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Abstract

Ebola virus (EBOV), a member of the mononegaviral family Filoviridae, causes severe dis-

ease associated with high lethality in humans. Despite enormous progress in development

of EBOV medical countermeasures, no anti-EBOV treatment has been approved. We

designed an immunotoxin in which a single-chain variable region fragment of the EBOV gly-

coprotein-specific monoclonal antibody 6D8 was fused to the effector domains of Pseudo-

monas aeruginosa exotoxin A (PE38). This immunotoxin, 6D8-PE38, bound specifically to

cells expressing EBOV glycoproteins. Importantly, 6D8-PE38 targeted EBOV-infected cells,

as evidenced by inhibition of infectious EBOV production from infected cells, including pri-

mary human macrophages. The data presented here provide a proof of concept for immuno-

toxin-based targeted killing of infected cells as a potential antiviral intervention for Ebola

virus disease.

Introduction

Ebola virus (EBOV; Mononegavirales: Filoviridae: Ebolavirus) causes Ebola virus disease

(EVD), a severe human disease associated with lethality. There have been at least 19 EVD out-

breaks since the discovery of EBOV in 1976 [1]. From 2013 to 2016, the largest EVD outbreak

occurred in Western Africa (mainly Guinea, Liberia, and Sierra Leone), with 28,652 cases and

11, 325 deaths [2, 3]. The second-largest EVD outbreak occurred in Democratic Republic of

the Congo from 2018 to 2020, with 3,481 reported cases and 2,299 deaths [4]. The high lethal-

ity associated with EVD (average�44% since 1976) underscores the need for effective medical

countermeasures, such as vaccines and therapeutics, against EBOV. During and after 2013–

2016 EVD outbreak, enormous progress was made in medical countermeasure development,

resulting in United States (U.S.) Food and Drug Administration approval of the first vaccine,

Ervebo, in December 2019 [5].
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EBOV has a non-segmented, negative-sense, RNA genome and produces enveloped, fila-

mentous virions. The EBOV genome is approximately 19 kb in length with seven genes in the

following order: 3’-leader-NP-VP35-VP40-GP-VP30-VP24-L-trailer-5’. These seven genes

encode seven structural proteins: nucleoprotein (NP) encapsidates the EBOV genomes and

antigenomes; polymerase cofactor (VP35) mediates transcription/replication and immune

evasion; matrix protein (VP40) drives virion assembly/egress, regulates transcription/replica-

tion, and mediates immune evasion; glycoprotein (GP1,2) mediates virion entry and inhibits

the intrinsic immune response; transcriptional activator (VP30) mediates transcription initia-

tion, re-initiation, enhancement, anti-termination, and GP mRNA editing and acts as an

RNAi silencing suppressor; ribonucleoprotein complex-associated protein (VP24) regulates

transcription/replication and virion assembly/egress, and large protein (L), which contains an

RNA-directed RNA polymerase domain and mediates transcription/replication, mRNA matu-

ration, and GP mRNA editing [6]. EBOV GP1,2 is synthesized as a preproprotein that is first

cleaved by signalase during translocation into the endoplasmic reticulum to remove the signal

peptide and then post-translationally cleaved by furin-like protease into GP1 and GP2 subunits

that remain connected by a disulfide bond. The GP1-GP2 heterodimers trimerize to form

mature GP1,2 peplomers that are incorporated into cellular membranes, including the plasma

membrane, and ultimately into the virion envelope during virion budding [6]. Finally, co-tran-

scription mRNA editing of the GP produces several secreted proteins (e.g., sGP, ssGP, Δ-pep-

tide) with largely undetermined function [6].

Antibodies targeting EBOV GP1,2 are of great interest in various strategies for vaccine and

therapeutic development. Although monoclonal antibody 114 (mAb114) and mAb cocktail

REGN-EB3 were proven to be effective against EVD under certain conditions in the 2019

Pamoja Tulinde Maisha (PALM) randomized controlled clinical trial [7], lethality remains

high, even in treated populations. The EBOV GP1,2-specific human mAb KZ52 demonstrated

potent EBOV-neutralization activity in vitro, protected guinea pigs from disease caused by

guinea-pig-adapted EBOV [8] but failed to protect EBOV-exposed nonhuman primates from

developing lethal disease [9, 10]. On the other hand, EBOV non-neutralizing mAbs, such as

6D8, completely protected laboratory mice and rhesus monkeys when used in combination in

a cocktail [11]. These and additional data indicate that the neutralization ability of an mAb

does not solely predict its protective efficacy in vivo and other immune functions of an anti-

body, such as antibody-dependent cell-mediated cytotoxicity (ADCC), also play a role in pro-

tection [12].

We investigated an alternative application of mAb technology for direct targeted killing of

EBOV-infected cells. Recombinant immunotoxins (RITs) are engineered chimeric proteins

consisting of a cytotoxic protein moiety linked to a targeting protein moiety, such as an anti-

body variable domain (Fv) or a ligand that binds to a surface antigen selectively displayed on

the target cell of interest. Most RITs in clinical trials or approved by the U.S. Food and Drug

Administration contain a diphtheria toxin (DT), a Pseudomonas exotoxin A (PE), or a ricin

cytotoxic moiety [13–15]. Wild-type PE consists of three domains: domain I is the cell-binding

domain that targets low-density lipoprotein receptor-related protein 1 (LRP-1); domain II

facilitates toxin translocation into the cytoplasm; and domain III is the catalytic domain that

catalyzes the inactivation of eukaryotic translocation elongation factor 2 (EEF2) by ADP-ribo-

sylation, thereby inhibiting protein synthesis and ultimately leading to cell death. A PE-based

RIT typically contains the N-terminal-targeting moiety fused to a 38-kDa-truncated portion of

PE (PE38), containing only domains II and III [16]. Therefore, in this study, we developed an

RIT directly targeting EBOV GP1,2. We showed that this RIT selectively inhibits infectious

EBOV production from infected cells, demonstrating the feasibility of RIT use as a novel anti-

viral EVD intervention.
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Materials and methods

Cells

Human hepatocarcinoma Huh-7 cells were provided by Hideki Ebihara (Laboratory of Virol-

ogy, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Hamil-

ton, Montana, United States of America [USA]). Grivet (Chlorocebus aethiops) kidney

epithelial Vero E6 cells (#CRL-1568) were obtained from the American Type Culture Collec-

tion (Manassas, Virginia, USA). All cells were grown in Dulbecco’s modified Eagle medium

(DMEM, Thermo Fisher Scientific, Waltham, Massachusetts [MA], USA) supplemented with

10% heat-inactivated fetal bovine serum (FBS, Millipore Sigma, St. Louis, Missouri, USA).

Human monocyte-derived macrophages (MDMs) were generated from human whole blood

(Biological Specificity Corporation, Colmar, Pennsylvania, USA), as described previously [17].

All cells were cultured at 37˚C in a humidified 5% carbon dioxide atmosphere.

Virus

Ebola virus/H.sapiens-tc/GIN/2014/Makona-C05 (GenBank #KP096420; hereafter: EBOV)

was provided by the Public Health Agency of Canada (PHAC), Winnipeg, Canada. EBOV was

propagated in Vero E6 cells at a multiplicity of infection (MOI) of 0.01 in DMEM supple-

mented with 2% FBS. Viral titers were quantified by plaque assay on Vero E6 cells, as described

previously [18]. All experiments with EBOV were performed in a biosafety level 4 (BSL-4) lab-

oratory of the Integrated Research Facility at Fort Detrick (IRF-Frederick) following approved

standard operating procedures.

Recombinant immunotoxin expression plasmid construction

The heavy-chain and light-chain sequences of mAb 6D8 were provided by John Dye (U.S.

Army Medical Research Institute of Infectious Diseases, Fort Detrick, Maryland, USA). A sin-

gle-chain variable fragment (scFv) of mAb 6D8—which contains the variable regions of the

heavy (VH) and the light chains (VL) of mAb 6D8, connected by a 15-amino-acid linker (Gly4-

Ser)3 (Fig 1)—was generated by de novo synthesis and cloned into a pCR2.1 vector (ATUM,

Newark, California [CA], USA) to generate pCR2.1-6D8scFv. pCR2.1-6D8scFv was digested

with enzymes NdeI and HindIII. The resulting 6D8scFv fragment was used to replace the

NdeI-HindIII fragment from PE-toxin expression plasmids pYC15-PE38 encoding

YC15-PE38 [19]. The resulting 6D8-PE38 RIT expression plasmid was designated as

p6D8-PE38.

Recombinant immunotoxin expression and purification

6D8-PE38 RIT was expressed and purified, as described previously [19, 20]. Briefly, the

RIT expression plasmid p6D8-PE38 was transformed into Max Efficiency DH5α Escherichia
coli BL21(DE3) (New England Biolabs, Ipswich, MA, USA). Then, isopropyl-β-D-thiogalacto-

pyranoside (IPTG, Millipore Sigma) was used to induce RIT expression. The inclusion body

fraction was isolated from the bacterial pellets by lysozyme treatment and high-speed centrifu-

gation (27,000 xg for 50 min at 4˚C). The RIT was denatured and solubilized in denaturing

buffer (6 M guanidine HCl, 2 mM EDTA, 100 mM Tris-HCl, pH 8), followed by reduction of

disulfide bonds by addition of dithioerythritol powder (Millipore Sigma) to achieve a 10-mg/

ml concentration, and incubation overnight at room temperature. The solubilized reduced

RIT (MW = 66 kDa) was then refolded in refolding buffer (0.5 M arginine, 1 mM EDTA, 100

mM Tris-HCl, pH 9.5, 551 mg/ oxidized glutathione). The refolded proteins were dialyzed,

and then purified by anion exchange chromatography using Q Sepharose and Mono Q anion
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exchangers (GE Healthcare Life Sciences, Pittsburgh, Pennsylvania, USA) and size-exclusion

chromatography on a TSK3000 column (Millipore Sigma). The purified RIT concentration

was determined using a bicinchoninic acid (BCA) protein assay, according to the manufactur-

er’s instructions (Thermo Fisher Scientific). The protein samples were separated by sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and stained with Coomassie

blue solution (SimplyBlue Safe Stain, Thermo Fisher Scientific).

Surface staining by flow cytometry

Vero E6 cells (4 x 105 cells/well, 6-well plate format) were transiently transfected with 2.5 μg of

empty or EBOV (variant Yambuku, isolate Mayinga) GP1,2 or Marburg virus (MARV, variant

Mt. Elgon, isolate Musoke) GP1,2 pCAGGS expression plasmids [21, 22] using Roche X-treme-

GENE HP DNA transfection reagent (Millipore Sigma). Cells were dissociated with enzyme-

free cell-dissociation buffer (Thermo Fisher Scientific) 48 h post-transfection (p.t.) and stained

with 2 μg/ml of mAb 6D8, followed by Alexa Fluor 488-conjugated goat anti-mouse immuno-

globulin G (IgG) antibody (Thermo Fisher Scientific) on ice. As a control, all cells were stained

with the same concentration of mouse IgG, followed by the same secondary antibody. These

samples were analyzed with an LSRFortessa flow cytometer (Becton, Dickinson and Company,

San Jose, CA, USA), and the data were analyzed with FlowJo software (Tree Star, Ashland,

Oregon, USA). All experiments were performed in duplicates.

Recombinant immunotoxin binding specificity analysis by flow cytometry

6D8-PE38 RIT was labeled with an Alexa Fluor 488 microscale protein labeling kit, according

to the manufacturer’s instructions (Thermo Fisher Scientific). Vero E6 cells were transiently

transfected with pCAGGS-EBOV-GP1,2 or control pCAGGS-MARV-GP1,2. 48 h p.t., cells

were dissociated with enzyme-free cell-dissociation buffer. Transfected cells were washed with

Fig 1. Schematic diagram and the amino acid sequence of the recombinant immunotoxin 6D8-PE38. The heavy

chain of monoclonal antibody (mAb) 6D8 (6D8-VH, yellow) is connected to the light chain of mAb 6D8 (6D8-VL,

blue) by a (Gly4Ser) linker (grey), which forms a single-chain variable fragment (scFV) of mAb 6D8. This scFv is fused

to the effector domains II and III of Pseudomonas exotoxin A 38 (PE38, light and dark green, respectively).

https://doi.org/10.1371/journal.pone.0245024.g001
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phosphate-buffered saline (Thermo Fisher Scientific) and then incubated with phosphate-buff-

ered saline containing 3% bovine serum albumin (Millipore Sigma) at 4˚C for 30 min to block

non-specific binding. The cells were then incubated with different concentrations of labeled

6D8-PE38 RIT at 4˚C for 1 h. The binding of immunotoxin on the cell surface was analyzed by

flow cytometry. All experiments were performed in duplicates.

Immunofluorescence assay

Huh-7 cells (4 x 104 cells/well, 96-well plate format) or MDMs (1 x 105 cells/well, 96-well plate

format) were inoculated with EBOV at an MOI of 0.3 or 3. After 1 h of incubation at 37˚C,

viral inoculums were removed, and the cells were supplemented with DMEM containing 2%

FBS. At various times post-inoculation, cell plates were fixed with 10% neutral buffered forma-

lin (NBF, Thermo Fisher Scientific) for 24 h and then transferred from the BSL-4 to a BSL-2

laboratory. Without the permeabilization step, the plates were stained with mouse anti-EBOV

GP1,2 mAb 6D8, followed by secondary Alexa Fluor 488-conjugated goat anti-mouse IgG anti-

body (Thermo Fisher Scientific). Cell nuclei were stained with Hoechst 33342 dye (Thermo

Fisher Scientific). Fluorescent signal images were acquired with the Operetta high-content

imaging system (PerkinElmer, Waltham, MA, USA). All experiments were performed in

duplicates.

Inhibition of infectious virus production assay

Huh-7 cells (4 x 104 cells/well, 96-well plate format) or MDMs (1 x 105 cells/well, 96-well plate

format) were inoculated with EBOV at an MOI of 0.3 or 3. After 1 h of incubation at 37˚C,

viral inoculums were removed and the cells were treated with increasing concentrations of

6D8-PE38 RIT, control RIT YC15-PE38 [19], mAb 6D8 or control mouse IgG. At 48 h post-

exposure (p.e.), tissue culture supernatants were collected. Virus titers in tissue culture super-

natants were determined by plaque assay, as described previously [18]. All experiments were

performed in duplicates.

Data analysis

All statistical analyses were performed using GraphPad Prism 7 (GraphPad Software, San

Diego, CA, USA). Statistically significant differences in viral titer were determined by unpaired

Student t-test (�, P< 0.05, significant; ��, P< 0.01, very significant; ���, P< 0.001, highly

significant).

Results

Design and production of EBOV GP1,2-targeted recombinant

immunotoxin 6D8-PE38

To test the potential and feasibility of the immunotoxin as a therapeutic concept, we chose

mAb 6D8 to design an immunotoxin targeting EBOV GP1,2. Developed by the U.S. Army

Medical Research Institute of Infectious Diseases (USAMRIID), mAb 6D8 is a non-neutraliz-

ing mAb that recognizes a linear epitope in the mucin-like domain of GP1, 2’s GP1 subunit

(amino acid residues 389–405: HNTPVYKLDISEATQVE; absent in GP1s of other ebolaviruses

and filoviruses) [23]. mAb 6D8 specifically bound to the cells transfected with an EBOV GP1,2-

expressing plasmid but not to cells transfected with a MARV GP1,2-expressing plasmid or

empty vector control plasmid (Fig 2).

An scFv of mAb 6D8, which contains the variable regions of the heavy and the light chains

of mAb 6D8, connected by a 15-amino-acid linker (Gly4Ser)3, was linked to PE38, which
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contains only the translocation and effector domains of PE. We expressed this 6D8-PE38 RIT

in Escherichia coli and purified it from the inclusion body fraction through standard protocols

of solubilization, denaturation, refolding, ion exchange, and size-exclusion chromatography

[24]. We detected the expression of the 6D8-PE38 RIT in bacterial culture upon IPTG induc-

tion and in the inclusion body fraction (Fig 3). The size and purity of the 6D8-PE38 RIT

(MW = 66 kDa) was demonstrated by SDS-PAGE and Coomassie staining (Fig 3).

Specific binding of 6D8-PE38 recombinant immunotoxin to cell surface-

EBOV-GP

The specific binding of the 6D8-PE38 RIT to EBOV GP1,2, expressed on the cell surface, was

evaluated by flow cytometry. As shown in Fig 4, 6D8-PE38 RIT bound to EBOV GP1,2,

expressed on transfected Vero E6 cells in a dose-dependent manner. Moreover, the RIT did

not bind to the control cells, demonstrating the binding specificity of 6D8-PE38 RIT.

Inhibition of infectious EBOV production by 6D8-PE38 recombinant

immunotoxin

To test the potential of the 6D8-PE38 RIT as a possible EBOV antiviral, we examined its effect

on infectious virus production from cells infected with a wild-type EBOV obtained during the

2013–2016 EVD epidemic in Western Africa, caused by EBOV variant Makona [25, 26]. Since

mAb 6D8 was generated with GP1,2 from the 1976 EBOV Yambuku variant as an immunogen

[23], we first evaluated binding of mAb 6D8 to cells infected with EBOV variant Makona.

Fig 2. Recognition of EBOV GP1,2 expressed on the cell surface by mAb 6D8. Vero E6 cells were transfected with plasmids

pCAGGS-EBOV-GP1, 2, pCAGGS-MARV-GP1,2, or pCAGGS. After 48 h, cells were dissociated with enzyme-free cell-dissociation buffer

and stained with mAb 6D8 or control mouse immunoglobulin G (IgG), followed by Alexa Fluor 488-conjugated goat anti-mouse IgG

antibody. FSC-A: forward scatter area.

https://doi.org/10.1371/journal.pone.0245024.g002
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Huh-7 cells or MDMs were exposed to live virus at an MOI of 0.3 or 3; mock-exposed cells

served as negative controls. The expression of GP1,2 at 8, 24, and 48 h p.e. was assessed by

staining with mAb 6D8 (Fig 5). GP1,2 expression was observed in both virus-exposed cell types

in an MOI-dependent and time-dependent fashion. At 8 h p.e., GP1,2 expression was not

detected in either cell type at either MOI; at 24 h p.e., GP1,2 expression was evident in both cell

types, with higher levels at MOI 3; and at 48 h p.e., GP1,2 expression was robust in all cases. As

expected, GP1,2 expression could not be detected in mock-infected cells.

With the confirmation of efficient mAb 6D8 binding to cells infected with EBOV, we next

tested whether the 6D8-PE38 RIT was active against the infected cells. We used suppression of

EBOV release as a readout of infected cell killing, as previously used in human immunodefi-

ciency virus 1 (HIV-1) infection studies [27]. Huh-7 cells or MDMs were infected with EBOV

at an MOI of 0.3 or 3. At 1 h p.e., the infected cells were washed to remove unbound virions

and then treated with increasing concentrations of 6D8-PE38 RIT or control YC15-PE38 RIT.

Fig 3. Expression and purification of 6D8-PE38 recombinant immunotoxin targeting the EBOV GP1,2.

SDS-PAGE analysis of steps in purification of the 6D8-PE38 RIT. Lane 1: Molecular weight marker; Lane 2:

Uninduced bacterial cell lysate; Lane 3: isopropyl-β-D-thiogalactopyranoside (IPTG)-induced bacterial cell lysate; Lane

4: Inclusion body preparation from induced cells; Lane 5: Purified 6D8-PE38 RIT.

https://doi.org/10.1371/journal.pone.0245024.g003
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The amount of produced infectious virions was quantitated by plaque assay. We observed a

dose-dependent reduction of infectious EBOV production from both cell types by 6D8-PE38

RIT, but not by the unrelated control YC15-PE38 RIT, in both Huh-7 cells (Fig 6A) and

MDMs (Fig 6B). The observed potencies are comparable to reported data for other PE-based

RITs with in vivo efficacy [28]. These effects cannot be explained by simple neutralization by

the antibody component of the recombinant immunotoxin, since no reduction was observed

with mAb 6D8 (Fig 6C), consistent with a previous report demonstrating the non-neutralizing

effects of this antibody [23].

These data demonstrate the efficacy and specificity of the 6D8-PE38 RIT against EBOV

infection.

Discussion

The 2013–2016 EVD epidemic in Western Africa and recent outbreaks in the Democratic

Republic of the Congo have highlighted the urgent need for effective antiviral therapeutics to

meet future outbreaks. A number of investigational agents with promising activities in vitro
and in animal models have been administered in the field and advanced to clinical studies [7,

29, 30]. Particularly promising are specific mAbs directed against EBOV GP1,2 [31, 32], used

singly (e.g., mAb114) or in combination (e.g., REGN-EB3 mAb cocktail); the therapeutic

potential of these antibodies has been the focus of several clinical trials [7, 33, 34].

This study is a first step toward an alternative EVD treatment strategy, using anti-EBOV

antibodies for direct killing of virus target cells. Antibody-based target cell killing has been

advanced in cancer treatment and is moving to the forefront of therapeutic approaches against

Fig 4. 6D8-PE38 recombinant immunotoxin specially binds to EBOV GP1,2-expressing cells. 6D8-PE38 RIT was

labeled with Alexa Fluor 488. Vero E6 cells were transfected with pCAGGS-EBOV-GP1,2 or control

pCAGGS-MARV-GP1,2 plasmids. After 48 h, transfected cells were incubated with the indicated concentrations of

labeled 6D8-PE38 RIT. Cell-bound RIT was detected by flow cytometry. FSC-H: forward scatter height.

https://doi.org/10.1371/journal.pone.0245024.g004
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diverse viral pathogens, including HIV-1. Specific efforts include adoptive transfer of T cells,

e.g., natural virus-specific T cells expanded ex vivo [35] or genetically modified T cells express-

ing cloned T-cell receptors or chimeric antigen receptors [36, 37]; another T-cell-mediated

technology involves bispecific T-cell-engaging antibodies [38]. Distinct from these technically

complex cell-mediated strategies, RIT technology typically involves intravenous infusion of a

purified protein for direct killing of infected cells [39, 40]; RITs targeting HIV-1 and other spe-

cific viral pathogens have been described [41–43]. We propose that immunotoxins, such as the

6D8-PE38 RIT reported herein, have potential therapeutic utility against EBOV. In this con-

text, reported features of the original mAb 6D8 are noteworthy. This antibody strongly pro-

tected EBOV-exposed laboratory animals despite the absence of direct neutralizing activity;

however, neutralization in the presence of complement was observed, suggesting that the in
vivo protection reflected targeted killing of infected cells by either complement-mediated lysis

or ADCC [23]. Indeed, Fc-mediated activities have been observed for many EBOV-protective

antibodies [12, 44], including components of leading therapeutic cocktails, such as REGN-EB3

Fig 5. Surface staining with mAb 6D8 of EBOV-infected Huh-7 cells and MDMs. (A) Huh-7 cells or (B) MDMs

were exposed to EBOV at an MOI of 0.3 or 3. At indicated times post-exposure, cells were stained with mAb 6D8.

Fluorescence images were collected by high-content imaging.

https://doi.org/10.1371/journal.pone.0245024.g005
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Fig 6. Effect of 6D8-PE38 recombinant immunotoxin on infectious EBOV production from infected cells. (A) Huh-7

cells and (B) MDMs were exposed to EBOV at the indicated MOIs. After 1 h, viral inoculums were removed, and the cells

were treated with increasing concentrations of 6D8-PE38 RIT or control YC15-PE38 RIT. At 48 h post-exposure, tissue

culture supernatants were collected, and virus titers were measured by plaque assay. Data represent the means ± the

standard deviations of results from triplicate wells. �, P< 0.05; ��, P< 0.01; ���, P< 0.001; ����, P< 0.0001 (Student t-

test). (C) Huh-7 cells were exposed to EBOV at the indicated MOIs. After 1 h, viral inocula were removed, and the cells

were treated with increasing concentrations of mAb 6D8 or control mouse IgG. At 48 h post-exposure, tissue culture

supernatants were collected, and virus titers were measured by plaque assay. Data represent the means ± the standard

deviations of results from triplicate wells.

https://doi.org/10.1371/journal.pone.0245024.g006
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[45]. RIT technology, which is based on replacing the Fc domain of an antibody with a cyto-

toxic protein moiety, offers a direct approach for targeted killing of EBOV-infected cells, and

our results indicate the efficacy and specificity of such an RIT against EBOV infection. It

should be noted that the observed suppressive activity of the 6d8-PE38 RIT cannot be

explained by neutralization, since mAb 6D8 is a non-neutralization antibody [23] and because

the 6D8-PE38 RIT was added 1 h p.e., after removal of excess virus. A significant advantage of

the 6D8-PE38 RIT, compared to the original mAb 6D8, is that the required dosage to achieve

efficacy likely will be orders of magnitude lower. The in vivo efficacy range for a PE-based RIT

is typically 0.05 mg/kg or less per dose [46], as contrasted with the 5–50 mg/kg range for mAb

6D8 [23] as well as other individual mAbs in efficacious anti-EBOV cocktails [7, 33, 34, 45,

47]. The mechanism of action of the 6D8-PE38 RIT tested here, which our data strongly sug-

gest being preferential killing of EBOV-infected, will have to be evaluated further. Since

EBOV, or over-expressed EBOV GP1,2, causes severe cytopathic effects in infected/transfected

cells [48–50], we could not separate these effects from cytopathic effects induced by the RIT. It

is thus formally possible that the RIT exerted its EBOV-inhibitory effect by other or additional

means, for instance via steric hindrance caused by the cytotoxic (here, PE38) moiety. Such

alternative or additional actions may also contribute to off-target effects of the RIT on various

cell types that will have to be defined.

Cell-culture studies have revealed synergistic activities between particular combinations of

EBOV-inhibiting drugs [18]. In considering the RIT, relevance was based on previous cell-cul-

ture studies with HIV-1 that demonstrated robust synergy between one agent that inhibits

virus replication and another that directly kills infected cells. For instance, combination treat-

ment with an HIV-1 reverse transcriptase inhibitor (azidothymidine [AZT] or didanosine

[DDI]) plus an RIT (CD4-PE40) completely eliminated HIV-1 from cultures, a result not

approached with either agent alone [51]. Similar cooperative activities were observed in a

humanized mouse model; combination treatment with HIV-1 replication blockers (reverse

transcriptase and protease inhibitors) plus RIT CD4-PE40 nearly completely prevented virus

rebound after cessation of treatment, in marked contrast with the limited effect of either class

of agents alone [51].

We hypothesize that RITs, similar to the proof-of-principle 6D8-PE38 RIT described here,

will robustly complement EBOV-replication inhibitors. For example, an RIT might signifi-

cantly enhance the therapeutic efficacy of a small-molecule RNA synthesis inhibitor, such as

remdesivir, beyond what was observed clinically with remdesivir alone [7]. The molecular

weights of mAbs and RITs are too large to pass through selectively permeable endothelial cell

borders (e.g., blood-brain or blood-testis barriers). Hence, mAbs and RITs could only be used

therapeutically to address acute EVD. However, in combination with EBOV-specific small-

molecule antivirals that cross such barriers, acute and persistent EBOV infection in immune-

privileged sites of EVD survivors [52] could be addressed simultaneously and synergistically

[53]. In addition, recent studies suggest that RITs could be modified to enhance entry in privi-

leged sites [54]. RITs could also be combined with anti-EBOV mAbs that act primarily by

direct neutralization; these replication-blocking activities might be significantly comple-

mented by the direct targeting cell-killing activity of the RIT. To achieve such a cooperative

effect, mAb selection must avoid binding competition between the two antibody-based agents.

mAb 6D8 binds to a linear epitope in the mucin-like domain of EBOV GP1,2 [23, 55], which is

physically separate from the GP1,2 core, base, and glycan cap that harbors the binding sites for

the potent neutralizing mAbs of current therapeutic interest [12, 45, 55–57]. In recent years,

numerous EBOV-specific mAbs have been described with a broad variety of properties [12]

that could be taken into account for the development of EBOV-specific RITs with improved

affinity and/or more preferable GP1,2-binding sites. In addition, mAbs could be chosen that
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bind the GP1,2s of multiple ebolaviruses (e.g., those of Bundibugyo virus [BDBV], Sudan virus

[SUDV], and/or Taï Forest virus [TAFV]), or even bind the GP1,2s of non-ebolavirus filovi-

ruses, thereby resulting in broad-spectrum RITs.

Finally, we must consider general clinical concerns that have arisen during the extensive

studies with anti-cancer RITs [39, 40]. The toxin moieties of clinically advanced RITs are gen-

erally derived from bacterial toxins. The immunogenicity of these nonhuman components has

been a critical obstacle, prompting extensive de-immunization efforts through genetic modifi-

cation [58]. This concern is minimized for EVD by the acute nature of the disease and the

resulting short treatment window. Another obstacle for RIT therapy is the potential for dose-

limiting adverse effects, including on-target toxicity against normal cells expressing the same

target molecule and off-target systemic toxicity, particularly vascular leak syndrome associated

with toxin-induced damage to endothelial cells. On-target toxicity would likely be minimal for

the 6D8-PE38 RIT, since surface expression of the target antigen is limited to EBOV-infected

cells. The extent of off-target toxicity varies amongst different RITs, and can be reduced by

specific genetic modifications of the toxin domain as has been reported for several PE-based

RITs [59–61]. We hypothesize that none of these obstacles is insurmountable and that proof-

of-principle in vivo experiments ought to be performed to further evaluate the therapeutic

potential of RITs against EVD.

Supporting information

S1 Raw image.

(TIF)

Acknowledgments

We thank Hideki Ebihara (Laboratory of Virology, National Institute of Allergy and Infectious

Diseases [NIAID], National Institutes of Health [NIH], Hamilton, Montana, United States of

America [USA]) for providing human hepatocarcinoma Huh-7 cells. We thank John M. Dye

(United States Army Medical Research Institute of Infectious Diseases, Fort Detrick, Freder-

ick, Maryland [MD], USA) for providing the heavy chain and light chain sequences of mAb

6D8. We also thank Anya Crane and Jiro Wada (Integrated Research Facility at Fort Detrick

(IRF-Frederick), NIAID, NIH, Fort Detrick, Frederick, MD, USA) for editing the manuscript

and assisting with figure preparation, respectively.

The views and conclusions contained in this document are those of the authors and should

not be interpreted as necessarily representing the official policies, either expressed or implied,

of the U.S. Department of Health and Human Services, the US Army, or of the institutions

and companies affiliated with the authors.

Author Contributions

Conceptualization: Yingyun Cai, Jens H. Kuhn, Edward A. Berger.

Data curation: Yingyun Cai, Shuiqing Yu, Xiaoli Chi, Sheli R. Radoshitzky.

Formal analysis: Yingyun Cai, Shuiqing Yu, Xiaoli Chi, Sheli R. Radoshitzky, Jens H. Kuhn,

Edward A. Berger.

Investigation: Yingyun Cai, Shuiqing Yu, Xiaoli Chi, Sheli R. Radoshitzky, Edward A. Berger.

Methodology: Yingyun Cai, Shuiqing Yu, Xiaoli Chi, Sheli R. Radoshitzky, Edward A. Berger.

Project administration: Sheli R. Radoshitzky, Jens H. Kuhn, Edward A. Berger.

PLOS ONE Immunotoxin against Ebola virus

PLOS ONE | https://doi.org/10.1371/journal.pone.0245024 January 7, 2021 12 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245024.s001
https://doi.org/10.1371/journal.pone.0245024


Supervision: Sheli R. Radoshitzky, Jens H. Kuhn, Edward A. Berger.

Validation: Yingyun Cai, Shuiqing Yu, Xiaoli Chi, Sheli R. Radoshitzky, Edward A. Berger.

Writing – original draft: Yingyun Cai.

Writing – review & editing: Yingyun Cai, Shuiqing Yu, Xiaoli Chi, Sheli R. Radoshitzky, Jens

H. Kuhn, Edward A. Berger.

References
1. Jacob ST, Crozier I, Fischer WA II, Hewlett A, Kraft CS, Vega M-A, et al. Ebola virus disease. Nat Rev

Dis Primers. 2020; 6(1):13. Epub 2020/02/23. https://doi.org/10.1038/s41572-020-0147-3 PMID:

32080199; PubMed Central PMCID: PMC7223853.

2. World Health Organization. Ebola outbreak 2014–2015. http://www.who.int/csr/disease/ebola/en/.

2017.

3. Bullard SG. A day-by-day chronicle of the 2013–2016 Ebola outbreak. Cham, Switzerland: Springer;

2018.

4. World Health Organization. Ebola in the Democratic Republic of the Congo, North Kivu, Ituri 2018–

2020. https://www.who.int/emergencies/diseases/ebola/drc-2019. 2020.

5. Food and Drug Administration. First FDA-approved vaccine for the prevention of Ebola virus disease,

marking a critical milestone in public health preparedness and response. https://www.fda.gov/news-

events/press-announcements/first-fda-approved-vaccine-prevention-ebola-virus-disease-marking-

critical-milestone-public-health. 2019.

6. Kuhn JH, Amarasinghe GK, Perry DL. Filoviridae. In: Howley PM, Knipe DM, Whelan SPJ, editors.

Fields Virology. 1 (Emerging Viruses). 7th ed. Philadelphia, USA: Wolters Kluwer/Lippincott Williams

& Wilkins; 2020. p. 449–503.

7. Mulangu S, Dodd LE, Davey RT Jr., Tshiani Mbaya O, Proschan M, Mukadi D, et al. A randomized, con-

trolled trial of Ebola virus disease therapeutics. N Engl J Med. 2019; 381(24):2293–303. Epub 2019/11/

28. https://doi.org/10.1056/NEJMoa1910993 PMID: 31774950.

8. Parren PWHI, Geisbert TW, Maruyama T, Jahrling PB, Burton DR. Pre- and postexposure prophylaxis

of Ebola virus infection in an animal model by passive transfer of a neutralizing human antibody. J Virol.

2002; 76(12):6408–12. Epub 2002/05/22. https://doi.org/10.1128/jvi.76.12.6408-6412.2002 PMID:

12021376; PubMed Central PMCID: PMC136210.

9. Maruyama T, Rodriguez LL, Jahrling PB, Sanchez A, Khan AS, Nichol ST, et al. Ebola virus can be

effectively neutralized by antibody produced in natural human infection. J Virol. 1999; 73(7):6024–30.

Epub 1999/06/11. https://doi.org/10.1128/JVI.73.7.6024-6030.1999 PMID: 10364354; PubMed Central

PMCID: PMC112663.

10. Oswald WB, Geisbert TW, Davis KJ, Geisbert JB, Sullivan NJ, Jahrling PB, et al. Neutralizing antibody

fails to impact the course of Ebola virus infection in monkeys. PLoS Pathog. 2007; 3(1):e9. Epub 2007/

01/24. https://doi.org/10.1371/journal.ppat.0030009 PMID: 17238286; PubMed Central PMCID:

PMC1779296.

11. Pettitt J, Zeitlin L, Kim DH, Working C, Johnson JC, Bohorov O, et al. Therapeutic intervention of Ebola

virus infection in rhesus macaques with the MB-003 monoclonal antibody cocktail. Sci Transl Med.

2013; 5(199):199ra13. Epub 2013/08/24. https://doi.org/10.1126/scitranslmed.3006608 PMID:

23966302.

12. Saphire EO, Schendel SL, Fusco ML, Gangavarapu K, Gunn BM, Wec AZ, et al. Systematic analysis of

monoclonal antibodies against Ebola virus GP defines features that contribute to protection. Cell. 2018;

174(4):938–52.e13. Epub 2018/08/11. https://doi.org/10.1016/j.cell.2018.07.033 PMID: 30096313;

PubMed Central PMCID: PMC6102396.

13. Shafiee F, Aucoin MG, Jahanian-Najafabadi A. Targeted diphtheria toxin-based therapy: a review arti-

cle. Front Microbiol. 2019; 10:2340. Epub 2019/11/05. https://doi.org/10.3389/fmicb.2019.02340 PMID:

31681205; PubMed Central PMCID: PMC6813239.

14. Abou Dalle I, Ravandi F. Moxetumomab pasudotox for the treatment of relapsed and/or refractory hairy

cell leukemia. Expert Rev Hematol. 2019; 12(9):707–14. Epub 2019/07/13. https://doi.org/10.1080/

17474086.2019.1643231 PMID: 31298972.

15. Polito L, Djemil A, Bortolotti M. Plant toxin-based immunotoxins for cancer therapy: a short overview.

Biomedicines. 2016; 4(2):12. Epub 2017/05/26. https://doi.org/10.3390/biomedicines4020012 PMID:

28536379; PubMed Central PMCID: PMC5344252.

PLOS ONE Immunotoxin against Ebola virus

PLOS ONE | https://doi.org/10.1371/journal.pone.0245024 January 7, 2021 13 / 16

https://doi.org/10.1038/s41572-020-0147-3
http://www.ncbi.nlm.nih.gov/pubmed/32080199
http://www.who.int/csr/disease/ebola/en/
https://www.who.int/emergencies/diseases/ebola/drc-2019
https://www.fda.gov/news-events/press-announcements/first-fda-approved-vaccine-prevention-ebola-virus-disease-marking-critical-milestone-public-health
https://www.fda.gov/news-events/press-announcements/first-fda-approved-vaccine-prevention-ebola-virus-disease-marking-critical-milestone-public-health
https://www.fda.gov/news-events/press-announcements/first-fda-approved-vaccine-prevention-ebola-virus-disease-marking-critical-milestone-public-health
https://doi.org/10.1056/NEJMoa1910993
http://www.ncbi.nlm.nih.gov/pubmed/31774950
https://doi.org/10.1128/jvi.76.12.6408-6412.2002
http://www.ncbi.nlm.nih.gov/pubmed/12021376
https://doi.org/10.1128/JVI.73.7.6024-6030.1999
http://www.ncbi.nlm.nih.gov/pubmed/10364354
https://doi.org/10.1371/journal.ppat.0030009
http://www.ncbi.nlm.nih.gov/pubmed/17238286
https://doi.org/10.1126/scitranslmed.3006608
http://www.ncbi.nlm.nih.gov/pubmed/23966302
https://doi.org/10.1016/j.cell.2018.07.033
http://www.ncbi.nlm.nih.gov/pubmed/30096313
https://doi.org/10.3389/fmicb.2019.02340
http://www.ncbi.nlm.nih.gov/pubmed/31681205
https://doi.org/10.1080/17474086.2019.1643231
https://doi.org/10.1080/17474086.2019.1643231
http://www.ncbi.nlm.nih.gov/pubmed/31298972
https://doi.org/10.3390/biomedicines4020012
http://www.ncbi.nlm.nih.gov/pubmed/28536379
https://doi.org/10.1371/journal.pone.0245024


16. Weldon JE, Pastan I. A guide to taming a toxin—recombinant immunotoxins constructed from Pseudo-

monas exotoxin A for the treatment of cancer. FEBS J. 2011; 278(23):4683–700. Epub 2011/05/19.

https://doi.org/10.1111/j.1742-4658.2011.08182.x PMID: 21585657; PubMed Central PMCID:

PMC3179548.

17. Cong Y, McArthur MA, Cohen M, Jahrling PB, Janosko KB, Josleyn N, et al. Characterization of yellow

fever virus infection of human and non-human primate antigen presenting cells and their interaction with

CD4+ T cells. PLoS Negl Trop Dis. 2016; 10(5):e0004709. Epub 2016/05/19. https://doi.org/10.1371/

journal.pntd.0004709 PMID: 27191161; PubMed Central PMCID: PMC4871483.

18. Dyall J, Nelson EA, DeWald LE, Guha R, Hart BJ, Zhou H, et al. Identification of combinations of

approved drugs with synergistic activity against Ebola virus in cell cultures. J Infect Dis. 2018; 218

Suppl 5:S672–S8. Epub 2018/06/26. https://doi.org/10.1093/infdis/jiy304 PMID: 29939303; PubMed

Central PMCID: PMC6249579.

19. Cai Y, Berger EA. An immunotoxin targeting the gH glycoprotein of KSHV for selective killing of cells in

the lytic phase of infection. Antiviral Res. 2011; 90(3):143–50. Epub 2011/03/29. https://doi.org/10.

1016/j.antiviral.2011.03.175 PMID: 21440007; PubMed Central PMCID: PMC3102131.

20. Chatterjee D, Chandran B, Berger EA. Selective killing of Kaposi’s sarcoma-associated herpesvirus lyti-

cally infected cells with a recombinant immunotoxin targeting the viral gpK8.1A envelope glycoprotein.

MAbs. 2012; 4(2):233–42. Epub 2012/03/02. https://doi.org/10.4161/mabs.4.2.19262 PMID:

22377676; PubMed Central PMCID: PMC3361659.
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