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A B S T R A C T

Filoviridae currently includes five official and one proposed genera. Genus Ebolavirus includes five established
and one proposed ebolavirus species for Bombali virus (BOMV), Bundibugyo virus (BDBV), Ebola virus (EBOV),
Reston virus (RESTV), Sudan virus (SUDV) and Taï Forest virus (TAFV), and genus Marburgvirus includes a single
species for Marburg virus (MARV) and Ravn virus (RAVV). Ebola virus (EBOV) has emerged as a significant
public health concern since the 2013–2016 Ebola Virus Disease outbreak in Western Africa. Currently, there are
no therapeutics approved and the need for Ebola-specific therapeutics remains a gap. In search for anti-Ebola
therapies we tested the idea of using inhibitory properties of peptides corresponding to the C-terminal heptad-
repeat (HR2) domains of class I fusion proteins against EBOV infection. The fusion protein GP2 of EBOV belongs
to class I, suggesting that a similar strategy to HIV may be applied to inhibit EBOV infection. The serum half-life
of peptides was expanded by cholesterol conjugation to allow daily dosing. The peptides were further con-
strained to stabilize a helical structure to increase the potency of inhibition. The EC50s of lead peptides were in
low micromolar range, as determined by a high-content imaging test of EBOV-infected cells. Lead peptides were
tested in an EBOV lethal mouse model and efficacy of the peptides were determined following twice-daily
administration of peptides for 9 days. The most potent peptide was able to protect mice from lethal challenge of
mouse-adapted Ebola virus. These data show that engineered peptides coupled with cholesterol can inhibit viral
production, protect mice against lethal EBOV infection, and may be used to build novel therapeutics against
EBOV.

1. Introduction

The Filoviridae family consists of five genera. The most recognized
Ebolavirus genus consists of five established species Ebola Zaire (EBOV),
Sudan (SUDV), Bundibugyo (BDBV), Reston (RESTV), and Taï Forest
(TAFV) viruses (Kuhn et al., 2014a, 2014b). Marburgvirus and

ebolaviruses have caused human epidemics of viral hemorrhagic fever,
with high case fatality rates (Feldmann and Geisbert, 2011). The ma-
jority of outbreaks are due to EBOV. Since the first recognized outbreak
in 1976, numerous Ebola virus disease outbreaks have occurred over
the years, but until the catastrophic West Africa epidemic fewer than
2500 cases have been reported altogether (Haque et al., 2015). The
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2013–2016 epidemic resulted in approximately 28,200 cases and
11,300 deaths (Holmes et al., 2016). Although the epidemic has now
subsided, the increase in outbreak frequency, number of cases, and
associated social and economic cost highlights the need for develop-
ment and rapid evaluation of pre- and post-exposure treatments (Cross
et al., 2018; Haque et al., 2015). Extraordinary efforts to field-test an
experimental Ebola vaccine in the outbreak setting have produced po-
sitive results (Skrip and Galvani, 2016). Several small molecule and
antibody therapies have also provided promising preclinical outcomes
using filovirus non-human primate and other animal models (Bixler
et al., 2018; Bornholdt et al., 2016; Flyak et al., 2016; Frei et al., 2016;
Furuyama et al., 2016; Misasi et al., 2016; Nyakatura et al., 2015; Qiu
et al., 2016; Warren et al., 2014, 2016; Wec et al., 2016). Uptake in-
hibitors, which block virus entry, could be used in combination with
these therapeutics to improve efficacy and/or reduce the potential for
development of antiviral drug resistance. However, parallel efforts to-
wards antiviral entry inhibitors are less advanced (Haque et al., 2015)
and the need for Ebola virus-specific therapeutics remains pressing
(Cross et al., 2018).

Ebola virions are enveloped and filamentous, and contain a nega-
tive-strand RNA genome. Infection requires fusion of the host and viral
membranes for delivery of the viral genomic material into the cyto-
plasm. This process is thought to occur in host endosomal compart-
ments and is mediated by the transmembrane glycoprotein subunit 2
(GP2). In the pre-fusion state, the GP spike assembly consists of three
copies each of the surface subunit (GP1) and the transmembrane sub-
unit (GP2). Following cell attachment via GP1, EBOV particles are in-
ternalized by micropinocytosis and the virus traffics through the en-
docytic pathway (Mulherkar et al., 2011; Nanbo et al., 2010; Saeed
et al., 2010). There, proteolytic cleavage of GP1 by host proteases, cy-
steine cathepsins, removes the C-terminal glycan cap and mucin do-
main sequences (Chandran et al., 2005) and exposes a receptor-binding
domain (RBD). The RBD then interacts with Niemann-Pick C1 (NPC1),
an obligate intracellular filovirus receptor, prior to fusion of the viral
and host membranes (Carette et al., 2011; Cote et al., 2011).

EBOV GP2 is a ‘class I’ fusion protein based on its two heptad repeat
(HR) regions, HR1 at the N terminus and HR2 at the C terminus
(Gallaher, 1996). These α-helical major domains are connected by a
linker and an internal fusion loop. In the pre-fusion conformation, GP2
forms a trimer intimately associated with GP1 (Lee et al., 2008), in
which GP2's N-terminal HR1 and internal fusion loop pack against an
adjacent GP1 monomer. In contrast, in the post-fusion conformation the
N-terminal HR1 and fusion loop of GP2 are juxtaposed to its C-terminal
HR2 in a hairpin conformation termed a 6-helix bundle (6HB)
(Malashkevich et al., 1999; Weissenhorn et al., 1998).

Peptides corresponding to the C-terminal heptad-repeat (HR2) do-
mains of class I fusion proteins are well known inhibitors of viral fusion
(Eckert and Kim, 2001), with one such peptide (enfuvirtide, Fuzeon®,
Roche) currently in clinical use for human immunodeficiency virus
(HIV) (LaBonte et al., 2003). Enfuvirtide and other HR2 peptides inhibit
membrane fusion by competing with the endogenous HR2 for binding
to the N-terminal HR1, thus preventing formation of the 6HB that
drives apposition of the viral and cell membranes to form the fusion
pore (Eckert and Kim, 2001). The crystal structure of EBOV GP2 in the
post-fusion conformation has been determined (Malashkevich et al.,
1999; Weissenhorn et al., 1998), and its overall similarity to the
structure of HIV gp41 suggests that an analogous strategy for peptide-
mediated inhibition may be applied to filoviruses. However, there are
two major differences between the two viruses. First, the 6HB in the
EBOV GP2 post-fusion structure is considerably shorter than the cor-
responding 6HB of HIV gp41, consisting of only three α-helical turns
each in the HR1 and HR2 regions of GP2, compared to seven turns in
gp41 (Harrison et al., 2011). Second, fusion of EBOV occurs in late
endosomal compartments (Aman, 2016), a less favorable target site
compared to HIV, which fuses with the cellular membrane at the cell
surface.

Nevertheless, peptides were reported that inhibit EBOV pseudovirus
infection (Higgins et al., 2013; Miller et al., 2011). Localization to en-
dosomes was provided by conjugation of the HR2 EBOV peptide to
either the arginine-rich segment from HIV-1 Tat protein, which is
known to be targeted to endosomes (Miller et al., 2011), or to a cho-
lesterol group (Higgins et al., 2013). The latter modification was shown
to dramatically potentiate the activity of HR2-derived fusion inhibitors,
by concentrating the peptide in lipid rafts, where EBOV fusion occurs
(Ingallinella et al., 2009; Pessi, 2015). Additionally, cholesterol con-
jugation prolonged the half-life of the peptide in circulation by binding
to serum proteins, making it suitable for once-daily administration
(Ingallinella et al., 2009; Mathieu et al., 2017; Pessi, 2015; Porotto
et al., 2010a; Welsch et al., 2013).

However, in the case of infectious EBOV the cholesterol-conjugated
HR2 peptide inhibited the virus with high micromolar potency (Higgins
et al., 2013), almost 1000-fold less than the cholesterol-conjugated HIV
peptide C34-Chol (Ingallinella et al., 2009). We describe here how
engineering of HR2 peptides coupled with cholesterol conjugation can
yield potent inhibitors of EBOV infection in vitro and in vivo, that also
demonstrate antiviral activity against the related Sudan virus (SUDV)
and MARV.

2. Materials and methods

2.1. Facilities

All animal studies were performed in BSL-4 containment facilities at
USAMRIID. The facility where this research was conducted is accre-
dited by the Association for Assessment and Accreditation of Laboratory
Animal Care, International and adheres to principles stated in the Guide
for the Care and Use of Laboratory Animals, National Research Council,
2011.

2.2. Ethics statement

Research was conducted under IACUC-approved protocols in com-
pliance with the Animal Welfare Act, PHS Policy, and other Federal
statutes and regulations relating to animals and experiments involving
animals.

2.3. Peptide synthesis

All peptides were custom-synthesized. American Peptide Company
(Sunnyvale, CA, USA) synthesized peptides EBOV-1 to−6, and Bachem
(Torrance, CA, USA) synthesized peptides EBOV-7 and -8, and a new
batch of peptides EBOV-5 and -6 for a bridging study. The former
company is now part of the latter. Purity was>90% as assessed by
analytical high performance liquid chromatography (HPLC) and iden-
tity was confirmed by amino acid analysis and liquid chromatography-
mass spectrometry (LC-MS).

2.4. Cells

HeLa (CCL-2), U2OS (HTB-96), HEK 293T (CRL-11268) and BHK-
21[C-13] (CCL-10) cell lines were purchased from the American Type
Culture Collection. HeLa, HEK 293T and U2OS cells were cultured in
T225 (Corning) flasks in Minimum Essential Medium (MEM, Corning
Cellgro) supplemented with 10% fetal bovine serum (FBS, Hyclone), 1%
L-glutamine, 10mM HEPES, 1% non-essential amino acids, and 1%
penicillin/streptomycin. BHK-21 cells were cultured in MEM supple-
mented with 10% FBS and 1% penicillin/streptomycin. Sub-confluent
culture was passaged and split every 3 days, not exceeding 16–19
passages. Cells were lifted for plating in the assay plate 24 h before test
using 0.25% Trypsin/0.5mM EDTA solution.
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2.5. Cell-based infection assays

Experiments with infectious viruses were performed in USAMRIID
under appropriate biocontainment conditions. Virus stocks were all
prepared and characterized at USAMRIID.

2.5.1. Filovirus infection assay
HeLa cells were harvested from 225T flasks and plated at 2000 cells

per well in complete media in 384-well imaging plates (Aurora Black
Square ULB 384 IQ-EB, 188 μm Clear Film Bottom, #1052-11130-S) at
20–24 h prior to treatment. Peptides were tested at 8 or 10 doses in
triplicate starting at 100 μg/ml with a 2-fold step dilution. In a limited
number of studies, 25μM peptide was used as the starting concentration
with 2-fold step dilution. Each dose was added directly to the assay
wells containing cells using the HP D300 digital dispenser (Hewlett
Packard) from 20mg/ml stock solution in 100% DMSO 2 h before in-
fection. The final DMSO concentration in each well was normalized to
1%. The 16 wells in column 2 were not infected with virus and served
as a ‘no virus’ control for further analysis of 0% infection. The 16 wells
in column 3 were infected with virus but treated only with 1% DMSO to
create high infection control to determine 100% virus infection. Treated
assay plates were transferred to the biosafety level (BSL)-4 suite and
after 2 h pre-incubation, were infected with one of three viruses: EBOV
Makona at a multiplicity of infection (MOI) of 0.5, MARV Ci67 at MOI
of 1 and SUDV Boniface at MOI of 0.08. The MOI was calculated based
on the average doubling time for HeLa cells (16 h) and was selected to
achieve 60–80% infection rate detected using high-content imaging
(HCI) assay after 48 h of infection. The assay plates with virus were
incubated at 37 °C with 5% CO2 for 48 h. Infection was terminated by
fixing the samples in a 10% formalin solution for at least 48 h before
immunostaining.

2.5.2. Chikungunya virus infection assay
Infection with Chikungunya virus (CHIKV) strain AF15561 was

done in U2OS cells plated at 3000 cells per well in complete growth
media in 384-well imaging plates. The treatment of the cells with
peptides was done as described above 2 h prior the infection. Treated
plates were transferred to the BSL-3 suite to be infected with CHIKV at
MOI of 0.5 and incubated for another 20 h. Infection was terminated by
fixing the samples in a 10% formalin solution for an additional 24 h
before immunostaining.

2.5.3. Mouse-adapted ebola virus infection assay
The BHK-21 Syrian golden hamster kidney cell line was used for

infection with mouse-adapted EBOV/Mayinga. Cells were plated at
4000 cells per well in 384-well imaging plates and treated with peptides
as described above. However, peptides were tested at 8 or 10 doses in
triplicate starting at 200μg/mL with a 3-fold step dilution. Infection
with mouse-adapted EBOV was performed in the BSL-4 suite at an MOI
of 37 with the goal of achieving a 90% infection rate after 48 h of in-
cubation. Infection was terminated by fixing the samples in a 10%
formalin solution for an additional 48 h.

2.6. High-content imaging assay

Detection and quantification of viral infection in cultured cell lines
was done using a high-content imaging (HCI) assay to measure viral
antigen production after immunofluorescent labelling. The monoclonal
primary antibody recognizing an epitope on the viral GP protein was
diluted 1000-fold in blocking buffer (1xPBS with 3% BSA), added to
each well of the assay plate, and incubated for 1 h at room temperature.
The primary antibody mm6D8 was used to detect EBOV/Makona and
mouse-adapted EBOV/Mayinga, mm3C10 to detect SUDV, mm9G4 to
detect MARV, and mm2D21-1 to detect E2 protein of CHIKV virus.
Following incubation, the primary antibody was removed and the cells
were washed 3 times with 1xPBS. The secondary goat anti-mouse

antibody conjugated with DyLight-488 (Thermo Fisher, #35502B) was
used for labeling and was added to each well in the assay plate at a
1000-fold dilution in blocking buffer and incubated for 60min at room
temperature. The nuclei and cytoplasm were stained in the EBOV assay
using Draq5 (Thermo Fisher, #62252) and diluted in 1xPBS. For en-
hanced detection of the cytoplasm area in SUDV, MARV and CHIKV
infection assays, cells were stained with CellMask Deep Red
(Invitrogen, #1932429) and nuclei with Hoechst 33342 (Life
Technologies, #H3570) for another hour. Cell images were acquired
using a PerkinElmer Opera confocal plate reader using a 10X air ob-
jective to collect 5 images per well. Cells were detected using nuclei
signal emitting at 400 nm (Hoechst) or at 640 nm (Draq5). The cyto-
plasm area was detected using area of Draq5 emission at 640 nm or cell
mask at 640 nm. Virus-specific antigen was quantified by measuring the
fluorescence emission of DyLight at 488 nm in cytoplasm area of each
cell. Acquired images were analyzed using Acapella (Harmony) PE
software. Cells that exhibited antigen signal higher than the selected
threshold were counted as positive for viral infection. The ratio of virus-
positive cells to the total number of analyzed cells was used to de-
termine the percentage of infection for each well in the assay plates.
The effect of peptide inhibitors on viral infection was assessed using
Genedata software and was calculated as percent inhibition of infection
in comparison to 16 non-infected and 16 infected DMSO-treated control
wells on each plate. The resultant % inhibition of infection was calcu-
lated for each well and used for the dose–response curve analysis.
Multi-parameter regression analysis utilized the Levenberg–Marquardt
algorithm for selecting the best model and data point exclusion. R2

value quantified goodness of fit and the fitting strategy was considered
acceptable at R2 > 0.8.

2.7. Entry assay (Radoshitzky et al., 2011)

HEK 293T cells were transfected with plasmids encoding EBOV-May
GP1,2-(Δ309–489), pQCXIX vector (Clontech) expressing green fluor-
escent protein (GFP), and plasmid encoding the Moloney murine leu-
kemia virus (MoMLV) gag and pol genes using the calcium-phosphate
method and equal concentrations of each plasmid. Forty-eight hours
later cell supernatants were cleared of cellular debris by centrifugation
and filtration. For the transduction assay, HeLa cells were seeded in a
96-well plate one day before the assay (7000 cells per well). Peptides
were added to the cells at the indicated concentrations and incubated at
37 °C for 1 h. Cells incubated with no peptides or with DMSO alone
served as controls. Supernatants containing MoMLV-EBOV GP1,2 pseu-
dotypes were added to the cells. After 6 h incubation at 37 °C, pseu-
dotypes and peptides were removed and cells were washed 3 times with
PBS and supplemented with fresh growth media. One day later, cells
were fixed and stained with Hoechst and CellMask. Entry rates were
determined by high-content imaging (based on percentage of GFP-po-
sitive cells).

2.8. Mouse challenge study

The in vivo efficacy of peptides EBOV-5 through −8 was evaluated
using the rodent EBOV model in BSL-4 containment facilities at USA-
MRIID. Six to 12-week old BALB/C mice (Charles River Laboratories)
(n= 10 per group) were infected via intraperitoneal injection with
1000 plaque-forming units (pfu) of mouse-adapted EBOV variant
Mayinga beginning on Study Day 0. Peptides were formulated in 5%
DMSO in PBS and administered at a dose of 10mg/kg by subcutaneous
(SC) injection twice-daily (BID, 20mg/kg/day) for a total of 9 days.
Treatment was initiated shortly after infection on Day 0. The control
group was administered vehicle only (5% DMSO in PBS) in a volume
equivalent to that of the peptides (200 μL). Following EBOV exposure,
animals were observed at least twice-daily for clinical signs of disease.
To obtain animal weights, the group weight of all surviving animals
within a treatment cohort was measured daily during the first
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observation of the day. Animals were humanely euthanized when
deemed moribund or at the end of the in-life phase (Study Day 14),
using CO2 inhalation followed by cervical dislocation. Kaplan-Meyer
survival analysis and percent changes in weight were generated using
GraphPad software (version 6.04).

3. Results

3.1. Cholesterol-conjugated inhibitors

The starting point for design was the HR2-derived inhibitor reported
by Higgins et al. (2013). The peptide spans the sequence 610–633 of
EBOV GP2, with a GSGKKK linker between the viral sequence and Cys-
conjugated cholesterol. The authors explored N- (1-chol) and C-term-
inal (2-chol) conjugation. When evaluated against pseudotyped vesi-
cular stomatitis virus particles bearing the EBOV glycoprotein (VSV-
GP), the peptides inhibited viral entry with an IC50 < 10 μM. However,
the N-terminally conjugated peptide was unexpectedly more potent
than the C-terminal conjugate, in contrast with the expected direc-
tionality of the HR1-HR2 domains in the fusion intermediate, as well as
the results for most other fusion inhibitors (Ingallinella et al., 2009;
Mathieu et al., 2017). Moreover, there was a non-specific component to
activity, since some inhibition of native VSV particles was observed for
both peptides (Higgins et al., 2013). To establish if the sequence of
Higgins et al. was a bona fide EBOV inhibitor of infection of authentic
virus, we prepared EBOV-1 (Table 1), a C-terminally conjugated pep-
tide which has the same sequence but lacks the linker GCGKKK; instead,
we used a PEG4 spacer between Cys and the cholesterol group (Augusto
et al., 2014; Lee et al., 2011; Mathieu et al., 2017; Porotto et al., 2010a;
Welsch et al., 2013).

An important lesson learned from HIV fusion inhibitors is the im-
portance of the regions upstream and downstream of the helical HR2
domain, which contribute to the stability of the complex with the N-
terminal HR domain, and hence to the potency of the corresponding
fusion inhibitor. In HIV, the region downstream of the HR2 domain,
known as the membrane external proximal region (MEPR), is a critical
part of enfuvirtide, while the region upstream of HR2 contributes to
potency of the second-generation fusion inhibitor sifuvirtide, currently
in late-stage clinical trials (He et al., 2008; Yao et al., 2012).

Peptides EBOV-2 and EBOV-3 (Table 1) explored the effect of the
addition of the upstream and downstream regions, respectively, of
Ebola GP2 on the inhibitory potency of the HR2 peptide. Since the
upstream region contains three cysteine residues, these were sub-
stituted with 2-aminobutyric acid (Abu, U), a cysteine isostere.

As shown in Table 2, while EBOV-1 and -2 did not show appreciable
inhibition of EBOV infection when used at concentrations up to 30 μM,
EBOV-3 inhibited infection with an EC50= 12.4 μM. Notably, the
peptide also inhibited infection with MARV and SUDV, with compar-
able potency (Table 2). Therefore similar to HIV, the MPER of filo-
viruses contributes to the stability of the post-fusion structure and is an
important component of a fusion inhibitor. These peptides were also
tested in a CHIKV infection assay and did not show any inhibition (data

not shown), confirming the absence of any non-specific antiviral effects.
Additional tests of these peptides using a second cell line (HFF) with
EBOV infection confirmed that there is no dependence of the antiviral
effect of the peptides on the cellular background (data not shown).

3.2. Cholesterol-conjugated stapled inhibitors

Short synthetic peptides, like those corresponding to the helical
region of the HR2 domain of EBOV, are usually not thermodynamically
stable helices in water and rather adopt a random structure (Scholtz
and Baldwin, 1992). Preforming the α-helical structure would reduce
the entropic cost for binding and increase the affinity for the receptor;
accordingly, various strategies have been employed to bias the peptide
backbone toward the desired conformation. These include the in-
troduction of unnatural amino acids, noncovalent side chain interac-
tions, and covalent side chain linkers (de Araujo et al., 2014) such as
disulfide (Leduc et al., 2003), hydrazine (Calvo et al., 2003), S-alkyl
(Fairlie and Dantas de Araujo, 2016), aliphatic (Kim et al., 2011), and
lactam bridges (Taylor, 2002). The latter two modifications have been
particularly successful in stabilizing virus-derived sequences (Bird
et al., 2010, 2014a, 2014b; Harrison et al., 2010; Shepherd et al., 2006).
For respiratory syncytial virus (RSV), a 35-residue peptide with two
hydrocarbon staples, derived from the HR2 domain of the fusion pro-
tein F, was highly helical, stable to protease digestion, and inhibited
infection by RSV laboratory isolates in cells and upon mucosal delivery
in a mouse model (Bird et al., 2014a). More recently, a shorter bis-
stapled RSV peptide, 20-aa in length, was described that inhibits RSV
infection in mice upon intranasal administration (Gaillard et al., 2017).

The work of Fairlie and co-workers has shown that the introduction
of two back-to-back Lys(i)-Asp(i + 4) lactam bridges can enforce a fully
α-helical structure with exceptional stability and resistance to dena-
turation and enzymatic degradation (Fairlie and Dantas de Araujo,
2016; Harrison et al., 2010; Shepherd et al., 2005). For RSV, a bis-
lactam stabilized peptide from the HR2 domain of fusion protein, as
short as 13 amino acids, showed antiviral potency with IC50= 36 nM,
while its linear counterpart was inactive (Shepherd et al., 2006). Op-
timization of the sequence led to a bis-lactam 12-mer with IC50= 190
pM (Harrison et al., 2010).

The fact that the bis-lactam constraint is effective for short se-
quences makes it particularly attractive for EBOV, since the helical
segment of the HR2 domain of GP2 is only 16 amino acids in length.
Fig. 1 shows the α-helical region of the HR2 domain of the EBOV GP2
fusion protein, with the chosen position of the two Lys(i)-Asp(i + 4)
lactam bridges: Lys620–Asp624 and Lys625–Asp629. These positions are
not in contact with the HR1 trimer, hence the presence of the lactam
should not interfere with HR1-HR2 binding.

In both cases, an Asp residue as required by the Lys(i)–Asp(i+4)
lactam is naturally present at the (i+4) position: Asp624 and Asp629.
According to Harrison et al. these side-chain negative charges are en-
gaged in unfavorable electrostatic interactions in the post-fusion
structure: (i) an intra-helical i – i + 3 interaction between Asp621 and
Asp624, which could destabilize the HR2 α-helix formation at neutral

Table 1
Peptides used in this study.
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pH, due to repulsion between the carboxylate anions, and (ii) an inter-
helical repulsive interaction between Glu564 of the HR1 and Asp629 of
the HR2, which may disrupt the inter-helical association at neutral pH
(Harrison et al., 2011). Accordingly, pH affects the stability of the 6-
helix α-helical bundle of EBOV, with Tm differing by 37 °C between pH
6.1 (Tm=49.8 ± 1.1 °C) and pH 5.2 (Tm=86.8 ± 2.0 °C) (Harrison
et al., 2011). Hence, removal of the Asp624,629 negative charges was
likely to be beneficial to inhibitor binding.

The N-terminus of the peptide was chosen at Asp614, since Asp is a
good α-helix N-cap (Aurora and Rose, 1998). To further facilitate for-
mation of the helical structure and increase protection against enzy-
matic degradation, the N-terminus was acetylated and the C-terminus
was amidated. Amino acids 631–633 were included in the inhibitor,
since they are likely in contact with the HR1 trimer, despite not being
visible in the x-ray structure. Moreover, they would contribute two
charges that should favor aqueous solubility. The cysteine residue re-
quired for cholesterol conjugation was linked directly C-terminal to
Lys633. The resulting sequence of EBOV-4 is shown in Table 1 and
Fig. 1.

The antiviral activity of the peptide is shown in Table 2. Despite
being considerably shorter than EBOV-3 (20 vs. 30 residues), EBOV-4

was found to inhibit all three viruses (EBOV, MARV, and SUDV) more
effectively, validating the helix-stabilization strategy. To combine the
advantage of a stabilized helical domain with the additional interac-
tions of the MPER domain seen in EBOV-3, we prepared EBOV-5 that
includes residues Thr634-Gly639. To explore the optimal distance be-
tween the peptide and the cholesterol moieties, the inhibitor EBOV-6
was also constructed, which differs from EBOV-5 only in the length of
the PEG spacer (12 vs. 4 units, Table 1). A recent study demonstrated
that optimization of the PEG spacer may increase potency (Mathieu
et al., 2017). Both peptides were equipotent against EBOV and were
slightly more potent than EBOV-4 against EBOV and SUDV, and com-
parably potent against MARV (Table 2). The equipotent nature of
EBOV-5 and EBOV-6 against multiple filoviruses suggest that potency is
not impacted by PEG spacers that range between 4 and 12 units. Im-
portantly, peptides EBOV-4, -5, and -6 were also tested in a CHIKV
infection assay and were inactive (Table 2), confirming the absence of
any non-specific antiviral effects.

Accordingly, the two follow-on peptides EBOV-7 and EBOV-8 (see
below) were both prepared with a PEG12 spacer. The relatively modest
gain in potency conferred by introduction of the MPER region into the
bis-lactam inhibitor EBOV-4 suggested that the upstream region missing

Table 2
In vitro antiviral activity of cholesterol-conjugated peptides.

Peptide EBOV EC50 [μM] EBOV EC90 [μM] MARV EC50 [μM] MARV EC90 [μM] SUDV EC50 [μM] SUDVEC90 [μM] CHIKV EC50 [μM] CC50 [μM]

EBOV-1 > 30 – – – – – – >30
>30 – – – – – – >30

EBOV-2 > 30 – – – – – – >30
>30 – – – – – – >30

EBOV-3 12.89 ± 1.59 – 10.84 ± 1.01 – 16.10 ± 1.63 – – >30
11.94 ± 2.59 – 10.40 ± 0.97 – 13.09 ± 1.44 – – >30

EBOV-4 6.29 ± 0.66 – – – – – – >30
8.10 ± 0.63 – – – – – – >30
6.67 ± 0.89 19.41 6.21 ± 0.71 20.52 3.02 ± 0.61 13.63 > 30 >30
9.04 ± 1.23 24.79 8.13 ± 0.96 31.30 4.94 ± 1.10 25.03 > 30 >30

EBOV-5 3.88 ± 0.67 17.27 9.64 ± 0.99 24.74 1.18 ± 0.26 7.05 > 100 >30
3.89 ± 0.61 16.86 11.54 ± 1.50 31.38 1.67 ± 0.22 6.87 > 100 >30

EBOV-6 1.90 ± 0.39 9.84 6.46 ± 0.93 17.03 0.72 ± 0.14 1.58 > 30 >30
3.67 ± 0.89 15.33 9.80 ± 0.94 17.59 1.31 ± 0.30 4.49 22.92 ± 2.62 > 30
5.44 ± 0.85 25.75 – – – – – >25

EBOV-7 1.90 ± 0.28 9.44 – – – – – >25
EBOV-8 18.47 ± 4.64 69.49 – – – – – >25

Antiviral activities of the various EBOV peptides against EBOV, MARV, SUDV, or CHIKV in vitro. Cells were inoculated with peptides 2 h prior to virus inoculation.
Relative infection rates were determined via immunostaining and high-content quantitative image-based analysis. Results are normalized to DMSO-treated samples.
Each value represents results of an independent dose response assay with at least 3 replicates per dose.

Fig. 1. Design of a helix-stabilized cholesterol-
conjugated inhibitor. (Left) The α-helical region of
the HR2 domain of Ebola GP2 in the post-fusion
structure (PDB code: 2EBO) is shown with the
residues involved in the Lys(i)–Asp(i+4) lactam
bridges as orange spheres in the position of the α-
carbon; also indicated are residue Asp614, which
N-caps the helix, and the C-terminal residue
Lys633, which does not appear in the x-ray struc-
ture. (Right) Schematic representation of the de-
sign criteria. For full explanation see text.
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in EBOV-4 but present in EBOV-3 might be important. Since EBOV-4 is
equally active against EBOV and MARV, we expanded our analysis to
include the post-fusion structure of MARV GP2 (Harrison et al., 2012;
Koellhoffer et al., 2012).

The helical region of HR2 of both EBOV and MARV terminates with
a helix cap: for EBOV, the helix is terminated by the Asp614-Trp615-
Thr616 motif, with the Trp615 side-chain closing the HR1 hydrophobic
pocket. The correct orientation of Trp615 is maintained through the H-
bond interaction between Asp614−Thr616; in MARV, the helix cap motif
is Asp615-Leu616-Ser617. The Leu616 side-chain is positioned like Trp615

in EBOV, and the correct orientation of Leu616 is maintained through
the H-bond interaction between Asp615−Ser617 (Fig. S1). Also, the four
HR2 amino acids upstream of the helix cap differ between EBOV and
MARV (Ile610-Glu-Pro-His613 and Ile611-Gly-Ile-Glu614, respectively).
However, the whole region interacts with an identical HR1 surface
(Fig. 2). Fig. 2 shows an alignment of the interacting HR1 and HR2
regions for EBOV and MARV: the HR1 sequence is conserved, save for
Ala575/Val576 and Leu579/Glu580, which are not part of the surface in
contact with HR2. Therefore, the HR2 sequence 610–616 of EBOV and
611–617 of MARV may represent two binding solutions to the same
surface. To establish which was the optimal one we generated peptide
EBOV-7, including the 4-aa upstream extension, and peptide EBOV-8, in
which the entire sequence GP2611-617 of MARV including the helix cap
was grafted into the EBOV backbone (Table 1). The results shown in
Table 2 indicate that for ebolavirus the EBOV sequence represents the
best binding solution, with EBOV-7 being much more potent than
EBOV-8. EBOV-8 is also less potent than EBOV-13; suggesting that the
helix cap of the MARV sequence is less effective than the corresponding
helix cap of EBOV, at least when transplanted into the EBOV HR2.

Overall, the addition of the four amino acids upstream of the helical
domain provides a comparable, modest increase in potency to the ad-
dition of the five residues downstream, with EBOV-7 being 2-fold more
potent than EBOV-6 and 4-fold more potent than EBOV-4 (Table 2).
Peptides EBOV-5 to EBOV-8 were subsequently evaluated for inhibition
of viral entry using a previously described assay that utilizes retroviral
pseudotypes of EBOV and MARV glycoproteins (Radoshitzky et al.,
2011) (Table 3). For EBOV, the results in this assay parallel those in the
infectivity assay, with EBOV-7 being the most potent inhibitor of EBOV-
GP mediated entry, followed by EBOV-6 and EBOV-5. EBOV-8, with the
N-terminal 7-aa from MARV instead of EBOV, was the least potent of all
four peptides that were tested.

For Marburg virus, EBOV-6 and EBOV-8 showed comparable

inhibition of MARV-GP mediated entry, while EBOV-5 and EBOV-7
were slightly less potent. Together with the results of the infectivity
assay, these data suggest that hybridization of the EBOV and MARV
sequence may not be a preferred strategy to develop a pan-filovirus
inhibitor.

Peptides EBOV-5 to EBOV-8 were then tested for inhibition of EBOV
infection in the context of an in vitro rodent cellular model. The infec-
tion of rodent BHK-21 cells with mouse-adapted EBOV (ma-EBOV)
variant Mayinga was used to help translate and correlate antiviral ac-
tivity between human and rodent cellular models. As shown in Table 4,
potency values followed earlier trends shown in Tables 2 and 3 The
EBOV-targeting peptides (EBOV-5, -6, and -7) range in potency between
0.5 μM for the most potent peptide (EBOV-7) and as low as 8 μM for the
least potent peptide (EBOV-6). The MARV/EBOV targeting peptide
(EBOV-8) was less robust against ma-EBOV as well.

3.3. Mouse Pharmacokinetics of EBOV-5 and EBOV-6

The pharmacokinetics of EBOV-5 and EBOV-6 were studied in Balb/
c mice, the same strain that was planned for the mouse protection study
(Fig. 3). Both peptides exhibited prolonged circulation in plasma, being
detectable after 24h upon subcutaneous (SQ) or intravenous (IV) in-
jection at 2-10 mg/kg. The dose-AUC relationship was linear for EBOV-
5 but less than linear for EBOV-6. At 10 mg/kg EBOV-5 (Fig. 3a), fea-
turing a 4-unit PEG spacer, reached higher peak and trough con-
centrations than EBOV-6 (Fig. 3b), featuring a 12-unit PEG spacer. The
Cmax and AUC0-24 were 23,000 ng/mL (5.96 µM) and 384,000 ng/
mL/h (99.33 µM/h) for EBOV-5 and 14,700 (3.48 µM) and 231,000 ng/
mL (54.76 µM/h) for EBOV-6. At 10 mg/kg, EBOV-5 and EBOV-6
maintain a plasma concentration higher than the respective EC50 for
12h. It was therefore decided to administer the peptides at this con-
centration twice daily (BID), for a total of 20 mg peptide/kg/day.

Fig. 2. The region upstream the helix cap in Ebola and Marburg post-fusion
structures. The four amino acids (orange) upstream of the helix cap (green)
differ between EBOV and MARV, but interact with an identical HR1 surface
(cyan). The HR1 residues that differ between EBOV and MARV, Ala575/Val576

and Leu579/Glu580, are not part of the surface in contact with HR2.

Table 3
Inhibition of EBOV and MARV GP-pseudotyped retrovirus cellular entry by
cholesterol-conjugated peptides.

Peptide EBOV-GP EC50

(μM)
EBOV-GP
EC90 (μM)

MARV-GP EC50

(μM)
MARV-GP
EC90 (μM)

CC50

(μM)

EBOV-5 2.45 ± 1.09 29.46 6.20 ± 1.38 25.58 ≥25
EBOV-6 1.82 ± 0.55 29.46 3.99 ± 0.87 19.84 ≥25
EBOV-7 0.60 ± 0.20 6.15 8.45 ± 1.49 33.36 ≥25
EBOV-8 4.02 ± 1.13 20.22 4.66 ± 0.59 15.13 ≥25

HeLa cells were inoculated with peptides 2 h prior to pseudotype inoculation.
Cells were transduced with enhanced green fluorescent protein (eGFP)-ex-
pressing MoMLV pseudotyped with the envelope proteins (GP1,2) of EBOV or
MARV. eGFP-expressing cells were measured as in Table 2. Results are nor-
malized to DMSO-treated samples. Each value represents results of an in-
dependent dose response assay with at least 3 replicates per dose.

Table 4
Antiviral activity of cholesterol-conjugated peptides in rodent cells infected
with mouse-adapted EBOV.

Peptide ma-EBOV EC50 (μM) ma-EBOV EC90 (μM) CC50 (μM)

EBOV-5 2.34 ± 0.69 16.2 ≥51.7
EBOV-6 7.95 ± 28.30 211 ≥47.4
EBOV-7 0.50 ± 0.09 3.45 ≥42.6
EBOV-8 19.80 ± 1953 142 ≥44.0

Antiviral activities of selected EBOV peptides against mouse-adapted (ma-
EBOV) in vitro. BHK cells were inoculated with peptides 2 h prior to virus in-
oculation. Relative infection rates were determined as in Table 2. Results are
normalized to DMSO-treated samples. Each value represents results of an in-
dependent dose response assay with at least 3 replicates per dose.
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3.4. Inhibition of EBOV infection in vivo

The four most potent inhibitors, EBOV-5 to −8, were tested in a
mouse model of Ebola virus infection (Bray et al., 1998). The model
utilizes a mouse-adapted EBOV variant Mayinga that is lethal for ma-
ture, immunocompetent BALB/c inbred mice, with pathologic changes
in the liver and spleen resembling those in EBOV-infected non-human
primates. Each peptide was administered as a 10mg/kg SC injection
BID (20mg/kg/day) for 9 days beginning on Study Day 0. The animals
were infected intraperitoneally (IP) with 1000 pfu of ma-EBOV and
monitored for 14 days. The results of the study are shown in Fig. 4. In

the initial study (Fig. 4a), six of the control mice succumbed to infection
between Study Days 5–8, with four animals surviving until Day 14
(40% survival, which is significantly more than the typical 100%
mortality normally seen in this model). In the treated groups, EBOV-7
was the only peptide to provide statistically significant protection
against lethal EBOV infection. Survival in the animals administered
EBOV-7 SC BID was 100% (P=0.0042 by Log-Rank analysis). Survival
for EBOV-5, EBOV-6, and EBOV-8 was 60%, 40%, and 30%, respec-
tively, and was comparable to the survival in the control group
(Fig. 4a). As expected, weight loss resulting from EBOV infection was
observed from Study Days 4–8, with all surviving animals regaining

Fig. 3. Pharmacokinetic profiles of EBOV-5 and EBOV-6 peptides in BALB/c mice. Peptides were parenterally administered to mice (n=3/group) at 2 mg/kg by the
intravenous and subcutaneous routes or at 10 mg/kg subcutaneously as indicated by the key for A) EBOV-5 and B) EBOV-6. A plasma concentration curve of 1μM
corresponds to 3,865 ng/mL and 4,218 ng/mL for EBOV-5 and EBOV-6, respectively.

Fig. 4. Inhibition of mouse-adapted EBOV infection in BALB/c mice (n = 10/group) treated with the indicated peptides at 10 mg/kg twice daily (BID). Survival
curves from two independent studies are shown in (a) and (c), with the percent change in weight for each group shown in (b) and (d).
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weight after Day 8. Weight loss was reduced with respect to the control
group in the mice treated with EBOV-5, EBOV-7, and EBOV-8, but not
EBOV-6 (Fig. 4b).

To ensure performance of the model, which typically results in near-
uniform lethality in control animals, a second iteration of the study was
performed. In this iteration, all control mice succumbed to infection
between Study Days 6–9 (0% survival) (Fig. 4c). EBOV-7 remained the
strongest performer of the four peptides, with 80% survival
(P= 0.0002 by Log-Rank analysis). Survival for the three remaining
peptides (EBOV-5, -6, and -8) ranged from 10 to 40% and was not
statistically different from survival in the control group. Similar general
trends in weight loss were observed in this iteration (Fig. 4d) as com-
pared to the initial study (Fig. 4b).

4. Discussion

The development of fusion inhibitors for viruses that undergo fusion
with intracellular compartments is considerably more challenging than
for viruses that fuse at the surface of the cell. This is because of the
additional requirement for the inhibitor to reach the endosomal com-
partments where fusion occurs. Accordingly, the reported potency of
HR2-derived peptides from the intracellularly-fusing viruses (e.g., in-
fluenza virus (Lee et al., 2011), EBOV (Higgins et al., 2013; Miller et al.,
2011)) and extracellularly-fusing viruses (e.g., HIV (Ingallinella et al.,
2009), Hendra virus (Porotto et al., 2006), Nipah virus (Porotto et al.,
2010b), RSV (Lambert et al., 1996)) differ more than 100-fold. There-
fore, several strategies must be applied to generate inhibitors of suffi-
cient potency to approach a clinical candidate. Here we report the
combination of cholesterol conjugation with stapling, i.e. the in-
troduction of side-chain to side-chain constraints to stabilize a helical
structure in peptides derived from the HR2 domain of EBOV GP2.

The first strategy utilized is cholesterol conjugation. Cholesterol
conjugation increases antiviral activity by targeting the inhibitor to
lipid rafts where fusion occurs (Ingallinella et al., 2009; Pessi, 2015).
This effect has been exploited by Higgins et al. who described an in-
hibitor with IC50 < 10 μM in a VSVG-Ebola GP pseudovirus assay
(Higgins et al., 2013). Using an infection assay with authentic EBOV,
we could not confirm this result (peptide EBOV-1, Tables 1 and 2).
However, a peptide elongated with the five residues downstream of the
helical domain was active, with an IC50 of 12 μM against EBOV infec-
tion (EBOV-3, Tables 1 and 2). The differences between the two assays
might explain the discrepancy.

Cholesterol conjugation also provides an improvement in the PK of
the peptide (Ingallinella et al., 2009). We confirmed this for the two
peptides analyzed here, EBOV-5 and -6 (Table 3), which both were
suitable for BID or potentially once-daily administration in mice. The
cumulative evidence from the literature (Ingallinella et al., 2009; Li
et al., 2013; Mathieu et al., 2017; Porotto et al., 2010a) suggests that a
favorable PK profile can be expected for any cholesterol-conjugated
peptide; accordingly EBOV-7, which we did not analyze for PK, was
effective in mice upon BID administration.

The second strategy used is stapling, to pre-form the α-helical
structure of the HR2 domain and reduce the entropic cost for binding.
Among the many available solutions, we chose to introduce two back-
to-back lactam bridges as described by Fairlie and colleagues (Harrison
et al., 2010; Shepherd et al., 2005, 2006). The contribution of helix
stabilization can be assessed through comparison of EBOV-3 and EBOV-
7, which have the same sequence and differ only by the presence of the
double staple of EBOV-7, which is more potent by 10-fold (Table 2).
This enhancement in potency is less pronounced than that of RSV an-
tivirals in the literature (Bird et al., 2014a; Gaillard et al., 2017;
Harrison et al., 2010). The different fusion sites of the viruses (RSV
fuses with the cell membrane whereas EBOV fuses with intracellular
endo-lysosomal membranes) may also be a contributing factor in this
case. However, it is equally, if not more likely, that the details of how
stapling is optimally achieved are specific to each virus. For RSV,

varying the type and position of the side-chain constraints (Gaillard
et al., 2017) had a considerable impact on activity, in agreement with
other literature examples (Hojo et al., 2016). Indeed, in addition to
stabilizing the secondary structure, the staple may interact with the
target protein and provide additional binding energy (Tan et al., 2016).
This provides a potential roadmap for evolution of the current peptides.

The most potent peptide, EBOV-7, resulted from the combination of
stapling with cholesterol conjugation and was able to protect mice from
lethal EBOV infection. In the same study, three other peptides were
tested, but they did not provide statistically significant protection from
virus infection. Given the small difference in in vitro potency, especially
with EBOV-6, protection likely depends on reaching a threshold of
plasma AUC and EC50, with a slight decline in either parameter con-
tributing to the lack of protection in this in vivo model.

In this respect, optimization of the PEG linker may provide a major
benefit, since it simultaneously influences PK and potency (Table 2). A
recent study has shown that the optimal length of the PEG spacer may
vary between viruses: extending the number of PEG units from 4 to 12
increased potency against Nipah virus, but not against human para-
myxovirus (Mathieu et al., 2017). In the same study, extension to 24
PEG units further improved potency (Mathieu et al., 2017). However, in
our study we observed a slightly better PK profile for PEG4 vs PEG12

containing peptides (Fig. 3), highlighting the need to consider both
parameters.

In summary, we have developed stapled, cholesterol-conjugated
fusion inhibitors that are active in vitro against both EBOV and MARV
and can prevent lethal EBOV infection in a rodent model. These pep-
tides represent promising leads for a filovirus-specific therapeutic.
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