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Ebola virus (EboV) and Marburg virus (MarV) (filoviruses)
are the causative agents of severe hemorrhagic fever. Infec-
tion begins with uptake of particles into cellular endosomes,
where the viral envelope glycoprotein (GP) catalyzes fusion
between the viral and host cell membranes. This fusion event
is thought to involve conformational rearrangements of the
transmembrane subunit (GP2) of the envelope spike that ulti-
mately result in formation of a six-helix bundle by the N- and
C-terminal heptad repeat (NHR and CHR, respectively)
regions of GP2. Infection by other viruses employing similar
viral entry mechanisms (such as HIV-1 and severe acute res-
piratory syndrome coronavirus) can be inhibited with syn-
thetic peptides corresponding to the native CHR sequence
(“C-peptides”). However, previously reported EboV C-pep-
tides have shown weak or insignificant antiviral activity. To
determine whether the activity of a C-peptide could be
improved by increasing its intracellular concentration, we
prepared an EboV C-peptide conjugated to the arginine-rich
sequence from HIV-1 Tat, which is known to accumulate in
endosomes. We found that this peptide specifically inhibited
viral entry mediated by filovirus GP proteins and infection by
authentic filoviruses. We determined that antiviral activity
was dependent on both the Tat sequence and the native EboV
CHR sequence. Mechanistic studies suggested that the pep-
tide acts by blocking a membrane fusion intermediate.
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Ebola virus (EboV)® and Marburg virus (MarV) are members
of the Filoviridae family of non-segmented negative-strand
RNA viruses that produce filamentous enveloped particles (1,
2). Several filoviruses cause rapidly progressing hemorrhagic
fevers, with human case-fatality rates exceeding 90% in larger
outbreaks (1, 3). There are currently no vaccines or antivirals
approved in the United States to treat filovirus infections. The
infectious filovirus particle possesses a single membrane glyco-
protein (GP), which is necessary and sufficient to mediate entry
into host cells (4, 5). During viral assembly, GP is cleaved into
two subunits (GP1 and GP2) by furin to produce the mature
envelope spike that consists of a trimer of disulfide-linked GP1-
GP2 heterodimers (6-9). The surface subunit, GP1, mediates
viral attachment and regulates the conformation of the mem-
brane fusion subunit, GP2 (7, 10 -16). Filovirus GP proteins are
categorized into the structurally defined “class I” viral mem-
brane fusion glycoproteins that have a high a-helical content
(17-19). Similar to the prototypic class I fusion proteins of
HIV-1 and influenza A virus, GP2 contains a hydrophobic
fusion peptide near its N terminus, followed by N- and C-ter-
minal heptad repeat (NHR and CHR, respectively) sequences
and the transmembrane domain (7, 17, 20 —-24).

A current model for filovirus entry into cells based on exper-
imental evidence and analogy to the HIV-1 and influenza A
virus entry mechanisms is schematically depicted in Fig. 1 (17,
20, 25). Following cell attachment, virus particles are internal-
ized into endosomes. Here, the host endosomal cysteine pro-
teases cathepsin L and cathepsin B are proposed to cleave GP1
to remove a large C-terminal region (26, 27). This proteolytic
remodeling (resulting in a “cleaved” GP intermediate) exposes a
putative receptor-binding site in GP1 (7, 11, 16, 28). Cleavage of
GP1 by cathepsin L/cathepsin B is also thought to destabilize
the pre-fusion conformation of the GP1-GP2 complex, pro-
moting deployment of the GP2 fusion machine (29).” Next, GP2
is released from its pre-fusion conformation, presumably by an
unknown trigger, and drives membrane fusion by undergoing a
series of large-scale conformational changes (7, 17, 20, 22, 23,
25). The three NHRs are thought to rearrange to form a long

© The abbreviations used are: EboV, Ebola virus; MarV, Marburg virus; GP, gly-
coprotein; NHR, N-terminal heptad repeat; CHR, C-terminal heptad repeat;
ASLV, avian sarcoma/leukosis virus; rVSV, recombinant vesicular stomatitis
virus; eGFP, enhanced green fluorescent protein; mRFP, monomeric red
fluorescent protein; m.o.i., multiplicity of infection.

7 K. Chandran, unpublished data.
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triple-stranded coiled coil, projecting the N-terminal fusion
peptides into the endosomal membrane. This configuration
results in a putative “extended intermediate” conformation in
which the entire GP2 ectodomain bridges the viral and host
membranes. The three CHRs then fold back and pack into
grooves along the NHR core trimer, creating a stable post-fu-
sion “six-helix bundle” configuration. These rearrangements
juxtapose the viral and host lipid bilayers, catalyzing their mix-
ing and coalescence, and ultimately lead to delivery of the viral
nucleocapsid into the cytoplasm.

The existence of an extended intermediate conformation
during membrane fusion by HIV-1 and other prototypic class I
envelope glycoproteins was inferred from experiments with
synthetic peptides corresponding to the CHR sequence (“C-
peptides”) (30, 31). C-peptides inhibit membrane fusion and
inhibit viral infection by competing with the endogenous CHR
for binding to the NHR core trimer of the extended intermedi-
ate, thereby arresting the transition to the six-helix bundle.
C-peptides with antiviral efficacy in vitro and/or in vivo have
been engineered for many enveloped viruses, including HIV-1
(32), SV5 and Hendra/Nipah paramyxoviruses (33, 34), and
severe acute respiratory syndrome coronavirus (35). However,
previous attempts to develop such inhibitors for filoviruses
based on EboV GP2 yielded peptides with only modest activity
(36, 37). Because membrane fusion by filoviruses is thought to
occur deep in the endocytic pathway (7, 26, 38), the weak activ-
ity of EboV C-peptides may be due to inaccessibility of the
extended intermediate. Here, we show that the antiviral activity
of an EboV C-peptide is enhanced by conjugation to the argin-
ine-rich segment from HIV-1 Tat protein, which is known to
target to endosomes (39, 40). We demonstrate that the activity
against EboV and MarV is dependent on this targeting segment
and on the endogenous CHR sequence. Mechanistic experi-
ments indicate that the endosome-targeted C-peptide acts on
an intermediate in the filovirus entry pathway.

EXPERIMENTAL PROCEDURES

Peptide Synthesis and Purification—All peptides were syn-
thesized by solid-phase peptide synthesis using standard Fmoc
(N-(9-fluorenyl)methoxycarbonyl) chemistry at the Tufts Uni-
versity Biopolymer Facility. Following synthesis, simultaneous
side chain deprotection and cleavage from resin were achieved
by treating the resin with 95% trifluoroacetic acid, 2.5% 1,2-
ethanedithiol, and 2.5% thioanisole for 3 h. Resin was removed
by filtration, and the peptide was precipitated by addition of
cold diethyl ether. The peptide was pelleted by centrifugation,
washed twice with cold diethyl ether, redissolved in water/ace-
tonitrile, and lyophilized. Crude lyophilized peptides were puri-
fied by reverse-phase HPLC on a Vydac C,4 column (10 um,
250 X 21.2 mm) with water/acetonitrile mobile phases contain-
ing 0.1% trifluoroacetic acid. Peptide purity was generally
>95% as judged by analytical reverse-phase HPLC, and the
identity of all peptides was confirmed by MALDI-MS (see Table
1). Before the biological studies, the trifluoroacetate counteri-
ons were exchanged for chloride ions by dissolving peptides in
50 mm HCI and lyophilizing the resulting solution. (This pro-
cedure was performed two to three times for each peptide.)
Peptides were dissolved in 10 mm phosphate (pH 7), and the
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concentration was determined by absorbance at 280 nm (Tat-
Ebo, Lys-Ebo, Tat-Scram, Tat, Tat-ASLV, Tat-Ebo>%) or 492
nm (fTat-Ebo and fLys-Ebo).

Cells and Viruses—Grivet (African green monkey) kidney
cells (Vero) were maintained at 37 °C and 5% CO, with high
glucose DMEM (Invitrogen) supplemented with 10% fetal
bovine serum. A recombinant vesicular stomatitis Indiana virus
(rVSV-GP) encoding the enhanced green fluorescent protein
(eGFP) and EboV GP in which the mucin-like domain had been
genetically deleted (A309 — 489; Amuc) was generated and puri-
fied as described previously (29). A second recombinant virus
(rVSV-G) encoding a monomeric red fluorescent protein
fused to the VSV polymerase accessory protein P ((mRFP)-P) in
place of the wild-type P protein, was used as a control virus (41).
All experiments with rVSVs were performed using enhanced
biosafety level 2 procedures approved by the Albert Einstein
College of Medicine Institutional Biosafety Committee. VSV
pseudotypes expressing eGFP and bearing VSV Indiana G or
filovirus GP proteins were generated as described previously
(4).

Viral Infectivity Measurements—Infectivity of VSV pseu-
dotypes was measured by manual counting of eGFP- or mRFP-
P-positive cells under a fluorescence microscope as described
previously (26). Infectivity of rVSVs was measured by fluores-
cent focus assay as described previously (29). For peptide dose
curves, monolayers of Vero cells were pretreated with the
indicated concentrations of peptide for 1 h at 37 °C, unless indi-
cated otherwise, and exposed to virus for 1 h at 37 °C. Peptide/
virus mixtures were then removed and replaced with fresh
growth medium. Viral infectivity was scored as described
above.

Confocal Microscopy—Vero cells were plated in 35-mm
glass-bottom dishes (MatTek). To prevent escape of the pep-
tide from endosomes and quenching of FITC, cells were treated
with 50 mm NH,Cl for 30 min. Cells were washed with 1 ml of
PBS and then treated with 1.5 um fTat-Ebo or fLys-Ebo for 15
min at 37 °C. The peptide was removed, and the cells were
washed extensively with PBS containing 50 mm NH,CI. Cells
were then incubated with imaging medium (DMEM with no
phenol red + 2% FBS) containing 1 ug/ml Hoechst 33342
nuclear stain. Samples were visualized with a Leica SP5 AOBS
confocal microscope using a X63 oil objective. During imaging,
cells were maintained at 37 °C in the microscope’s environmen-
tal chamber. Captured images were converted to the TIFF for-
mat using Leica LAS-AF software. Image processing (linear
adjustments to brightness and contrast, cropping, and addition
of scale bars) was done on the TIFF files using NIH Image].
Images were then imported into Illustrator (Adobe Systems) for
figure assembly. Endosomal colocalization studies were per-
formed in a similar fashion but with Vero cells that had been
transduced with a baculovirus vector encoding mRFP-tagged
LAMP1 (CellLight, Invitrogen) at 20 particles/cell. 16 h post-
transduction, cells were treated with NH,Cl and 1.5 um fTat-
Ebo and imaged as described above. Reflectance mode was
used to image the cell boundaries, which are depicted as
white outlines.

Peptide/Virus Preincubation Experiment—rVSV-GP or
rVSV-G was incubated with the desired concentration of pep-
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tide in 100 pl of either PBS (pH 7.5) or Mcllvaine’s citrate-
phosphate buffer (pH 5.5) for 1 h at 37 °C. The peptide/virus
mixture was then subjected to three serial 10-fold dilutions in
growth medium. The diluted mixtures were then added to Vero
cell monolayers, and infection was allowed to proceed for 1 h at
37 °C. Viral infectivity was measured as described above. Exper-
iments with cleaved virus were performed in a similar manner
except that r'VSV-GP was treated with thermolysin (200 wg/ml)
for 1 h at 37 °C and then quenched with phosphoramidon (1
mM) prior to addition of the peptide.

Authentic Filovirus Dose Curves—Peptides were diluted to
the desired concentration in PBS + Ca®>*/Mg>* and added to
Vero cells. EboV-eGFP (multiplicity of infection (m.o.i.) = 5
plaque-forming units/cell), EboV-May (m.o.i. = 1 plaque-
forming unit/cell), or MarV-Ci67 (m.o.i. = 5 plaque-forming
units/cell) was added 1 h later. Viruses were allowed to infect
cells for 1 h in the presence of peptide, the inocula were
removed, and cells were washed three times with PBS and sup-
plemented with fresh growth medium. Culture supernatants
were harvested in TRIzol (Invitrogen) at 48 h post-infection,
and virus yield was determined by quantitative real-time PCR
(see below). Alternatively, cells were fixed in 10% buffered for-
malin (Val Tech Diagnostics) for 72 h and stained for quantita-
tive image-based analysis with murine monoclonal antibodies
against EboV or MarV GP (6D8 or 9G4 antibody, respectively),
followed by Alexa 488-conjugated goat anti-mouse IgG (Invit-
rogen). All infected cells were stained with Hoechst 33342 and
HCS CellMask Red (Invitrogen). Fluorescence images of the
stained cells were acquired and analyzed on an Opera QEHS
confocal reader (Model 3842, quadruple excitation high sensi-
tivity, PerkinElmer Life Sciences) using a X10 air objective.
Image analysis was accomplished within the Opera environ-
ment using standard Acapella scripts. All experiments involv-
ing authentic filoviruses were performed under biosafety level 4
conditions at the United States Army Medical Research Insti-
tute of Infectious Diseases.

Quantitative Real-time PCR—Total RNA from culture
supernatants of untreated cells (mock) or cells infected with
EboV or MarV was prepared using the MagMAX 96 RNA
extraction kit (Ambion). Quantitative real-time PCR assays
were performed on an ABI PRISM 7900HT sequence detection
system with an RNA UltraSense one-step kit (Invitrogen) and
TagMan probes (Applied Biosystems) according to the manu-
facturers’ instructions. The final concentrations used in the
20-pul reaction mixture were 5 ul of RNA, 0.4 um each primer,
0.2 uMm probe, 4 ul of 5X reaction mixture, 0.4 ul of ROX, and 1
wl of enzyme mixture. The reaction was run under the follow-
ing conditions: reverse transcription at 50 °C for 20 min, initial
denaturation at 95 °C for 2 min, and amplification for 40 cycles
at 95 °C for 15 s and at 60 °C for 30 s. Serial 10-fold dilutions of
the assayed virus (10°~107 copies) were used as standards.

RESULTS

Peptide Design—Previous attempts to generate C-peptides
against EboV GP resulted in compounds with only weak anti-
viral activity. Watanabe et al. (36) synthesized and tested a pep-
tide corresponding to GP2 residues 610 — 633 (Fig. 1) and found
that large amounts of this peptide were required for modest
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inhibition of infection by VSV particles bearing VSV-GP.
(~1700 uMm was needed for ~70% inhibition.) Netter et al. (37)
observed no inhibition of EboV entry with a peptide corre-
sponding to GP2 residues 610 —634 at peptide concentrations
up to ~70 um, but they found that C-peptides derived from the
structurally related ASLV Env glycoprotein had potent activity
against ASLV entry. Why do similar C-peptides inhibit viral
entry mediated by ASLV Env but not by EboV GP? One possible
explanation is the limited availability of peptide at the sites of
GP-mediated viral membrane fusion. Unlike ASLV Env, which
engages the receptor and undergoes initial fusion-related con-
formational changes at the cell surface (42, 43), EboV GP is
likely not triggered until virus particles are deep within the
endocytic pathway (7, 26, 38). This model predicts that the anti-
viral activity of EboV C-peptides could be enhanced by increas-
ing their local concentration in endosomes.

Arginine-rich peptide segments such as those derived
from the HIV-1 Tat and Drosophila melanogaster Antenna-
pedia proteins have been shown to act as cell-penetrating
reagents (39). These peptides are typically employed to
deliver cargo to the cytosol and nucleus, but their mode of
action involves uptake into and accumulation within endo-
somes (40). We surmised that conjugation of a Tat-derived
Arg-rich sequence to an EboV C-peptide would target the
C-peptide to endosomes and increase its access to GP mem-
brane fusion intermediates.

To test this hypothesis, we generated the peptide series
shown in Table 1. The peptide Tat-Ebo consists of the HIV-1
Tat Arg-rich sequence appended to residues 610 — 633 of EboV
GP2 by a short Gly-Ser-Gly linker. To explore the contribution
of the Tat sequence, a peptide consisting of the Tat sequence
alone (Tat-only) and another containing a tetralysine segment
in place of the Tat sequence (Lys-Ebo) were also prepared. Pre-
vious studies have shown that poly-Lys sequences are much less
efficiently internalized than are poly-Arg sequences despite
similar cationic charge density (44); therefore, the tetralysine
sequence is unlikely to support endosomal delivery of C-pep-
tides. In addition, the tetralysine sequence of Lys-Ebo enhanced
the solubility of the C-peptide. Equilibrium analytical ultracen-
trifugation experiments indicated that peptides comprising
residues 610 — 633 of GP2 alone were prone to aggregation (data
not shown). However, we found that both Tat-Ebo and Lys-Ebo
were monomeric at micromolar concentrations (see supple-
mental “Results”). Finally, Tat-Scram and Tat-ASLV, contain-
ing a scrambled EboV C-peptide sequence and the ASLV
C-peptide sequence, respectively, were generated to test
whether inhibitory activity is dependent on the EboV CHR
sequence. All peptides were synthesized and purified in good
yield using standard methods.

Tat-Ebo Specifically Inhibits VSV-GP Infection in a Tat and
CHR Sequence-dependent Manner—We tested the capacity of
this peptide series to inhibit infection of Vero cells by rVSV-GP
(Fig. 2). We found that Tat-Ebo reduced rVSV-GP infection in
a dose-dependent fashion, with ~99% inhibition at the highest
concentration tested (75 um). Cytotoxicity assays indicated that
Tat-Ebo was well tolerated by Vero cells in this concentration
range (see supplemental “Results”). Importantly, Tat-Ebo had
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FIGURE 1. A, current model for filovirus entry and how this process could be inhibited by an endosome-targeted C-peptide. CatL, cathepsin L; CatB, cathepsin
B; rbs, receptor-binding site. B, sequence alignment of GP NHR and CHR segments from EboV, MarV, and ASLV. residues that differ from EboV are shown in gray.
G, six-helix bundle structure of the EboV GP2 ectodomain (Protein Data Bank code 2EBO) reported by Malashkevich et al. (22).

TABLE 1
Peptides synthesized and tested for activity
The expected ((MH]"_,,.) and observed ((MH]"

obs

) monoisotopic masses are shown.

Peptide Sequence” Charge at pH 7 [MH]* 1 [MH]* ..
Tat-Ebo YGRKKRRQRRR-GSG-IEPHDWTKNITDKIDQIIHDFVDK +6 4661.5 4661.9
Lys-Ebo KKKK-GSG-IEPHDWTKNITDKIDQIIHDFVDK +2 3633.0 3632.2
Tat-only YGRKKRRQRRR +9 1559.0 1558.2
Tat-Scram YGRKKRRQRRR-GSG-HTEHINFQDDTIKIWPDVIKIKDD +6 4661.5 4661.8
Tat-ASLV YGRKKRRQRRR-GSG-FNLSDHSESIQKKFQLMKEHVNKIG +10 4698.5 4700.2

“ All peptides were synthesized as C-terminal amides.

no detectable effect on infection by rVSV particles bearing the
homologous fusion glycoprotein G, despite the fact that VSV-G
also catalyzes viral membrane fusion from within the endocytic
pathway in an acid-dependent manner. Therefore, the antiviral
activity of Tat-Ebo is specific for EboV GP. Tat-only and Lys-
Ebo showed no detectable activity against rVSV-GP, demon-
strating that both the localization sequence (Tat) and the
C-peptide sequence are required. Tat-Scram and Tat-ASLV
also failed to inhibit rVSV-GP infection, providing additional
evidence that antiviral activity is specific for EboV GP and indi-
cating that the native CHR sequence is essential. All experi-
ments described here were performed with rVSV-GP lacking
the mucin-like domain (Amuc); however, we found similar
inhibition results with Tat-Ebo and rVSV-GP containing the
mucin-like domain (see supplemental “Results”).
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Inhibition of VSV-GP Infection Is Associated with Efficient
C-peptide Delivery to Endosomes—To examine the subcellular
localization of Tat-Ebo and Lys-Ebo, we generated variants of
these peptides bearing an N-terminal FITC moiety (fTat-
Ebo and fLys-Ebo, respectively) and exposed them to Vero
cells at 37 °C for 15 min. As shown in Fig. 34, fTat-Ebo was
taken up into cells and exhibited a punctate pattern charac-
teristic of endosomal distribution. By contrast, fLys-Ebo
could not be detected within cells. To confirm that fTat-Ebo
accumulated in endosomal compartments, we performed
uptake studies with Vero cells expressing mRFP-tagged
LAMP1], a protein resident in late endosomes. We found that
fTat-Ebo colocalized extensively with LAMP1 (Fig. 3B).
Therefore, conjugation to the Tat peptide significantly
enhances C-peptide uptake into the endocytic pathway.
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FIGURE 2. Effect of C-peptides on infection by rVSV-GP and rVSV-G. Vero
cells were pretreated with the indicated concentrations of peptide for 1 h at
37 °Cand then exposed to 10-fold serial dilutions of virus. Viral infectivity was
determined after 14-16 h by enumeration of fluorescent cells as described
under “Experimental Procedures.”
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(No peptide = 100%)
S

fTat-Ebo

FIGURE 3. A, intracellular localization of fTat-Ebo and fLys-Ebo. Vero cells in
glass-bottom dishes were pretreated with NH,Cl to neutralize the endosomal
acid pH and then exposed to FITC-labeled peptides for 15 min at 37 °C. Cells
were washed, stained with Hoechst 33342, and imaged by confocal fluores-
cence microscopy. Left panels, images were captured with a X63 objective.
Right panels, calculated maximal intensity projections are shown. Images
were digitally magnified (upper panel, X4; lower panel, X3.2) from images
similar to those in the left panels. B, subcellular localization of internalized
fTat-Ebo. Vero cells were transduced with a baculovirus vector encoding
mRFP-tagged LAMP1, a late endosome-resident protein, and then treated
with fTat-Ebo. LAMP1 and Tat-Ebo were visualized as described for A; cells are
outlined in white. The representative image shown was acquired with a X63
objective and digitally magnified (X3).

These findings are consistent with our hypothesis that pro-
moting internalization of EboV C-peptides into cells could
greatly enhance their antiviral activity.

Tat-Ebo Has Broad Activity against Filovirus GP Proteins—
The results in Fig. 2 were obtained with rVSV particles con-
taining EboV GP from the Zaire strain. Because the GP NHR
and CHR sequences derived from all ebolaviruses are highly
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FIGURE 4. Effect of Tat-Ebo on infection by VSV particles bearing GP pro-
teins derived from three ebolaviruses and one marburgvirus. Vero cells
were pretreated with the indicated concentrations of peptide for 1 h at 37 °C
and then exposed to 10-fold serial dilutions of virus. Viral infectivity was
determined after 14-16 h as described under “Experimental Procedures.”

conserved (see Fig. 1), we next considered the possibility that
Tat-Ebo also inhibits viral entry mediated by other ebolavirus
GP proteins. Accordingly, VSV particles pseudotyped with
Sudan or Reston virus GP were generated, and the effect of
Tat-Ebo on their infectivity was determined (Fig. 4). We found
that Tat-Ebo inhibited both viruses by ~99% at 75 um. This
level of inhibition is comparable with that obtained against the
VSV-GP particles containing Zaire virus GP (labeled ‘EboV’ in
Fig. 4). Remarkably, Tat-Ebo also inhibited infection mediated
by the more distantly related MarV GP. Therefore, Tat-Ebo is a
broad-spectrum inhibitor of infection mediated by filovirus GP
proteins.

Tat-Ebo Does Not Act on Extracellular Virus Particles—The
filovirus GP-specific activity of Tat-Ebo suggests that this pep-
tide acts at the entry stage to block viral infection. We hypoth-
esized that Tat-Ebo targets the extended intermediate confor-
mation of GP2 during membrane fusion. However, the fusion
trigger signal for GP is unknown, and no membrane fusion
assays are currently available (25). Therefore, we were unable to
directly assess the effect of Tat-Ebo on GP-mediated viral
membrane fusion. Nonetheless, we sought to determine
whether earlier steps in the viral entry pathway were affected by
Tat-Ebo. We first examined the capacity of the peptide to
directly inhibit extracellular virus (Fig. 54). rVSV-GP particles
were incubated with Tat-Ebo at pH 7.5 or 5.5, and these reac-
tion mixtures were diluted to reduce the concentration of pep-
tide to <1 um before addition to cells. We found that preincu-
bation of virus particles with high concentrations of peptide at
either neutral or acid pH had no detectable effect on viral infec-
tion. Therefore, Tat-Ebo is not virucidal and does not nega-
tively affect the pre-fusion conformation of GP in the extracel-
lular space or within acidic endosomes. Similar results were
obtained with rVSV-GP that had been treated with thermoly-
sin, which mimics GP proteolytic processing mediated by
cathepsin L/cathepsin B, indicating that early intermediates in
the entry pathway are also not affected by Tat-Ebo.

To gain further insight, we performed a time-of-addition
experiment in which we treated cells with Tat-Ebo for varying
lengths of time before or after adding virus (Fig. 5B). Maximal
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100

inhibition of infection was observed when cells were exposed to
peptide for 30 — 60 min before addition of virus, demonstrating
that intracellular accumulation of Tat-Ebo is crucial to its anti-
viral activity. Moreover, addition of Tat-Ebo to cells 60 min
after exposure to virus had little effect on infection, confirming
that the peptide blocks cell entry but not later steps in the viral
multiplication cycle. Taken together, these findings suggest
that Tat-Ebo targets an entry intermediate that exists only
within cells.

Hydrophobic Core Positions on the CHR Sequence Are
Required for VSV-GP Inhibition by Tat-conjugated C-peptide—
We sought to obtain direct evidence that Tat-Ebo targets the
EboV GP2 NHR core trimer. Accordingly, we passaged
rVSV-GP through eight rounds of growth in the presence of the
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peptide in an attempt to correlate resistance to Tat-Ebo with
mutations in GP2, but this approach failed to identify resistant
clones. As an alternative approach, we prepared a variant of
Tat-Ebo in which three of the core Ile residues (positions
denoted “a” and “d”) predicted to contact the NHR core trimer
in the EboV GP2 post-fusion six-helix bundle (22, 23) were
altered to serine (Tat-Ebo®%, sequence YGRKKRRQRRRGS-
GIEPHDWTKNSTDKSDQSIHDFVDK, where serine residues
at the a/d positions are underlined). If interaction with the NHR
core trimer is required for inhibition, alteration of the a/d res-
idues in the C-peptide from hydrophobic side chains to polar
(serine) side chains should disrupt the contacts with the NHR
core trimer and abolish antiviral potency. Indeed, we found that
Tat-Ebo®® exhibited no detectable inhibitory activity against
rVSV-GP (Fig. 2). These findings suggest that Tat-Ebo directly
blocks viral membrane fusion by binding to a GP2 fusion
intermediate.

Tat-Ebo Inhibits Infection by Authentic Filoviruses—Al-
though recombinant and pseudotyped VSV particles provide
useful systems to study GP-mediated viral entry, observations
made in these surrogate systems may not fully reflect the entry
pathway used by authentic filoviruses. We therefore tested the
capacity of Tat-Ebo, Tat-Ebo>, and Tat-ASLV to inhibit mul-
tiplication by replication-competent EboV and MarV in Vero
cells (Fig. 6). After 48 h, Tat-Ebo reduced the numbers of
infected cells (=90% at 50 um peptide) (Fig. 6A4) and yields of
viral progeny (=99% at 50 uM peptide) (Fig. 6B) for both viruses
compared with an untreated control. By contrast, Tat-Ebo®®
and Tat-ASLV had no detectable effect. These observations are
in full agreement with our findings derived from VSV-GP par-
ticles, and they validate the C-peptide endosomal targeting
strategy for filoviruses.

DISCUSSION

Enhanced Activity of Endosome-targeted EboV C-peptides—
We have demonstrated that the potency of the EboV C-pep-
tide can be enhanced by conjugation to the HIV-1 Tatarginine-
rich sequence. The antiviral activity observed at the highest
Tat-Ebo concentrations tested here (99% inhibition of infection
by authentic filoviruses at 50 —75 um peptide) (Figs. 2, 4, and 6)
is ~10-fold higher than that previously reported for a C-pep-
tide lacking the Tat sequence at ~20-fold higher concentra-
tions (36). Furthermore, we have shown that a C-peptide lack-
ing the targeting sequence (Lys-Ebo) is not effective at 75 um in
our hands (Fig. 2). These data are consistent with the work of
Netter et al. (37), who found that a peptide corresponding to
residues 610 — 634 of EboV GP2 had no activity at ~70 um. The
activity of Tat-Ebo is broad, inhibiting entry and infection by all
tested filoviruses to a similar degree (Figs. 2 and 6). Although
the concentrations of peptide required to achieve substantial
reductions in viral infection and multiplication are too high for
Tat-Ebo to be clinically useful, we present here the first evi-
dence that intracellular targeting of a C-peptide can improve
activity against a virus that enters via endosomes. This strategy
may prove useful against other viruses that fuse from within
endosomes and for which inhibitory C-peptides are not
available.
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Mechanism of Inhibition—The specificity of Tat-Ebo activity
for filovirus GP2 and the requirement of both the localization
signal (Tat) and the native EboV CHR sequence for activity
suggest that Tat-Ebo functions by sequestering the extended
intermediate and that endosomal accumulation of the peptide
is critical for this activity. However, without a direct assay for
membrane fusion, we cannot rule out other mechanisms of
inhibition. The studies presented here have established that
Tat-Ebo does not cause generalized dysfunctions in cellular
endocytic pathways (because no effect was observed on VSV-G,
which also enters via endosomes) (Fig. 2) and that the peptide
does not function by inactivating the virus particle itself (Fig. 5).
Furthermore, the anti-filovirus activity of Tat-conjugated
C-peptides is dependent on the native CHR sequence (Tat-
ASLV is not active) and on maintaining the heptad repeat motif
(neither Tat-Scram nor Tat-Ebo®® has detectable activity) (Fig.
2). Tat and other highly cationic peptides have been shown to
prevent cell attachment by HSV-1 (45). In cell enzyme-linked
immunosorbent assay experiments, we found that Tat-only and
Tat-Ebo have similar modest effects on viral attachment to cells
(data not shown). However, the fact that Tat-only has no anti-
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viral activity suggests that inhibition of cell attachment is not
the major mechanism of inhibition. We also found that uptake
of virus-like particles containing EboV GP is affected to some
degree by Tat-Ebo but not Tat-only (data not shown). There-
fore, it is possible that Tat-Ebo functions by a more complex
mechanism that involves early- and late-stage intermediates.
Nonetheless, the results presented here demonstrate that Tat-
Ebo activity is specific for filovirus GP and that targeting the
C-peptide to endosomes is critical for activity.

Targeted Heptad Repeat Peptides as Viral Entry Inhibitors—
Several groups have shown that the potency of peptides
directed against HIV-1 gp41 can be greatly enhanced by conju-
gation to agents that localize the peptide to the membrane.
Ingallinella et al. (46) reported a 15-300-fold activity enhance-
ment (depending upon the HIV-1 strain) for gp41-targeted
C-peptides that contain a C-terminal cholesterol moiety, and
Wexler-Cohen and Shai (47) demonstrated that HIV-1 N-pep-
tides (corresponding to the NHR) conjugated to cholesterol had
potent inhibitory activity. Thorough mechanistic evidence for
activity enhancements of conjugated peptides has not been
reported. However, the location of the cholesterol moiety has a
strong influence on activity: those peptides containing choles-
terol at the C terminus were much more potent than peptides
containing cholesterol at the N terminus (47). Because the six-
helix bundle structure of the gp41 ectodomain contains antipa-
rallels CHR and NHR helices and because the extended inter-
mediate is postulated to have the N terminus of the NHR near
the viral membrane, it has been proposed that the method of
enhanced activity for the cholesterol-conjugated peptides
involves localization and fixing the orientation of the CHR seg-
ment to bind the NHR core trimer (47). Inclusion of the cho-
lesterol moiety increases the local concentration of the C-pep-
tide such that it is primed for binding to the NHR core trimer
during generation of the transient extended intermediate. Sim-
ilar strategies have recently been used to inhibit paramyxovi-
ruses (48), and this membrane-targeting strategy may be useful
in other virus systems. The work described here has demon-
strated that targeting C-peptides to endosomal compartments
can serve as a parallel approach to localize inhibitors to sites of
membrane fusion.
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