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Abstract

Ebolaviruses cause an often rapidly fatal syndrome known as Ebola virus disease (EVD),

with average case fatality rates of ~50%. There is no licensed vaccine or treatment for EVD,

underscoring the urgent need to develop new anti-ebolavirus agents, especially in the face

of an ongoing outbreak in the Democratic Republic of the Congo and the largest ever out-

break in Western Africa in 2013–2016. Lectins have been investigated as potential antiviral

agents as they bind glycans present on viral surface glycoproteins, but clinical use of them

has been slowed by concerns regarding their mitogenicity, i.e. ability to cause immune cell

proliferation. We previously engineered a banana lectin (BanLec), a carbohydrate-binding

protein, such that it retained antiviral activity but lost mitogenicity by mutating a single amino

acid, yielding H84T BanLec (H84T). H84T shows activity against viruses containing high-

mannose N-glycans, including influenza A and B, HIV-1 and -2, and hepatitis C virus. Since

ebolavirus surface glycoproteins also contain many high-mannose N-glycans, we assessed

whether H84T could inhibit ebolavirus replication. H84T inhibited Ebola virus (EBOV) repli-

cation in cell cultures. In cells, H84T inhibited both virus-like particle (VLP) entry and
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transcription/replication of the EBOV mini-genome at high micromolar concentrations, while

inhibiting infection by transcription- and replication-competent VLPs, which measures the

full viral life cycle, in the low micromolar range. H84T did not inhibit assembly, budding, or

release of VLPs. These findings suggest that H84T may exert its anti-ebolavirus effect(s) by

blocking both entry and transcription/replication. In a mouse model, H84T partially (maxi-

mally, ~50–80%) protected mice from an otherwise lethal mouse-adapted EBOV infection.

Interestingly, a single dose of H84T pre-exposure to EBOV protected ~80% of mice. Thus,

H84T shows promise as a new anti-ebolavirus agent with potential to be used in combina-

tion with vaccination or other agents in a prophylactic or therapeutic regimen.

Author summary

There are no approved vaccines or treatments to combat infections with ebolaviruses,

which cause Ebola virus disease (EVD), an often rapidly fatal disease characterized by

fever and bleeding that results in death in up to ~90% of cases. Ebolaviruses are among

the most pathogenic viruses that cause human disease and represent a threat to global

public health. Outbreaks of EVD occur periodically in African countries and can be

exported elsewhere, with recent outbreaks including one ongoing in the Democratic

Republic of the Congo and the largest ever in Western Africa in 2013–2016. There is

therefore a great need to develop new vaccines and treatments that target ebolaviruses.

We examined whether a lectin (carbohydrate-binding protein), predicted to bind to car-

bohydrates present on the surface of many viruses and thereby interfere with infection,

could block ebolavirus infection and be used for prevention and/or treatment of EVD. We

found that the protein blocked ebolavirus infection in cell cultures and, moreover, pro-

tected a significant proportion of ebolavirus-infected mice from death, even when admin-

istered only once before exposure to virus as a preventive. The protein hence shows

promise as a potential agent to prevent and/or treat EVD.

Introduction

Filoviruses, which include the six species of Ebolavirus, are among the direst of all human

pathogenic viruses, causing severe disease in humans and nonhuman primates that is often ful-

minant and rapidly fatal. Ebola virus disease (EVD) has a case fatality rate of 25–90%, with an

average case fatality rate of 50% [1]. Since the discovery of ebolaviruses in 1976, there have

been sporadic outbreaks of EVD in African countries, the longest and deadliest of which was

the 2013–2016 Western African Ebola epidemic in Guinea, Liberia, and Sierra Leone, with

approximately 28,000 cases and 11,000 deaths [2]. The latest outbreaks of EVD occurred from

May to July of 2018 in the Democratic Republic of the Congo, with another unlinked outbreak

ongoing in the same country as of August 2018, underscoring the unabating potential of ebola-

viruses to re-emerge. Due to their high fatality rates and potential to be weaponized, filoviruses

are considered category A priority pathogens and bioterrorism agents by the National Institute

of Allergy and Infectious Diseases and the Centers for Disease Control and Prevention, respec-

tively, and represent a serious threat to global health.

Unfortunately, there is currently no licensed vaccine or treatment for this deadly disease

despite fervent efforts to develop preventive and therapeutic agents. Though progress has been

made in developing anti-ebolavirus agents, challenges still remain. A number of ebolavirus

Engineered lectin inhibits Ebola virus infection

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007595 July 29, 2019 2 / 20

Memorial Institute (BMI). Subcontractors to BMI

who performed this work are JD and EP as

employees of Tunnell Consulting, Inc., LT as an

employee of Charles River, and GGO Jr as an

employee of MRIGlobal. This work was also

supported by grants to DMM from the Defense

Threat Reduction Agency (HDTRA1-15-0067;

http://www.dtra.mil) and to JMW from the NIAID

(1RO1AI114776; https://www.niaid.nih.gov). EMC-

D. was supported by National Institutes of Health

training grants to the University of Michigan

Medical Scientist Training Program (T32

GM07863) and Molecular Mechanisms of

Microbial Pathogenesis (T32 AI007528), as well as

by a National Research Service Award

(1F31AI136615-01) from the NIAID. The funders

had no role in study design, data collection and

analysis, decision to publish, or preparation of the

manuscript.

Competing interests: I have read the journal’s

policy and the authors of this manuscript have the

following competing interests: DMM is an inventor

on a patent for H84T BanLec. He is also founder of

Virule, a company that aims to commercialize

H84T.

https://doi.org/10.1371/journal.pntd.0007595
http://www.dtra.mil
https://www.niaid.nih.gov


vaccines have demonstrated safety and at least some immunogenicity in people [3,4], but the

only ebolavirus vaccination trial to date to obtain clinical efficacy data was the Ebola Ça Suffit!

trial, which took place during the 2013–2016 epidemic. This study employed ring vaccination

of people epidemiologically linked to patients with EVD. Clinical trial subjects were vaccinated

with the recombinant vesicular stomatitis virus vaccine (rVSV-ZEBOV), a live attenuated vac-

cine expressing the EBOV glycoprotein (GP) in a VSV vector [5]. Although the trial reported

100% efficacy in ring-vaccinated individuals and rVSV-ZEBOV is being used successfully in the

current (August 2018 to manuscript submission) outbreak, there are challenges with its adminis-

tration and it is not yet clear whether the vaccine will provide long-term protection [6–8]. Three

experimental agents demonstrating at least some pre-clinical efficacy were used in the 2013–

2016 outbreak [9], including ZMapp, a cocktail of three monoclonal antibodies against EBOV

[10]; favipiravir, a viral RNA polymerase inhibitor [11]; and in two patients the nucleotide ana-

log prodrug remdesivir [12,13], but neither these nor other antiviral therapeutic agents have yet

been proven effective in clinical trials. Both ZMapp and vaccines require a cold chain, which

would complicate distribution of these agents in the event of an outbreak given the poor infra-

structure of many affected areas, and ZMapp is costly and requires administration by skilled

health care workers. Given the paucity of licensed anti-ebolavirus vaccines and therapeutics,

there is a critical need to develop new and potent agents for EVD prevention and treatment.

Lectins, or carbohydrate-binding proteins, have been viewed as candidate antiviral agents

since many recognize glycans on the surfaces of viruses that are not commonly present on

most normal human cells [14,15]. However, clinical use of lectins has been slowed by their

mitogenicity, or ability to cause the proliferation of cells, particularly immune cells, that could

potentially result in an unwanted immune reaction. We recently rationally engineered a lectin

derived from bananas, banana lectin (BanLec), to retain broad-spectrum antiviral activity

while removing mitogenicity with a single amino acid substitution, resulting in H84T BanLec

(H84T) [16]. H84T binds to high-mannose N-glycans and has antiviral activity against a num-

ber of high-mannose-expressing viruses, including HIV-1 and -2, hepatitis C virus, and influ-

enza A and B virus, among others. Ebolaviruses express, in addition to other glycans, a high

level of high-mannose N-glycans on their surface glycoprotein (GP) molecules [17–19], enve-

lope proteins important for viral entry [20]. Considering that H84T has demonstrated antiviral

activity against other viruses containing high-mannose and that high-dose treatment with

mannose binding lectin, another lectin with specificity for mannose, has proven efficacious in

limiting EVD in vivo [21], in the present study we sought to characterize whether H84T has

anti-ebolavirus activity and whether H84T could in turn protect against EVD in vivo. We

demonstrate that H84T inhibits ebolavirus activity in vitro, protects mice from ebolavirus

infection, and may exert its anti-ebolavirus effect by blocking both the entry and transcription/

replication phases of the viral life cycle.

Methods

Cells and reagents

HEK293T/17 cells (ATCC CRL-11268) were obtained from the University of Virginia Tissue

Culture Facility and were maintained in Dulbecco’s Modified Eagle Medium (DMEM) con-

taining 1% sodium pyruvate, 1% L-glutamine, 1% antibiotic-antimycotic (all Gibco Life Tech-

nologies), and 10% supplemented calf serum (Hyclone). Vero E6 (ATCC CRL-1586,

Manassas, VA), HeLa (ATCC CCL-2), and Huh 7 (human hepatocellular carcinoma) cells

were maintained following recommended protocols.

H84T BanLec was prepared in E. coli as previously described [16], except that non-His-

tagged protein was used for the majority of the study (in all experiments except those depicted
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in Figs 1, 2B and 7) and purified on a Sephadex G-75 column instead of on a Ni-NTA agarose

column. Briefly, cleared bacterial lysates were added to the Sephadex column equilibrated with

PBS and the column washed with PBS until the OD of the flow-through at 280 nm was < 0.02.

The protein was then eluted with 0.2 M methyl-α-D-glucopyranoside. WT and D133G BanLec

were prepared as previously described [16] and were His-tagged. For all lectins, endotoxin lev-

els were tested with the Pierce LAL Chromogenic Endotoxin Quantitation Kit (Thermo Fisher

Scientific). To remove endotoxin, 1 M glucose was added and pooled eluates containing the

protein were passed through Mustang E filters (Pall). Following endotoxin removal to< 0.1

endotoxin units/mg of protein, the Vivaspin 20 centrifugal unit with 3K MWCO was used to

remove glucose and concentrate H84T in water. Protein and endotoxin concentrations were

then tested using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) and LAL assay,

respectively.

Ribavirin and toremifene citrate were purchased from Selleck.

Construction and expression of KZ52-scFv antibody fragments in E. coli

KZ52-scFv, which recognizes EBOV GP, was expressed and purified by the Antibody Engi-

neering and Technology core at the University of Virginia. To do so, a gene fragment consist-

ing of codon-optimized DNA sequences for the KZ52 variable heavy chain linked to the KZ52

variable light chain by a 15 amino acid linker (Gly4Ser)3 was synthesized by BioBasic. The gene

was cloned into a pET-based vector containing a 6x histidine tag and a pelB leader sequence

for periplasmic expression of protein. E. coli B strain competent cells engineered to promote

Fig 1. H84T inhibits Ebola virus infection in cell cultures. Huh 7 or Vero E6 cells were pretreated for 1 h with the

indicated concentrations of H84T. Cells were infected with EBOV/Mak at an MOI of 2.5. After 48 h, cells were fixed

and stained with an antibody to the EBOV VP40 protein followed by secondary staining with an Alexa 594-labeled

antibody. The experiment was run on duplicate plates with triplicate wells per dose (mean ± SD; n = 3). One

representative graph (from one of the two plates) is shown. Percent inhibition of infection was calculated as described

in the Methods section. Abbreviations: EBOV/Mak, Ebola virus (Makona); MOI, multiplicity of infection; SD,

standard deviation; VP40, viral protein 40.

https://doi.org/10.1371/journal.pntd.0007595.g001
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disulfide bond formation in the cytoplasm that is suitable for T7 promoter driven protein

expression (designated SHuffle T7 Express: fhuA2 lacZ:T7 gene1 [lon] ompT ahpC gal λatt::
pNEB3-r1-cDsbC (SpecR, lacIq) ΔtrxB sulA11 R(mcr-73::miniTn10—TetS)2 [dcm] R(zgb-210::

Tn10—TetS) endA1 Δgor Δ(mcrC-mrr)114::IS10) were transformed with the pET-KZ52 con-

struct and grown on ampicillin-LB agar plates.

The transformed cells were grown using rich medium, 2xYT, with ampicillin, at 37˚C for

16 h. The next day, pre-warmed 2xYT medium was prepared in 2 L conical flasks (300 mL per

flask) with antibiotics, inoculated with 10 mL of the overnight culture and then grown at 37˚C

(250 rpm) until the optical density at 600 nm had reached 0.5. Cells were then placed on ice for

30 min and IPTG was added to a final concentration of 0.5 mM. The cultures were grown at

25˚C (250 rpm) for an additional 16 h. Bacterial cells were pelleted by centrifugation for 20

min (11,000 x g, 4˚C), the supernatants were discarded, and the pellets were frozen at -20˚C

until needed.

Purification of scFv fragments from periplasm. Periplasmic extracts were prepared

from bacterial cells as previously described [22]. Briefly, bacterial cell pellets were re-sus-

pended in 1/50 volume of lysis buffer (10 mM HEPES, pH 7.4, 1 mg/mL hen egg lysozyme,

and an EDTA-free protease inhibitor cocktail [Halt protease inhibitor cocktail, Thermo Fisher

Fig 2. H84T inhibits human- and mouse-adapted Ebola virus replication in tissue culture. Huh 7 or Vero E6 cells

were pretreated for 1 h with the indicated concentrations of H84T. Cells were subsequently infected with (A) EBOV/

Mak at an MOI of 0.5 or (B) ma-EBOV at an MOI of 0.25 for 48 h. Cells were fixed and stained with an antibody to the

EBOV VP40 protein followed by secondary staining with an HRP-labeled antibody. Antiviral activity of H84T, shown

in blue, and cytotoxicity in uninfected cells, shown in red, were calculated as described in the Methods section. The

experiment depicted in (A) was run twice for each cell line, and each experiment comprised duplicate plates with

triplicate wells per dose (mean ± SD; n = 3). One representative graph from the two independent experiments (total of

4 plates) is shown. In (B), one experiment was run on a single plate with triplicate wells per dose (mean ± SD; n = 3).

Average cytotoxicities were 4.2% and 3.0% for Huh 7 and Vero cells, respectively (from n = 5 plates each).

Abbreviations: EBOV/Mak, Ebola virus (Makona); HRP, horseradish peroxidase; ma-EBOV, mouse-adapted Ebola

virus; MOI, multiplicity of infection; SD, standard deviation; VP40, viral protein 40.

https://doi.org/10.1371/journal.pntd.0007595.g002

Engineered lectin inhibits Ebola virus infection

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007595 July 29, 2019 5 / 20

https://doi.org/10.1371/journal.pntd.0007595.g002
https://doi.org/10.1371/journal.pntd.0007595


Scientific]). The cells were incubated on ice for 1 h. After incubation, MgCl2 and DNase I were

added to final concentrations of 10 mM and 20 U/mL, respectively. The cells were incubated

at room temperature for 30 min and pelleted by centrifugation at 4˚C (20 min, 18,000 x g).

The supernatants were collected and stored on ice. Antibody scFv fragments were purified

from these periplasmic extracts by immobilized metal affinity chromatography (IMAC). The

IMAC resin (His-60, Clontech) was equilibrated in HEPES buffer supplemented with 10 mM

imidazole and 300 mM NaCl (pH 7.4). Periplasmic extract from 2 L of bacterial culture was

mixed with 3 mL of equilibrated resin and incubated on an end-over-end rotator for 1 h at

4˚C. The resin was subsequently packed into a column (0.8 x 4 cm) and washed with 20 bed

volumes of HEPES buffer supplemented with 10 mM imidazole and 300 mM NaCl and 5 bed

volumes of HEPES supplemented with 20 mM imidazole and 300 mM NaCl. The scFv was

eluted from the column using an imidazole step gradient from 100 to 250 mM imidazole in

HEPES containing 300 mM NaCl. Protein elution was monitored by UV absorbance at 280

nm. The collected fractions were analyzed by SDS-PAGE.

Viruses

Ebola virus/H.sapiens-tc/GIN/2014/Makona-C05 (EBOV/Mak, GenBank accession no.

KX000398.1) and mouse-adapted Ebola virus/Mayinga (GenBank accession no. KY425637.1)

(ma-EBOV) were propagated as previously described [23]. Virus stock and challenge inocu-

lum titers were determined by plaque assay on Vero E6 cells. All procedures using live EBOV

were performed under BSL-4 conditions.

Infection studies

In vitro cell-based infection assay. The cell-based EBOV drug screen assay was per-

formed as previously described [24]. Briefly, Huh 7 or Vero E6 cells were seeded at a density of

3 x 104 cells/well in black, clear bottom 96-well plates approximately 24 h before adding H84T

BanLec. H84T was diluted in DMEM with 10% HI-FBS and added to the cell media to a final

concentration ranging from 0.16 μM to 20 μM. After 1 h, cells were infected with EBOV/Mak

at the indicated multiplicity of infection (MOI). After 48 h, plates were fixed with 10% neutral-

buffered formalin. EBOV was detected with a mouse antibody against EBOV viral protein 40

(VP40) (#B-MD04-BD07-AE11, made by the United Stated Army Research Institute of Infec-

tious Diseases under Centers for Disease Control and Prevention contract). The VP40 anti-

body was used at a dilution of 1:2500 (in 3% BSA) for staining with Alexa Fluor 594-labeled

IgG-antibody (#A11005, Life Technologies, Grand Island, NY; diluted 1:2500 in 3% BSA) and

at a dilution of 1:4000 (in 3% BSA, 2% milk) for staining with the horseradish peroxidase

(HRP)-conjugated IgG-antibody (SeraCare, Milford, MA, cat. #074–1802; diluted 1:4000 in

3% BSA, 2% milk). The Pico Chemiluminescent Substrate (Thermo Fisher Scientific, Inc.,

Rockford, IL) was prepared by mixing Luminol/Enhancer and Stable Peroxide Solutions 1:1

and added at 100 μl/well according to manufacturer’s instructions. Cytotoxicity was measured

48 h after drug addition to non-virus-infected plates (black opaque) using a Cell Titer Glo

luminescent cell viability assay kit (Promega, Madison, WI). Fluorescence and luminescence

were measured using a Tecan plate reader (Infinite M1000, Tecan US, Morrisville, NC).

For efficacy plates, the average background signal from uninfected control wells was sub-

tracted from the signal obtained for all infected wells on each plate. For cytotoxicity plates, the

average background signal from wells containing no cells was subtracted from the signal

obtained for all other wells. Infectivity and cell viability were measured as a percentage relative

to untreated infected cells and untreated cells, respectively. Percent inhibition was calculated

as [1 - (treated virus signal—cell background) / (untreated virus signal—cell background)] x
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100. Half maximal inhibitory concentration (IC50) was calculated from the non-linear regres-

sion analysis fitted curve (log[agonist] vs response [variable slope]) using GraphPad Prism

Software (La Jolla, CA). Cytotoxicity was calculated as [1 - (treated cell signal—background) /

(untreated cell signal—background)] x 100.

Murine Ebola virus infection model. Female C57BL/6 mice (Charles River Laboratories,

Wilmington, MA) were housed in micro-isolator cages (5 per cage) with CareFresh bedding

and provided Teklad autoclavable rodent diet (no. 2018SX, Envigo, Indianapolis, IN) and puri-

fied (reverse osmosis) water ad libitum. Groups of mice (n = 13) were challenged intraperito-

neally (IP) with a measured dose (calculated by back titration) of 756 and 770 PFU of ma-

EBOV on day 0 in the first and second experiments, respectively. Mice were treated IP with

H84T BanLec in vehicle (sterile phosphate buffered saline, PBS) starting at 30 h or 6 h before

challenge. The treatment doses ranged from 5 to 50 mg/kg and the dosing regimen for each

experiment is indicated in Fig 3A, 3B and 3C. Mice were weighed 2–5 days before challenge,

and the average mouse weight was used to calculate the treatment dose. A group size of 13

mice was selected to provide 80% power to detect a 0.0 versus 0.5 difference (e.g., 50% survival

in an H84T BanLec-treated group compared to 0% survival in the vehicle control group). All

personnel participating in the administration of treatment or challenge material, animal

assessments, or euthanasia criteria scoring were blinded to the treatment contents (but not

dosing schedule) for each group to reduce observer bias.

Ethics statement

Animals were housed in a facility accredited by the Association for Assessment and Accredita-

tion of Laboratory Animal Care International. All experimental procedures were approved by

the National Institute of Allergy and Infectious Diseases, Division of Clinical Research, Animal

Care and Use Committee, and were in compliance with the Animal Welfare Act regulations,

Public Health Service policy, and the Guide for the Care and Use of Laboratory Animals

recommendations.

trVLP production

trVLPs were prepared under BSL-2 conditions as previously described [25–29]. Briefly,

HEK293T/17 cells were seeded in 6-well plates and were transfected at 50–75% confluency

with pCAGGS-NP; pCAGGS-VP35; pCAGGS-VP30; pCAGGS-L; a tetracistronic mini-

genome plasmid encoding EBOV GP, EBOV VP24, EBOV VP40, and Renilla luciferase; and

pCAGGS-T7 polymerase using TransIT-LT1 (Mirus). 24 h post transfection, the medium in

each well was replaced with 2 mL fresh medium containing 5% serum and 25 mM HEPES

(Gibco Life Technologies). 72 h post transfection, the cell medium containing trVLPs was col-

lected, pooled, and cleared of cellular debris by centrifugation (800 x g, 5 min). trVLPs were

stored at 4˚C until use.

VLP production

VLPs were prepared as previously described [26,27,30–32]. Briefly, 80% confluent HEK293T/

17 cells were transfected with cDNAs encoding EBOV Mayinga GP, VP40, mCherry-VP40,

and βlam-VP40. The cell medium was collected 24 and 48 h post transfection, pooled, and

cleared of cellular debris by centrifugation (800 x g, 5 min). VLPs in the cleared medium were

pelleted through a 20% sucrose cushion by centrifugation (112,398 x g, 2 h) and resuspended

in 10% sucrose-HM (20 mM HEPES, 20 mM MES, 130 mM NaCl, pH 7.4). All VLP preps

were assessed by western blot analyses and titered on HEK293T/17 cells to confirm entry com-

petency. VLPs were frozen in single use aliquots at -80˚C until use.
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trVLP infection (p4cis) assays

Infection of HEK293T/17 cells by trVLPs was assayed as described [25–29]. In short, to pre-

pare target cells, HEK293T/17 cells were seeded in opaque white 96-well plates (Genesee Scien-

tific). The next day, the cells were transfected with pCAGGS-NP, pCAGGS-VP35, pCAGGS-

VP30, pCAGGS-L, and pCAGGS-Tim1 using polyethylenimine (PEI, Polysciences Inc). 18–24

h post transfection, target cells were pre-treated for 1 h at 37˚C in a 5% CO2 incubator with the

indicated concentration(s) of the indicated drug(s) diluted in cell medium (medium alone for

mock). For some experiments (as noted), the trVLPs (instead of cells) were pretreated in

medium containing the indicated concentration(s) of the indicated drug(s) or KZ52-scFv (or

medium alone for mock) for 1 h at 37˚C.

Fig 3. H84T inhibits Ebola virus infection in mice. (A) Survival of mice (n = 13 per group) exposed IP to ma-EBOV (756 PFU) on day 0. H84T treatments were

administered IP at 50 mg/kg in PBS at the indicated time points before or after exposure to virus. The control group was treated once daily with vehicle (PBS,

Group 2). Treatment for Groups 1 and 5 was discontinued on day 5 due to apparent toxicity. (B, C) Survival of mice (n = 13 per group) exposed IP to ma-EBOV

(770 PFU) on day 0. (B) Mice were treated IP with 50, 25, 10, or 5 mg/kg of H84T in PBS at 6 h before exposure to virus and on days 3, 6, and 9 post-exposure. (C)

Mice were treated IP with 50 mg/kg H84T in PBS at the indicated time points before or after exposure to virus. Control groups in (B) and (C) received vehicle

(PBS, Group 5) or no treatment (None, Group 6). Abbreviations: IP, intraperitoneal; ma-EBOV, mouse-adapted Ebola virus; PFU, plaque forming unit.

https://doi.org/10.1371/journal.pntd.0007595.g003
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To assess trVLP infection, the pretreatment solution (or medium above cells for experi-

ments where the trVLPs were pretreated) was removed and replaced with trVLPs diluted in

growth medium containing the indicated concentration(s) of the indicated drug(s) or the pre-

treated trVLPs (as noted). The cells were then incubated for 48 h at 37˚C in a 5% CO2 incuba-

tor, after which time luciferase was measured using Renilla-Glo substrate and a GloMax plate

reader (both Promega). Percent inhibition was calculated as [1 - (treated trVLP signal—cell

background) / (untreated trVLP signal—cell background)] x 100. Cytotoxicity was calculated

as [1 - (treated cell signal—background) / (untreated cell signal—background)] x 100.

Transcription/Replication (p1cis) assays

HEK293T/17 cells were seeded in 24-well plates. When 50–75% confluent, the cells were pre-

treated for 1 h at 37˚C in a 5% CO2 incubator with the indicated concentration(s) of the indi-

cated drug(s) (medium alone for mock). Transfection complexes composed of (per well) 25 ng

pCAGGS-NP, 25 ng pCAGGS-VP35, 15 ng pCAGGS-VP30, 200 ng pCAGGS-L, 50 ng of a

monocistronic mini-genome plasmid encoding Renilla luciferase, 50 ng pCAGGS-T7 poly-

merase, and 1.5 μL TransIT-LT1 were diluted in Opti-MEM1 (OMEM, Gibco Life Technolo-

gies) and added directly to the cells. 24 h post transfection, the medium in each well was

replaced with fresh growth medium containing 5% serum, 25 mM HEPES, and the indicated

concentration(s) of the indicated drug(s). 48 h post transfection, the medium above the cells

was removed and Renilla-Glo was added. Once the cells were lysed (by the Renilla-Glo

reagent), lysates were transferred to opaque white 96-well plates (Genesee Scientific) and lumi-

nescence was measured by GloMax. Percent inhibition was calculated as [1 - (treated p1cis sig-

nal—cell background) / (untreated p1cis signal—cell background)] x 100.

VLP entry assays

VLP entry assays were performed as previously described [26,27,30–32]. Briefly, HEK293T/17

cells were seeded in 96-well plates coated with fibronectin (Millipore) and were grown over-

night at 37˚C in a 5% CO2 incubator. When the cells were 80–90% confluent, the cells were

pretreated with the indicated concentration of H84T Banana Lectin (H84T) diluted in OMEM

(water for mock) for 1 h at 37˚C in a 5% CO2 incubator. For some experiments (as indicated),

the VLPs (instead of the cells) were pretreated in OMEM containing the indicated concentra-

tion of H84T or KZ52-scFv for 1 h at 37˚C. The pretreatment solution (or medium above the

cells for experiments where the VLPs were pretreated) was removed and VLPs were bound to

the cells by spinfection (250 x g) for 1 h at 4˚C. The cells were incubated for 3 h at 37˚C in a

5% CO2 incubator, the β-lactamase substrate CCF2-AM (Life Technologies) was loaded into

cells for 1 h at RT, and the cells were incubated overnight at RT. The cells were then lifted,

fixed, and analyzed by flow cytometry as described in detail in Ref. 30. Percent inhibition was

calculated as [1 - (treated virus signal—CCF2-AM background) / (untreated virus signal—

CCF2-AM background)] x 100.

VLP assembly and budding assays

HEK293T/17 cells were seeded in 6-well plates. When ~50–75% confluent, the cells were pre-

treated for 1 h at 37˚C in a 5% CO2 incubator with the indicated concentration of H84T (water

for mock). Transfection mixes comprised of (per well) 0.5 μg EBOV VP40 cDNA, 0.5 μg full-

length EBOV Mayinga GP cDNA, 10 μL Lipofectamine 2000 (Invitrogen), and 250 μL OMEM

were prepared and added drop-wise to the cells. Following a 24 h incubation at 37˚C in a 5%

CO2 incubator, the supernatant (containing budded VLPs) was harvested and cleared of cellu-

lar debris by centrifugation. The VLPs in the clarified medium were pelleted through a 20%
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sucrose cushion and were resuspended overnight at 4˚C in HM buffer. Concurrently, the VLP

producer cells were lysed in 1X cold RIPA buffer (150 mM NaCl, 1 M Tris pH 8.0, 1% IGE-

PAL, 0.1% SDS, 0.5% sodium deoxycholate). The lysates were then cleared of debris by centri-

fugation and a BCA was performed to determine total protein concentration.

Gels of cell lysates (10 μg) or budded VLPs (from the supernatants) were run, protein was

transferred to nitrocellulose, and the membranes were blocked for 1 h at RT. The membranes

were then probed overnight for EBOV VP40 and tubulin (loading control) using 1:500 rabbit

α-VP40 (IBT Bioservices) and 1:1000 mouse α-tubulin (Sigma) antibodies, followed by wash-

ing. EBOV VP40 and tubulin were detected using α-rabbit IR800 and α-mouse IR680 infrared

secondary antibodies and an Odyssey CLx infrared imager (all LI-COR Biosciences). Bands

corresponding to VP40 and tubulin were quantified using Image Studio Lite (LI-COR Biosci-

ences), and the percentage of VP40 in the supernatant was calculated as the signal intensity of

the VP40 band in the supernatant divided by the total signal intensity of the VP40 bands in the

supernatant + lysate.

Results

H84T inhibits Ebola virus in vitro

In a pilot test, we found that H84T BanLec (H84T) impedes infection by HIV-1 pseudovirions

bearing the glycoprotein (GP) from the Mayinga variant of Ebola virus (EBOV). Based on

these preliminary findings, we tested the effects of three doses of H84T on the replication of

EBOV (Makona variant), the causative agent of the 2013–2016 Western African epidemic of

EVD, in Huh 7 cells (derived from human liver) and Vero E6 cells (derived from monkey kid-

ney), cells that are frequently used for in vitro studies of EBOV infection [23–32]. As seen in

Fig 1, H84T blocked the replication of Makona EBOV in Huh 7 and Vero E6 cells, yielding 96

and 67% inhibition, respectively, at the highest concentration tested (20 μM). We next per-

formed 8-point dose response studies to further assess the effects of H84T. As seen in Fig 2A,

H84T inhibited replication of Makona EBOV by ~50% at the highest concentration (20 μM)

tested in both Huh 7 and Vero E6 cells. Before testing H84T in the mouse model, we tested its

effects on infections by mouse-adapted EBOV (ma-EBOV), which is derived from Mayinga

EBOV [33]. Inhibition of ma-EBOV appeared somewhat stronger, reaching ~70–90% inhibi-

tion, with IC50 values of ~6 and ~1 μM, respectively, in Huh 7 and Vero E6 cells (Fig 2B).

H84T inhibits Ebola virus in murine infection models

Given that H84T inhibited the replication of Makona EBOV and ma-EBOV in cell cultures,

we tested its ability to block EBOV infection in vivo in a murine model of disease. Initial dos-

ing strategies were designed based on prior experience with efficacy against influenza A virus

as well as pharmacodynamic data in mice (E. Covés-Datson and D. Markovitz, manuscript in

review). As seen in Fig 3A, in a first study, two H84T dosing regimens (Groups 6 and 7) led to

partial (~50%) protection: when H84T was administered at a dose of 50 mg/kg intraperitone-

ally (IP) 6 h prior to virus exposure and then again either on days 2, 4, 6, and 8 or on days 3, 6,

and 9 (i.e. with either one or two days in between doses). No vehicle-treated mice survived.

Other dosing regimens (Fig 3A: Groups 1, 3, 4, and 5) yielded less or no protection. In a sec-

ond study, H84T was administered 6 h prior to exposure and then again on days 3, 6 and 9,

with either the prior (50 mg/kg) or lower (5, 10, or 25 mg/kg) doses. A slightly higher level of

protection (~77%) was observed at the 50 mg/kg dose (Fig 3B: Group 1) compared to that seen

in the first study (~50%) (Fig 3A: Groups 6 and 7). Using this dosing schedule, as the dose of

H84T was reduced there was a decrease in the survival benefit (Fig 3B: Groups 2–4). In the sec-

ond experiment, we also tested the 50 mg/kg dose of H84T when administered in alternative
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regimens. Interestingly, the same level of protection (~77%) was observed when a single 50

mg/kg dose of H84T was administered 6 h prior to virus exposure (Fig 3C: Group 8) as when

four 50 mg/kg doses of H84T were administered, 6 h prior to exposure and then again on days

3, 6, and 9 post-exposure (Fig 3B: Group 1). Alternative regimens that lacked a 50 mg/kg dose

of H84T 6 h prior to challenge resulted in no protection with the exception of Group 9 (15.4%

protection), which received the first dose at 14 h post-virus exposure (Fig 3C: Groups 9–13).

Consistent with the findings in Fig 3A, less frequent dosing with H84T and a dose at 6 h prior

to virus exposure resulted in higher levels of protection. Therefore, the findings from the sec-

ond test of H84T in EBOV-challenged mice (displayed in Fig 3B and 3C) confirmed and

extended those from the first test (shown in Fig 3A), demonstrating that a single dose of H84T

provides reasonably effective prophylaxis against EVD.

Mechanism of Ebola virus inhibition by H84T BanLec

In the case of HIV-1, wild-type (WT) BanLec binds to high-mannose sugars on the gp120

envelope glycoprotein and blocks HIV-1 infection by inhibiting virus attachment to and fusion

with host cells [34]. We therefore tested if H84T might exert its inhibitory effect against EBOV

by blocking EBOV entry into host cells. To do this we directly compared the ability of H84T to

block infection by transcription- and replication-competent virus-like particles (trVLPs), a

surrogate assay for authentic EBOV infection [25–29], and to block entry of EBOV VLPs; both

assays can be conducted under BSL-2 conditions. The VLP entry assay employs filamentous

entry-reporter VLPs containing the EBOV matrix protein (VP40) and glycoprotein (GP) as

well as the entry reporter, VP40 β-lactamase [30]. Entry reporter VLPs enter host cells (moni-

tored by cleavage of a fluorescent β-lactamase substrate), but do not perform further stages of

the EBOV life cycle, as they do not contain a viral genome or replication machinery proteins.

trVLPs are morphologically similar to entry reporter VLPs and virus (i.e., they are filamen-

tous) and they also contain EBOV VP40 and GP. However, trVLPs additionally contain a 4-cis

mini-genome (encoding Renilla luciferase, VP40, GP, and VP24, flanked by 5’ leader and 3’

trailer sequences from the EBOV genome) as well as EBOV proteins that drive EBOV replica-

tion: NP, L, VP30 and VP35. After trVLPs enter a cell, they replicate the 4-cis mini-genome

and transcribe its encoded genes including Renilla luciferase, which is easily monitored by a

Renilla luciferase assay (see Fig 1 in Watt and Hoenen [25]). When trVLPs and VLPs were

pre-treated with H84T (and then H84T was maintained in the cultures), the engineered lectin

strongly inhibited trVLP infection, with an apparent IC50 of ~5 μM, but showed minimal inhi-

bition of VLP entry (Fig 4A). We also tested the effects of pre-treating the target cells with

H84T (and then maintaining it throughout the experiment). H84T behaved similarly, showing

strong inhibition of trVLP infection but no significant inhibition of VLP entry (Fig 4B).

Hence, whether the VLPs/trVLPs or the target cells were pre-treated with up to 25 μM H84T,

the engineered lectin did not inhibit the signal in the VLP entry assay but had a strong inhibi-

tory effect on trVLP infection.

Where studied, low molecular weight inhibitors that block Ebola entry by targeting host

cell pathways block trVLP infection and VLP entry with similar potencies [26,27]. Expecting

H84T to be an EBOV entry inhibitor, we were therefore surprised that it inhibited trVLP infec-

tion much more strongly than VLP entry (Fig 4A and 4B). To explore this observation further,

we first tested higher concentrations of H84T. As seen in Fig 4C, higher concentrations of

H84T (100 and 250 μM) did inhibit VLP entry, but as seen previously (Fig 4A and 4B) consid-

erably less potently than trVLP infection. In parallel with the experiment depicted in Fig 4C,

we tested the effects of a single chain form of the KZ52 mAb (i.e., a virus-targeted biological

inhibitor) on trVLP infection and VLP entry. As seen in Fig 4D, KZ52-scFv also inhibited
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trVLP infection more strongly than VLP entry, but the differential effect was not as strong as

seen with H84T.

Given that H84T strongly blocked trVLP infection with only relatively weak activity on

VLP entry, we tested whether it inhibits post-entry phases of the EBOV life cycle. We first

assessed the effects of H84T in an assay that measures genome transcription and replication

independently of EBOV entry. To do this we compared the effects of H84T on the Renilla
luciferase read-outs from ‘1-cis’ (monocistronic) and ‘4-cis’ trVLP assays [25,28]. Unlike the

4-cis assay described above (referred to above as the trVLP infection assay), which evaluates

the entire EBOV life cycle (including entry), the 1-cis assay strictly measures mini-genome

transcription and replication. For the 1-cis assay, cells are co-transfected with a monocistronic

mini-genome containing a Renilla luciferase reporter (flanked by the EBOV 5’ leader and 3’

trailer sequences) along with cDNAs encoding T7 polymerase, and the EBOV replication pro-

teins NP, VP30, VP35, and L. Hence, within the transfected cells, the mini-genome is tran-

scribed and Renilla luciferase is produced (see Fig 2 in Hoenen et al. [28]).

As expected, ribavirin, a known EBOV replication inhibitor [27], blocked genome replica-

tion (1-cis assay) as strongly as it inhibited the trVLP full life cycle (4-cis assay) (Fig 5; panels A

and B represent two independent experiments). The entry inhibitor toremifene [29,31,32]

blocked the full life cycle assay (4-cis, which requires VLP entry and subsequent steps of the

Fig 4. H84T blocks Ebola VLP entry, but less potently than it blocks infection by trVLPs. (A) VLPs and trVLPs or

(B,C) 293T/17 cells were pretreated with the indicated concentration of H84T for 1 h at 37˚C. Cells were then

processed and analyzed for VLP entry and trVLP infection, with H84T present throughout, as described in the

Methods section. VLP entry (blue bars) and trVLP infection (red bars) were scored at 3 and 48 h post addition of VLPs

or trVLPs, respectively. (D) VLPs and trVLPs were pretreated with the indicated concentration of the anti-EBOV

single chain antibody KZ52-scFv for 1 h at 37˚C. Cells were then processed and analyzed as in panels A-C.

Experiments depicted in panels C and D were performed on the same day with the same set of target cells. Data are

averages of triplicate samples. Error bars represent the SD of the triplicates. Asterisks represent: �p<0.05, ��p<0.01,
���p<0.001, and ����p<0.0001 based on two-tailed student t-tests.

https://doi.org/10.1371/journal.pntd.0007595.g004
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EBOV life cycle), the expected behavior of an entry inhibitor, while having only a small effect

(0–18% inhibition) on the 1-cis genome transcription/replication assay. In parallel experi-

ments, H84T exerted a stronger effect (31–76% inhibition) than toremifene on genome tran-

scription/replication (1-cis assay), but the inhibition of transcription/replication caused by

H84T was weaker than its corresponding effects on the full (4-cis) life cycle assay.

Since H84T exerts a stronger effect on the trVLP full life cycle assay (requiring entry, repli-

cation/transcription, and assembly/budding) with weaker effects in the VLP entry (Fig 4) and

transcription/replication (Fig 5) assays, we next asked whether it affects the other major stage

of the EBOV life cycle involving new particle assembly, budding, and release from producer

cells. To do this, we monitored the effects of H84T on the budding of EBOV VLPs containing

EBOV VP40 and EBOV GP (but no other EBOV proteins), using an assay described by Lough-

ran et al. [35]. There was no apparent effect of H84T on the budding of EBOV VLPs (Fig 6),

suggesting that H84T does not exert its inhibitory effect against EBOV via inhibition of virus

assembly, budding, or release.

Fig 5. H84T blocks Ebola virus genome transcription/replication, but less potently than it blocks infection by

trVLPs. (A) Parallel sets of 293T/17 cells (one set of trVLP target cells and one set of untransfected cells, at 50–75%

confluency) were pretreated for 1 h at 37˚C with ribavirin (Riba, 50 μg/mL), Toremifene (Tomf, 0.625, μM), or H84T

(25, 100, or 250 μM) and maintained in the same concentration of inhibitor for the remainder of the experiment. After

the preincubation period, trVLPs were either added to the trVLP target cells for the p4cis “trVLP infection” assay (red

bars) or cells were transfected with the p1cis monocistronic mini-genome and associated RNP plasmids, for the p1cis

“genome replication” assay (green bars). Luciferase activity was measured 48 h post infection or transfection. Both

assays are described in the Methods section. (B) A repeat experiment was conducted as in (A), but with the addition of

two higher concentrations of toremifene (1.25 and 2.5 μM). Data are the averages of triplicate samples, and error bars

represent SD of the triplicate means. Asterisks indicate (��) p<0.01 and (����) p< 0.0001, based on two-tailed student

t-tests, relative to respective mock treated controls.

https://doi.org/10.1371/journal.pntd.0007595.g005
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We next sought to further investigate the unexpected observation that H84T blocks trVLP

infection more strongly than VLP entry, reasoning that inhibition of trVLP infection by H84T

could potentially be due, in part, to carbohydrate-independent effects. Thus, we compared the

anti-trVLP infection activity of H84T and WT BanLec to that of D133G BanLec (D133G) (Fig

7), a variant of banana lectin that is identical to H84T except that, instead of the H84T muta-

tion, it contains a single amino acid mutation in one of its two carbohydrate binding sites and

therefore is not thought to efficiently bind to carbohydrates [16]. Indeed, in accordance with

decreased binding to carbohydrates, D133G completely lacks antiviral activity against HCV,

HIV-1, and influenza A and B viruses [16; and E. Covés-Datson and D. Markovitz, manuscript

in review]. As expected based on findings in Fig 4, we found that H84T strongly inhibits trVLP

Fig 6. H84T does not block Ebola VLP budding or release. 293T/17 cells were pretreated for 1 h at 37˚C with the

indicated concentration of H84T and then transfected with plasmids encoding VP40 and Ebola GP. 24 h post

transfection (in the continued presence of H84T), particles that had been released into the medium were collected,

cleared of cell debris, and concentrated by centrifugation. The cells were then lysed (as described in the Methods

section). Samples of cell lysates and released particles were then subjected to SDS-PAGE and analyzed by western

blotting for the presence of VP40. Tubulin was used as a loading control for cell lysate samples. The extent of VLP

release was calculated as the ratio of the VP40 band intensity in the supernatant divided by the VP40 band intensity in

the supernatant + lysate. Data in (A) are the averages (+/- SEM) from 4 independent experiments (one set of samples

per experiment). The blot from a representative experiment is shown in (B). ns: not statistically significant (p = 0.27,

25 μM; p = 0.9, 100 μM) based on two-tailed student t-tests.

https://doi.org/10.1371/journal.pntd.0007595.g006

Engineered lectin inhibits Ebola virus infection

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007595 July 29, 2019 14 / 20

https://doi.org/10.1371/journal.pntd.0007595.g006
https://doi.org/10.1371/journal.pntd.0007595


infection. WT BanLec exhibited somewhat stronger inhibition of trVLP infection, which is

consistent with previous in vitro studies comparing the activity of WT and H84T BanLec [16].

Surprisingly, D133G was also able to inhibit trVLP infection, though its inhibitory effect was

diminished compared to that of H84T or WT BanLec. Cytotoxicity on 293T cells was minimal

for all three lectins tested. The finding that D133G inhibits some trVLP infection was unex-

pected given that it does not even minimally inhibit HIV-1, HCV, or influenza A or B virus

replication at doses at which H84T blocks these viruses. It appears that some carbohydrate

binding is required for the inhibitory effect of BanLec against EBOV, as the carbohydrate-

binding WT and H84T BanLec block trVLP infection more potently than does D133G BanLec.

However, that D133G, a carbohydrate binding site mutant, inhibits trVLP infection suggests

that at the concentrations used, BanLec may exert some carbohydrate-independent effects,

e.g., against EBOV replication. Alternatively, we cannot rule out that D133G might retain

weak binding to carbohydrates, which could account for its corresponding weak inhibition of

trVLP infection.

Discussion

Outbreaks of EVD continue to wreak havoc on a global scale and are capable of causing many

thousands of deaths and widespread disruption in the regions where the virus emerges. These

outbreaks often also spread panic and fear in other regions over the possibility of imported

cases, which occurred during the 2013–2016 Western African Ebola epidemic. At the time of

this writing, there is an ongoing Ebola epidemic in the Democratic Republic of the Congo that

began in August 2018 and is as of yet uncontrolled, in part due to military conflict in the

region; this outbreak follows on the heels of another unrelated outbreak in the same country in

May-July 2018. Efforts to control Ebola outbreaks have historically relied on general infection

control techniques, since to date there is no licensed vaccine or treatment against ebolaviruses.

Several vaccine candidates have demonstrated safety and varying degrees of immunogenicity

in people, but thus far only the rVSV-ZEBOV vaccine is being used clinically. On the thera-

peutic side, although some promising candidates exist, including ZMapp and remdesivir, no

anti-ebolavirus treatments have yet been licensed, and there remains a need to develop addi-

tional potential anti-ebolavirus therapies, ideally ones in ample supply and not requiring a

cold chain.

In this work, we first demonstrated that an engineered banana lectin, H84T BanLec

(H84T), is active against EBOV in cell cultures. It inhibits both the Makona strain of EBOV,

Fig 7. Comparative effects of H84T and glycan binding-deficient D133G BanLec on EBOV trVLP infection. 293T/

17 cells were pretreated with the indicated concentrations of WT (triangles; solid lines), H84T (circles; dashed lines), or

D133G (squares; dotted lines) BanLec for 1 h and then processed for trVLP infection (blue) as in the legend to Fig 4

and for cytotoxicity (red) as described in the Methods section. Data are the averages of triplicate samples.

https://doi.org/10.1371/journal.pntd.0007595.g007
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the strain responsible for the 2013–2016 epidemic, which was the largest in history, and the

mouse-adapted Mayinga strain of EBOV in the two cell lines tested.

In a murine model of EBOV, we first found that a 50 mg/kg dose of H84T administered IP

6 h pre-exposure to the virus and then every 2 or 3 days thereafter for 3 to 4 additional doses

protected ~50% of mice from EBOV infection. Dosing with 50 mg/kg of H84T more fre-

quently was less efficacious, as when H84T was administered twice before exposure to the

virus or every day (for 9 days), mouse survival was significantly reduced. In a second experi-

ment, we found that H84T was most efficacious, protecting 77% of mice from otherwise lethal

infection when administered 6 h pre-exposure to the virus and then again on days 3, 6 and 9

post-exposure. Lower doses were less efficacious as compared to the 50 mg/kg dose when

administered in the same dosing schedule (i.e., 6 h before virus exposure and then on days 3,

6, and 9). Most interestingly, a single dose administered 6 h pre-exposure to the virus also

yielded 77% survival. These latter findings suggest that H84T, in conjunction with vaccination,

could have potential as a prophylactic agent for health care workers before beginning to treat

EVD patients or for warfighters before going off to war. We have previously found that H84T

can be toxic to mice when administered at high concentrations (200 mg/kg) (E. Covés-Datson

and D. Markovitz, manuscript in review) which, along with the long half-life of H84T, likely

explains why some dosing schedules that included more frequent doses of H84T were not as

efficacious in the present study. In any case, it appears to be contraindicated to administer

H84T to EBOV-infected mice on consecutive days.

When we examined the mechanism of action of H84T against EBOV, we found that at

lower micromolar concentrations H84T inhibits EBOV infection, but not viral entry, as indi-

cated by the fact that H84T robustly inhibited infection by trVLPs while having no or minimal

effects on VLP entry. This was surprising since H84T is predicted to bind to EBOV GP, the

EBOV entry protein. At very high concentrations, above 25 μM, H84T was able to inhibit

entry of EBOV VLPs, but not as efficiently as it inhibited trVLP infection, which measures the

full viral life cycle and was inhibited at much lower concentrations of H84T. The same higher

concentrations of H84T blocked transcription and/or replication of the mini-genome (i.e., in

the 1-cis assay), but, as seen for VLP entry, not as potently as they inhibited trVLP infection,

suggesting that inhibition of the full life cycle was stronger than inhibition of EBOV genome

transcription/replication alone. However, even high concentrations of H84T did not block

VLP budding or release. Taken together, these findings indicate that H84T may inhibit EBOV

infection by blocking both viral entry and transcription and/or replication. The observed post-

entry effects may be due, in part, to non-carbohydrate binding activities of BanLec, as seen

with the D133G mutant. Moreover, given that the inhibitory effect of H84T was considerably

more potent for the overall life cycle than for either viral entry or genome transcription and/or

replication, it is possible that these anti-EBOV effects are synergistic.

That H84T has demonstrated broad-spectrum activity against many different strains of

HIV-1 and 2, HCV, and influenza A and B raises the possibility that H84T may also be broad-

spectrum against the different species of pathogenic Ebolavirus, all of which possess GP mole-

cules that express high-mannose [18] and so would be potential targets for binding by H84T.

Most of the vaccines and several therapeutics in development, including ZMapp, are specific

for one particular species of ebolavirus [36]. Thus, these agents currently in development

would not likely be suitable for broad-spectrum empiric management of suspected EVD, such

as would be required for immediate use in the event of a filovirus outbreak before identifica-

tion of the virus had occurred. Although activity against only one ebolavirus was tested in the

present study, if H84T indeed exhibits activity against additional species of Ebolavirus, it could

be particularly useful as such an empiric treatment.
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Our data demonstrate that H84T may have potential in people as an anti-ebolavirus pro-

phylactic, perhaps in conjunction with vaccination as, remarkably, a single dose of H84T par-

tially protects mice from otherwise lethal EBOV infection and as H84T has a long serum half-

life (E. Covés-Datson and D. Markovitz, manuscript in review). H84T could also potentially be

used therapeutically, perhaps especially when combined with other anti-ebolavirus agents,

which if synergistic, could lower the amount of H84T needed. Remaining questions include

why H84T is more potent against other viruses than it is against EBOV and what its precise

mechanism of action is on a molecular scale. Whereas the IC50 concentration of H84T against

EBOV appears to be in the low micromolar range, H84T inhibits HIV-1 and -2, HCV, and

some subtypes of influenza A with concentrations in the low nanomolar range [16]. The higher

concentration required to inhibit Ebola virus could potentially be attributed to the fact that

ebolaviruses possess a very high number and density of glycans on their surfaces as compared

to other viruses against which H84T has stronger activity [37–39]. In addition, ebolavirus GPs

are heavily O-glycosylated [18], in contrast to the glycoproteins of HIV-1 and influenza A, e.g.,

which contain only N-glycans [38,40], and H84T generally does not recognize O-glycans [16].

If the mechanism of action of H84T requires its carbohydrate-binding activity, which appears

to largely but not entirely be the case, then it is reasonable to hypothesize that a larger number

and density of glycans on the surface of EBOV would require a higher concentration of H84T

to bind to the glycans, though of course this would need to be tested. An additional, non-

mutually exclusive possibility is that it is more difficult to block EBOV entry because EBOV

can use TIM and TAM family members [41] in addition to lectins to gain entry into cells.

It is exciting to consider that H84T may inhibit both viral entry and genome transcription

and/or replication, as this represents a distinct mechanism of action compared to that of WT

BanLec against HIV-1 (primarily attachment inhibition) [34] and to that of H84T against

influenza A virus (primarily fusion inhibition; E. Covés-Datson and D. Markovitz, manuscript

in review). We hypothesize that the anti-viral entry effect may rely on binding to GP, but

exactly how a high-mannose-binding lectin inhibits genome transcription/replication is an

open question. It is clear, however, that H84T holds promise as a potential anti-ebolavirus pro-

phylactic and/or therapeutic agent since it inhibits two variants of EBOV in cell cultures, pro-

tects mice from EBOV infection, may have a mechanism of action targeting both entry and

transcription/replication, and is an inhibitor that could potentially be used in combination

with other anti-ebolavirus agents that work through different mechanisms [29].
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