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ABSTRACT Ebola virus (EBOV), the causative pathogen of the deadly Ebola virus dis-
ease (EVD), can be transmitted via contact with EVD patients, including sexual con-
tact with EVD survivors. At present, no licensed vaccine or therapeutic is available. In
this study, we compared eight anhydride-modified proteins for their entry-inhibitory
activity against the pseudovirus (PsV) carrying the envelope glycoprotein (GP) of the
EBOV Zaire or Sudan species (Zaire PsV and Sudan PsV, respectively). We found that
3-hydroxyphthalic anhydride-modified human serum albumin (HP-HSA) was the
most effective in inhibiting the entry of both Zaire PsV and Sudan PsV, with the 50%
effective concentration being at the nanomolar level and with HP-HSA being more
potent than EBOV-neutralizing antibody MIL77-2 (4G7, a component antibody of the
ZMapp drug cocktail). The combination of HP-HSA and MIL77-2 exhibited a synergis-
tic effect. HP-HSA had no obvious in vitro or in vivo toxicity. The EBOV PsV entry-
inhibitory activity of HP-HSA remained intact after storage at 45°C for 8 weeks, sug-
gesting that HP-HSA has the potential for worldwide use, including tropical regions
in African countries, as either a therapeutic to treat EBOV infection or a prophylactic
microbicide to prevent the sexual transmission of EBOV.
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Ebola viruses (EBOVs), which belong to the genus Ebolavirus, family Filoviridae, can be
classified into five distinct species, Zaire ebolavirus (ZEBOV), Sudan ebolavirus

(SUDV), Bundibugyo ebolavirus (BDBV), Tai Forest ebolavirus (TAFV), and Reston ebolavi-
rus (RESTV), which are the causative pathogens of Ebola virus disease (EVD) in humans
and nonhuman primates (NHPs) (1). EVD patients usually die from multiorgan failure
(hepatic and renal failure) or shock caused by systemic infection (2). Historically, ZEBOV
and SUDV have been associated with most EVD outbreaks and cause higher rates of
mortality (40 to 90%) than the other Ebola viruses (0 to 25%) (1, 3). During the 2013 to
2016 outbreak caused by the ZEBOV species, 28,616 people were infected, and the
death toll reached 11,310, according to the Ebola Situation Report (2 June 2016)
published by the World Health Organization (WHO) (4). This EVD outbreak has almost
been eradicated, but because of reemerging viruses carried by their wild reservoirs in
Africa, EBOVs may transmit to humans and spread inadvertently (1, 5). EBOVs are
usually transmitted through direct contact with EVD patients, whose body fluids
contain high titers of viruses (6, 7). The persistence of EBOV in seminal fluid (SF) of EVD
survivors for months (8, 9) and the possibility of sexual transmission (10) have recently
been confirmed, indicating that new EVD outbreaks might be ignited by EVD survivors
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who have already recovered without any EVD symptoms. In order to save the lives of
EVD patients and limit the epidemic scale of EVD outbreaks in the future, specific
emergency therapeutic drugs with activity against EBOVs, as well as prophylactic
microbicides to prevent sexual transmission, are urgently needed. However, no licensed
effective antiviral is currently available (11).

Viral entry and genome replication are two main anti-EBOV targets, and several
related antivirals are under investigation in clinical trials. Since the fatality rate is
positively correlated with the level of viremia during the disease course (7), neutralizing
antibody-based treatment, which targets the viral glycoprotein (GP) and blocks viral
replication at the entry step, is considered the most efficient and promising therapy.
ZMapp, a drug cocktail composed of neutralizing antibodies, was used as a compas-
sionate therapy during the latest outbreak (12), and it is now undergoing an adaptive
randomized clinical trial. It is worth noting that the three antibodies in ZMapp specif-
ically target the GP of ZEBOV (Zaire GP), but they barely provide cross-protection
against the GPs of other EBOV species. Although pan-EBOV-neutralizing antibodies
have recently been found (13), their application is hindered by the high manufacturing
cost and the need for cold-chain storage conditions, which African countries are unable
to afford for mass clinical use (14, 15). In addition, several studies have demonstrated
that viruses could still be detected in the testes of male survivors for months after
hospital discharge, even though their immune systems were able to produce
neutralizing antibodies (8, 9, 16, 17). This indicates that the antibody-based therapy
cannot eliminate the EBOVs hidden in immune-privileged sites. Two small-molecule-
compound drugs approved for use for the treatment of other diseases, bepridil and
sertraline, were demonstrated to be EBOV entry inhibitors by targeting host proteins in
the endosome (18). Nevertheless, at the dose efficient for anti-EBOV treatment in vitro,
they still induce cytotoxicity, implying the possibility of side effects in vivo. With high
expectation, favipiravir and TKM-Ebola, whose mechanisms of action involve interfer-
ence with the replication and transcription steps in the viral cycle, showed no signifi-
cant efficacy during clinical use (11, 19, 20). Other immunomodulation or coagulation-
regulated drugs, such as type I interferon or recombinant nematode anticoagulant
protein c2 (rNAPc2), gave only partial protection to animals in lethal challenge exper-
iments and might disturb the host immune system and metabolism (21, 22).

In our previous studies, we have demonstrated that several kinds of viruses,
including human immunodeficiency virus (HIV), human papillomavirus (HPV), and
respiratory syncytial virus (RSV), can be inhibited at the viral entry step by
anhydride-modified proteins (23–25). Furthermore, one kind of anhydride-modified
bovine protein, �-lactoglobulin (�-LG), was clinically applied to treat HPV infection
(26). Therefore, we decided to investigate whether anhydride-modified proteins
could be utilized as anti-EBOV antivirals. In the present study, we designed and
produced a series of anhydride-modified proteins which exhibited remarkable
entry-inhibitory activity against pseudotyped EBOVs in vitro. Among them,
3-hydroxyphthalic anhydride (HP)-modified human serum albumin (HSA) (HP-HSA)
was selected for further research.

RESULTS
HP-HSA was the most potent inhibitor of the entry of both Zaire PsV and

Sudan PsV. Anhydride-modified proteins have been identified to be inhibitors of the
entry of many enveloped or nonenveloped viruses (23–25, 27). To investigate the
inhibitory effects of anhydride-modified proteins on the entry of EBOV pseudovirus
(PsV), we constructed a small library of anhydride-modified proteins, including
3-hydroxyphthalic anhydride (HP)-modified human serum albumin (HSA) (HP-HSA),
HP-modified �-lactoglobulin (�-LG) (HP-�-LG), HP-modified chicken ovalbumin (OVA)
(HP-OVA), HP-modified bovine serum albumin (BSA) (HP-BSA), maleic anhydride (ML)-
modified HSA (ML-HSA), ML-modified �-LG (ML-�-LG), succinic anhydride (SU)-modified
HSA (SU-HSA), and SU-modified �-LG (SU-�-LG). In alkaline buffer, the anhydrides
participated in nucleophilic substitution chemical reactions and formed covalent bonds
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FIG 1 Chemical modification of human and animal proteins and the inhibitory activity of anhydride-
modified proteins on EBOV PsV entry. (A) Chemical formulas that represent the nucleophilic substitution
chemical reactions on the lysine or arginine residues of proteins. (B) The viral entry-inhibitory activities
of anhydride-modified proteins were tested on HuH-7 cells cultured with Zaire PsV (a) or Sudan PsV (b).
The results for unmodified proteins, used as negative controls, are also shown. All experiments were
performed in triplicate, and the error bars indicate standard deviations.
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with the lysine or arginine residues of these original proteins, resulting in reversion of
the electrical charges on the residues (Fig. 1A). All anhydride-modified proteins showed
activities inhibiting the entry of PsV of EBOV Zaire (Zaire PsV) and EBOV Sudan (Sudan
PsV) (Fig. 1B). In particular, the HP-modified proteins exhibited more potent activity
than either the ML- or SU-modified proteins, as indicated by the concentrations
required for 50% of the maximum effect (EC50s) in Fig. 1B. Among the eight anhydride-
modified proteins, HP-HSA was the most potent inhibitor of Zaire PsV and Sudan PsV
with EC50s of 0.068 and 0.124 �M, respectively. In contrast, HP-HSA had no effect on the
entry of vesicular stomatitis virus (VSV) PsV (see Fig. S1 in the supplemental material).
None of the four unmodified proteins inhibited EBOV PsV entry (Fig. 1B), and HSA
served as a negative control in subsequent studies. Since EBOVs are blood-borne
transmission viruses and severe EVD cases are usually accompanied by heavy viremia
(6, 7), the safety of a practical protein-based antiviral when it is infused into blood must
be ensured. Therefore, we selected HP-HSA, which was derived from HSA, the most
abundant protein in blood, for further study.

The anhydride modification ratio of HSA is critical for HP-HSA’s entry-
inhibitory activity against EBOV PsV. In previous studies, we demonstrated that the
percentage of anhydride-modified residues was proportional to the entry-inhibitory
activity of anhydride-modified proteins (23, 25). As shown in Fig. 2A, the modification
ratio of alkaline amino acid residues depended on the final concentration of HP in the
anhydride reaction system, and the molecular masses of these graded-modified HSAs
were also characterized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (Fig. 2B). At the final HP concentration of 60 mM, which is also the condition
for the generation of HP-HSA, the residues of lysine and arginine on HSA were fully
occupied by HP, and its molecular mass reached �79.9 kDa, identical to that of HP-HSA.
We also found that HP-HSA’s entry-inhibitory activity against EBOV PsV was positively
correlated with the residue modification ratio of HSA (Table 1). When the modification
ratios of the residues were below 50%, the EC50s against Zaire PsV or Sudan PsV entry
were about or more than 10 �M. In contrast, the EC50s against Zaire PsV entry
decreased to 0.087 � 0.030 when the modification ratios of lysine and arginine reached
88.3% and 78.1%, respectively. HP-HSA (fully modified HSA; the model as shown in Fig.
2C) displayed the minimum EC50 and EC90 values. These results verified that the HP
modification, together with the modification ratio, was essential for HP-HSA’s entry-
inhibitory activity against EBOV PsV.

HP-HSA maintained its in vitro entry-inhibitory activity against EBOV PsV in
human and animal sera as well as in human SF and VFS. Since EBOVs infect tissues
and organs via blood circulation, anti-EBOV drug candidates should be delivered into
blood and maintain antiviral activity in plasma. Therefore, we tested the Zaire PsV
entry-inhibitory activity of HP-HSA in sera from mice, rabbits, monkeys, and humans. As
shown in Table 2, the EC50 of HP-HSA showed no significant change when it was mixed
with serum from different species from that when it was mixed with Dulbecco modified
Eagle medium (DMEM), while the EC90 values increased slightly, but it still inhibited
Zaire PsV entry by 90% at the micromolar scale. Our previous studies demonstrated that
anhydride-modified proteins could be utilized as anti-HIV or anti-HPV microbicides (25,
26, 28). In order to determine whether HP-HSA could be developed as an anti-EBOV
microbicide against the sexual transmission of EBOV, we tested the antiviral activity of
HP-HSA against both Zaire PsV and Sudan PsV entry in human genital fluids, including
seminal fluid (SF) and vaginal fluid simulant (VFS). As shown in Fig. S2, HP-HSA showed
the same EBOV PsV entry-inhibitory activity after it was premixed with human genital
fluids as it did after it was premixed with DMEM as a control. The EC50s of HP-HSA for
inhibiting Zaire PsV entry were 0.077 � 0.010 �M and 0.101 � 0.031 �M in the
presence of VFS and human SF, respectively (Table 2). These data demonstrated that
HP-HSA could maintain its EBOV PsV entry-inhibitory activity in both serum and genital
fluid.

HP-HSA retained its ex vivo EBOV PsV entry-inhibitory activity in mouse blood
circulation for at least 5 h. To further verify its antiviral activity in blood, we
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administered phosphate-buffered saline (PBS), HSA, or HP-HSA to mice by intravenous
(i.v.) injection and collected serum at different time points. Serum collected from mice
injected with HP-HSA showed more significant Zaire PsV entry-inhibitory activity in vitro
than serum from the control groups injected with PBS or HSA (Fig. 3). At 1 h
postinjection, serum from the low-dose (40 mg/kg of body weight) group still inhibited
the entry of Zaire PsV at a dilution of 1:320, while serum from the high-dose (280
mg/kg) group exhibited Zaire PsV entry-inhibitory activity even at a dilution of 1:5,120
(Fig. 3A). At 5 h postinjection, only serum from the high-dose group still showed
inhibitory activity (Fig. 3B), which was preserved up to 24 h postadministration (Fig. 3C).

HP-HSA showed no in vitro cytotoxicity to HuH-7 cells or in vivo acute toxicity
to mice. To study the safety of HP-HSA, HuH-7 cells were treated with different
concentrations of HP-HSA and assayed for viability. As shown in Fig. 4A, more than 90%
of HP-HSA-treated HuH-7 cells remained viable when they were treated with HP-HSA at

FIG 2 Anhydride modification of HSA and changes to the molecular mass and charge of HP-HSA. (A) The
percentage of modified lysine (a) or arginine (b) residues of HSA modified by HP at graded concentrations was
quantitated by the TNBS assay or the �-HPG assay. Experiments were performed in triplicate, and the error bars
indicate standard deviations. (B) The molecular masses of HP-modified HSA with different anhydride modification
ratios were demonstrated by SDS-PAGE. Lane M, molecular mass markers (the numbers on the left are molecular
masses [in kilodaltons]). The molecular mass of unmodified HSA is 66 kDa. (C) The structures (PDB accession
number 5ID7) display a change to the charge of HSA before and after HP modification (55). Blue, positively charged
residues (lysine, arginine, and histidine); orange, negatively charged residues (aspartic acid, glutamic acid, HP-
modified lysine, and arginine).
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a concentration of 100 �M, which is more than 70 times higher than its EC90 for
inhibiting Zaire PsV entry, and no significant difference in viability from that of
HSA-treated HuH-7 cells was noted. To investigate its toxicity in vivo, mice were
administered PBS, HSA, low-dose HP-HSA (40 mg/kg), and high-dose HP-HSA (280
mg/kg) i.v. as indicated above for the activity study, and their weight changes were
recorded for 4 weeks after administration. The mice from both the high-dose and
low-dose HP-HSA groups lived normally without any obvious functional disorder, and
no difference in weight loss compared with that for mice from the PBS and HSA groups
was seen (Fig. 4B). Mice from all four groups were dissected after euthanasia at day 28
postadministration, and neoplasms were not observed either in the functional organs
(liver, heart, and kidney) of the circulation system or in the skin and muscle tissues. To
verify any cell-level damage in organs after administration, we carried out microimag-
ing of the livers and kidneys of the mice from the four groups after staining with
hematoxylin and eosin (H&E). Similar to the results seen for the PBS and HSA groups,
the tissue structures of the livers and kidneys from mice in both the low- and high-dose
HP-HSA groups were intact. In addition, no obvious inflammatory injury in the kidneys
and livers was observed after HP-HSA administration (Fig. 4C). These results suggest no
obvious in vitro or in vivo toxicity of HP-HSA.

HP-HSA exhibited prominent thermostability. Thermostability is a crucial require-
ment for anti-EBOV drugs, in particular because they will be abundantly used in West
and Middle Africa where advanced cold-chain storage, which is especially critical for
protein-based drugs, is not readily available (14). Therefore, the thermostability of
HP-HSA must be guaranteed. With this aim in mind, HP-HSA stocks diluted in PBS were
stored at 4, 25, 37, or 45°C for 8 weeks, and the antiviral activity of HP-HSA at a final
concentration of 2.5 �M was tested at different time points. Similar to the findings of
our previous studies (23), HP-HSA maintained its EBOV PsV entry-inhibitory activity at
temperatures of 4, 25, and 37°C (Fig. 4D). Surprisingly, HP-HSA also exhibited stable
activity after storage at 45°C for 2 months or at 4°C for 1 year. The EC50 and EC90 values
of HP-HSA stored in PBS at 4°C for 12 months were 0.086 � 0.011 �M and 1.511 � 0.159

TABLE 1 Comparison of EBOV PsV entry-inhibitory activities of HP-HSA modified with
different concentrations of HPa

HP concn
(mM)

Modification
rate (%) Zaire PsV Sudan PsV

Lys Arg EC50 (�M) EC90 (�M) EC50 (�M) EC90 (�M)

0 0 0 �20 �20 �20 �20
2.5 14.4 20.2 �20 �20 �20 �20
5 42.5 41.4 8.17 � 1.22 �20 10.63 � 8.94 �20
12 71.5 58.6 0.643 � 0.232 �20 2.33 � 0.54 �20
25 88.3 78.1 0.087 � 0.030 5.256 � 0.803 0.172 � 0.038 6.186 � 0.424
36 95.9 91.0 0.073 � 0.019 1.970 � 0.235 0.105 � 0.010 4.663 � 0.068
48 100 95.6 0.096 � 0.002 1.413 � 0.086 0.093 � 0.007 4.433 � 0.396
60 100 100 0.087 � 0.011 1.126 � 0.079 0.088 � 0.020 2.790 � 0.539
aEach sample was tested in triplicate. Data are presented as the mean � standard deviation.

TABLE 2 Inhibitory activity of HP-HSA against Zaire PsV when diluted in different body
fluidsa

Reagent used for HP-HSA dilution EC50 (�M) EC90 (�M)

DMEM 0.074 � 0.003 1.194 � 0.146
Human serum 0.103 � 0.019 2.637 � 0.349
Monkey serum 0.121 � 0.007 1.170 � 0.120
Rabbit serum 0.124 � 0.021 4.733 � 0.649
Mouse serum 0.074 � 0.012 2.953 � 0.263
Human vaginal fluid simulant 0.077 � 0.010 1.373 � 0.742
Human seminal fluid 0.101 � 0.031 2.465 � 0.727
aEach sample was tested in triplicate, and the experiment was repeated two times. Data are presented as
the mean � standard deviation.
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�M, respectively. This prominent thermostability shows that HP-HSA has the potential
for application in West and Middle Africa, where extreme weather conditions are
commonplace.

HP-HSA inhibited Zaire PsV entry at the early stage and exhibited an affinity
for binding to the purified Zaire GP trimer in vitro. A time-of-addition assay was
performed to explore the potential step of EBOV entry targeted by HP-HSA. As shown
in Fig. 5A, when 5 �M HP-HSA was added to HuH-7 cells within 1 h after addition of
Zaire PsV, its inhibitory activity was maintained at more than 90%. No significant

FIG 3 Ex vivo Zaire PsV entry-inhibitory activity of HP-HSA in mouse blood circulation. Four groups of
female ICR mice were administered PBS (100 �l), HSA in PBS (280 mg/kg), or HP-HSA in PBS (40 mg/kg
for the low dose and 280 mg/kg for the high dose) through intravenous injection. Serum was collected
at 1 h (A), 5 h (B), and 24 h (C) postadministration, and the entry-inhibitory activity was tested by the Zaire
PsV entry assay. All experiments were performed in triplicate, and the error bars indicate standard
deviations. The asterisks represent significant differences. ***, P � 0.001.
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difference from the premixed condition (at �0.5 h, when HP-HSA was mixed with Zaire
PsV for 0.5 h before addition to HuH-7 cells) was observed. With the delay of the time
of addition, the entry-inhibitory activity of HP-HSA gradually decreased and dropped to
40% when HP-HSA was added 8 h later. This result indicates that HP-HSA inhibits Zaire
PsV entry at the early stage.

Next, we performed two kinds of binding assays directed toward host factors and
viral proteins, respectively. In the time-of-removal assay, HuH-7 cells were incubated
with HP-HSA or HSA at 37°C for 1 h and washed with DMEM before Zaire PsV was
added. As shown in Fig. 5B, HP-HSA could fully inhibit Zaire PsV entry when the cells
were not washed (column 1) but nearly lost its inhibitory ability when it was washed

FIG 4 Cytotoxicity in vitro and acute toxicity in vivo of HP-HSA and its thermostability. (A) The cytotoxicity of HP-HSA
or unmodified HSA to HuH-7 cells was determined by a cytotoxicity assay. (B) The weight change ratios for mice treated
as described in the legend to Fig. 3 were recorded up to day 28 postinjection. The error bars indicate standard
deviations. (C) The structures of H&E-stained sections of livers and kidneys were determined at day 28 postinjection.
(D) HP-HSA-treated samples were stored in PBS at different temperatures (4, 25, 37, or 45°C) for 1 to 8 weeks before
their inhibition of Zaire PsV (a) or Sudan PsV (b) entry into HuH-7 cells was evaluated. Especially, 45°C was reported to
be the highest temperature recorded in all cities in Africa in 2014 (as reported by the Weather China website
[http://www.weather.com.cn/]). All experiments were performed in triplicate, and the error bars indicate standard
deviations.
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away before addition of PsV (column 3). With or without washing, HSA exhibited no
inhibitory activity (Fig. 5B, columns 2 and 4). These results indicate that the inhibition
of viral entry by HP-HSA is not dependent on a putative interaction with host cell
factors. The soluble Zaire GP (without the mucin-like domain [MLD] and the transmem-
brane [TM] domain) overexpressed on HEK293T cells possesses the native trimer
conformation of GP, according to previous observations (29). The conformation was
further verified by an enzyme-linked immunosorbent assay (ELISA) for GP binding to
MIL77 antibodies, in that two distinct conformational epitopes could be recognized by
the MIL77 antibody, MIL77-2 and MIL77-3, respectively (Fig. S3A) (30). The results
showed that HP-HSA exhibited a higher affinity of binding to the trimeric GP protein
than HSA did (Fig. 5C), suggesting that HP-HSA inhibited the entry of Zaire PsV through
a direct interaction with GPs. We then used the Zaire pseudovirus from which the GP
MLD was deleted (Zaire delta MLD PsV) to further verify whether the protein interaction
was really related to the entry-inhibitory activity. As shown in Fig. 5D, HP-HSA inhibited
the entry of Zaire delta MLD PsV. However, a higher concentration of HP-HSA was
needed to achieve an inhibitory effect equal to that against Zaire PsV. This result
suggests that the interaction between HP-HSA and GP (without MLD) is critical for viral
entry inhibition and the existence of MLD may consolidate the binding of the complex.

HP-HSA exhibited more potent Zaire PsV entry-inhibitory activity than other
entry inhibitor-based antivirals and exhibited a synergistic effect in combination
with neutralizing antibody. Using the Zaire PsV entry inhibition assay, we compared
the inhibitory ability of HP-HSA with those of four anti-EBOV drug candidates under
development. First, we tested two antibody-based antivirals, MIL77-2 and MIL77-3,

FIG 5 HP-HSA inhibition of Zaire PsV entry at different intervals after addition of PsVs and its affinity of binding to
purified Zaire GP trimer in vitro. (A) The inhibitory activity of 5 �M HP-HSA at 0, 0.5, 1, 2, 4, 6, and 8 h after Zaire PsV
addition was compared with that of HP-HSA premixed with Zaire PsV 0.5 h before PsV addition. (B) HuH-7 cells were
incubated with HP-HSA or HSA at 37°C for 1 h and washed with DMEM before Zaire PsV was added. As controls, HP-HSA
or HSA was premixed with Zaire PsV before addition into wells plated with HuH-7 cells. (C) The binding affinities of
Zaire GP (after the deletion of aa 314 to 462 and aa 637 to 676) and HP-HSA were demonstrated by using a binding
ELISA and compared with the binding affinity of unmodified HSA. OD 450, optical density at 450 nm. (D) The
entry-inhibitory activity of HP-HSA for Zaire PsV from which the GP MLD was deleted and wild-type Zaire PsV, which
was utilized as a control. All experiments were performed in triplicate, and the error bars indicate standard deviations.
The asterisks represent significant differences. ***, P � 0.001.
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which block viral entry by targeting two different sites on the Zaire GP (30, 31). Then,
we tested two small-molecule compounds, bepridil and sertraline, which have been
considered inhibitors of EBOV function before or at the fusion step (18). As shown in
Table 3, HP-HSA exhibited more potent Zaire PsV entry-inhibitory activity (lower EC50s
and EC90s) than any of the drug candidates noted above. The EC50 and EC90 values of
HP-HSA were 3- and 8-fold lower than those of MIL77-2, respectively. These results
suggest that HP-HSA has the potential to be further developed as a new antiviral for the
treatment and prevention of EBOV infection.

To further determine whether HP-HSA could inhibit Zaire PsV entry in synergy
with MIL77 antibodies, the inhibitory activities of the inhibitors tested alone or in
combination were calculated and compared (Table 4). The combination of HP-HSA
with MIL77-2 exhibited potent synergy, with the combination index (CI; represent-
ing the level of synergistic effect) being 0.426. The EC50 of HP-HSA and MIL77-2 in
combination was significantly lower than the EC50 of each inhibitor alone, with the
dose reductions being 4.72- and 3.11-fold, respectively. Interestingly, the combi-
nation of HP-HSA with MIL77-3 showed stronger synergy (CI � 0.223), with the dose
reductions being 3.71- and �146-fold, respectively. These results suggest that
HP-HSA and MIL77 neutralizing antibodies can be used in combination for the
synergistic inhibition of EBOV infection.

HP-HSA inhibited Zaire VLP entry by blocking cell surface attachment. It has
been demonstrated that EBOV GP-mediated viral entry consists of at least five steps,
including cell surface attachment, endocytosis, cathepsin cleavage of GP, fusion recep-
tor binding, and membrane fusion (32–35). The results of the time-of-addition assay in
Fig. 5A indicate that HP-HSA inhibits the entry of Zaire PsV at an early step. To
determine which step may be the target for HP-HSA, fluorescent protein-labeled
viruslike particles (VLPs) of ZEBOV (Zaire VLPs) were introduced. Recombinant EBOV
VLPs, which are morphologically similar to authentic EBOV virions, have been exten-
sively utilized in EBOV research, such as in studies of virion morphology and the viral
entry mechanism and in drug development studies, as credible substitutes for infec-
tious EBOVs (32, 36–40).

mCherry-labeled Zaire VLPs were produced as previously described (36–38). An
ELISA was performed to confirm the native conformation of the Zaire GPs displayed on
the surface of concentrated VLPs (Fig. S3B). After incubation at 37°C with Zaire VLPs, the
fluorescent signals from VLPs that entered HuH-7 cells could be detected and digitized
by laser scanning confocal microscopy (LSCM) (Fig. S3C). We then collected the
emission light signals of mCherry from VLPs incubated in HuH-7 cells treated or not
treated with an inhibitor and analyzed three random visual fields for each sample. The

TABLE 3 Comparison of Zaire PsV entry-inhibitory activity of HP-HSA with that of other
entry-inhibitory antiviralsa

Inhibitor EC50 (�M) EC90 (�M)

HP-HSA 0.080 � 0.015 1.576 � 0.249
Sertraline 0.477 � 0.096 2.311 � 0.146
Bepridil 1.676 � 0.080 5.046 � 0.443
MIL77-2 (4G7) 0.258 � 0.059 8.244 � 2.373
MIL77-3 (13C6) �2.5 �10
aEach sample was tested in triplicate, and the experiment was repeated three times. Data are presented as
the mean � standard deviation.

TABLE 4 Inhibitory activity of HP-HSA and MIL77 when used alone or combined against Zaire PsVa

Inhibitor A

EC50 (�M)
Dose reduction
(fold) Inhibitor B

EC50 (�M)
Dose reduction
(fold) CIAlone In combination Alone In combination

HP-HSA 0.103 � 0.023 0.018 � 0.003 4.72 MIL77-2 0.222 � 0.010 0.054 � 0.010 3.11 0.426 � 0.106
HP-HSA 0.080 � 0.015 0.017 � 0.0002 3.71 MIL77-3 �2.5 0.017 � 0.0002 �146 0.223 � 0.048
aEach sample was tested in triplicate, and the experiment was repeated two times. Data are presented as the mean � standard deviation.
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results showed that the density of fluorescent mCherry integrated into HP-HSA-treated
cells was significantly less than that of mCherry integrated into cells treated or not
treated with HSA or MIL77 antibodies (Fig. 6Aa).

Human macrophages are the primary target cells during the early course of EVD (3).
In agreement with the result derived from HuH-7 cells, HP-HSA also blocked the entry
of Zaire VLPs into differentiated THP-1 cells (representing human macrophages) (Fig.
6Ab), and it showed no obvious cytotoxicity to THP-1 cells (Fig. S4). All of the raw
images used in the analysis are presented in Fig. S5.

The flow cytometry (FCM) results for HuH-7 cells showed that 23.4% of untreated
cells and 26.1% of HSA-treated cells were mCherry positive, while only 2.5% of
HP-HSA-treated cells were mCherry positive (Fig. 6B; see also Fig. S6). The signals for the
entry of the VLPs into differentiated THP-1 cells were too weak to be measured by FCM
(data not shown). These results indicate that HP-HSA inhibits VLP entry before the VLP
enters the endosome, and thus, the step of VLP attachment or endocytosis may be the
target for HP-HSA.

EBOVs or EBOV VLPs enter the endosome by macropinocytosis (32, 41), and this
kind of endocytosis depends on actin polymerization and consumes energy (42). At
4°C, the speed of actin polymerization or depolymerization becomes significantly
lower than that at the physiological temperature (43). However, the interaction
between virions and host factors on the cell surface is not blocked by a lower
temperature. Therefore, we incubated VLPs and HuH-7 cells at 4°C so that VLPs
could bind to the cell surface and washed away unbound VLPs before shifting the
cells to 37°C for further incubation. The integrated fluorescent density of the cells
treated with HP-HSA was significantly lower than that of cells treated or not treated
with HSA (Fig. 6C), indicating that HP-HSA blocked Zaire VLP entry at the attach-
ment step of viral entry.

To sum up the mechanism studies based on both EBOV PsV and EBOV VLP entry
assays, we conclude that HP-HSA inhibits EBOV GP-mediated viral entry at the cell
surface attachment step by directly interacting with EBOV GP.

FIG 6 The entry-inhibitory activity of HP-HSA for Zaire VLPs. (A) The fluorescent density (per cell) integrated into HuH-7 cells
(a) or differentiated THP-1 cells (b) cultured with mCherry-labeled Zaire VLPs at 37°C for 6 to 8 h (treated with or without an
inhibitor) was analyzed and compared. (B) Flow cytometry results for mCherry-labeled Zaire VLPs that entered HuH-7 cells
(treated with HP-HSA or HSA). (C) The fluorescent integrated density (per cell) of HP-HSA-treated HuH-7 cells was analyzed to
determine VLP entry after a temperature shift assay. The data in each column were calculated from three random visual fields.
The error bars indicate standard deviations, and asterisks represent significant differences. *, P � 0.05; **, P � 0.01; ***, P �
0.001. mCherry IntDen, mCherry integrated density; CellNum, cell number.
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DISCUSSION

Although they are believed to be the most promising antivirals against EBOVs,
neutralization antibody-based drugs may not be widely used in Africa as a result of their
high cost and rigorous storage conditions (14, 15). Small-molecule drugs, like bepridil
or sertraline, may cause side effects since they show cytotoxicity to cultured cells (18).
Furthermore, to date, no drug candidate has been designed to block EBOV sexual
transmission, which is a novel EBOV transmission pathway (10). Therefore, therapeutic
drugs which can be safely used for EVD patients and prophylactic medicines that
prevent sexual transmission should be prepared before the next outbreak.

Combined with our previous research, we designed and compared the EBOV PsV
entry-inhibitory activities of eight anhydride-modified proteins in this study, and we
focused on HP-modified HSA because it potently inhibited the cell entry of both Zaire
PsV and Sudan PsV. As a drug candidate for anti-EBOV therapeutic treatment, HP-HSA
should be delivered into blood. Our research demonstrated that HP-HSA maintained its
EBOV PsV entry-inhibitory activity in serum in vitro and ex vivo without any obvious
toxicity to cultured cells or treated mice. Besides, HP-HSA inhibited the entry of Zaire
VLPs into both HuH-7 cells and differentiated human THP-1 cells, indicating that
HP-HSA might prevent EBOV infection of both liver cells and macrophages in vivo, cells
that are crucial targets during EBOV infection (3).

Highly pure (�99%) recombinant HSA can expediently be obtained from transgenic
rice seeds (2.75 g HSA per kg of brown rice) (44), making it possible to produce HP-HSA
on a large scale. In contrast, for antibody production in plants, which is the cheapest
approach to antibody production, only 500 mg antibody per kg of fresh biomass of
Nicotiana benthamiana leaves can be prepared (45). HP-HSA also exhibited a synergistic
effect with the EBOV-neutralizing antibody. We thus suggest that HP-HSA could be
administered alone or along with EBOV-neutralizing antibodies to reduce the dosage of
antibodies and minimize the cost, as well as increase the overall genetic barrier of
therapy against antibody-resistant EBOV variants. The thermostability of HP-HSA also
allows it to be stored over the long term as emergency anti-EBOV stocks in African
countries, especially rural areas, which might otherwise lack cold storage conditions.

On the other hand, the persistence and sexual transmission of EBOV have attracted
more and more attention (8–10, 16, 17). Male Ebola survivors may not eliminate viruses
from their testicles during the first few months after discharge from the hospital, and
about 74% of male survivors reported that they did not use condoms during sexual
intercourse (16). Therefore, an effective and safe microbicide is urgently needed. We
identified that HP-HSA maintained its in vitro EBOV PsV entry-inhibitory activity in
human SF and VFS. Actually, anhydride-modified proteins, such as anhydride-modified
bovine �-lactoglobulin, have been studied and utilized as microbicides against HIV and
HPV in clinics for years, and their effectiveness and safety as drugs have been verified
(26, 28). Our present study suggests that HP-HSA can also be developed as a prophy-
lactic microbicide for people who have recovered from EBOV infection but can still
transmit the virus to their sexual partners.

The GP of EBOV has been considered the only viral factor that mediates viral entry
(3, 35). We have demonstrated that HP-HSA can directly bind to GP and block the entry
of EBOV PsV into cells. Taking into consideration the points of previous research (23, 25,
27, 46), we speculated that HP-HSA inhibited virus entry by blocking the interaction
between EBOV GP and host factors on the cell surface that facilitate viral entry.
Accordingly, we used mCherry-labeled EBOV VLPs to further verify that HP-HSA may
target the first step (attachment) of viral entry. This target is different from the target
of MIL77 antibodies, which exhibited antiviral activity in the endosome before mem-
brane fusion (40), and this result may account for the synergistic effect between
HP-HSA and MIL77 antibodies.

The HP modification confers on HP-HSA a negatively charged surface under the
physiological pH condition. Thus, this charge effect might account for the antiviral
activity of HP-HSA since unmodified HSA did not show either an affinity of binding to
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GP or entry-inhibitory activity against EBOV PsVs or EBOV VLPs. A study of the EBOV GP
structure has pointed out the presence of more positive charge on the surface of Zaire
EBOV GP than on that of Sudan EBOV GP (47), which is consistent with the finding that
HP-HSA was more effective against Zaire PsV than Sudan PsV.

In conclusion, we have identified HP-HSA to be a potent and safe inhibitor of the
entry of EBOV PsVs and EBOV VLPs by blocking the attachment step. It can be further
developed as either a therapeutic medicine for the treatment of EVD patients or a
prophylactic microbicide for the prevention of EBOV sexual transmission. Its prominent
thermostability endows HP-HSA with the potential for widespread use in African
countries and worldwide to save lives during the next EBOV outbreak. Therefore, its
further development is warranted.

MATERIALS AND METHODS
Reagents. 3-Hydroxyphthalic anhydride (HP), succinic anhydride (SU), maleic anhydride (ML),

2,4,6-trinitrobenzenesulfonic acid (TNBS), human serum albumin (HSA), �-lactoglobulin (�-LG),
chicken ovalbumin (OVA), bovine serum albumin (BSA), bepridil hydrochloride (bepridil), sertraline
hydrochloride (sertraline), and dimethyl sulfoxide (DMSO) were purchased from Merck (Germany).
�-Hydroxyphenylglyoxal (�-HPG) was purchased from Thermo Fisher Scientific (USA). Goat anti-
human serum albumin antibody and horseradish peroxidase (HRP)-conjugated goat anti-human IgG
antibody were purchased from Abcam (UK). HRP-conjugated rabbit anti-goat IgG antibody was
purchased from Dako (Denmark). The chimeric antibodies MIL77-2 and MIL77-3, which contain the
variable regions of 4G7 and 13C6 (the component antibodies of ZMapp), respectively (31), were
produced by the Institute of Basic Medical Sciences, Beijing, People’s Republic of China. Human
serum was purchased from MRC Biological Technologies (China). Serum was prepared from naive
female ICR mice, New Zealand rabbits, and rhesus macaques. These animal serum samples were
obtained from the Department of Laboratory Animal Science, Fudan University. Human seminal fluid
(SF) was purchased from Lee BioSolutions. Inc. (USA).

Plasmids and cells. HEK293T, THP-1, and HuH-7 cells were obtained from the cell bank of the
Chinese Academy of Sciences (www.cellbank.org.cn). Human monocyte-derived THP-1 cells were differ-
entiated into macrophages by using phorbol-12-myristate-13-acetate (PMA; Sigma) before they were
used as target cells (48). Plasmid pcDNA3.1(�) was purchased from Thermo Fisher Scientific (USA).
Plasmid pNL4-3.Luc.R�E� was obtained from the National Institutes of Health (NIH) AIDS Research and
Reference Reagent Program. The coding sequences of the glycoproteins (GPs) of ZEBOV (GenBank
accession number KM034549.1) and SUDV (GenBank accession number KC545389.1) were optimized and
synthesized by Genewiz Inc. and then cloned into the pcDNA3.1(�) expression vector. Another
pcDNA3.1(�) vector containing the ZEBOV GP sequence without the mucin-like domain (MLD; amino
acids [aa] 314 to 462) was also constructed. The signal peptides of the EBOV GPs were replaced by an
Ig kappa signal peptide. The pMD2.G plasmid containing the sequence of the vesicular stomatitis virus
(VSV) G protein was preserved in our laboratory at Fudan University. The DNA sequence of ZEBOV matrix
protein VP40 was also synthesized with or without the mCherry sequence at the N terminus as described
previously (36, 37) before it was inserted into pcDNA3.1(�). In a soluble expression version of Zaire GP,
the coding sequences of the MLD (aa 314 to 462) and transmembrane (TM) domain (aa 637 to 676) were
deleted and replaced by a hemagglutinin (HA) tag or a His tag, respectively. The soluble GP protein was
produced from HEK293T cells and purified with Ni-Sepharose.

Chemical modification and characterization of anhydride-modified proteins. Anhydride-
modified proteins were produced as previously described (23, 25). Briefly, each kind of protein was
dissolved with 0.1 M phosphate buffer (pH 8.5) at a final concentration of 20 mg/ml. Afterwards, protein
solutions were mixed with different sorts of anhydrides (HP, ML, or SU at 1 M in DMSO) to a final
concentration of 60 mM by the addition of five equal aliquots at 20-min intervals, while the pH was
adjusted to 9.0 with 4 M NaOH after each mixing. All mixtures were kept at 25°C for two more hours and
then dialyzed against PBS. Especially, to obtain a series of HP-modified HSA mixtures with different
anhydride modification ratios, HSA was reacted with 0, 2.5, 5, 12, 25, 36, 48, or 60 mM HP anhydride.

The concentration of proteins was measured with a Pierce bicinchoninic acid assay kit (Thermo Fisher
Scientific, USA). To determine the percentage of modified lysine or arginine residues in anhydride-
modified proteins, a TNBS assay or �-HPG assay was performed as previously described (23, 24). The
anhydride modification ratio was also visualized by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE).

Production of pseudoviruses and entry inhibition assays. Lentivirus-based pseudotypes of EBOVs,
which represent the entry process of authentic EBOVs, have been used in basic or antiviral studies for
many years (49, 50). The Zaire pseudovirus (Zaire PsV), Sudan pseudovirus (Sudan PsV), Zaire pseudovirus
from which the GP MLD was deleted (Zaire delta MLD PsV), and VSV pseudovirus (VSV PsV) were
produced by cotransfecting plasmids carrying surface glycoproteins with pNL4-3.Luc.R�E� as described
previously (50). The pseudoviruses in the supernatant were collected 72 h after transfection. The
pseudoviruses were quantitated by determination of the level of the lentivirus p24 antigen by ELISA as
described previously (51, 52). Liver cells are severely damaged by EBOV infection, which usually causes
organ failure during the late course of EVD (3); therefore, the human hepatocyte-derived HuH-7 cell line
was selected as the target cell of pseudoviruses. Eight hours before entry inhibition assays, HuH-7 cells
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were plated in each well of 96-well plates at a concentration of 10,000 cells per well. The pseudovirus and
serial dilutions of the drug candidates were premixed and incubated for 30 min at room temperature
before the mixture was added to the HuH-7 cells. The mixture of an inhibitor and pseudovirus in each
well was replaced by fresh medium 16 h after addition of PsV. Transduced HuH-7 cells were lysed 72 h
later for determination of luciferase activity, according to the luciferase assay system manual (Promega,
USA). Data on the number of relative light units (RLU) were used to determine the entry inhibition ratios
by use of the CalcuSyn program.

Detection of effects of body fluids on Zaire PsV entry-inhibitory activity of HP-HSA in vitro. The
effects of mouse serum, rabbit serum, monkey serum, human serum, human SF, or vaginal fluid simulant
(VFS) were determined as previously described (46, 53). Briefly, HP-HSA was diluted in these body fluids
or DMEM as a control to a concentration of 50 �M, followed by preincubation at 37°C for 1 h. The
mixtures were then serially diluted with DMEM to test and calculate entry-inhibitory activity against Zaire
PsV as described above. Especially, the above-described mixtures which contained serum were incubated
at 56°C for 30 min before the entry inhibition assay was performed.

Detection of ex vivo Zaire PsV entry-inhibitory activity of HP-HSA. The animal experiment
protocol was reviewed and approved by the Animal Experiment Committee of the School of Basic
Medical Sciences, Fudan University (approval number 20160927-1). Eight-week-old female ICR mice
(purchased from the Department of Laboratory Animal Science, Fudan University) were divided into four
groups. The mice in these groups were intravenously administered PBS, 280 mg/kg HSA, 40 mg/kg
HP-HSA, or 280 mg/kg HP-HSA. Serum samples were collected at 1, 5, or 24 h postadministration and
serially diluted for Zaire PsV entry inhibition testing. The ratio of the weight change of each mouse was
recorded up to day 28 postadministration, at which time euthanasia was performed. Livers and kidneys
were collected for microimaging after hematoxylin and eosin (H&E) staining.

Cytotoxicity assay. The cytotoxicity of HP-modified or unmodified HSA to HuH-7 and differentiated
THP-1 cells was measured following the instructions in the manual provided in the cell counting kit-8
(CCK-8; Dojindo Molecular Technologies, Japan). Briefly, a series of dilutions of HP-HSA or HSA was mixed
with 10,000 HuH-7 cells or 20,000 differentiated THP-1 cells in each well of 96-well plates. After
incubation for 48 h, the culture medium was replaced by 100 �l fresh cell medium with 3.5 �l of the
solution from CCK-8. After an additional 3 h of incubation at 37°C, the absorbance at 450 nm (A450) of
each well was determined as the readout of cell viability.

Thermostability test. HP-HSA buffered by PBS was divided into small stocks and kept at different
temperatures (4°C, 25°C, 37°C, and 45°C) for 1, 2, 4, and 8 weeks. Each sample was mixed with Zaire PsV
or Sudan PsV at a final concentration of 2.5 �M to assess the entry-inhibitory activity against EBOV PsV.
Especially, one stock of HP-HSA was stored at 4°C for 12 months and then serially diluted to test the
entry-inhibitory activity of Zaire PsV.

Time-of-addition assay. HuH-7 cells plated in 96-well plates were incubated with Zaire PsV, while
HP-HSA at a final concentration of 5 �M was added 30 min before or 0, 0.5, 1, 2, 4, 6, or 8 h after addition
of PsV. Cells were lysed 72 h later to determine the entry inhibition ratio.

Time-of-removal assay. HuH-7 cells plated in 96-well plates were previously incubated with 100 �l
5 �M HP-HSA or HSA at 37°C for 1 h and then washed with DMEM 3 times before addition of Zaire PsV.
A normal entry inhibition assay with 5 �M HP-HSA or HSA was also performed as a control.

ELISA for protein binding. Eighty nanograms of purified Zaire GP (from which residues 314 to 462
and 637 to 676 were deleted) diluted in PBS was coated onto all wells of a 96-well polystyrene plate
(Corning, USA) at 4°C overnight. After blocking with protein-free blocking buffer (Thermo Fisher
Scientific, USA), HP-HSA, HSA, MIL77-2, or MIL77-3 serially diluted in PBS was added the wells and the
plate was incubated at 37°C for 2 h. Either goat anti- HSA antibody (Abcam, UK) at a 1:1,000 dilution or
HRP-conjugated goat anti-human IgG antibody (Abcam, UK) at a 1:3,000 dilution was correspondingly
added into the wells with HP-HSA, HSA, or MIL77 antibodies. After incubation at 37°C for 1 h, the
absorbance of the wells incubated with MIL77 antibodies (used as a positive control) was measured after
reacting with tetramethylbenzidine (Sigma, USA), while the wells incubated with HP-HSA and HSA were
further incubated with HRP-conjugated rabbit anti-goat IgG antibody (Dako, Denmark) at a 1:3,000
dilution ratio for one more hour at 37°C before measurement of the absorbance.

Drug combination assay. The synergistic effect of HP-HSA and MIL77 antibodies on Zaire PsV was
tested. HP-HSA and MIL77-2 were mixed at their respective 4-fold EC50 (the concentration required for
50% of a maximal effect). HP-HSA and MIL77-3 at a concentration of 2.5 �M each were mixed. The
mixtures were serially diluted and applied to the entry inhibition assay as described above. The
combination index (CI) was calculated by use of the CalcuSyn program.

VLP entry inhibition assay. mCherry-labeled Zaire viruslike particles (VLPs) were prepared and
concentrated as described previously (36–38). Additionally, the conformation of Zaire GPs on the surface
of VLPs was verified by an ELISA binding assay with MIL77 antibodies as mentioned above. HuH-7 cells
or THP-1 cells (treated with PMA at a final concentration of 120 ng/ml) were planted in 24-well chamber
slides at 40,000 cells per well 1 day before the addition of VLPs. The concentrated VLPs and a test
inhibitor (all the inhibitors were used at a final concentration of 20 �M, and MIL77-2 and MIL77-3 were
used in combination) were premixed 1 h before they were added to the cells. The mixtures were
incubated with the cells for 6 to 8 h at 37°C in order to facilitate the entry of VLPs adequately. After
incubation, the cells were washed with PBS buffer 3 times before they were fixed with 4% paraformal-
dehyde. The slides were then sealed with DAPI (4=,6-diamidino-2-phenylindole)-containing mounting
medium (Thermo Fisher Scientific, USA) and imaged with a Leica SP8 laser scanning confocal microscope
(Leica, Germany). Integrated fluorescence density analysis of the captured images was performed with
ImageJ software. In order to verify the ratio of VLP entry, the amounts of VLPs entering HuH-7 cells were
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also measured by flow cytometry with a BD Accuri C6 flow cytometer (BD Biosciences, USA), and the
results were analyzed by the use of FlowJo software.

Temperature shift assay for VLP entry. The HuH-7 cells planted on slides and the VLP-inhibitor
mixtures were prechilled at 4°C for 30 min. Then, the cells were incubated with the mixtures at 4°C for
3 h. After the cells were washed with cold PBS buffer 2 times, the cells were further incubated at 37°C
for 8 h before fixation and analysis as mentioned above.

Statistical analysis. All drug dose-effect relationships in this study were calculated by use of the
CalcuSyn program (54), and one-way analysis of variance was performed with the GraphPad Prism
(version 5) program.
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