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Abstract

We previously reported that 3-hydroxyphthalic anhydride-modified human serum albumin (HP-HSA) as an
anti-HIV microbicide could potently inhibit infection by a broad spectrum of HIV-1 strains; however, its
mechanism of action is still elusive. Here, we aimed to identify the target(s) of HP-HSA. HIV-1 envelope
glycoprotein (Env)-mediated cell–cell fusion assays were conducted using noninfectious CHO-WT cells or in-
fectious HIV-1IIIB-infected H9 cells as effector cells and MT-2 as target cells. The cell-to-cell transmission and
single-round HIV-1 infection assays were performed by measuring luciferase activity. Binding of HP-HSA to
CD4 or gp120 was determined by enzyme-linked immunosorbent assay (ELISA) and flow cytometry, while
binding of HP-HSA to the coreceptor CXCR4 or CCR5 was detected by cell-based ELISA. HP-HSA strongly
inhibited HIV-1 Env-mediated cell–cell fusion and blocked infection by HIV-1 pseudoviruses bearing Env of
HIV-1HXB2 (X4 strain) or HIV-1SF162 (R5 strain). HP-HSA was also effective in blocking HIV-1BaL transmission
from infected to uninfected cells. HP-HSA could strongly bind to HIV-1 Env gp120 and cellular receptor CD4.
These results suggest that HP-HSA inhibits HIV-1 entry into the target cell by interacting with viral Env gp120
and/or the cellular CD4 receptor, making it a promising microbicide candidate for preventing HIV-1 sexual
transmission.

Introduction

The human immunodeficiency virus (HIV) has contin-
uously spread around the world, causing one of the most

severe global epidemics in modern times. Currently, the main
route of HIV transmission is attributed to unprotected sexual
contact, especially for females. The use of condoms has high
efficacy in preventing the sexual transmission of HIV, but
most women living in developing countries are unable to
protect themselves by persuading their partners to use a
condom.1 Therefore, an alternate strategy to prevent sexually
transmitted infections (STIs) and decrease HIV infection rates
is to develop female-controlled microbicides.2–4

Up to now, almost two decades of research on microbicide
candidates for the prevention of sexual HIV transmis-
sion have resulted in limited success.5 The reports of early-
generation microbicides tested clinically have shown them to

be ineffective in protecting against HIV infection because of
their low in vivo anti-HIV activities or high toxicity on vaginal
epithelium. Based on those clinical trial reports, further
studies should be conducted to develop new microbicides.

Our previous studies demonstrated that 3-hydroxyphthalic
anhydride-modified human serum albumin (HP-HSA) had
strong anti-HIV-1 activity on infection by most of the tested
HIV-1 strains, especially the HIV-1 R5 virus.6 Because human
serum albumin (HSA) comprises about half of the human
blood serum proteins, HP-HSA, as a topically applied mi-
crobicide, is expected to have more advantages than anhy-
drate-modified animal proteins, including lower cytotoxicity
and stronger anti-HIV activity, as well as little or no immu-
nogenic/allergenic effects.

It is well known that three key steps are involved in HIV-1
entry into the target cell.7,8 First, the HIV-1 Env surface sub-
unit gp120 interacts with the CD4 receptor on the host cell.
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Second, induced by CD4 binding, gp120 changes conforma-
tion and further binds to a chemokine receptor, CCR5 or
CXCR4. Third, when triggered by gp120-coreceptor binding,
gp41 changes conformation, resulting in gp41-mediated
membrane fusion. Each of these steps can serve as a target for
developing anti-HIV-1 drugs or microbicides.

Although we previously demonstrated that HP-HSA
may function as an HIV-1 entry inhibitor, its detailed
mechanism of action is still elusive. Here, we evaluated the
effect of HP-HSA on each step of the HIV-1 fusion/entry
process and determined its binding to the viral Env and
the cellular receptors. We found that HP-HSA inhibited
HIV-1 fusion/entry by binding to HIV-1 Env gp120 and/or
cellular receptor CD4, suggesting that it has sufficient
potency for development as an effective and safe anti-HIV-1
microbicide.

Materials and Methods

Reagents

MT-2 cells, CHO-WT cells, CHO-EE cells, HIV-1IIIB-
infected H9 cells (H9/HIV-1IIIB), H9 cells, TZM-bl cells, U87-
CD4-CCR5 cells, mouse anti-CXCR4 MAb 12G5, mouse
anti-CCR5 MAb 17b, pNL4-3E–R–Luc plasmid, HIV-1 Env-
encoding plasmids, pVSV-G plasmid, and gp120 from HIV-1BaL

were obtained from the AIDS Research and Reference
Reagent Program of the U.S. National Institutes of Health
(NIH). HEK-293T cells were purchased from ATCC (Mana-
ssas, VA). Lymphoid cell line CEMX174 5.25M7 expressing
CD4 and coreceptors CCR5 and CXCR4,9 kindly provided by
Dr. C. Cheng-Mayer, were stably transduced with an HIV-1
long terminal repeat (LTR)-green fluorescent protein (GFP)
reporter and LTR-luciferase reporter construct cassette.
3-Hydroxyphthalic anhydride (HP), human serum albumin
(HSA), bovine serum albumin (BSA), rabbit antialbumin an-
tibody, gelatin, and polyethyleneimine (PEI) were purchased
from Sigma (St. Louis, MO). p-Hydroxyphenylglyoxal ( p-
HPG) was purchased from Fisher Scientific (Valley Park, VA).
Calcein-AM was purchased from Molecular Probes (Eugene,
OR). Recombinant soluble CD4 (sCD4), biotinylated sCD4,
and gp120 from HIV-1IIIB and HIV-1MN were obtained from
Immunodiagnostics Inc. (Woburn, MA). Peptides N36 and
biotinylated C34 were synthesized by GL Biochem (Shanghai,
China).10,11 Mouse MAb NC-1 specific for the gp41 six-helix
bundle was prepared and characterized as previously
described.12

Measurement of inhibition of HP-HSA on HIV-1
Env-mediated cell–cell fusion

Two methods were used to measure the inhibitory activi-
ties of HP-HSA on cell–cell fusion. A noninfectious syncytium
formation assay was determined as previously described.13,14

Briefly, CHO-WT cells (2 · 105/ml, 50 ll/well), which were
stably transfected with HIV-1 Env gp160, were incubated
with MT-2 (1 · 105/ml, 100 ll/well) cells expressing CD4 and
CXCR4 in the absence or presence of HP-HSA at graded
concentrations at 37�C for 48 h. The numbers of syncytia were
counted under an inverted fluorescent microscope (Zeiss,
Germany) with an eyepiece micrometer discs (10 · 10 mm2)
and a 10 · objective. Four fields per well were examined. The
percentage of inhibition of syncytium formation was calcu-

lated using the following formula: [1 – (No. of syncytia in
experiment – No. of syncytia in negative control)/(No. of
syncytia in positive control – No. of syncytia in negative
control)] · 100%. The positive or negative controls were the
wells that were added with CHO-WT cells expressing gp120/
gp41 or CHO-EE cells expressing no gp120/gp41, respec-
tively, in the absence of inhibitors.

A dye transfer assay was performed using MT-2 cells as the
target cells and HIV-1IIIB-infected H9 (H9/HIV-1IIIB) cells as
the effector cells, as previously described.15,16 Briefly, H9/
HIV-1IIIB cells (2 · 105/ml) were labeled with calcein-AM
(1 mM), a fluorescent reagent, at 37�C for 30 min and then
incubated with MT-2 cells (1 · 106/ml) at 37�C for 2 h in the
presence or absence of HP-HSA. The calcein-AM-labeled H9/
HIV-1IIIB cells, both fused and unfused with MT-2 cells, were
counted under an inverted fluorescent microscope as de-
scribed above. The fused cell is much larger (at least 2-fold)
than the unfused cell and the intensity of fluorescence in the
fused cell is weaker than in the unfused cell due to the dif-
fusion of fluorescence from one cell to two or more cells
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertpub.com/aid). The average percentage
of cell fusion was calculated by the following formula: fused
cells/(fused + unfused cells) · 100%. The percentage of inhi-
bition of cell fusion by antiviral agents was calculated using
the following formula: [1 – (% fusion in experiment – % fusion
in negative control)/(% fusion in positive control – % fusion in
negative control)] · 100%. The positive or negative controls
were the wells that were added with H9/HIV-1IIIB cells or H9
cells, respectively, in the absence of inhibitors. In some ex-
periments, unmodified HSA was included as a control of the
chemically modified HSA. The effective concentration for 50%
inhibition (EC50) values were calculated using CalcuSyn
software,17 kindly provided by Dr. T.C. Chou at Sloan-
Kettering Cancer Center (New York, NY).

Detection of the inhibition of HP-HSA on HIV-1BaL

transmission from PBMCs to CEMx174 5.25M7 cells

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from the blood of healthy donors at the New York
Blood Center by standard density gradient centrifugation by
using Histopaque-1077 (Sigma). The cells were then incu-
bated at 37�C for 2 h. The nonadherent cells were collected
and resuspended at 5 · 106/ml in RPMI 1640 medium con-
taining 10% fetal bovine serum (FBS), 5 lg/ml of phytohe-
magglutinin (PHA) (Sigma), and 100 U/ml of interleukin-2
(Sigma), followed by incubation at 37�C for 3 days. There-
after, PHA-stimulated PBMCs were infected by HIV-1BaL

with a multiplicity of infection (MOI) of 0.01 for 7 days. After
three washes with phosphate-buffered saline (PBS) buffer,
HIV-1BaL-infected PBMCs were collected and mixed with 5%
Triton X-100 for 1 h at room temperature (RT). Then those
virus lysates were tested for p24 production by enzyme-
linked immunosorbent assay (ELISA) as previously de-
scribed.13,14 Subsequently, 50 ll of HIV-1BaL-infected PBMCs
(1 · 105/ml) was incubated with 50 ll of HP-HSA at graded
concentrations at 37�C for 30 min. Then 100 ll of CEMx174
5.25M7 cells (2 · 105/ml) was added and cocultured at 37�C
for 3 days. The cells were collected and lysed for analysis of
luciferase activity as described above. HSA was used as a
negative control.

1456 LI ET AL.



Determination of the activities of HP-HSA
on a single-round HIV-1 infection

HEC-293T cells were transiently cotransfected with pNL4-
3E-R-Luc and HIV-1 Env-encoding plasmids derived from
HIV-1 HXB2 (X4 strain) and SF162 (R5 strain) using a PEI
transfection reagent.18 Vesicular stomatitis virus-G (VSV-G)
plasmid was used as a control. The HIV-1 Env or VSV-G
pseudotyped viruses were produced as single-round infec-
tious viral particles as previously described.14,19 Briefly,
1 · 104/ml TZM-bl or U87-CD4-CCR5 cells were seeded in
a 96-well plate and challenged with HIV-1 or VSV-G env-
pseudotyped viruses, which were preincubated with HP-
HSA or unmodified HSA at graded concentrations for 1 h at
37�C. The culture supernatants were replaced with fresh
media 24 h postinfection. The cells were collected 72 h post-
infection and the luciferase activity was detected using a
luciferase assay kit (Promega, Madison, WI). The EC50 values
were calculated using CalcuSyn software.17

Assessment of the binding of HP-HSA to gp120
or sCD4 by ELISA

The binding effect of HP-HSA on gp120 or sCD4 was de-
termined as previously described.20,21 Briefly, wells of 96-well
plates were coated with 5 lg/ml of gp120 from HIV-1IIIB,
gp120 from HIV-1BaL, or sCD4 in 0.1 M Tris buffer (pH 8.8) at
4�C overnight, followed by washing with TS buffer (0.14 M
NaCl, 0.01 M Tris, pH 7.0). The wells were then blocked with
1 mg/ml BSA and 0.1 mg/ml gelatin in TS buffer. HP-HSA
and unmodified HSA at the indicated concentrations in PBS
containing 100 lg/ml BSA were added to wells coated with
gp120 or sCD4 for 1 h at RT. The unmodified HSA was used as
the negative control of HP-HSA and PBS containing 100 lg/ml
BSA was used as the background control. Rabbit anti-HSA
antibody, HRP goat antirabbit IgG (Sigma), TMB, and 1 N
H2SO4 were added sequentially.

Measurement of the inhibition of HP-HSA on the binding
of sCD4 and gp120 by ELISA

The interactions between sCD4 and the HIV-1 Env (gp120
from HIV-1IIIB, HIV-1BaL, and HIV-1MN) were also determined
using the methods described before.20,21 Briefly, wells of 96-
well plates were coated with 5 lg/ml HIV-1 Env proteins in
0.1 M Tris buffer (pH 8.8) at 4�C overnight, followed by
washing with TS buffer. Then the wells were blocked for 1 h at
RT with 1 mg/ml BSA and 0.1 mg/ml gelatin in TS buffer.
Biotinylated sCD4 (1 lg/ml) was preincubated with HP-HSA
or unmodified HSA at the indicated concentrations in PBS
containing 100 lg/ml BSA for 18 h at 4�C. SA-HRP, TMB, and
1 N H2SO4 were added sequentially. The absorbance at 450 nm
was measured by using an ELISA reader, and the EC50 values
were calculated as described above. Previous studies showed
that 3-hydroxyphthalic anhydride-modified b-lactoglobulin
(3HP-b-LG) inhibited the binding between gp120 and sCD4.20

Therefore, 3HP-b-LG was included as a positive control.

Flow cytometric analysis of the binding of HP-HSA
to cells expressing HIV-1 Env or CD4 receptor

The binding of HP-HSA with CHO-WT cells that express
the HIV-1 Env or HeLa-CD4-LTR-b-gal cells that express CD4
(CHO-EE and HeLa cells bearing neither HIV-1 Env nor CD4 as

controls) was determined by flow cytometry as previously
described.14,22,23 In brief, 100 ll of the cells (1 · 107/ml) sus-
pended in PBS containing 10% goat serum (PBS-GS) was in-
cubated at 4�C for 1 h before the addition of 100 ll of HP-HSA
(2 lM). After incubation at 4�C for 1 h, cells were washed three
times with PBS-GS. Rabbit anti-HSA serum and FITC goat
antirabbit IgG were added sequentially. After incubation at 4�C
for 1 h, the cells were washed and resuspended in 500 ll of wash
buffer, followed by analysis by flow cytometry. Unmodified
HSA (2 lM) was used as the negative control of HP-HSA.

Analysis the binding of HP-HSA
and coreceptor-expressing cells by ELISA

Then 100 ll of TZM-bl cells (1 · 106/ml) was cultured in a
96-well cell plate at 37�C overnight, followed by fixing with
5% formaldehyde at RT for 15 min. After washing three times
with pH 7.4 PBS buffer and blocking with 1% dry fat-free milk
at 37�C for 1 h, 5 lg/ml mouse anti-CXCR4 MAb 12G5 or anti-
CCR5 MAb 17b was added into each well and incubated for
another 1 h in the presence or absence of HP-HSA at a graded
concentration at 37�C for 1 h. Biotin-labeled goat antimouse
IgG (Sigma), SA-HRP, and TMB were added into the reaction
system successively. Then 1 N H2SO4 was used to terminate
the reaction, and the absorbance at 450 nm was measured by
using an ELISA reader.24

Detection of the inhibition of gp41 six-helix
bundle formation

A model system mimicking gp41 core (six-helix bundle,
6-HB) formation by mixing the gp41 N- and C-peptides (N36
and C34 peptides) at equal molar concentrations in vitro was
performed as reported previously.11,25 The inhibitory activity
of HP-HSA on 6-HB formation between N36 and biotinylated
C34 was determined by a sandwich ELISA as previously
described.11,15 Briefly, 2 lM peptide N36 was preincubated
with HP-HSA at a graded concentration at 37�C for 30 min,
followed by the addition of 2 lM biotinylated C34. After an-
other 30 min, the mixtures were added to wells of a 96-well
polystyrene plate (Costar; Corning, Inc., Corning, NY), which
were precoated with MAb NC-1 IgG (2 lg/ml) and blocked
with 2% nonfat milk in PBS. Then MAb NC-1, biotin-labeled
goat antimouse IgG (Sigma), SA-HRP, TMB, and 1 N H2SO4

were added sequentially. The A450 was measured by using
an ELISA reader and the EC50 values were calculated as
described above.

Results

The antiviral activity of HP-HSA was attributed
to blocking HIV-1 entry into the target cell

As described before, HP-HSA exhibited significantly de-
creased inhibitory activity when it was added to target cells
0.5–2 h post-HIV-1 infection by time of addition assay.6 While
such results indicated that HP-HSA was an HIV-1 entry/
fusion inhibitor, the potential targets of HP-HSA remained
unknown. Therefore, to systematically search for these tar-
gets, we examined the effect of HP-HSA on the early steps of
the HIV-1 replication cycle, i.e., HIV-1 fusion/entry, using
cell–cell fusion and virus–cell fusion assays.

HIV-1 Env-mediated cell–cell fusion was detected by a
syncytium-formation assay using the noninfectious CHO-WT
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cells and MT-2 cells or by a dye transfer assay using HIV-1IIIB-
infected H9 cells (H9/HIV-1IIIB cells) and MT-2 cells as the
effector and target cells, respectively, as described in detail in
Materials and Methods. In a syncytium-formation assay, the
size of a syncytium is usually ‡ 2-fold larger than that of a
normal cell (Supplementary Fig. S1A). In the dye transfer
assay, the fused and unfused cells were counted under an
inverted fluorescence microscope (Supplementary Fig. S1B).
The numbers of syncytia and fluorescence-labeled fused cells
were counted under an inverted microscope. As shown in
Supplementary Fig. S2A and B, HP-HSA could significantly
inhibit HIV-1 Env-mediated cell–cell fusion, resulting in the
reduction of syncytium formation and dye transfer in a dose-
dependent manner. The percentages of inhibition of cell–cell
fusion of HP-HSA and HSA were calculated according to the
formula described above (Fig. 1). Results showed that HP-
HSA inhibited both kinds of HIV-1 Env-mediated cell–cell
fusion, with EC50 about 27.82 nM in a noninfectious system
and 7.45 nM in an infectious system, respectively (Fig. 1). In
the above-described assays, unmodified HSA demonstrated

no ability to inhibit cell–cell fusion (Fig. 1 and Supplementary
Fig. S2).

A single-round entry assay was chosen to detect the inhi-
bition of HP-HSA on direct virus–cell fusion by using pseu-
dotyped viruses expressing HIV-1 HXB2 (X4 strain) and
SF162 (R5 strain) Env. Similar results were observed in this
assay. HP-HSA inhibited infection by both X4 and R5 Env
pseudotyped viruses, with EC50 about 1.51 and 1.54 nM, re-
spectively (Fig. 2A and B). VSV-G pseudovirus was produced

FIG. 1. Inhibitory activity of 3-hydroxyphthalic anhydride-
modified human serum albumin (HP-HSA)on HIV-1-mediated
cell–cell fusion. (A) Cell–cell fusion between CHO-WT cells
and MT-2 cells; (B) cell–cell fusion between calcein-labeled
HIV-1IIIB-infected H9 cells (H9/HIV-1IIIB) and MT-2 cells. Data
are presented as means – SD.

FIG. 2. Inhibition of HP-HSA on single-round infection of
HIV-1HXB2 (A), HIV-1SF162 (B), and vesicular stomatitis virus-
G (VSV-G) (C). Data are presented as means – SD.
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by cotransfecting VSV envelope G-protein plasmid and
pNL4-3E–R–Luc plasmid. Therefore, VSV-G pseudovirus
could be used to evaluate the specific effects of HP-HSA on
HIV-1 envelope proteins. Results showed that VSV-G pseu-
dovirus infection could not be inhibited by HP-HSA, even at a
concentration as high as 1.25 lM (Fig. 2C).

Cell-to-cell transmission is the major route for the spread of
HIV-1. Here, we detected the inhibition of HP-HSA on the
transmission of cell-associated HIV-1 virions from PBMCs to
CEMx174 5.25M7 cells. As shown in Fig. 3, HP-HSA blocked
the cell–cell HIV-1BaL transmission between those two kinds
of virus target cells, which suggests that it could prevent the
transmission of cell-associated HIV-1BaL isolates. The EC50 of
cell–cell transmission was 31.01 nM. Unmodified HSA had no
inhibitory activity on cell–cell transmission.

All of these results indicate that HP-HSA can inhibit HIV-1
infection by blocking the virus entry step. HIV-1 entry into a
CD4 + T cell is mediated by viral envelopes, which comprise
the surface subunit gp120 and transmembrane subunit gp41.8

Similar to HP-OVA and ML-OVA, one of the probable
mechanisms of HP-HSA might be interference with the viral

envelope glycoprotein or the receptor on the target cell
membrane.

HP-HSA blocked gp120-CD4 interaction by binding both
gp120 and CD4 molecules

The gp120 recognition of cellular receptor CD4 is the first
step during HIV-1 entry. Interfering with the binding of gp120
and CD4 might be one of the mechanisms of HIV-1 entry
inhibitors. Therefore, we first tested the potential inhibitory
effect of HP-HSA against the interaction between sCD4 and
gp120 using ELISA. As indicated in Table 1, HP-HSA could
block the interaction between sCD4 and gp120 from HIV-1IIIB,
HIV-1MN, and HIV-1BaL, with EC50s at low nM levels. Un-
modified HSA exhibited no inhibition at a concentration up to
100 nM. The positive control, 3HP-b-LG, could significantly
inhibit the binding of sCD4 to gp120 from HIV-1IIIB (Table 1
and Supplementary Fig. S3A), HIV-1MN (Table 1 and Sup-
plementary Fig. S3B), or HIV-1BaL (Table 1 and Supplemen-
tary Fig. S3C). But it is less effective than HP-HSA (Table 1 and
Supplementary Fig. S3).

To further confirm the specific targets, the binding of HP-
HSA to gp120 or sCD4 molecules was subsequently deter-
mined by ELISA. Results showed that HP-HSA could bind
to both sCD4 (Fig. 4A) and gp120 from HIV-1 IIIB and BaL
(Fig. 4B and C) in a dose-dependent manner. These results
indicated that the targets of HP-HSA might be both gp120
and CD4. This deduction was also verified by flow cytom-
etry using CHO-WT cells that express HIV-1 gp160 Env or
HeLa-CD4-LTR-b-gal cells that express the CD4 receptor.
CHO-EE and HeLa cells that express neither HIV-1 Env nor
CD4 were used as negative controls. HP-HSA could bind
with both CHO-WT and HeLa-CD4-LTR-b-gal cells (Fig. 5A
and C), while it had only background binding to CHO-EE
and HeLa cells (Fig. 5B and D). The background binding
was also observed when unmodified HSA was used as
a negative control of the chemically modified HSA, HP-
HSA (Fig. 5E–H). These results indicate that HP-HSA is
able to interact with both HIV-1 Env and the cell-surface
receptor CD4.

HP-HSA had no significant effects
on coreceptor-expressing cells by ELISA

Based on the above results, we reasoned that HP-HSA might
bind to HIV-1 gp120 or the CD4 receptor on the host cell surface

FIG. 3. HP-HSA-mediated inhibition of transmission from
peripheral blood mononuclear cells (PBMCs) to CEMx174
5.25M7 cells. Data are presented as means – SD.

Table 1. Inhibitory Activity of 3-Hydroxyphthalic Anhydride-Modified Human Serum Albumin

on the Association Between Soluble CD4 and Distinct HIV-1 Envelope Proteins

Inhibitorya
HIV-1 gp120 from

Compound concentration (nM) HIV-1IIIB HIV-1MN HIV-1BaL

HP-HSA EC50 8.00 – 1.04 15.60 – 3.90 8.52 – 0.21
EC90 31.56 – 0.42 45.26 – 1.76 34.76 – 4.96

HSA EC50 > 100.000 > 100.000 > 100.000
EC90 > 100.000 > 100.000 > 100.000

3HP-b-LG EC50 50.49 – 10.32 137.83 – 14.40 53.51 – 2.44
EC90 254.25 – 37.20 527.87 – 193.20 290.77 – 2.05

aThe measurements were performed in triplicate, and the experiment was repeated twice. Data are presented as means – SD.
HP-HSA, 3-hydroxyphthalic anhydride-modified human serum albumin; HSA, human serum albumin; 3HP-b-LG, 3-hydroxyphthalic

anhydride-modified b-lactoglobulin.
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during HIV-1 entry. Thus, we needed to address whether
HP-HSA could affect the HIV-1 chemokine coreceptors, in-
cluding CXCR4 and CCR5, expressed on the surface of CD4+

T lymphocytes. HP-HSA could bind neither CXCR4 nor CCR5
at the concentration of 1.25 lM (data not shown).

HP-HSA did not interfere with gp41 six-helix
bundle formation

The binding to the coreceptors is followed by fusion of the
viral and target cell membranes mediated by gp41. During
HIV-1 entry, gp41 6-HB formation is a critical conforma-
tional change. Here a model system mimicking gp41 core
(6-HB) formation by mixing the gp41 N- and C-peptides at
equal molar concentrations in vitro was performed.11,25 The
formation of 6-HB could be detected by a sandwich ELISA
assay using a conformation-specific MAb, NC-1, as reported
earlier.12,26 Similar to its effects on binding to coreceptor-
expressing cells, HP-HSA could not inhibit 6-HB formation
significantly, even at a relatively high concentration (1.25 lM)
(Supplementary Fig. S4).

Discussion

In 2010, a 1% tenofovir [TFV, a nucleotide reverse tran-
scriptase inhibitor (NRTI)] vaginal gel formulation was re-
ported to be effective in preventing HIV transmission in its
Phase IIb study in South Africa (CAPRISA 004 trial).27,28

However, it, like most topical microbicides evaluated in
clinical trials, showed no significant effects in reducing
the risk of acquiring HIV-1 infection in the further larger-
scale clinical trial due to low adherence to the products
(VOICE study).29 Therefore, further studies should continue
to search for new candidate microbicides or microbicide
combinations.

We previously demonstrated that a series of anhydride-
modified bovine proteins, including 3-hydrophthalic anhydride-
modified b-lactoglobulin (3HP-b-LG),20 3-hydrophthalic
anhydride-modified ovalbumin (HP-OVA), and maleic-
modified ovalbumin (ML-OVA), exhibited potent anti-HIV-1
activity.13,14 Most recently, we reported that HP-HSA could
also potently inhibit infection by a broad spectrum of HIV-1
strains of different subtypes, including laboratory-adapted
and primary HIV-1 strains, as well as drug-resistant strains.6

HSA is one of the most common human blood proteins,
constituting about half of the total blood serum protein.
In contrast to animal proteins, it may therefore present a more
appropriate pathway to bypass further unpredictable com-
plications of the human immune system upon the introduc-
tion of a vaginal microbicide. In addition, HP-HSA had much
stronger anti-HIV-1 activity on infection by both laboratory-
adapted HIV-1 X4 and R5 strains than other anhydride-
modified OVAs, especially on HIV-1BaL virus. These results
indicated that HP-HSA might be an ideal microbicide candi-
date for preventing HIV-1 sexual transmission.

In our previous study, we found that HP-HSA might be an
HIV-1 entry/fusion inhibitor.6 At that time, however, the
specific mechanism of HP-HSA inhibition was unknown.
Therefore, in this study, we attempted to search for the
exact targets of HP-HSA. To accomplish this, the early effect
of HP-HSA on a cell–cell fusion assay was first analyzed.
As shown in Fig. 1, HP-HSA had strong inhibitory activity
on both HIV-1-induced and HIV-1 Env-mediated cell–cell
membrane fusion.

A pseudovirus-based assay was then used to detect the
inhibition of HP-HSA on a single-round virus–cell fusion and
to analyze the function of the HIV-1 envelope. Figure 2 shows
that HP-HSA inhibited infection by HIV-1 pseudoviruses
bearing Env of HIV-1HBX2 (X4 strain) and HIV-1SF162 (R5

FIG. 4. The binding of HP-HSA to soluble CD4 (sCD4) and
gp120, as assessed by enzyme-linked immunosorbent assay
(ELISA). (A) Dose-dependent binding of HP-HSA to sCD4;
(B) dose-dependent binding of HP-HSA to gp120 from HIV-
1IIIB; (C) dose-dependent binding of HP-HSA to gp120 from
HIV-1BaL. Data are presented as means – SD.
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strain). VSV-G pseudovirus infection could not be inhibited
by HP-HSA, even at a concentration of 1.25 lM (Fig. 2C).
These results further confirmed that HP-HSA was an HIV-1
entry/fusion inhibitor and that the specific target of HP-HSA
might be HIV-1 envelope proteins.

In addition to virus–cell transmission, cell–cell transmis-
sion has been regarded as the main route for the spread of
HIV. A further advantage of microbicide candidates is their
inhibition of cell-associated virus.30,31 Cell-associated HIV-1
in seminal fluid may contribute to the initial HIV-1 infection.32

FIG. 5. Flow cytometric
analysis of HP-HSA binding
to cells expressing HIV-1 Env
or CD4 molecule. (A) HP-
HSA + CHO-WT cells; (B)
HP-HSA + CHO-EE cells; (C)
HP-HSA + HeLa-CD4-LTR-b-
gal cells; (D) HP-HSA + HeLa
cells; (E) HSA + CHO-WT
cells; (F) HSA + CHO-EE cells;
(G) HSA + HeLa-CD4-LTR-b-
gal cells; and (H) HSA + HeLa
cells.
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As shown in Fig. 3, HP-HSA had potent inhibitory activity on
the transmission of cell-associated HIV-1BaL virus from PBMCs
to CEMx174 5.25M7 cells, which means that HP-HSA could
block HIV-1 infection between infected and uninfected target
cells. The ability to block HIV-1 transmission at the initial stage
of viral infection makes HP-HSA an excellent candidate for
prophylactic use as an anti-HIV-1 microbicide.

Binding of HIV-1 gp120 envelope protein to the cellular
CD4 receptor is the first step leading to the fusion of viral and
cell membranes. Interference with the binding of gp120 and
CD4 might block HIV-1 entry. Our previous studies demon-
strated that 3HP-b-LG was mainly targeted to the CD4
receptor on the surface of T lymphocytes.20 At higher con-
centrations, 3HP-b-LG could also bind to HIV-1 Env glyco-
protein gp120 from HIV-1 IIIB and MN strains.33 In addition,
other anhydride-modified proteins, such as HP-OVA and
ML-OVA, could also inhibit the interaction between gp120
and CD4.13,14 Based on our previous studies, we also detected
the binding of HP-HSA to gp120 or sCD4. Results showed that
HP-HSA could bind HIV-1 gp120, as well as soluble CD4
molecules (Fig. 4), thus inhibiting the interaction between
HIV-1 gp120 (from X4 or R5 virus) and sCD4 (Table 1). The
results of HP-HSA binding to the HIV-1 Env and CD4 receptor
were also verified by a flow cytometry assay using CHO-WT
cells that express HIV-1 gp160 and HeLa-CD4-LTR-b-gal cells
that express the CD4 receptor (Fig. 5). The results suggest that
HP-HSA can inhibit HIV-1 entry/fusion through its interaction
with gp120 and CD4 molecules. The binding ability with both
gp120 and CD4 may arise from the modification of positively
charged residues of HSA by 3-hydroxyphthalic anhydride.
Similar to 3HP-b-LG, HP-OVA binds preferably to CD4, rather
than to gp120, as demonstrated by using a surface plasmon
resonance (SPR) assay.13 However, HP-HSA did not show such
binding preference as proven by ELISA and flow cytometric
analysis. It is worth noting that the EC50 value (96 nM) of 3HP-
b-LG for inhibiting HIV-1-mediated cell–cell fusion was higher
than the EC50 value (about 25 nM) for inhibiting the binding
between gp120 and CD4. There are 59 lysines and 27 arginines
in an HSA protein. OVA contains 20 lysines and 15 arginines,
while b-LG has only 16 lysines and 3 arginines. It is possible
that more modified lysines and arginines in HP-HSA than
those in 3HP-b-LG may contribute to the higher binding of
HP-HSA to gp120. But more experiments to further clarify the
binding target of HP-HSA are warranted.

Normal human CD4 + T lymphocytes constitute an essen-
tial part of the immune system. They can regulate the function
of the antigen-presenting cells through cell-to-cell interaction
or through their released cytokines.34 As described above,
there has been a concern that HP-HSA may affect the func-
tion of CD4 + T lymphocytes when HP-HSA binds to CD4
molecules on these cells.35 Our previous studies have dem-
onstrated that HP-HSA had no significant effect on the
proliferation of T lymphocytes or on the production of in-
terferon-gamma (IFN-c) in either PHA-stimulated or un-
stimulated PBMCs. HSA, a protein in human sera, is not
expected to have any significant effect on the function of
CD4 + T cells, especially for those circulating in the blood-
stream. Nonetheless, the long-term use of a CD4 blocker like
HP-HSA may still suppress the function of CD4 + T cells
located in vaginal mucosa. Therefore, long-term observation
of the potential harmful effect of HP-HSA on the mucosal
immune system is warranted.

The second step of HIV-1 entry is mediated by HIV-1
chemokine coreceptors, including CXCR4 and CCR5 cor-
eceptors expressed on the surface of CD4 + T lymphocytes.
Thus, in the present work, we attempted to analyze the
blocking effects of HP-HSA on coreceptor-expressing cells by
cell-based ELISA. The monoclonal antibodies specifically
recognize CXCR4 or CCR5 coreceptors and block the HIV-1
infection of CXCR4 + or CCR5 + T cells. Results showed that
neither HP-HSA nor HSA could bind to CXCR4 or CCR5
coreceptors, though more precise tests should be imple-
mented because of the limitation of anti-CXCR4 and anti-
CCR5 monoclonal antibodies in these assays.

During HIV-1 entry, gp41 6-HB formation is a critical
conformational change. Here we also tested the effect of HP-
HSA on the formation of the fusion-active gp41 6-HB by
ELISA and found that it had no inhibition, even at 1.25 lM
concentration. It is difficult to understand the exact reasons
why those two similar anhydride-modified proteins, HP-
OVA and HP-HSA, had different effects on gp41 6-HB for-
mation. In our previous studies, we found that only higher
concentrations of HP-OVA (15 and 7.5 lM) showed certain
inhibitory activities by using a convenient biophysical meth-
od, the FN-PAGE assay.13 It is possible that the inhibition
of HP-OVA on gp41 6-HB formation is a result of non-
specific binding. More extensive studies that explore the
difference between different anhydride-modified proteins are
warranted.

Similar to HP-OVA, HP-HSA inhibits HIV-1 entry/fusion
through binding to both gp120 and CD4 due to the fact that
positively charged side chains of lysine and arginine residues
in HSA were modified so that the HSA molecule carries net
negative charges. Previous studies showed that HP-OVA and
some negatively charged polymeric microbicide candidates,
such as Carrageenan (Carraguard), cellulose sulfate (CS), and
poly(naphthalene sulfonate) (PRO 2000), inhibited HIV fu-
sion/entry by targeting multiple sites in the viral envelope
glycoproteins, including gp120 and gp41 and receptors, such
as CD4.13,36,37

It was reported that succinylated human serum albumin
(Suc-HSA) also had anti-HIV-1 activities in vitro with an EC50

of 1.0 lg/ml,38 which is about 15 nM when calculated as a
mole concentration. The mechanism of Suc-HSA, as an HIV-1
fusion inhibitor, is through binding the positively charged V3-
loop of gp120.39 A Phase I/IIa study showed that adequate
antiviral plasma levels of Suc-HSA administered intrave-
nously could not be maintained and that the increases of liver
transaminases prohibit further dose escalation,40 possibly
because the accumulated Suc-HSA in the liver affects the
function of the hepatocytes. In our study, we chose a different
anhydride to modify HSA, and HP-HSA was shown to have
more potent anti-HIV-1 activities than Suc-HSA in vitro. Most
importantly, our study aimed to develop HP-HSA as a topical
microbicide candidate, rather than as a therapeutic agent
through intravenous injection. Microbicides are compounds
designed for application inside the vagina or rectum to protect
against STIs, including HIV-1. Therefore, HP-HAS, which will
be formulated in a gel and applied inside the vagina or rec-
tum, is unlikely to get into the blood and cause liver damage.

In general, HP-HSA inhibited HIV-1 entry/fusion by
binding to viral Env gp120 and/or the cellular receptor CD4
through the negatively charged residues of HP-HSA resulting
from the chemical modification of the positively charged
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residues in HSA. Since HSA is a human protein, HP-HSA can
be further developed as an effective and safe topical micro-
bicide for preventing HIV-1 sexual transmission.
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