of cells with CLI-095 for 1 h prior to stimulation reduced

the levels of phosphorylated p65 associated with EBOV, HPIV3/ΔF-HN/EboGP, VLPs, GP

beads or LPS stimulation. As expected, CLI-095 did not affect phosphorylation of p65 in con-

trol CD3/CD28 activated cells (Fig 4C and 4D). These findings further confirm that EBOV

stimulation results in TLR4-mediated signal transduction in primary CD4+ T cells by both

MyD88-dependent and MyD88-independent signaling pathways.

Next, we determined the role of TLR4 signaling in the previously observed EBOV GP-

mediated T lymphocytes death. Purified primary CD4+ T cells were cultured in the presence of

EBOV or LPS with or without the TLR4 inhibitor CLI-095. EBOV and LPS induced similar
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rates of cell death; however, cell death associated with EBOV induced extensive activation of

caspase 9, whereas LPS primarily triggered activated caspase 8 (Fig 4F, S3C Fig). Interestingly,

the rate of proliferation was increased by EBOV but not by LPS. Importantly, inhibition of

TLR4 significantly reduced the percentages of dead cells with a correlative decrease in acti-

vated caspase 9 being observed in the presence of CLI-095 (Fig 4F, S3C Fig). Taken together,

Fig 4. EBOV GP activates the TLR4 pathway that leads to T cell death. A, B. Western blot analysis of

proteins involved in TLR4 signaling pathway TRAM1, p-TRAM1, MyD88, IRAK4, p-IRAK4, Pyk2, p-Pyk2,

p38, p-p38 in SupT1 cells and monocytes (A) or THP-1, THP-1 MyD88-/- and SupT1 cells (B) following

stimulations with LPS, poly I:C, HPIV3/EboGP, HPIV3/ΔF-HN/EboGP, HPIV3 or EBOV (A) or empty beads or

EBOV GP beads (B) in the presence or absence of the TLR4 inhibitor CLI-095. C, D, E. Western blot analysis

of p65 phosphorylation in SupT1 cells (C), monocytes (D) or THP-1, THP-1 MyD88-/- and SupT1 cells (E)

following stimulation with CD3/CD28 beads, LPS (+, 100 ng/ml, ++; 500 ng/ml), VLP (+, 100 μl; ++, 250 μl)

and HPIV3/ΔF-HN/EboGP (+, MOI 0.1 PFU/cell; ++, MOI 1 PFU/cell), empty beads or EBOV GP beads, as

indicated, with or without CLI-095. Western blots in panels A-E are representative of two independent

experiments. F. Percentages of dead (Live/Dead+) cells, cell positive for caspase 8 and 9 and proliferated

CD4+ T lymphocytes following a 4 day-long incubation with EBOV or LPS with or without CLI-095. Mean

values ±SE based on triplicates from one of two independent experiments with P values * P<0.05, ** P<0.01,

n.s., non-significant (Student T-test).

https://doi.org/10.1371/journal.ppat.1006397.g004
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these findings indicate that death of CD4+ T cells exposed to EBOV is associated with both

intrinsic and extrinsic pathways.

Exposure of T lymphocytes to EBOV triggers multiple pathways

associated with cell death

Based on these findings, we conducted a series of experiments aimed at determining the mech-

anisms by which EBOV induces T lymphocyte cell death. First, transcriptome analysis was uti-

lized to determine the global response of CD4+ T cells to EBOV stimulation. Deep sequencing

was performed on RNA samples extracted from highly purified CD4+ T cells cultured in me-

dium alone, with EBOV or LPS at 24 and 96 h. Differential expression (DE) analysis compar-

ing EBOV- and mock-infected samples at 24 h resulted in 2,591 DE genes using a 1.5 fold

change cutoff and an adjusted p-value of 0.05 as criteria. A significant portion of these DE

genes were related to cell death and innate immunity sensing. Specifically, exposure of T lym-

phocytes to EBOV resulted in 265 DE genes related to pathways specific for apoptosis, necrosis

and TLR4 signaling (S4A–S4C Fig). These results are consistent with the observations in Fig

1E demonstrating increased caspase-dependent cell death and TLR4 activation following

exposure of T cells to EBOV. Overall, a global transcriptome profile of CD4+ T cells cultured

in the presence of EBOV or LPS resulted in a much greater number of upregulated genes than

downregulated genes and a greater number of differentially regulated genes involved in necro-

sis than apoptosis (S4A–S4C Fig). In addition, the number of genes whose expression was dif-

ferentially regulated was remarkably similar between EBOV and LPS (Table 1). However, the

pattern of gene response to EBOV was clearly distinct of that induced by LPS (S4A Fig). As

Table 1. EBOV-induced gene expression changes related to different cell death mechanisms/pathways.

Stimulation, day Apoptosis Necrosis TLR Cell death

Increased expression, number of genes

EBOV d.1 20 62 72 163

EBOV d.4 18 49 58 41

LPS d.1 18 54 63 143

LPS d.4 15 41 51 100

Reduced expression, number of genes

EBOV d.1 4 13 19 40

EBOV d.4 6 26 33 79

LPS d.1 6 21 28 60

LPS d.4 9 34 40 103

Increased expression, top 20% genes

EBOV d.1 3 18 18 41

EBOV d.4 4 26 28 30

LPS d.1 4 17 17 38

LPS d.4 4 21 24 33

Reduced expression, top 20% genes

EBOV d.1 3 13 19 39

EBOV d.4 4 11 16 41

LPS d.1 2 12 18 39

LPS d.4 3 18 21 40

The numbers of upregulated and downregulated genes from S4A Fig selected according the four biological functions: the total number of genes and the top

20% by the change in the level of expression.

https://doi.org/10.1371/journal.ppat.1006397.t001
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indicated in the heat map and gene network in S4A and S4B Fig, TLR4 activation is associated

with both apoptotic and necrotic pathways. Induction of multiple cell death pathways by

EBOV explains why this virus but not HPIV3 strongly induces cell death (Fig 2A and 2B) even

though both viruses induce TLR4 (Fig 4A).

We next investigated the contributing roles of each cell death pathway on EBOV-mediated

T cell death. Due to the essential role of TNFα as an immune modulator following TLR4 acti-

vation and its role as an inducer of both apoptotic and necrotic pathways [44], we hypothe-

sized that TNFα inhibition may reverse cell death induced by EBOV. We first determined the

capacity of isolated CD4+ T cells to release TNFα when cultured with EBOV. Indeed, a 96 h-

long incubation of cells with EBOV or a positive control staphylococcal enterotoxin B (SEB)

resulted in increased levels of TNFα, 47.5±10.6 and 4,913±738 pg/ml, respectively, which were

significantly greater than in mock-treated samples, 4.0±0.8 pg/ml (Fig 5A). To confirm that

TNFα expression is TLR4-dependent, we treated or mock-treated SupT1 T cells with CLI-095

or anti-TLR4 neutralizing antibodies, incubated with EBOV or 12-O-tetradecanoylphorbol-

13-acetate (TPA) /ionomycin for 24 h and analyzed for TNFα or IFNγ, as an additional marker

of T cell activation. Our results demonstrated an increase in intracellular TNFα+ SupT1 cells

following cultivation with TPA/ionomycin (19.2% of TNFα+ cells) and EBOV (6.3%) when

compared to mock (0.3%) (Fig 5B and 5C). Treatment of cells with CLI-095 reduced the per-

centages of TNFα+ cells only when they were infected with EBOV, to 4.3%. Treatment of

SupT1 cells with TPA/ionomycin or EBOV resulted in an increase in percentages of TNFα+

and IFNγ+ cells (17.2% and 24.5% for TPA/ionomycin and 8.9% and 18.1% for EBOV, respec-

tively) when compared to mock (3.6% and 6.0%, respectively) (S5A and S5B Fig). Pre-incuba-

tion of cells with anti-TLR4 reduced the percentages of TNFα+ and IFNγ+ cells in EBOV

treated cells by 22.4% and 27.7%, respectively. Daily treatment of cells with TNFα at 80 pg/ml

significantly increased the percentages of dead cells (Fig 5D), while the addition of an inhibitor

of TNFα, TNFα antagonist III, which blocks TNFα receptor-adapter interactions and prevents

downstream signaling [45], completely reversed TNFα-associated cell death (Fig 5E, left

panel). Interestingly, treatment with TNFα antagonist III also reduced cellular proliferation

suggesting that TNFα may promote cell activation (Fig 5E, right panel). Transcriptome analy-

sis further supported these findings, as 24 h-long exposure of CD4+ T cells to EBOV resulted

in a 5.1±1.6 fold increase in the levels of TNFα transcripts (p<0.05, Student’s T-test, based on

log2 values) (S4A Fig). As TNFα is also involved in necrosis, we further confirmed the role of

necrotic pathways in the observed EBOV-mediated induction of cell death using necrosis

inhibitors. The addition of Necro X5, geldanamycin or 1400W drastically reduced CD4+ T

cells death following exposure to EBOV without affecting cell proliferation (Fig 5F) suggesting

induction of necrosis. These findings demonstrate that T lymphocyte death induced by EBOV

is associated with the engagement of TLR4 and subsequent production of TNFα which lead to

induction of both apoptotic and necrotic pathways. Therefore, targeting of TLR4 or TNFα sig-

naling cascades may provide therapeutic intervention strategies against EBOV infections.

EBOV GP activates TLR4 and promotes differentiation of monocytes

resulting in an increased susceptibility to infection

As noted, EBOV disease is characterized by infection of multiple types of cells including DCs

and cells of the monocyte/macrophage lineage, a high and uncontrolled inflammatory

response and depletion of T cells. Previous findings demonstrated that monocyte activation

and differentiation increases their susceptibility to EBOV [46]. Furthermore, stimulation of

TLR4 by EBOV GP was demonstrated to activate 293T cells [24] and DCs [35]. We hypothe-

sized that the increased susceptibility of monocytes to EBOV infection is related to their
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differentiation caused by EBOV GP triggering TLR4 signaling. To test the hypothesis, we used

THP-1 cells; differentiation was characterized by analysis of activation/differentiation markers

CD14, CD11b [47] and CD68 [48] by flow cytometry.

First we tested if GP-mediated activation of TLR4 can result in differentiation of THP-1

cells. As TLR4-mediated stimulation of monocytes typically leads to differentiation into mac-

rophages [26], THP-1 cells were cultured with LPS, EBOV, HPIV3/ΔF-HN/EboGP and GP

beads in the presence or absence of CLI-095 for 24 h or 96 h (S6A Fig). Our results demon-

strated a significant increase in the levels of markers of differentiation at both time points

Fig 5. Mechanisms of cell death caused by EBOV. A. Concentrations of TNFα in medium of purified CD4+

T cells cultured with EBOV or SEB for 4 days. Mean values ±SE based on 4 donors analyzed in duplicates. P

values * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 (Student T-test). B, C. Flow cytometry analysis of

the percentages of TNFα+ SupT1 cells cultured with medium (mock), TPA/ionomycin or EBOV, mean values

±SE based on triplicate samples from one of two independent experiments shown (C). D. Percentages of

Live/Dead+ SupT1 cells following daily additions of TNFα at 80 pg/ml for 4 days: mean values ±SE based

triplicate samples from one of two independent experiments. E. Effects of TNFα antagonist III on CD4+ T cell

death induced by EBOV at 4 days post infection: percentages of Live/Dead+ cells (left panel) and proliferated

cells (right panel). Mean values ±SE based on triplicate samples from one of 3 independent experiments. F.

Percentages of dead (Live/Dead+) cells (left panel) and proliferation (right panel) in the presence of necrosis

inhibitors NecroX5 (X5), geldanamycin (GA) or N-(3-aminomethyl)benzylacetamindine (1400W) added

immediately prior to the addition of EBOV at 4 days post infection. Mean values ±SE based on triplicate

samples from one of 3 independent experiments. P values for panels E, F: ** P<0.01, *** P<0.001, n.s., non-

significant (Student T-test).

https://doi.org/10.1371/journal.ppat.1006397.g005
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compared to mock-stimulated or empty beads-stimulated cells (Fig 6A–6C, S6B and S6C Fig,

S7A–S7H Fig). Higher levels of differentiation were observed at 96 h compared to 24 h post-

infection (S6D–S6F Fig, S7I–S7K Fig), which was consistent with the increase of infected cells

as determined by the percentage of GFP+ cells (S6G Fig, S8A–S8D Fig). CLI-095 treatment sig-

nificantly reduced the expression of the differentiation markers, which was more pronounced

at 96 h, clearly implicating the role of TLR4 in EBOV-induced differentiation of THP-1 (Fig

6A–6C and S6B and S6C Fig). Specifically, in cells treated with LPS, EBOV, HPIV3/ΔF-HN/

EboGP and GP beads, we detected a reduction in the percentages of cells positive for CD14

and CD11b. We next determined the relative rates of infection of THP-1 cells following

TLR4-mediated differentiation. Following culture in the presence of LPS, EBOV, HPIV3/

ΔF-HN/EboGP or GP beads for 24 or 96 h with or without CLI-095, cells were infected for 48

h with EBOV-GFP (Fig 6D). Consistent with the data on the effects of LPS, EBOV, HPIV3/

ΔF-HN/EboGP and GP beads on cell differentiation, these stimulations also increased the per-

centages of infected cells, which similarly, was more pronounced at 96 h (Fig 6E and 6F, S8A–

S8D Fig). Again, adding of CLI-095 reduced the rates of infection at both 24 h and 96 h (Fig

6E and 6F, S8A–S8C Fig) further confirming the role of TLR4-dependent differentiation in the

susceptibility of THP-1 cells to EBOV-infection. Furthermore, the analysis of THP-1 cells

stimulated by HPIV3/ΔF-HN/EboGP and GP beads suggests that the observed induction of

cell differentiation leading to increased susceptibility to EBOV infection is specifically related

to interaction of GP with TLR4. Overall, these results demonstrate that engagement of TLR4

by EBOV GP increases their differentiation, which subsequently leads to their increased sus-

ceptibility to the virus.

Discussion

This study demonstrates, for the first time, that despite the lack of infection of T lympho-

cytes, EBOV directly binds and induces T cell death. In addition, this study demonstrates

that interaction of EBOV GP with TLR4 stimulates differentiation of monocytes, which

results in an increased susceptibility to EBOV infection. We show that following EBOV

infection, monocytes undergo activation, which is known to lead to secretion of TNFα [49].

TNFα can contribute to activation and bystander death of T lymphocytes, which is consis-

tent with the previously demonstrated effects of TNFα on T cells [50]. Furthermore, we

show a direct binding of EBOV to T cells partially involving TLR4 and presumably involv-

ing additional ligands, as previous studies have identified the lectins DC-SIGN and L-SIGN

[51–53], folate receptor-α [54], Tyro3 receptor tyrosine kinases [55] as attachment factors

for EBOV. We demonstrate that the binding triggers the activation of numerous inflamma-

tory signaling pathways including interferon, TLR and cell death signaling pathways as evi-

denced by the transcriptional profile of EBOV-stimulated T cells. The observed effects of

TLR4 inhibitors conclusively demonstrated the role of TLR4 in lymphocyte cell death.

Finally, using vectored and bead delivery of GP we demonstrate the direct role of the pro-

tein in the induction of both MyD88-independent (TRAM1) and MyD88-dependent activa-

tion of the TLR4 signaling pathway and subsequent initiation of cell death pathways.

Previous reports demonstrated the involvement of TNFα in apoptosis [56] as well as in

necrosis following accumulation of reactive oxygen species [57]. Necrotic and apoptotic path-

ways are closely related, and following TLR4 activation, MyD88-dependent signaling pathway

has also been reported to trigger necroptosis [58], which also can occur in EBOV-cultured T

cell culture as we demonstrated MyD88-dependent activity (Fig 4A). The fact that multiple cell

death mechanisms occur in the same EBOV-cultured T cells environment conjugated to the

fact that different cell death mechanisms are interconnected between each other [59] could
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explain the drastic diminution of cell death observed in association with known specific inhibi-

tors of apoptosis, necrosis or TNFα following EBOV-cultured T cells. Of note, HPIV3 also

induced some TLR4 signaling (Fig 4A) but only low-level apoptosis (Fig 2) that can be explained

by some differences in signaling pathways induced by direct engagement of TLR4 by HPIV3

versus EBOV or by different strength of TLR4 signaling (S4A Fig).

Fig 6. EBOV promotes differentiation and infection of THP-1 cells through TLR4 activation. A-C,

Effects of EBOV or GP on differentiation of THP-1 cells. Cells were mock-treated or treated with CLI-095,

cultured with medium (mock), LPS, EBOV (no GFP) or HPIV3/ΔF-HN/EboGP for 24 or 96 h and analyzed for

activation markers CD14 and CD11b by flow cytometry. Representative primary data (A) and mean values

±SE for 24 h (B) and 96 h based on triplicate samples from one of two independent experiments. (C). D. The

experimental design to evaluate the role of GP in EBOV infection of THP-1 cells. E, F. Infection of THP-1 cells

following stimulation with LPS, EBOV-no GFP or HPIV3/ΔF-HN/EboGP for 24 or 96 h and infection with

EBOV-GFP analyzed by flow cytometry: representative primary flow cytometry data showing expression of

GFP (E) and mean values ±SE based on triplicate samples from one of two independent experiments with P

values (Two-Way ANOVA followed by a Tukey’s multiple comparison test and multiple T-tests), * P<0.05, **
P<0.01, *** P<0.001, **** P<0.0001, n.s., non-significant, black asterisks, difference to CLI-095-treated

cells, red asterisks, difference to mock-stimulated cells (F).

https://doi.org/10.1371/journal.ppat.1006397.g006

Ebola virus GP triggers T lymphocyte death

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006397 May 22, 2017 13 / 27

https://doi.org/10.1371/journal.ppat.1006397.g006
https://doi.org/10.1371/journal.ppat.1006397


A recent study demonstrated a wide-spread T lymphocyte activation in EBOV-infected

patients receiving experimental antibody-based therapies; however, the percentage of CD4+

and CD8+ T cell responders was limited in comparison to the total percentage of activated T

lymphocytes [60]. It was suggested that the activation may result from stimulation with

immune complexes formed by the administered EBOV therapeutic monoclonal antibodies or

convalescent plasma. However, based on the present data, activation may also be attributed to

the activator role of GP.

In parallel with these data, the activation of the TLR4 signaling pathway, sensitivity to TLR4

inhibitors and production of TNFα are routinely associated with LPS-induced bacterial sepsis

[61]. Activation of innate immune pathways via pattern recognition receptors (PRR) including

TLR4 has been shown to lead to systemic inflammation [62]. Previous studies indicated that

successfully blocking TLR4 signaling significantly reduces the pathogenesis associated with bac-

terial sepsis and lethal influenza infection indicating the critical role of this innate immune-sig-

naling pathway in exasperating immunological responses [63, 64]. Our findings suggest that

TLR4 inhibitors may be of therapeutic value for the treatment of EBOV patients. For example,

our recent study demonstrates a high level of protection against EBOV and the closely related

Marburg virus in vivo by the TLR4 receptor antagonist Eritoran [65].

Lymphopenia is consistently observed in human and nonhuman primate models following

infection with viruses that cause viral hemorrhagic fever (VHF) [4, 66, 67] and therefore, this phe-

nomenon is not restricted to EBOV infection. Furthermore, lymphopenia has been observed dur-

ing fatalities from several non-VHF-related pathogens or pathologies, including that caused by

highly pathogenic influenza virus, West Nile virus and bacterial sepsis [68–70]. Overall, remark-

able similarities exist between EBOV-associated symptoms and the pathological features associ-

ated with the diseases caused by these non-VHF-related etiological agents including immune

suppression, toxic effects due to inflammatory mediators and high viremia in the case of viral

infections [66]. As the onset of lymphopenia is highly correlative with fatal outcomes following

infection with aforementioned pathogens, identification of factors contributing to T lymphocyte

cell death may enable the development of broad acting therapeutics.

Lastly, we note that all current EBOV candidates rely on GP as a sole antigen [71]; with all

requiring extremely high doses to achieve protection. For example a recent clinical study utiliz-

ing the VSV-vectored EBOV vaccine VSVΔG/ZEBOVGP, which is known to replicate at high

levels, required a vaccination dose of 2x107 PFU [72]. The current study demonstrated induc-

tion of cell death by VSVΔG/ZEBOVGP (S2A and S2B Fig). It is possible that the high vaccine

doses required for the induction of protective immune responses are necessary to compensate

for the reduced immunogenicity associated with the immune-modulating effects of GP pre-

sented in this study. Furthermore, another clinical trial of this vaccine demonstrated induction

of a transient arthritis and dense CD4+ T lymphocytic vasculitis suggesting a pathophysiologi-

cal role of vaccine-induced T lymphocytes. Both effects were related to the EBOV GP compo-

nent of the vaccine, but not the VSV vector [73]. In addition, HPIV3/ΔF-HN/EboGP, which

demonstrated toxic effects associated with GP in this work (Fig 2A and 2B) was also developed

as a vaccine candidate [32]. Thus, GP exerts multiple immune modulating effects on immune

cells, which may adversely affect the quality of the T cell response although it is also possible

that the magnitude of lymphocytes death following vaccinations is modest and does not signif-

icantly affect the vaccine efficacy.

The combination of our transcriptome analysis performed on CD4+ T cells and the pertur-

bation of signaling cascades associated with cell death following CLI-095 treatment suggest an

important role of the GP-TLR4 interaction in the pathogenesis of EBOV infection. Our study

highlights diverse strategies used by EBOV to perpetrate lymphopenia through direct and indi-

rect mechanisms, which results in both apoptotic and necrotic T cell death despite the lack of
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infection. We expanded these studies to include monocytes, which are permissive to EBOV.

We found that the increase in activation/differentiation following EBOV-mediated stimulation

of TLR4 resulted in a significantly increased rate of infection of monocytes. We note, however,

that the effects of TLR-4 on differentiation are likely to be only partial, and other mechanisms

involving GP may also contribute it. As mentioned above, several attachment factors have

been identified for EBOV; their engagement as well as release of cytokines (e.g. TNFα) are

likely to contribute cellular differentiation in an autocrine and/or paracrine manner. These

data indicated that infection of monocytes and other cells amplify lymphocytes death by pro-

ducing more viral particles and also by secreting TNFα and other proteins contributing death

of lymphocytes. As TLR4 is expressed by multiple cell types, we suggest that the interactions of

GP with TLR4 may have profound effects in vivo, and therefore, examination of TLR4 inhibi-

tors as therapeutics for EBOV-infection is warranted. Overall, these data contribute to under-

standing of the ‘immune paralysis’ during EBOV infections.

Materials and methods

Cell lines

Human embryonic kidney 293T (293T), SupT1, THP-1 and Jurkat cell lines were obtained

from the American Type Culture Collection. THP-1 MyD88-/- cells were obtained from InVi-

voGen. 293T were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented

with 10% heat-inactivated fetal bovine serum (HI-FBS) (ThermoFisher Scientific), 1% HEPES

(Corning), 1% nonessential amino acids (Sigma-Aldrich), 1% sodium pyruvate (Sigma-

Aldrich) and 2% PenStrep mix (ThermoFisher Scientific). THP-1, THP-1 MyD88-/-, SupT1

and Jurkat cell lines were cultured in RPMI 1640 (ThermoFisher Scientific) supplemented

with 10% HI-FBS and 1% HEPES.

Viruses, VLPs, EBOV GP beads

Viruses and VLPs used in the study are briefly described in S1 Table. The recombinant EBOV,

strain Mayinga, expressing green fluorescent protein (EBOV-GFP) or wild-type (EBOV) were

generated as described in our previous study [17]. The recombinant wild type human parain-

fluenza type 3 (HPIV3) [74], strain JC, was provided by Drs. P. Collins and M. Skiadopoulos

(National Institutes of Health). Chimeric HPIV3, in which EBOV GP has been added to the

envelope (HPIV3/EboGP) or where the HN and F genes were replaced with that of GP

(HPIV3/ΔF-HN/EboGP) were generated in our previous study [32]. All viruses were quanti-

tated by plaque titration in Vero-E6 monolayers as previously described [17]. EBOV VLPs

were generated as previously described [75] using mammalian cell codon optimized plasmids

expressing EBOV GP pWRG7077:64755-2010-233-1_GP_optVP40 (codop-EBO-GP) and

VP40 pWRG7077:64759-2010-233-1-4_VP40_optVP40 provided by Dr. Sina Bavari (U.S.

Army Medical Research Institute of Infectious Diseases). His-tagged GP were purchased from

Integrated BioTherapeutics) and bound to Dynabeads (ThermoFisher Scientific) following

manufacturer’s instructions. Beads were washed with RPMI 1640 supplemented with 10%

HI-FBS and 1% HEPES and used at a concentration of 3 beads/cell.

Analysis of markers of differentiation and EBOV-GFP infection in THP-1

cells

THP-1 cells were plated at 1x106 cells/ml in 24-well plates in medium alone or medium con-

taining CLI-095 (100 ng/ml) for 1 h. Thereafter LPS (500 ng/ml), EBOV (no GFP), EBOV GP

beads or HPIV3/ΔF-HN/EboGP were added at MOI 3 PFU/cell and cells were incubated for
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24 h or 96 h. To analyze markers of differentiation, cells were harvested, stained with antibod-

ies specific for CD14-BUV395 (BD Biosciences #563561) and CD11b-FITC (BD Biosciences

#562793), permeabilized, fixed and stained with antibodies specific for CD68-PE/Cy7 (BD

Biosciences #565595). To analyze susceptibility to infection, following stimulation cells were

centrifuged for 5 min at 250 g and supernatants were removed, cells were infected with EBOV-

GFP at MOI of 3 PFU/cell, and incubated for an additional 48 h. CLI-095 (100 ng/ml) was

added 1h prior cells were cultured with conditions. Cells were harvested, fixed and analyzed

and analyzed using for markers of differentiation or GFP by FACS Fortessa flow cytometer

(BD Biosciences).

Intracellular staining and secretion of cytokines

SupT1 cells were cultured at 1x106 cell/ml in 24-well plates in medium with or without CLI-

095 at 1 μg/ml or anti-TLR4 antibodies at 50 μg/ml for 1 h. Thereafter, cells were mock-treated

or treated with TPA (Sigma-Aldrich) (25 ng/ml) / ionomycin (Sigma-Aldrich) (0.5 μM) or

EBOV (MOI 3 PFU/cell). Then, cells were treated with Brefeldin-A (Sigma-Aldrich) (10 μg/

ml) 1 h post treatment for 24 h. Cells were harvested, stained for intracellular TNFα or IFNγ
using anti-TNFα-Pacific Blue (Biolegend #502920) and anti-IFNγ-PE (eBiosciences #12-7319-

42) and analyzed by flow cytometry. Supernatants were analyzed for TNFα by Multiplexing

LASER Bead Technology by Eve Technologies (Calgary, Canada).

Isolation and culture of primary T lymphocytes

Buffy coats were obtained from anonymous healthy adult donors according to a clinical proto-

col approved by the University of Texas Medical Branch at Galveston (UTMB) Institutional

Review Board. Peripheral blood mononuclear cells (PBMCs) were isolated by Histopaque

(Sigma-Aldrich) gradient as recommended by the manufacturer. CD14+ monocytes were iso-

lated from fresh PBMCs, which were subsequently used for isolation of CD3+, CD4+ and

CD8+ T lymphocytes by positive selection using magnetic microbeads separation kits (all from

Miltenyi). In experiments where only CD4+ T cells were isolated, a negative selection CD4+ T

cells isolation kit (Miltenyi) was used. In some experiments, negative selection of CD3+, CD4+

or CD8+ T cells (Stem Cell Technologies) was used. Purity of the isolated lymphocytes typically

ranged from 93 to 95% as determined by flow cytometry.

Differentiation of monocyte-derived DCs and co-culture with T

lymphocytes

CD14+ monocytes were cultured in Monocyte-DC Differentiation Medium (Miltenyi) for 7

days to obtain immature DCs. To differentiate immature DCs to mature DCs, Mo-DC Matu-

ration Medium (Miltenyi) was added and cells were incubated for an additional 3 days. Imma-

ture and matured DCs were assessed using Mo-DC Differentiation Inspector (Miltenyi) and

analyzed by flow cytometry. For co-culture experiments, DCs were combined with autologous

cryopreserved CD4+ or CD8+ T lymphocytes at a 1:1 ratio in 96-well U-bottom plates in RPMI

1640 medium supplemented with 10% HI-FBS. LPS (Invivogen) was added as indicated. T

lymphocyte activation was induced with Dynabeads Human Transactivator CD3/CD28 Beads

(ThermoFisher Scientific) according to manufacturer’s recommendations.

Flow cytometry analysis of GP binding

SupT1 cells were plated at the concentration of 1x106 cells per well in U-Bottom 96-well plates

(ThermoFisher Scientific) and placed on ice (to prevent internalization of viruses without
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infection), and EBOV at MOI 1 PFU/cell was added. Cells were incubated for 2 h at 4˚C and

washed with PBS containing 2% HI-FBS. Thereafter, cells were immunostained with rabbit

antibodies raised against EBOV VLP (Integrated BioTherapeutics). After staining, cells were

washed three times with PBS containing 2% HI-FBS, fixed in 10% formalin (ThermoFisher

Scientific) and stained with goat anti-rabbit antibodies labeled with Alexa-Fluor 647 (Thermo-

Fisher Scientific) and washed again 3 times in PBS with 2% HI-FBS. Flow cytometry was per-

formed using a LSRII Fortessa flow cytometer (BD Biosciences) available at the UTMB Flow

Cytometry Core Unit.

Experiments with inhibitors of cell death and prosurvival cytokines

The inhibitors of necrosis NecroX5 (Enzo Life Sciences), geldanamycin (Invivogen) or N-

(3-aminomethyl)benzylacetamindine (Santa Cruz Biotechnology) were used at concentrations

20 μM, 10 μM and 10 μM, respectively. The inhibitor of apoptosis z-VAD-FMK (Affymetrix

eBioscience) was used at 20 μM. The inhibitor of TNFα, TNFα antagonist III (Santa Cruz),

was used at 1 μM. The TLR4 inhibitor CLI-095 (Invivogen) was used at 100 ng/ml. The inhibi-

tors were added to cell cultures 1 h prior to the addition of EBOV (MOI 1 PFU/cell). The T

lymphocyte prosurvival cytokines, IL-4, IL-7 and IL-15 (all R&D Systems) were used at 100

ng/ml, 10 ng/ml, and 100 ng/ml, respectively. In all experiments, inhibitors of cell death and

prosurvival cytokines were added 30 minutes prior to the addition of EBOV (MOI 1 PFU/

cell).

Analysis of TLR4 signaling activation and detection of phosphorylated

NFκB
Monocytes, THP-1, THP-1 MyD88-/- or SupT1 T lymphocytes were plated at a concentration

of 1x106 cells per well in 96- or 24-well plates and mock-treated or treated with CLI-095 at

1 μg/ml for 1h. Then cells were stimulated with HPIV3 WT, HPIV3/EboGP, HPIV3/ΔF-HN/

EboGP, EBOV GP beads, EBOV at MOI 0.1, 1 or 3 PFU/cell or mock-stimulated, transfected

Poly I:C (10 μg/ml), VLPs at 10 μg/ml or 25 μg/ml, CD3/CD28 beads at a ratio of 1 bead per 3

cells, or LPS at 100 or 500 ng/ml and harvested at the indicated time points. Cell were collected

at the indicated time points and lysed in RIPA buffer (ThermoFisher Scientific). Proteins were

separated by SDS-PAGE using gradient 4–12% gels (ThermoFisher Scientific) and transferred

to nitrocellulose membranes (ThermoFisher Scientific) using the I-blot system (ThermoFisher

Scientific). Membranes were blocked with 5% milk and 0.1% Tween-20 in PBS for 1 h at 37˚C

and stained with antibodies specific for the following molecules: TRAM1 (Abcam #ab96106),

phosphorylated TRAM1 (FabGennix #PTRAM-140AP), MyD88 (#4283S), IRAK4 (#4363S),

phosphorylated IRAK4 (#11927S), Pyk2 (#3090S), phosphorylated Pyk2 (#3291S), p38

(#8690S), phosphorylated p38 (#4511S), NFκB (#6956S), phosphorylated NFκB (#3033S) and

GAPDH (#8884S) (all Cell Signaling Technology) diluted according manufacturer’s recom-

mendations in PBS with 0.1% of Tween-20.

Cell death analysis

Primary T lymphocytes, lymphoid cell lines or PBMC were stained with CFSE (ThermoFisher

Scientific) to monitor cell proliferation as recommended by manufacturer. The activity of cas-

pase-8 and caspase-9 was determined at the indicated time points by flow cytometry using

Vybrant FAM Caspase-8 kit (ThermoFisher Scientific) or CaspGLOW Active Caspase-8 Stain-

ing kit (eBioscience) and Red FLICA Caspase-9 Assay kit (Immunochemistry Technologies).

Thereafter, cells were stained with a combination of the following antibodies: anti-CD3 clone

UCHT1, labeled with BUV395, anti-CD3 clone UCHT1, labeled with Pacific Blue, anti-CD4
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clone OKT4, labeled with PerCP-Cy5.5, anti-CD8 clone RPA-T8, labeled with PerCP-Cy5.5,

anti-CD8 clone RPA-T8, labeled with APC, and also with Annexin-V labeled with PE (all BD

Biosciences). As the study was done under BSL-4 biocontainment, and due to biosafety regula-

tions, cells analyzed by flow cytometry must be fixed with paraformaldehyde. Since apoptotic

cells are positive for Annexin V, co-staining of cells with Annexin V and Live/Dead stain

instead of PI provides the opportunity to discern apoptotic from necrotic cells [76]. As both PI

and 7-AAD are poorly compatible with fixation protocols, Live/Dead staining which is com-

patible with formalin fixation and similarly to PI and 7AAD stains dead cells, was used. Fol-

lowing surface receptor staining, Live/Dead (ThermoFisher Scientific) staining was performed

according manufacturer’s recommendation and cells were fixed with 10% formalin. Flow

cytometery was performed using a FACS Fortessa instrument (BD Biosciences). Jurkat T cells

were plated at 1x106 cells per well of a 24-well plate and HPIV3 or HPIV3/ΔF-HN/EboGP was

added at a MOI 1 PFU/cell. Cells were incubated for 7 days at 37˚C. As a positive control for

activation of caspase-3, -8 and -9, cells were treated with staurosporine (Sigma-Aldrich) at

1 μM for 6 h. After 7 days, cells were harvested, washed three times with PBS and lysed in

RIPA lysis buffer supplemented with 4x Laemmli buffer (ThermoFisher Scientific). Western

blot analysis was performed using anti-caspase-3 (Santa Cruz Biotechnology sc-271028), anti-

caspase-8 (Santa Cruz Biotechnology sc-81657), and anti-caspase-9 (Cell signaling #9502) anti-

bodies. Densitometric analyses of active caspase-3, active caspase-8, active caspase-9 were per-

formed using ImageJ software (NIH) and normalized using GAPDH. SupT1 cells were

infected with VSVΔG/ZEBOVGP at 1 or 3 PFU/cell, incubated for 4 days at 37˚C, stained with

Live/Dead and analyzed by flow cytometry as described above.

Analysis of EBOV GP-TLR4 binding by immunoprecipitation

TLR4 expression in purified T lymphocyte populations and cell lines was determined by west-

ern blot analysis using anti-TLR4 antibody (Santa Cruz Biotechnology, #sc-293072). GP-TLR4

binding was determined by co-transfecting 293T cells with mammalian codon-optimized plas-

mids encoding EBOV GP or VP40, as well as the plasmids expressing TLR4 (Addgene,

#20863) or TLR4 FLAG-tagged protein (TLR4-FLAG) (Addgene, #42646) using TransIT-LT1

reagent (Mirus) for 48 h at 37˚C. Cells were lysed with 500 μl of RIPA lysis buffer supple-

mented with Protease and Phosphatase Inhibitor Cocktail (ThermoScientific) for 30 min at

4˚C. Lysates were centrifuged at 400 x g at 4˚C for 10 minutes. Then, 50 μl of cleared superna-

tants were kept for protein expression analysis while the remaining 450 μl were utilized for

immunoprecipitation assays. Supernatants were incubated with monoclonal antibodies spe-

cific for TLR4 (Santa Cruz Biotechnology, #sc-293072) or FLAG, clone M2 (Sigma-Aldrich)

and incubated for 2 h at 4˚C with rotation, followed by addition of protein G agarose beads

(ThermoFisher Scientific) and overnight incubation at 4˚C on a rotating platform. Beads were

centrifuged at 2,500 x g at 4˚C, washed with RIPA buffer (ThermoFisher Scientific) three

times, and resuspended in 50 μl of Laemmli lysis buffer (ThermoFisher Scientific) for western

blot analysis. The following antibodies (all Integrated BioTherapeutics) were used for western

blot analysis: rabbit anti-GP (#0301–015), rabbit anti-VP40 (#0301–010) and rabbit anti-

EBOV VLP (#01–0004). HRP-conjugated Secondary (Santa Cruz Biotechnology) antibodies

were used to visualize bands following the addition of ECL reagent (ThermoFisher Scientific).

Confocal microscopy

293T cells transfected with a TLR4-expressing plasmid (as described above), THP-1, SupT1,

Jurkat and primary CD4+ T cells were plated at 1x105 cells/ml and HPIV3/ΔF-HN/EboGP and

EBOV or EBOV GP beads were added at MOI 5 PFU/cell or 3 beads/cell respectively. Cells
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were incubated for 2 h on ice or 2 h at 37˚C, washed with PBS with 2% HI-FBS, fixed with 10%

formalin and loaded on positively charged slides (ThermoFisher Scientific) and dried over-

night. Following rehydratation, cells were permeabilized with PBS 0.5% Triton X100 (Alfa

Aesar) for 15 minutes. Cells were then washed with PBS and incubated with 0.5 M glycine in

PBS for 30 minutes at room temperature before performing antigen blocking using 5% donkey

serum diluted PBS with 1% BSA and 0.1% Triton X100 (PBS-BSA-TX100) for 1 h. Anti-EBOV

VLP serum (Integrated BioTherapeutics) was diluted at 1:100, anti-LAMP1 and anti-Rab7

were diluted at 1:12.5 and anti-TLR4 was diluted at 1:50 using PBS-BSA-TX100 and put on the

slides for 1 h. Then, slides were washed with PBS with 0.1% Triton X100 and incubated with

secondary donkey anti-rabbit antibodies conjugated with AlexaFluor 647 (ThermoFisher Sci-

entific) diluted at 1:200 in PBS-BSA-TX100 for an additional 1 h before being washed as

above. Next, cells were incubated with 6-diamin-2-phenylindole-dihydrochloride (DAPI)

(ThermoFisher Scientific) at 1 μg/ml for 2 minutes and washed with PBS. The coverslips were

mounted onto microscope slides using PermaFluor mounting medium (ThermoFisher Scien-

tific). Laser scanning confocal microscopy was performed on Olympus FV1000 confocal

microscope housed in the Galveston National Laboratory. Laser beams with 405 nm wave-

lengths were used for DAPI excitation, and 635 nm for AlexaFluor 647 excitation. Emission fil-

ters were 425/25 nm for DAPI and 610/50 nm for AlexaFluor 647 detection, respectively. All

images were acquired using a 60x oil objective.

Transcriptome deep sequencing

Isolated CD4+ T cells from four donors were cultured in RPMI1640 medium in the presence

or absence of EBOV at MOI 3 or LPS at 500 ng/ml. 24 and 96 h post stimulation, cells were

washed with PBS, lysed in 1 ml of TRIzol (ThermoFisher Scientific) and stored at -80˚C. RNA

isolation was performed using Direct-zol RNA MiniPrep kit (Zymo Research). mRNA librar-

ies were constructed following analysis with an Agilent 2100 Bioanalyzer (nanochip format).

Libraries were constructed using the Kapa Stranded mRNA-Seq Kit (Kapa Biosystems)

according to the manufacturer’s instructions before being quality controlled and quantitated

using the BioAnalzyer 2100 system and QuBit (Invitrogen). The libraries were clonally ampli-

fied and sequenced on an Illumina NextSeq 500 to achieve a target density of approximately

200K-220K clusters/mm 2 on the flow cell with dual indexed paired end sequencing at a 75 bp

length using NextSeq 500 NCS v1.3 software. Raw reads (75 bp) had their adapter sequences

removed.

Read processing

FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used for general

quality control of the raw reads. Bowtie (v2.1.0) was utilized to remove ribosomal RNA using

an index of human, mouse, and rat rRNA sequences [77]. Reads were then mapped against a

human reference genome (hg19, build GRCh37, from the UCSC genome browser (http://

genome.ucsc.edu) using STAR (v2.4.0h1) [78]. From this alignment, quantitative gene counts

were produced using HTSeq (http://www-huber.embl.de/users/anders/HTSeq/doc/overview.

html) utilizing the human annotation associated with the genome [79].

Differential expression analysis

Gene counts for 25,237 genes for each sample were loaded into R (http://www.r-project.org/).

Counts across samples were normalized with edgeR (version 3.10.2) using the weighted

trimmed mean of M-values while genes with no counts or at least three sample with counts

were removed [80] leaving 14,932 genes with an average of ~106 reads per sample.
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Differentially expressed genes were identified using edgeR between treatments and time points

and defined by using an absolute fold change cutoff of 1.5 and a p-value of� 0.05 after adjust-

ment using the Benjamini-Hochberg multiple testing correction. Additional clustering, crea-

tion of heatmaps, and other statistical analyses were performed using R.

Functional enrichment analysis

Functional analysis of the differential gene expression data was performed with QIAGEN’s

Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City, www.qiagen.com/ingenuity).

Functional annotation of genes for specific biological functions was assigned through querying

AmiGO (version 2.20) [81]. Gene names were collected by searching for human genes with

search queries “cell death”, “necrosis”, “apoptosis”, and “TLR”. Functional enrichment analysis

using GO terms was performed using the PANTHER Overrepresentation Test (release

20150430) from the GO Ontology database released 2015-08-06 against a reference of all

Homo sapiens genes using the complete GO biological processes annotation set [82].

Network analysis

Molecules from both the experimental expression data and the IPA Knowledge base were

added to the networks that were then assigned a score derived from its p-value. IPA network

scores of 2 or higher have at least a 99% confidence interval of not being generated by chance

alone. Genes contributing to the construction of the TLR4 and necrosis networks were created

from stricter absolute log2 fold change cutoffs of> 2 fold to focus on the interactions between

the most highly activated genes. Molecular activity prediction (MAP) analysis was also per-

formed on the cell death network. MAP analysis uses the IPA Knowledge Base to predict the

upstream and downstream effects of activating or inhibiting a molecule in the network.

Statistical analyses

Each independent experiment was performed in triplicate to rule out experimental bias or ran-

dom error. Statistical methods used were described in Figure Legends using GraphPad Prism

6 (GraphPad Software). P values of<0.05 were considered statistically significant. Mean and

standard error of the mean (SE) were calculated for all graphs.

BSL-4 work

All work with EBOV was performed within the Galveston National Laboratory biosafety level

4 laboratories. All staff had the appropriate training and U.S. government permissions and reg-

istrations for work with EBOV.

Supporting information

S1 Table. Viruses and virus-like particles used in the study.

(DOCX)

S1 Fig. EBOV-induced cell death and proliferation. A. Representative examples of flow

cytometry analysis of CD4+ T lymphocytes cultured with EBOV at 3 PFU/cell for cell death

and proliferation, percentages of gated cells indicated. B. Representative examples of flow

cytometry analysis of CD4+ T lymphocytes cultured with EBOV at MOI 1 or 3 PFU/cell for

cell death and proliferation, percentages of gated cells are indicated. C. Percentages of annexin

V+ CD8+ T lymphocytes following culture with EBOV-infected or mock-infected immature or

mature DCs or CD3/CD28 beads determined by flow cytometry. D. Percentages of prolifer-

ated CD8+ T lymphocytes cultured alone or with EBOV-infected DCs determined by flow
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cytometry. E, F. Effects of prosurvival mediators on CD4+ (E) and CD8+ (F) T lymphocytes

exposed to EBOV: ratios of EBOV-exposed annexin V+ cells cultured in the presence of pro-

survival cytokines, immature DCs (imDCs) or mature DCs (mDCs) to similarly treated cells

not exposed to EBOV determined by flow cytometry. C-F, Mean values based on triplicate

samples ±SE with P values: � P<0.05, �� P<0.01, ��� P<0.001, ���� P<0.0001, Student T-Test

for comparisons to incubations without EBOV (C, D) or without the indicated treatments (E,

F). Representative data from one of two independent experiments.

(TIF)

S2 Fig. EBOV GP induces T lymphocyte cell death. A, B. Analysis of dead SupT1 cells fol-

lowing a 4 day-long incubation with VSVΔG/ZEBOVGP at low and high doses (MOI of 1 and

3 PFU/cell, respectively): representative primary data (A) and mean values ±SE (B) based on

triplicate samples, representative data from one of two independent experiments. ��� P<0.001,
���� P<0.0001 (Student T-test).

(TIF)

S3 Fig. Activation of NFkB and induction of cell death via TLR4 signaling. A. Western blot

analysis of GP biding to His-beads. B. Western blot analysis of p-p65 at the indicated time

points after stimulation with LPS or EBOV VLPs. Representative data from one of two inde-

pendent experiments. C. Flow cytometry analysis of CD4+ T lymphocytes cultured with EBOV

or LPS in the presence or absence of CLI-095 for 4 days. The percentages of dead cells, cells

positive for active caspase-8 or caspase-9 and proliferated cells are indicated. A-C, representa-

tive primary data from one of two independent experiments.

(TIF)

S4 Fig. Transcriptome analysis of T cells exposed to EBOV. A. Heatmap showing fold

change differences between EBOV-infected and LPS-stimutlated versus mock-treated samples

on days 1 and 4 for 265 genes that are differentially expressed between EBOV- and mock-

infected samples at 24 h using a 1.5-fold change cutoff and an adjusted p-value of 0.05. Genes

were chosen based on a search for specific biological functions: apoptosis, necrosis, TLR, and

cell death within the AmiGO2 Gene Ontology database. Heatmap shows log2 fold changes of

genes relative to the average baseline with red representing up-regulation and blue represent-

ing down-regulation. B. Networks of interactions related to apoptosis (purple), necrosis (yel-

low) and TLR4 (grey) pathways built from differentially expressed genes from EBOV-infected

to mock samples at 24 h. Solid lines represent direct interactions and dotted lines represent

indirect interactions from IPA’s Knowledge Base. Expression data from EBOV-infected sam-

ples relative to mock samples at 24 h is overlaid onto each gene where red represents relative

up-regulation and blue represents relative down-regulation. C. Pathways triggered by EBOV-

stimulation. Top twenty significantly enriched pathways induced following EBOV-stimulation

of isolated CD4+ T cells. P-values represent the likelihood the association of these genes and

pathways are due to chance (a p-value of 0.01 has a negative log p-value of 2). Ratios, shown by

the dots, are calculated by the number of genes in each group belonging to the pathway over

the total number of genes comprising that pathway. Predicted up-regulation of each pathway

is represented by orange coloration, with darker colors representing increased up-regulation.

The bars are the p-value (on top) and the dots are the ratio (on bottom).

(TIF)

S5 Fig. Anti-TLR4 antibodies reduce cytokine production. Flow cytometry analysis of the

percentages of TNFα+ (left panel) and IFNγ+ (right panel) SupT1 cells cultured with medium

(mock), TPA/ionomycin or EBOV with or without anti-TLR4 antibodies for 24 h: representa-

tive primary data (A) and mean values ±SE based on triplicate samples (B). � P<0.05, ��
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P<0.01, ��� P<0.001, ns, non-significant (Student T-Test). One of two independent experi-

ment is shown. Representative data from one of two independent experiments.

(TIF)

S6 Fig. EBOV promotes differentiation and infection of THP-1 cells through TLR4 activa-

tion. A. Schematic representation of the experimental design to evaluate activation of THP-1

cells by LPS, EBOV or HPIV3/ΔF-HN/EboGP in the presence or absence of CLI-095. B. Rep-

resentative flow cytometry data on analysis of THP-1 cells treated or mock-treated with CLI-

095 and cultured with LPS, EBOV or HPIV3/ΔF-HN/EboGP for 24 h or 96 h. C. Percentages

of CD68+ THP-1 cells after treatment with LPS, EBOV or HPIV3/ΔF-HN/EboGP with or

without CLI-095 for 24 h or 96 h. Black asterisks indicate differences between CLI-095 treated

and untreated cells, red asterisks indicate differences between CLI-095 untreated stimulated

and mock-stimulated cells. D–G, Quantitative data showing the percentages of CD14+ (D),

CD11b+ (E), CD68+ (F) or EBOV-GFP+ (G) THP-1 cells following incubation with LPS,

EBOV or HPIV3/ΔF-HN/EboGP for 24 h or 96 h in the absence of CLI-095. C-G: �� P<0.01,
��� P<0.001, ���� P<0.0001. Asterisks indicate differences between 24 and 96 h. Mean values

based triplicate samples ±SE with P values (Two-Way ANOVA followed by a Tukey’s Multiple

Comparisons Test and multiple T-tests). C-G, Representative data from 2 independent experi-

ments.

(TIF)

S7 Fig. EBOV GP promotes differentiation of THP-1 cells through TLR4 activation. THP-

1 cells were treated or mock-treated with CLI-095, cultured with EBOV GP beads or empty

beads for 24 h (A-D) or 96 h (E-H) and analyzed by flow cytometry for the indicated markers.

Representative flow cytometry data (A, E) with the percentages of the gated populations indi-

cated, and quantitative data showing comparisons of CLI-095-treated and untreated cells (B,

C, D, F, G, H), and treatments for 24 h versus 96 h without CLI-095 treatment (I, J, K). Black

asterisks, difference to CLI-095-treated cells, red asterisks, difference to mock-stimulated cells.

Mean values based on triplicate samples ±SE. � P<0.05, �� P<0.01, ��� P<0.001, ����

P<0.0001, ns, non-significant. Two-Way ANOVA followed by a Tukey’s Multiple Compari-

sons Test and multiple T-tests. B-D, F-K, Representative data from two independent experi-

ments.

(TIF)

S8 Fig. EBOV GP promotes infection of THP-1 cells through TLR4 activation. Effects of

GP beads on EBOV-GFP infection in THP-1 cells pretreated with CLI-095 analyzed by flow

cytometry at 24 and 96 h post infection. A. representative flow cytometry data with the per-

centages of gated populations indicated. B–D. Percentages of GFP+ cells at 24 h (B), 96 h (C)

and comparison of CLI-095-treated samples only and 24 h and 96 h (D). B, C, black asterisks,

differences between CLI-095-treated and untreated cells; red asterisks, difference to mock-

infected cells. D, asterisks, difference between 24 h and 96 h infection. B-D, Mean values based

on three samples per group ±SE with P values calculated using Two-Way ANOVA followed by

a Tukey’s Multiple Comparisons Test and multiple T-tests. � P<0.05, �� P<0.01, ��� P<0.001.

B-D, Representative data from two independent experiments.

(TIF)
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33. Jones SM, Feldmann H, Ströher U, Geisbert JB, Fernando L, Grolla A, et al. Live attenuated recombi-

nant vaccine protects nonhuman primates against Ebola and Marburg viruses. Nat Med. 2005; 11

(7):786–90. https://doi.org/10.1038/nm1258 PMID: 15937495

34. Reynolds JM, Martinez GJ, Chung Y, Dong C. Toll-like receptor 4 signaling in T cells promotes autoim-

mune inflammation. Proc Natl Acad Sci U S A. 2012; 109(32):13064–9. PubMed Central PMCID:

PMCPMC3420161. https://doi.org/10.1073/pnas.1120585109 PMID: 22826216

35. Escudero-Perez B, Volchkova VA, Dolnik O, Lawrence P, Volchkov VE. Shed GP of Ebola Virus Trig-

gers Immune Activation and Increased Vascular Permeability. PLoS Pathog. 2014; 10(11):e1004509.

Epub 2014/11/21. PubMed Central PMCID: PMC4239094. https://doi.org/10.1371/journal.ppat.

1004509 PMID: 25412102

36. Chow JC, Young DW, Golenbock DT, Christ WJ, Gusovsky F. Toll-like receptor-4 mediates lipopolysac-

charide-induced signal transduction. J Biol Chem. 1999; 274(16):10689–92. PMID: 10196138

37. Medvedev AE, Vogel SN. Overexpression of CD14, TLR4, and MD-2 in HEK 293T cells does not pre-

vent induction of in vitro endotoxin tolerance. J Endotoxin Res. 2003; 9(1):60–4. https://doi.org/10.1179/

096805103125001360 PMID: 12691621

38. Doehle BP, Hladik F, McNevin JP, McElrath MJ, Gale M Jr. Human immunodeficiency virus type 1

mediates global disruption of innate antiviral signaling and immune defenses within infected cells. J

Virol. 2009; 83(20):10395–405. PubMed Central PMCID: PMCPMC2753137. https://doi.org/10.1128/

JVI.00849-09 PMID: 19706707

39. Zanin-Zhorov A, Tal-Lapidot G, Cahalon L, Cohen-Sfady M, Pevsner-Fischer M, Lider O, et al. Cutting

edge: T cells respond to lipopolysaccharide innately via TLR4 signaling. J Immunol. 2007; 179(1):41–4.

PMID: 17579019

40. Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du X, et al. Defective LPS signaling in C3H/HeJ

and C57BL/10ScCr mice: mutations in Tlr4 gene. Science. 1998; 282(5396):2085–8. PMID: 9851930

41. Bukreyev A, Yang L, Zaki SR, Shieh WJ, Rollin PE, Murphy BR, et al. A single intranasal inoculation

with a paramyxovirus-vectored vaccine protects guinea pigs against a lethal-dose Ebola virus chal-

lenge. J Virol. 2006; 80(5):2267–79. https://doi.org/10.1128/JVI.80.5.2267-2279.2006 PMID: 16474134

42. Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol. 2004; 4(7):499–511. https://doi.org/

10.1038/nri1391 PMID: 15229469

43. Viatour P, Merville MP, Bours V, Chariot A. Phosphorylation of NF-kappaB and IkappaB proteins: impli-

cations in cancer and inflammation. Trends Biochem Sci. 2005; 30(1):43–52. https://doi.org/10.1016/j.

tibs.2004.11.009 PMID: 15653325

44. Brenner D, Blaser H, Mak TW. Regulation of tumour necrosis factor signalling: live or let die. Nat Rev

Immunol. 2015; 15(6):362–74. https://doi.org/10.1038/nri3834 PMID: 26008591

45. Gururaja TL, Yung S, Ding R, Huang J, Zhou X, McLaughlin J, et al. A class of small molecules that

inhibit TNFalpha-induced survival and death pathways via prevention of interactions between TNFal-

phaRI, TRADD, and RIP1. Chem Biol. 2007; 14(10):1105–18. https://doi.org/10.1016/j.chembiol.2007.

08.012 PMID: 17961823

46. Martinez O, Johnson JC, Honko A, Yen B, Shabman RS, Hensley LE, et al. Ebola virus exploits a mono-

cyte differentiation program to promote its entry. J Virol. 2013; 87(7):3801–14. PubMed Central PMCID:

PMCPMC3624207. https://doi.org/10.1128/JVI.02695-12 PMID: 23345511

47. Aldo PB, Craveiro V, Guller S, Mor G. Effect of culture conditions on the phenotype of THP-1 monocyte

cell line. Am J Reprod Immunol. 2013; 70(1):80–6. PubMed Central PMCID: PMCPMC3703650.

https://doi.org/10.1111/aji.12129 PMID: 23621670

48. Kunisch E, Fuhrmann R, Roth A, Winter R, Lungershausen W, Kinne RW. Macrophage specificity of

three anti-CD68 monoclonal antibodies (KP1, EBM11, and PGM1) widely used for

Ebola virus GP triggers T lymphocyte death

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006397 May 22, 2017 25 / 27

https://doi.org/10.1371/journal.ppat.1005088
https://doi.org/10.1371/journal.ppat.1005088
http://www.ncbi.nlm.nih.gov/pubmed/26425845
http://www.ncbi.nlm.nih.gov/pubmed/25694094
https://doi.org/10.1016/j.virol.2004.10.048
https://doi.org/10.1016/j.virol.2004.10.048
http://www.ncbi.nlm.nih.gov/pubmed/15661137
https://doi.org/10.1016/j.virol.2008.09.030
http://www.ncbi.nlm.nih.gov/pubmed/19010509
https://doi.org/10.1038/nm1258
http://www.ncbi.nlm.nih.gov/pubmed/15937495
https://doi.org/10.1073/pnas.1120585109
http://www.ncbi.nlm.nih.gov/pubmed/22826216
https://doi.org/10.1371/journal.ppat.1004509
https://doi.org/10.1371/journal.ppat.1004509
http://www.ncbi.nlm.nih.gov/pubmed/25412102
http://www.ncbi.nlm.nih.gov/pubmed/10196138
https://doi.org/10.1179/096805103125001360
https://doi.org/10.1179/096805103125001360
http://www.ncbi.nlm.nih.gov/pubmed/12691621
https://doi.org/10.1128/JVI.00849-09
https://doi.org/10.1128/JVI.00849-09
http://www.ncbi.nlm.nih.gov/pubmed/19706707
http://www.ncbi.nlm.nih.gov/pubmed/17579019
http://www.ncbi.nlm.nih.gov/pubmed/9851930
https://doi.org/10.1128/JVI.80.5.2267-2279.2006
http://www.ncbi.nlm.nih.gov/pubmed/16474134
https://doi.org/10.1038/nri1391
https://doi.org/10.1038/nri1391
http://www.ncbi.nlm.nih.gov/pubmed/15229469
https://doi.org/10.1016/j.tibs.2004.11.009
https://doi.org/10.1016/j.tibs.2004.11.009
http://www.ncbi.nlm.nih.gov/pubmed/15653325
https://doi.org/10.1038/nri3834
http://www.ncbi.nlm.nih.gov/pubmed/26008591
https://doi.org/10.1016/j.chembiol.2007.08.012
https://doi.org/10.1016/j.chembiol.2007.08.012
http://www.ncbi.nlm.nih.gov/pubmed/17961823
https://doi.org/10.1128/JVI.02695-12
http://www.ncbi.nlm.nih.gov/pubmed/23345511
https://doi.org/10.1111/aji.12129
http://www.ncbi.nlm.nih.gov/pubmed/23621670
https://doi.org/10.1371/journal.ppat.1006397


immunohistochemistry and flow cytometry. Ann Rheum Dis. 2004; 63(7):774–84. PubMed Central

PMCID: PMCPMC1755048. https://doi.org/10.1136/ard.2003.013029 PMID: 15194571

49. Gupta M, Mahanty S, Ahmed R, Rollin PE. Monocyte-derived human macrophages and peripheral

blood mononuclear cells infected with ebola virus secrete MIP-1alpha and TNF-alpha and inhibit poly-

IC-induced IFN-alpha in vitro. Virology. 2001; 284(1):20–5. https://doi.org/10.1006/viro.2001.0836

PMID: 11352664

50. Yang YC, Hsu TY, Chen JY, Yang CS, Lin RH. Tumour necrosis factor-alpha-induced apoptosis in cord

blood T lymphocytes: involvement of both tumour necrosis factor receptor types 1 and 2. Br J Haematol.

2001; 115(2):435–41. PMID: 11703347

51. Alvarez CP, Lasala F, Carrillo J, Muniz O, Corbi AL, Delgado R. C-type lectins DC-SIGN and L-SIGN

mediate cellular entry by Ebola virus in cis and in trans. Journal of virology. 2002; 76(13):6841–4. Epub

2002/06/07. PubMed Central PMCID: PMC136246. https://doi.org/10.1128/JVI.76.13.6841-6844.2002

PMID: 12050398

52. Simmons G, Reeves JD, Grogan CC, Vandenberghe LH, Baribaud F, Whitbeck JC, et al. DC-SIGN and

DC-SIGNR bind ebola glycoproteins and enhance infection of macrophages and endothelial cells. Virol-

ogy. 2003; 305(1):115–23. Epub 2002/12/31. PMID: 12504546

53. Matsuno K, Nakayama E, Noyori O, Marzi A, Ebihara H, Irimura T, et al. C-type lectins do not act as

functional receptors for filovirus entry into cells. Biochem Biophys Res Commun. 2010; 403(1):144–8.

PubMed Central PMCID: PMCPMC3393133. https://doi.org/10.1016/j.bbrc.2010.10.136 PMID:

21056544

54. Chan SY, Empig CJ, Welte FJ, Speck RF, Schmaljohn A, Kreisberg JF, et al. Folate receptor-alpha is a

cofactor for cellular entry by Marburg and Ebola viruses. Cell. 2001; 106(1):117–26. Epub 2001/07/20.

PMID: 11461707

55. Shimojima M, Takada A, Ebihara H, Neumann G, Fujioka K, Irimura T, et al. Tyro3 family-mediated cell

entry of Ebola and Marburg viruses. J Virol. 2006; 80(20):10109–16. https://doi.org/10.1128/JVI.01157-

06 PMID: 17005688

56. Rath PC, Aggarwal BB. TNF-induced signaling in apoptosis. J Clin Immunol. 1999; 19(6):350–64.

PMID: 10634209

57. Lin Y, Choksi S, Shen HM, Yang QF, Hur GM, Kim YS, et al. Tumor necrosis factor-induced nonapopto-

tic cell death requires receptor-interacting protein-mediated cellular reactive oxygen species accumula-

tion. J Biol Chem. 2004; 279(11):10822–8. https://doi.org/10.1074/jbc.M313141200 PMID: 14701813

58. Harberts E, Fishelevich R, Liu J, Atamas SP, Gaspari AA. MyD88 mediates the decision to die by apo-

ptosis or necroptosis after UV irradiation. Innate Immun. 2014; 20(5):529–39. PubMed Central PMCID:

PMCPMC4041851. https://doi.org/10.1177/1753425913501706 PMID: 24048771

59. Hotchkiss RS, Strasser A, McDunn JE, Swanson PE. Cell death. N Engl J Med. 2009; 361(16):1570–

83. PubMed Central PMCID: PMCPMC3760419. https://doi.org/10.1056/NEJMra0901217 PMID:

19828534

60. McElroy AK, Akondy RS, Davis CW, Ellebedy AH, Mehta AK, Kraft CS, et al. Human Ebola virus infec-

tion results in substantial immune activation. Proc Natl Acad Sci U S A. 2015; 112(15):4719–24.

PubMed Central PMCID: PMCPMC4403189. https://doi.org/10.1073/pnas.1502619112 PMID:

25775592

61. Barber RC, Aragaki CC, Rivera-Chavez FA, Purdue GF, Hunt JL, Horton JW. TLR4 and TNF-alpha

polymorphisms are associated with an increased risk for severe sepsis following burn injury. J Med

Genet. 2004; 41(11):808–13. PubMed Central PMCID: PMCPMC1383768. https://doi.org/10.1136/jmg.

2004.021600 PMID: 15520404

62. Qureshi ST, Lariviere L, Leveque G, Clermont S, Moore KJ, Gros P, et al. Endotoxin-tolerant mice have

mutations in Toll-like receptor 4 (Tlr4). J Exp Med. 1999; 189(4):615–25. PubMed Central PMCID:

PMCPMC2192941. PMID: 9989976

63. Shirey KA, Lai W, Scott AJ, Lipsky M, Mistry P, Pletneva LM, et al. The TLR4 antagonist Eritoran pro-

tects mice from lethal influenza infection. Nature. 2013; 497(7450):498–502. Epub 2013/05/03. PubMed

Central PMCID: PMC3725830. https://doi.org/10.1038/nature12118 PMID: 23636320

64. Opal SM, Laterre PF, Francois B, LaRosa SP, Angus DC, Mira JP, et al. Effect of eritoran, an antagonist

of MD2-TLR4, on mortality in patients with severe sepsis: the ACCESS randomized trial. JAMA. 2013;

309(11):1154–62. https://doi.org/10.1001/jama.2013.2194 PMID: 23512062

65. Younan P, Ramanathan P, Graber J, Gusovsky F, Bukreyev A. The Toll-Like Receptor 4 Antagonist Eri-

toran Protects Mice from Lethal Filovirus Challenge. MBio. 2017; 8(2). PubMed Central PMCID:

PMCPMC5405229.

66. Geisbert TW, Jahrling PB. Exotic emerging viral diseases: progress and challenges. Nat Med. 2004; 10

(12 Suppl):S110–21. https://doi.org/10.1038/nm1142 PMID: 15577929

Ebola virus GP triggers T lymphocyte death

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006397 May 22, 2017 26 / 27

https://doi.org/10.1136/ard.2003.013029
http://www.ncbi.nlm.nih.gov/pubmed/15194571
https://doi.org/10.1006/viro.2001.0836
http://www.ncbi.nlm.nih.gov/pubmed/11352664
http://www.ncbi.nlm.nih.gov/pubmed/11703347
https://doi.org/10.1128/JVI.76.13.6841-6844.2002
http://www.ncbi.nlm.nih.gov/pubmed/12050398
http://www.ncbi.nlm.nih.gov/pubmed/12504546
https://doi.org/10.1016/j.bbrc.2010.10.136
http://www.ncbi.nlm.nih.gov/pubmed/21056544
http://www.ncbi.nlm.nih.gov/pubmed/11461707
https://doi.org/10.1128/JVI.01157-06
https://doi.org/10.1128/JVI.01157-06
http://www.ncbi.nlm.nih.gov/pubmed/17005688
http://www.ncbi.nlm.nih.gov/pubmed/10634209
https://doi.org/10.1074/jbc.M313141200
http://www.ncbi.nlm.nih.gov/pubmed/14701813
https://doi.org/10.1177/1753425913501706
http://www.ncbi.nlm.nih.gov/pubmed/24048771
https://doi.org/10.1056/NEJMra0901217
http://www.ncbi.nlm.nih.gov/pubmed/19828534
https://doi.org/10.1073/pnas.1502619112
http://www.ncbi.nlm.nih.gov/pubmed/25775592
https://doi.org/10.1136/jmg.2004.021600
https://doi.org/10.1136/jmg.2004.021600
http://www.ncbi.nlm.nih.gov/pubmed/15520404
http://www.ncbi.nlm.nih.gov/pubmed/9989976
https://doi.org/10.1038/nature12118
http://www.ncbi.nlm.nih.gov/pubmed/23636320
https://doi.org/10.1001/jama.2013.2194
http://www.ncbi.nlm.nih.gov/pubmed/23512062
https://doi.org/10.1038/nm1142
http://www.ncbi.nlm.nih.gov/pubmed/15577929
https://doi.org/10.1371/journal.ppat.1006397


67. Baize S, Marianneau P, Loth P, Reynard S, Journeaux A, Chevallier M, et al. Early and strong immune

responses are associated with control of viral replication and recovery in lassa virus-infected cynomol-

gus monkeys. J Virol. 2009; 83(11):5890–903. PubMed Central PMCID: PMCPMC2681932. https://doi.

org/10.1128/JVI.01948-08 PMID: 19297492

68. Merekoulias G, Alexopoulos EC, Belezos T, Panagiotopoulou E, Jelastopulu DM. Lymphocyte to mono-

cyte ratio as a screening tool for influenza. PLoS Curr. 2010; 2:RRN1154. PubMed Central PMCID:

PMCPMC2847387. https://doi.org/10.1371/currents.RRN1154 PMID: 20383263

69. Cunha BA, McDermott BP, Mohan SS. Prognostic importance of lymphopenia in West Nile encephalitis.

Am J Med. 2004; 117(9):710–1. https://doi.org/10.1016/j.amjmed.2004.05.023 PMID: 15501215

70. Wyllie DH, Bowler IC, Peto TE. Relation between lymphopenia and bacteraemia in UK adults with medi-

cal emergencies. J Clin Pathol. 2004; 57(9):950–5. PubMed Central PMCID: PMCPMC1770434.

https://doi.org/10.1136/jcp.2004.017335 PMID: 15333656

71. Marzi A, Feldmann H. Ebola virus vaccines: an overview of current approaches. Expert Rev Vaccines.

2014; 13(4):521–31. https://doi.org/10.1586/14760584.2014.885841 PMID: 24575870

72. Henao-Restrepo AM, Longini IM, Egger M, Dean NE, Edmunds WJ, Camacho A, et al. Efficacy and

effectiveness of an rVSV-vectored vaccine expressing Ebola surface glycoprotein: interim results from

the Guinea ring vaccination cluster-randomised trial. Lancet. 2015; 386(9996):857–66. https://doi.org/

10.1016/S0140-6736(15)61117-5 PMID: 26248676

73. Huttner A, Dayer JA, Yerly S, Combescure C, Auderset F, Desmeules J, et al. The effect of dose on the

safety and immunogenicity of the VSV Ebola candidate vaccine: a randomised double-blind, placebo-

controlled phase 1/2 trial. Lancet Infect Dis. 2015; 15(10):1156–66. https://doi.org/10.1016/S1473-3099

(15)00154-1 PMID: 26248510

74. Durbin A, Hall S, Siew J, Whitehead S, Collins P, Murphy B. Recovery of infectious human parainflu-

enza virus type 3 from cDNA. Virology. 1997; 235(2):232–32.

75. Warfield KL, Bosio CM, Welcher BC, Deal EM, Mohamadzadeh M, Schmaljohn A, et al. Ebola virus-like

particles protect from lethal Ebola virus infection. Proc Natl Acad Sci U S A. 2003; 100(26):15889–94.

https://doi.org/10.1073/pnas.2237038100 PMID: 14673108

76. Hanggi K, Vasilikos L, Valls AF, Yerbes R, Knop J, Spilgies LM, et al. RIPK1/RIPK3 promotes vascular

permeability to allow tumor cell extravasation independent of its necroptotic function. Cell Death Dis.

2017; 8(2):e2588. https://doi.org/10.1038/cddis.2017.20 PMID: 28151480

77. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012; 9(4):357–9.

PubMed Central PMCID: PMCPMC3322381. https://doi.org/10.1038/nmeth.1923 PMID: 22388286

78. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-

seq aligner. Bioinformatics. 2013; 29(1):15–21. PubMed Central PMCID: PMCPMC3530905. https://

doi.org/10.1093/bioinformatics/bts635 PMID: 23104886

79. Anders S, Pyl PT, Huber W. HTSeq—a Python framework to work with high-throughput sequencing

data. Bioinformatics. 2015; 31(2):166–9. PubMed Central PMCID: PMCPMC4287950. https://doi.org/

10.1093/bioinformatics/btu638 PMID: 25260700

80. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential expression

analysis of digital gene expression data. Bioinformatics. 2010; 26(1):139–40. PubMed Central PMCID:

PMCPMC2796818. https://doi.org/10.1093/bioinformatics/btp616 PMID: 19910308

81. Carbon S, Ireland A, Mungall CJ, Shu S, Marshall B, Lewis S, et al. AmiGO: online access to ontology

and annotation data. Bioinformatics. 2009; 25(2):288–9. PubMed Central PMCID: PMCPMC2639003.

https://doi.org/10.1093/bioinformatics/btn615 PMID: 19033274

82. Gene Ontology C. Gene Ontology Consortium: going forward. Nucleic Acids Res. 2015; 43(Database

issue):D1049–56. PubMed Central PMCID: PMCPMC4383973. https://doi.org/10.1093/nar/gku1179

PMID: 25428369

Ebola virus GP triggers T lymphocyte death

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006397 May 22, 2017 27 / 27

https://doi.org/10.1128/JVI.01948-08
https://doi.org/10.1128/JVI.01948-08
http://www.ncbi.nlm.nih.gov/pubmed/19297492
https://doi.org/10.1371/currents.RRN1154
http://www.ncbi.nlm.nih.gov/pubmed/20383263
https://doi.org/10.1016/j.amjmed.2004.05.023
http://www.ncbi.nlm.nih.gov/pubmed/15501215
https://doi.org/10.1136/jcp.2004.017335
http://www.ncbi.nlm.nih.gov/pubmed/15333656
https://doi.org/10.1586/14760584.2014.885841
http://www.ncbi.nlm.nih.gov/pubmed/24575870
https://doi.org/10.1016/S0140-6736(15)61117-5
https://doi.org/10.1016/S0140-6736(15)61117-5
http://www.ncbi.nlm.nih.gov/pubmed/26248676
https://doi.org/10.1016/S1473-3099(15)00154-1
https://doi.org/10.1016/S1473-3099(15)00154-1
http://www.ncbi.nlm.nih.gov/pubmed/26248510
https://doi.org/10.1073/pnas.2237038100
http://www.ncbi.nlm.nih.gov/pubmed/14673108
https://doi.org/10.1038/cddis.2017.20
http://www.ncbi.nlm.nih.gov/pubmed/28151480
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1093/bioinformatics/btu638
http://www.ncbi.nlm.nih.gov/pubmed/25260700
https://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
https://doi.org/10.1093/bioinformatics/btn615
http://www.ncbi.nlm.nih.gov/pubmed/19033274
https://doi.org/10.1093/nar/gku1179
http://www.ncbi.nlm.nih.gov/pubmed/25428369
https://doi.org/10.1371/journal.ppat.1006397

