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Abstract

Polyanionic candidate microbicides, including cellulose sulfate, carrageenan, PRO 2000, were proven ineffective in
preventing HIV-1 transmission and even cellulose sulfate showed increased risk of HIV acquisition in the Phase III efficacy
trials. Semen plays critical roles in HIV-1 sexual transmission. Specifically, amyloid fibrils formed by fragments of prostatic
acidic phosphatase (PAP) in semen termed semen-derived enhancer of virus infection (SEVI) could drastically enhance HIV-1
infection. Here we investigated the interaction between polyanions and PAP248-286, a prototype peptide of SEVI, to
understand the possible cause of polyanionic candidate microbicides to fail in clinical trials. We found anionic polymers
could efficiently promote SEVI fibril formation, most likely mediated by the natural electrostatic interaction between
polyanions and PAP248-286, as revealed by acid native PAGE and Western blot. The overall anti-HIV-1 activity of polyanions
in the presence or absence of PAP248-286 or semen was evaluated. In the viral infection assay, the supernatants of
polyanions/PAP248-286 or polyanions/semen mixtures containing the free, unbound polyanionic molecules showed a
general reduction in antiviral efficacy, while the pellets containing amyloid fibrils formed by the polyanion-bound PAP248-
286 showed aggravated enhancement of viral infection. Collectively, from the point of drug-host protein interaction, our
study revealed that polyanions facilitate SEVI fibril formation to promote HIV-1 infection, thus highlighting a molecular
mechanism underlying the failure of polyanions in clinical trials and the importance of drug-semen interaction in evaluating
the anti-HIV-1 efficacy of candidate microbicides.
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Introduction

Heterosexual intercourse accounts for more than 80% of new

HIV infection worldwide [1]. Microbicides, containing anti-HIV

agents applied topically by women within vagina, hold great

promise as a powerful women-initiated prevention method to stop

HIV/AIDS transmission. Moreover, effective microbicides can be

used for rectal intercourse by men who have sex with men (MSM),

which is also becoming an increasing risk of HIV-1 acquisition

recently [2], or women having anal intercourse [3,4]. However, no

candidate microbicide has proceeded from successful clinical trials

to licensure, although 1% of tenofovir gel showed 39% efficacy

among tested women in the recent microbicide trial [5]. Continual

failure emphasizes our incomplete understanding about the

molecular events that are occurring during sexual transmission

and the biological elements involved in this process.

Anionic polymers have been considered as compelling candi-

date microbicides not only by their efficacy against HIV-1

infection [6] but also against a broad spectrum of sexually

transmitted infection (STI) pathogens [7,8]. The most mentioned

polyanionic candidate microbicides include cellulose sulfate,

carrageenan, naphthalene sulfonate (PRO 2000), cellulose acetate

phthalate (CAP) and polystyrene sulfonate. Three of these have

been advanced into Phase III clinical trials. Unfortunately, the

clinical results were disappointing. One of the cellulose sulfate

trials even showed higher HIV seroincidence in the cellulose

sulfate arm [9], while another efficacy trial indicated no inhibitory

effect of cellulose sulfate on the risk of HIV-1 transmission [10].

Efficacy trial of carrageenan demonstrated that carrageenan gel

was safe, but lacked efficacy against HIV-1 transmission [11].

Similarly, PRO 2000 was not efficacious against vaginal HIV-1

transmission. Rate of new HIV-1 infection (incidence per 100

woman-years) among participants who used 0.5% PRO 2000 was

4.5% compared to that of 4.3% in the placebo arm, while HIV-1

infection rate was 4.7% in women administrated 2% PRO 2000

compared to that of 3.9% in placebo arm [12,13]. Though the

difference was not statistically significant (p = 0.239), use of 2%

PRO 2000 gel was terminated at primary safety endpoint. It

appeared that increasing dosage of PRO 2000 might implicate

trends towards growing risk of HIV-1 transmission.
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Basic steps uncover the failure of these polyanionic candidate

microbicides have been made [14–17]. However, these results

have placed greater focus on the participants or the antiviral agent

alone. Besides these factors, we and others believe that other

factors involving the host environment during sexual intercourse

that could affect the efficacy of polyanion-based microbicides may

also contribute to the failure of these polyanions in clinical trials

[18].

Semen is one such important factor in the host environment

during the sexual transmission. In the in vitro studies, candidate

microbicides showing potent activities against HIV-1 infection

were introduced in buffer [19]. But buffer solution does not

compare with the true host environment during heterosexual

transmission where drugs encounter female genital tract secretions

and semen. Although semen has been documented to reduce the

antiviral efficacy of candidate microbicides [20,21], limited

mechanistic research has been done to elucidate how semen

interferes with anti-viral activity of candidate microbicides.

Semen-derived amyloid fibrils can extraordinarily enhance

HIV-1 infection [22]. These amyloid fibrils, termed semen-derived

enhancer of virus infection (SEVI), compose of fragments of the

prostatic acidic phosphatase (PAP, predominant form PAP248-

286) in semen. By their cationic property to capture virus and

promote viral attachment to the cells, SEVI can enhance the

infectious virus titer by several orders of magnitude [22,23]. SEVI

plays a critical role in sexual transmission of HIV-1.

The chemical structures of polyanionic candidate microbicide

are strikingly similar with those of glycosaminoglcans (GAGs), a

class of special linear polysaccharides that compose the polysac-

charide-protein conjugates called proteoglycans. GAGs have been

proven to play an active role in promoting fibrillogenesis in vitro for

several proteins or peptides [24–30]. Therefore, we hypothesized

the polyanionic candidate microbicide might act like GAGs to

promote the formation of semen derived amyloid fibrils, leading to

the increased risk of viral transmission in semen. Moreover, the

promotion of fibrillogenesis by GAGs is mediated by the specific

interaction between the peptide/protein and the polysaccharide

[26,27,31]. We also intended to determine whether the promotion

of SEVI fibril formation by polyanions is mediated by specific

interaction between them. The objectives of this study were to

examine the possible interaction between polyanions and seminal

proteins that might underlie the failure of the clinical trial of

polyanionic candidate microbicides.

Materials and Methods

Materials
l-Carrageenan, Cellulose acetate phthalate (CAP), methyl

cellulose, Thioflavin T, Congo Red, XTT [2,3-bis (2-methoxy-4-

nitro-5-sulfophenyl)-5-(phenylamino) carbonyl-2H-tetrazolium hy-

droxide] were purchased from Sigma (St. Louis, MO). Cellulose

sulfate was bought from Acros Organic, (Piscataway, NJ).

Poly(styrene-4-sulfonate) was obtained from Polysciences Inc.

Each polyanionic agent was dissolved in distilled water and

divided in aliquots and kept at 220uC. Each aliquot was used only

once after thawing. PAP248-286 (a prototype peptide of SEVI)

was synthesized by GL Biochem (Shanghai, China). Lyophilized

peptide (.95% purity) was dissolved in phosphate buffered saline

(PBS) at a concentration of 10 mg/ml and stored at 220uC.

Aliquots were rapidly defrosted and used as peptide monomer.

The remainder was discarded. Otherwise, PAP248-286 fibril

(SEVI) formation was promoted by agitation at 37uC for 1–5 days

at 1200 rpm with an Eppendorf Mixmate. Polyclonal rabbit

antibody against PAP248-286 was produced by AbMax Biotech-

nology Co., Ltd. (Beijing, China). Semen (SE) samples were

collected from healthy lab members with written informed

consent. The study was approved by the Human Ethics

Committee of Southern Medical University, Guangzhou, China.

SE samples were also purchased from Lee. BioSolutions. Inc. (St.

Louis, Missouri, MO). Ejaculates were allowed to liquefy for

30 min at room temperature. Seminal fluid (SE-F), representing

the cell free supernatant of SE, was obtained by centrifugation of

1 ml SE for 15 min at 10,000 rpm and stored in 1 ml aliquots at

220uC. Samples were used once and the remaining was

discarded. MT-2 cells, TZM-bl cells, laboratory-adapted HIV-1

strains, anti-p24 monoclonal antibody (183-12H-5C), were

obtained from the National Institutes of Health AIDS Research

and Reference Reagent Program. Plasmids of CXCR4-tropic

NL4-3 and CCR5-tropic 92th014.12 infectious clones were kindly

provided by Jan Münch of Ulm University, Ulm, Baden-

Württemberg, Germany.

Monitor of PAP248-286 Aggregation
Fibril formation of PAP248-286 was monitored by Thioflavin T

staining and Congo red staining as previously described [22].

Briefly, fibril formation was promoted by incubating 2 mg/ml

PAP248-286 in the presence or absence of 30 mg/ml polyanions

Figure 1. A brief schematic of the assays for testing the effect of polyanions on HIV-1 infection in the presence of PAP248-286 or
SE-F. Polyanions at graded concentration was mixed with an indicated concentration of PAP248-286 or SE-F at an indicated interval with agitation as
described in the ‘‘Materials and Methods’’. After centrifugation, the supernatants were collected for testing the inhibitory activity of the unbounded
polyanions on HIV-1 infection. The pellets containing the PAP248-286 (SEVI) - or SE-F-derived amyloid fibrils were re-suspended in 100 ml medium for
testing the enhancing effect on HIV-1 infection.
doi:10.1371/journal.pone.0059777.g001

Polyanions Accelerate the Formation of SEVI Fibril
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by agitation at 1200 rpm at 37uC with an Eppendorf Mixmate. At

different incubation times after the initiation of the aggregation

reaction, aliquots were withdrawn from each sample for the

following tests. For Thioflavin T staining, 5 ml samples were mixed

with 95 ml 50 mM Thioflavin T solution. Fluorescence emission

was measured with a fluorescence plate reader (Infinite M1000,

Tecan) as previously described [22]. For Congo red staining,

formation of amyloid structures was routinely monitored by

mixing 10 ml aliquots of the individual reaction batch with 90 ml of

Congo red solution (Sigma). The solution was incubated at room

temperature for 30 min and centrifuged for 15 min at 13000 rpm.

The pellets were dissolved in 50 ml DMSO and fibril formation

Figure 2. Chemical structures of polyanion-based microbicides and GAGs. Chemical structures of the molecules include cellulose sulfate
(A), l-carrageenan (B), CAP (C), polystyrene sulfonate (D), PRO 2000 (E), heparin sulfate (F) and methyl cellulose (G).
doi:10.1371/journal.pone.0059777.g002
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was determined at OD 490–650 nm using an ELISA reader

(Infinite M1000, Tecan). All the samples were blank subtracted.

No amyloid seeds were added to the mixture of the PAP248-286

and a polyanion before or during the formation of the amyloid

fibrils.

Analysis of b-Sheet Structure by Circular Dichroism (CD)
Aliquots of the sample undergoing aggregation were withdrawn

at regular time intervals to detect the b-sheet structures by CD.

CD spectra were recorded on Jasco spectropolarimeter (Model J-

715, Jasco Inc., Japan) at 20uC. Spectra were collected from 200 to

260 nm, with a 1 nm step, 1-nm bandwidth and 20-s collection

time per step. Each spectrum was recorded as the average of two

scans and was blank-subtracted. The final peptide concentration

was 120 mg/ml.

Analysis of Amyloid Fibrils by Electron Microscopy
To observe the shape of amyloid fibrils by electron microscopy,

peptide suspension (500 mg/ml) at different time points were

adsorbed for 2 min onto 200-mesh carbon-coated copper grids

(Electron Microscopy Sciences, Hatfield, PA). Grids were subse-

quently stained with 2% aqueous uranyl acetate (Electron

Microscopy Sciences) for 60 s. Fibrils were visualized with a

Tecnai 12 (Philips/FEI, USA) transmission electron microscope.

Acidic Native Polyacrylamide Gel Electrophoresis and
Western Blot analyses

10% Polyacrylamide continuous native gels were prepared as

described elsewhere [32]. PAP248-286 monomers (300 mg/ml)

were incubated with serially diluted solution of polyanionic agents

at 37uC for 30 min. Then the samples were centrifuged at

5000 rpm for 3 min and the supernatant was mixed with equal

volume of 20% glycerol prior to loading. Gels were either stained

with Coomassie blue (loaded with 30 ml sample) or transferred by

Western blot (loaded with 10 ml sample) to nitrocellulose

membranes (Bio-Rad Laboratories, Hercules, CA). Membranes

were probed with PAP248-286 polyclonal rabbit primary antibody

and then with goat anti-rabbit secondary antibody conjugated to

horseradish peroxidase. Signals were visualized with ECL Western

blot Substrate Reagents and Amersham Hyperfilm (GE Health-

care, Piscataway, NJ).

HIV-1 Infection Assays
To observe the effect of polyanions on infection by HIV -1IIIB

(subtype B, X4) and HIV-1Bal (subtype B, R5) in the presence or

Figure 3. Time courses of PAP248-286 aggregation in the absence or presence of polyanionic candidate microbicides. 2 mg/ml
PAP248-286 was agitated at 37uC and 1200 rpm in the presence or absence of various polyanions (30 mg/ml). The status of peptide aggregation is
monitored by Thioflavin T staining (A) or Congo red staining (B). The facilitation of the fibrillogenesis of PAP248-286 mediated by cellulose sulfate is
dose-dependant as revealed by Thioflavin T staining (C) and Congo red staining (D). The data presented were the median values obtained from one
experiment performed in triplicate. Experiments were repeated once that yielded similar trends.
doi:10.1371/journal.pone.0059777.g003
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absence of PAP248-286, two folds serially diluted polyanions were

incubated with 100 mg/ml PAP248-286 in PBS or PBS only at

37uC for 1 h. The mixture was centrifuged at 5,000 rpm for

3 min. The inhibitory activities of the unbounded polyanions in

the supernatants on infection of laboratory adapted HIV-1 strains

were determined as previously described [33,34]. For inhibition of

infection by HIV-1 strain IIIB, 30 ml supernatants were mixed

with HIV-1IIIB at 100 TCID50 (50% tissue culture infective dose)

and then 16105/ml MT-2 cells in RPMI medium 1640 containing

10% FBS were added to a final 200 ml of culture medium. The

culture supernatants were replaced with fresh medium the next

morning. On the fourth day post-infection, 100 ml of culture

supernatants were collected from each well and mixed with equal

volumes of 5% Triton X-100 for determination of p24 antigen by

ELISA as described elsewhere [35]. For inhibition of infection by

the HIV-1 strain Bal, 30 ml supernatants were mixed with HIV-

1Bal at 100 TCID50 and then 16105/ml TZM-b1 cells in DMEM

medium containing 10% FBS were added to a final 200 ml of

culture medium. Luciferase activity was measured 48 h postinfec-

tion using a luciferase assay kit (Promega, Madison, WI) by Ultra

384 luminometer (Tecan). The 50% inhibitory concentration

(IC50) values were calculated by Calcusyn software, kindly

provided by Dr. T. C. Chou at Sloan-Kettering Cancer Center

(New York, NY).

To analyze the effect of polyanions on infection by HIV-1 in the

presence of seminal fluid (SE-F), SE-F was incubated with equal

volume of polyanions at graded concentrations at 37uC for 1 h.

Then the mixtures were centrifuged at 5,000 rpm for 3 min. The

supernatant was incubated with HIV-1IIIB or HIV-1Bal at 100

TCID50 respectively. 104 TZM-bl cells were added. Luciferase

activity was measured as indicated above. To avoid the

cytotoxicity of SE-F, SE-F was used at 1:500 dilution in these

experiments.

To determine the enhancing effect of SEVI (fibrillar form of

PAP248-286) formed in the absence (PBS only) or the presence of

various polyanions in PBS on infection by HIV-1 R5-tropic

92th014.12 virus or X4-tropic NL4-3 virus, 60 ml of HIV-1 was

mixed with 60 ml of SEVI at graded concentration, respectively, at

room temperature for 10 min, 100 ml mixture was added to 16104

TZM-b1 cells, which had been cultured overnight. After a 3-h

incubation period, unbound viruses were removed and cells were

replaced with fresh DMEM containing 10% FBS. Luciferase

activity was measured 3 days postinfection as described above.

The enhancing effect of the pellet portion of SE-F in the

presence of various polyanions on infection by HIV-1 R5- or X4-

tropic clone virus was determined as described above, except for

the pretreatment of the samples. 90 ml SE-F was mixed with 10 ml

polyanions at graded concentration. Mixtures were agitated at

1,200 rpm at 37uC for 5 h. SE-F was then centrifuged at

5,000 rpm for 3 min. Supernatants were discarded and the pellets

were re-dissolved in 100 ml medium. Five ml of the suspension were

mixed with 55 ml medium, which was then mixed with HIV-1 R5-

or X4-tropic clone virus respectively. Mixtures were added to the

TZM-b1 cells and infection was determined as indicated above.

Figure 1 showed a brief schematic of the above experiments for

testing the effect of polyanions on HIV-1 infection in the presence

of PAP248-286 or SE-F.

Cytotoxicity Assay
The potential cytotoxic effect of SE-F and polyanions was

detected by XTT assay as previously described [35]. Briefly,

100 ml of the tested polyanions at 50 mg/ml and SE-F at 1:500

dilution or 100 ml of seminal pellet suspension (1:200) were added

to 100 ml of cells (56105/ml) in wells of 96-well plates,

Figure 4. CD spectroscopic analysis of the b-sheet structure of
PAP248-286. The spectra of PAP248-286 in the presence or absence
of polyanions were calculated by subtracting the spectra of PBS or
polyanions from those of PAP248-286 alone or PAP248-286+polyanions
respectively. A, t = 12 h; B, t = 36 h; C, t = 60 h. The final peptide
concentration of each sample was 120 mg/ml. The experiment was
repeated once and similar result was obtained.
doi:10.1371/journal.pone.0059777.g004

Polyanions Accelerate the Formation of SEVI Fibril

PLOS ONE | www.plosone.org 5 March 2013 | Volume 8 | Issue 3 | e59777



respectively. After incubation at 37uC for 2 days, 50 ml of XTT

solution (1 mg/ml) containing 0.02 mM phenazine methosulfate

(PMS) was added. After 4 h, the absorbance at 450 nm (A450) was

measure with an ELISA reader.

Results

Polyanionic Candidate Microbicides Accelerate the
Kinetics of PAP248-286 Aggregation

Four anionic polymers were selected as our study objects

(Fig. 2A–D). The core structure of these polyanions is composed of

a carbon backbone, such as repeating disaccharide unit, benzenoid

ring and naphthalic ring, and negatively charged moiety

distributed along the carbon backbone (Fig. 2). The sulfate group

contributes to the negative charge in most cases. Cellulose sulfate,

carrageenan, and CAP (Fig. 2A–C) [36] consist of a repeating

disaccharide unit linked to the sulfate side chains or acetate group,

closely resembling natural GAGs, such as heparin sulfate (Fig. 2F).

Polystyrene sulfonate (Fig. 2D) has been in preclinical trial and

shares a structure similar to PRO 2000 (Fig. 1E) [37,38].

We first determined whether these polyanions exhibited a

biological function to facilitate SEVI formation. Fibrilization

assays were performed with PAP248-286 in the presence or

absence of polyanions by two amyloid fibril specific probes,

thioflavin T and Congo Red. These two dyes can form a complex

with amyloid fibrils respectively and result in increased fluores-

cence intensity or optical absorbance proportional to the amount

of fibrils. As we could see the time-dependent trend of PAP248-

286 aggregation in the presence or absence of candidate

microbicides in Figure 3, all the polyanionic microbicides showed

obvious promotion of SEVI fibril formation by thioflavin T

staining (Fig. 3A) and Congo Red staining (Fig. 3B). In the absence

of polyanions, we observed typical nucleation-dependent poly-

merization process of PAP248-286, characterized by a sigmoidal

time course with a lag phase of around 40 hours. The substantial

loss of the lag-phase in the presence of polyanions suggested a

faster fibril formation process. The length of the apparent lag

phase was brought forward to approximate 12 hours in the

presence of cellulose sulfate, carrageenan and polystyrene sulfo-

nate. However, CAP promoted SEVI amyloid fibril formation to a

lesser extent with a lag phase around 20 hours. Notably,

polyanions also induced a progressive increase in the magnitude

of the fluorescence or absorbance plateau value, reflecting a

greater yield of fibril formation compared to the peptide alone.

Specifically, methyl cellulose, a neutral polymer (Fig. 2G), was

used as the negative control. Methyl cellulose exerted no influence

on SEVI fibril growing curve (Fig. 3A–B), indicating an essential

role of the negative moiety in promoting amyloid fibril formation

by polymers. Moreover, the enhancement of SEVI fibril formation

in the presence of cellulose sulfate occurred in a dose-dependent

manner (Fig. 3C and 3D).

Polyanionic Candidate Microbicides Promote b-sheet
Formation of PAP248-286

Amyloid fibril formation is characterized by the b-sheet

aggregation. We applied CD as a function of time to investigate

the conformation changes associated with the aggregation of

PAP248-286 with or without polyanionic candidate microbicides.

Spectra were recorded at different time points soon after the onset

of the aggregation reaction. At 12 h, all spectra remained much

Figure 5. Transmission electron microscopic analysis of the fibrillar shape of PAP248-286. 2 mg/ml PAP248-286 was incubated in the
presence or absence of 30 mg/ml polyanions. The amyloid fibril shapes were visualized by negative-stain EM at different time points (12 h, 36 h,
60 h). Images are shown relative to a scale bar of 500 nm (magnification: 18,5006).
doi:10.1371/journal.pone.0059777.g005
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the same with minimum centered at around 200 nm, showing a

characteristic of random coiled structure (Fig. 4A). However, at

the time of 36 h, the spectra of samples in the presence of cellulose

sulfate, carrageenan and polystyrene sulfonate underwent great

transition from random coil to b-sheet formation, manifesting a

minimum absorbance at 222 nm (Fig. 4B). The spectra of sample

with CAP gave rise to a minimum at 222 nm whereas that at

200 nm gradually disappeared as aggregation proceeded. The

spectra of peptide control and peptide with methyl cellulose

continued to be typical random coiled structure. The b-sheet

transition has not yet occurred. At the time point of 60 h, all the

samples displayed typical b-sheet structure (Fig. 4C). The CD

result indicated that polyanionic candidate microbicides acceler-

ated the SEVI amyloid fibril formation by promoting the

Figure 6. Interaction between PAP248-286 and polyanionic candidate microbicides. 300 mg/ml PAP248-286 was incubated with various
polyanions at graded concentration and then the remaining peptides in the supernatants were electrophoresed on 10% native polyacrylamide
continuous gels. Gels were either stained with Coomassie Blue (A) or subjected to immunoblotting with anti-PAP248-286 polyclonal antibody (B). The
concentrations of polyanions were 0, 300, 150, 75, 37.5, 18.75, 9.375, 4.7 mg/ml (from lane 1 to lane 8), respectively.
doi:10.1371/journal.pone.0059777.g006

Table 1. Effect of PAP248-286 on the antiviral activity of polyanionic candidate microbicides against laboratory-adapted HIV-1
strainsa.

Polyanions IC50 (mg/ml) for inhibiting HIV-1Bal (R5) infection IC50 (mg/ml) for inhibiting HIV-1IIIB (X4) infection

+ PBS only + PAP248- 286 in PBS Fold of increased + PBS only + PAP248 -286 in PBS Fold of increased

Cellulose sulfate 0.9260.07 9.2660.10 9.1 0.7360.07 7.5060.07 9.3

Carrageenan 0.5860.02 6.2160.99 9.7 0.6860.03 6.4760.01 8.5

CAP 1.2960.06 10.7860.02 7.4 0.8560.11 10.1060.02 10.9

Polystyrene sulfonate 0.6460.08 10.1461.22 14.8 0.7760.02 10.9660.75 13.2

aIC50s are means 6 standard deviations (n = 3).
doi:10.1371/journal.pone.0059777.t001
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structural transition of PAP248-286 from random coil to a cross b-

sheet structure.

Polyanion-based Microbicides Facilitate the Process of
PAP248-286 Fibril Formation

With transmission electron microcope, we could see the

facilitated process by characterizing the morphology of the

PAP248-286 aggregates following the time course of fibril

formation (Fig. 5). At the time point of 12 h, we found only

granular species with peptide control and sample in the presence

of CAP, instead of any fibril structures. However, small pieces of

fibril-like protofibrils could be detected with PAP248-286 in the

presence of cellulose sulfate, carrageenan and polystyrene sulfo-

nate. At the time point of 36 h, all polyanion-treated samples

aggregated further to form higher ordered structure and gave rise

to mature fibrils while only small piece of fibril-like structure could

be detected with PAP248-286 control. As time proceeded to 60 h,

we could see bundles of mature fibrils with PAP248-286 in the

presence of polyanions while mature fibrils just appeared with

PAP248-286 in the absence of polyanions.

Polyanion-based Microbicides Directly Interact with
PAP248-286 by Electrostatic Interaction

As we know, polyanions are negatively charged due to the

sulfate moiety while PAP248-286 is positively charged [23].

Whether the interaction exists between the two oppositely charged

molecules might account for polyanions mediated enhancement of

SEVI fibrils formation and the clinical failure of polyanionic

microbicides? Thus, acid native gels were applied to analyze the

potential interaction between polyanions and PAP248-286 by

determining the remaining free PAP248-286 in the supernatant

after incubation of the peptide and various anionic polymers.

Samples were loaded in duplicate, electrophoresed in parallel, and

then the gels were either stained with Coomassie Blue or visualized

by Western blot with rabbit polyclonal antibody against PAP248-

286. Both gels hardly revealed any residual peptide in the

supernatant when peptide was incubated with polyanions, at a

ratio of 1:1 (w/w; Fig. 6, lane 2). In response to the addition of

increasing amount of polyanions, a gradual reduction of peptide in

the supernatant was detected after centrifugation, suggesting

PAP248-286 that was initially present in solution formed

aggregated complex with polyanions. However, no difference

was observed in the quantity of PAP248-286 in the supernatant

when peptide was incubated with methyl cellulose (Fig. 6),

implying PAP248-286 did not interact with methyl cellulose.

Evaluation of the Effect of Polyanionic Candidate
Microbicides in the Presence of PAP248-286 or SE-F on
Viral Infection

Based on the above findings, we hypothesize two root causes

underlie the failure of polyanions at clinical trial. First, polyanions

facilitated SEVI fibril formation, increasing the chance of viral

infection in semen. Second, the specific interaction between

polyanions and PAP248-286 might lower the concentration of free

drug, thus weakening the anti-HIV activities of the polyanions.

Therefore, in the case of the polyanions/PAP248-286 mixture or

polyanions/SE-F mixture, the supernatant presents evidence that

the free drugs might show decreased anti-HIV activities, while the

pellet portion served as evidence that the potential aggregates

might display an augmented ability to enhance HIV-1 infection.

We first evaluated the anti-HIV activity of polyanions in the

presence of 100 mg/ml PAP248-286 and SE-F. Inhibition of HIV-

1 IIIB and HIV-1 BaL infection by the supernatant of polyanionic

candidate microbicides in the absence or presence of PAP248-286

or SE-F was determined. In the infection assays, SE-F was diluted

to 500 folds and the culture supernatants were replaced with fresh

medium 12 h later to avoid cytotoxicity to the target cells. The

data in Table 1 indicated a general decreased anti-HIV-1 activity

of polyanions by 10–15 folds in the presence of 100 mg/ml

PAP248-286. Results from Table 2 showed that the presence of

SE-F led to an increase in the calculated IC50 of polyanionic

candidate microbicides against laboratory-adapted HIV-1 strains

by 7–20 folds.

The abilities of SEVI, formed in the presence or absence of

polyanions, to enhance HIV-1 infection were also demonstrated.

SEVI alone could substantially enhance the infectiousness of X4

tropic HIV-1 and R5 tropic HIV-1 in single round infection assays

(Fig. 7A and 7B). However, SEVI formed with polyanions showed

an aggravated enhancement of viral infection compared to SEVI

alone, which might be attributed to the increased amount of

amyloid fibril in the presence polyanions. Next, we extended to

find out whether the existence of polyanionic candidate microbi-

cides might aggravate semen-mediated enhancement of HIV-1

infection. HIV-1 infectious clone were mixed with the pellet

portion of seminal fluid in the presence or absence of polyanions at

various concentration and the mixtures were used to infect TZM-

bl indicator cells. Since low concentration of polyanions was

reported to enhance HIV-1 infection [17], the residual molecules

bound to the tube due to non-specific interaction might mask SE-F

mediated enhancing effects. In order to circumvent this problem,

we performed a drug control in which polyanions were introduced

in PBS. As shown in Figures 8A and 8B, the residual of the

polyanions had little effect on HIV-1 infection. The SE-F alone

slightly enhanced infection of HIV-1 R5 virions by around one

fold, while the addition of distinct polyanions induced aggravation

Table 2. Effect of SE-F on the antiviral activity of polyanionic candidate microbicides against laboratory-adapted HIV-1 strainsa.

Polyanions IC50 (mg/ml) for inhibiting HIV-1Bal (R5) infection IC50 (mg/ml) for inhibiting HIV-1IIIB (X4) infection

+ PBS only +SE-F in PBS Fold of increased + PBS only + SE-F in PBS Fold of increased

Cellulose sulfate 1.3360.22 12.0561.47 8.1 0.8560.07 11.2661.08 12.2

Carrageenan 1.0760.03 7.8560.09 6.3 0.6160.01 4.9860.21 7.2

CAP 1.2460.03 24.1566.26 18.5 0.7960.24 7.4360.03 8.4

Polystyrene sulfonate 0.4660.11 3.4960.00 6.6 0.8360.08 10.0161.05 11.1

aIC50s are means 6 standard deviations (n = 3).
doi:10.1371/journal.pone.0059777.t002
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of SE-F-mediated enhancement of HIV-1 infection (Fig. 8A). At

the same time, these polyanions could also aggravate SE-F

induced enhancement of X4 tropic HIV-1 infections (Fig. 8B). As

a result of donor-to-donor differences, the extent of SE-F to

Figure 7. Enhancement of HIV-1 infection of SEVI in the presence of polyanions. Fibril formation of PAP248-286 was promoted by
agitation in the presence of polyanions (30 mg/ml) or PBS for 60 h. PAP248-286 at different concentration were mixed with R5 tropic (A) and X4 tropic
viruses (B), respectively. The mixtures were then added to TZM-b1 cells. After culture at 37uC for 3 h, the medium was replaced. Luciferase activity
was detected 72 h later. Experiments were repeated once and similar results were obtained. Shown are average values (6 standard deviations) of
triplicate measurements of a representative experiment.
doi:10.1371/journal.pone.0059777.g007
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Figure 8. Enhancement of HIV-1 infection of SE-F in the presence of polyanions. SE-F or PBS (as a control) was agitated with various
polyanions at graded concentration for 5 h. The pellet portion of the mixture was mixed with R5 tropic (A) and X4 tropic viruses (B), respectively. The
mixtures were added to TZM-b1 cells. After culture at 37uC for 3 h, the medium was replaced. Luciferase activity was detected 72 h later. The
experiment was repeated once and similar results were obtained. Shown are average values (6 standard deviations) of triplicate measurements of a
representative experiment. *vs. HIV-1 in SE, P,0.05 by t-test.
doi:10.1371/journal.pone.0059777.g008
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enhance HIV-1 infection varies greatly [39]. Although our SE-F

samples exerted weak enhancement of viral infection, the pellet of

SE-F in the presence of polyanions induced greater increase in

susceptibility to HIV-1 infection.

Using an XTT assay [35], we tested the potential cytotoxicity of

SE-F and polyanions on TZM-bl and MT-2 cells, which were used

in this study for studying the effects of SE-F and polyanions on

HIV-1 infection. As shown in Fig. 9, SE-F at 1:500 dilution in

PBS, seminal pellet at 1:200 dilution in PBS and polyanions at

50 mg/ml in PBS exhibited no significant cytotoxicity to these cell

lines, suggesting that the enhanced HIV-1 infection is not resulted

from the cytotoxicity of SE-F or polyanions at the concentrations

that were tested in the present study.

Discussion

A distinguished preclinical characterization of pharmacokinetics

and pharmacodynamics of an active pharmaceutical agent

provides a solid foundation for the success in applying for a new

drug candidate. In respect of a microbicide, scientists have made

rapid advances in the search on numerous candidates with

remarkable efficacy against HIV-1 infection and suitable formu-

Figure 9. No significant cytotoxicity of SE-F and polyanions at the concentrations used in the present study. (A) Cytotoxicity of SE-F to
different target cells. Seminal fluids (1:500) and seminal pellet (1:200) were incubated with TZM-bl cells or MT-2 cells respectively. After 48-h culture,
cytotoxicity was determined by the XTT cell viability assay. The results were expressed as the mean of three different experiments. (B) Cytotoxicity of
polyanions to different target cells. Various polyanions (50 mg/ml) were incubated with TZM-bl cells or MT-2 cells respectively. After 48-h culture,
cytotoxicity was determined by the XTT cell viability assay. The results were expressed as the mean of three different experiments.
doi:10.1371/journal.pone.0059777.g009
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lation [40,41]. However, limited investigation has been done to

analyze the potential host protein that might interfere with the

effectiveness of a candidate microbicide. In view of the unique

environment where the drug exerts its pharmaceutical effect

during sexual intercourse, the biological interaction with seminal

protein should be a significant determinant to evaluate the efficacy

of a candidate microbicide.

Our results for the first time demonstrated that polyanionic

candidate microbicides accelerated semen-derived amyloid fibril

formation. In agreement with previous study [22], we confirmed

that synthetic peptide PAP248-286 could form amyloid fibrils and

substantially enhance the infectivity of R5-tropic and X4-tropic

HIV-1 (Fig. 7). Surprisingly, exploring traditional methods to

study amyloid fibrils [42], we obtained consistent results that the

addition of various polyanionic candidate microbicides, caused a

rapid aggregation of PAP248-286 into the beta sheet-rich amyloid

fibrils, compared to a slow phase resulting from the normal

aggregation (Fig. 3, 4, 5). Although various polyanions showed

different abilities to facilitate SEVI fibril formation, the differences

in the degree of sulfation, types of the negative group and

molecular weight might have contributed to the distinct responses.

The magnitude of the facilitation effect was correlated to the level

of polyanions (Fig. 3C and 3D).

Furthermore, our data suggested that this promotion process of

semen-derived amyloid fibril formation is mediated by the direct

interaction of polyanions with PAP248-286. Owing to the

naturally opposite charges, it is feasible that polyanions with

negative charge interact with positively charged PAP248-286 by

electrostatic interaction (Fig. 6). The common amyloid polymer-

ization pathway proceeds through oligomeric intermediates to

mature b sheet-rich fibrils [43]. Thus, the linear anionic polymers

might serve as a template to concentrate and orient the peptide

monomers or oligomers to associate by their electrostatic nature,

thereby reducing the lag phase of fibrillization [44,45].

In particular, it is been reported amyloid fibrils formed in the

presence of polyanoins exhibit a higher resistance to trypsin and

proteinase K proteolysis [30]. In our experiment, SE-F showed

weak enhancement of viral infection, which might implicate that

PAP-derived peptides were subjected to proteolytic activities

within semen [46]. However, SE-F showed obvious enhancement

of viral infection in the presence of polyanions. Therefore, SEVI

formed in the presence of polyanions might be more resistant to

proteolytic enzymes, which might give rise to their ability to

enhance HIV-1 infection under physical conditions. Recently,

apart from PAP-derived fragments, Roan and colleagues found

that semen harbored various amyloidogenic peptides that could

also enhance HIV-1 infection [47]. Thus, polyanionic candidate

microbicides might promote non-PAP-derived amyloid fibril

formation in semen as well.

The negatively charged groups of polyanionic candidate

microbicides, which can selectively bind to the HIV-1 gp120

and inhibit the viral attachment to the cell surface, are essential for

the anti-HIV activities [6,48]. Apparently, polyanionic candidate

microbicides might suffer loss of anti-HIV activity due to the

neutralization of their negative charges by PAP248-286. Besides

PAP248-286, semen and vaginal fluid, two main biological fluids

during sexual intercourse, are rich in cationic peptides/proteins

[49,50]. It’s been estimated that the concentration of seminal

protein could reach 170 mg/ml while cationic proteins could

reach 5 mg/ml in semen [47,50]. Polyanion-based microbicides

Figure 10. Schematic presentation of drug-protein interaction that result in the poor efficacy of polyanionic candidate
microbicides in clinical trials. Prior to the sexual intercourse, candidate microbicide was intravaginally applied and these anionic macromolecules
remained on the vaginal surface rather than distributed in the inner tissue. When the viruses arrived, polyanions neutralized the viruses and stopped
HIV at the gate (I). However, during sexual intercourse, viruses were delivered in semen, in which cationic peptides/proteins competitively interacted
with polyanions so that there might not be sufficient polyanions to interfere with HIV-1 infection (II). Even worse, the interaction between polyanions
and PAP derived fragments led to a facilitated process of amyloid fibril formation. The accelerated amyloid fibril formation increased the risk of HIV
sexual transmission (III). Green particles, polyanionic molecules, purple particles, PAP derived fragments, orange particles, non-PAP derived cationic
peptides/proteins.
doi:10.1371/journal.pone.0059777.g010
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might further shield from these cationic seminal or vaginal

peptides. Even worse, this type of natural electrostatic interaction

between polyanions and cationic peptides appears to be of low

specificity but high affinity [31].

The effect of semen on HIV-1 sexual transmission remains

controversial. Some reported that cationic peptides in semen exert

anti-viral influence on HIV-1 infection while amyloid fibrils found

in semen could drastically enhance HIV-1 infection [22,50].

Hence, to examine the effects of polyanions with SE-F or PAP248-

286 on HIV-1 infection, we tested the supernatant part and the

pellet portion of the mixture of polyanions in the presence of

PAP248-286 or SE-F against HIV-1 infection. In accordance with

our proposed mechanism, the supernatant represents the soluble

molecules display a general diminished anti-viral activity by 7–20

folds while the pellet portion on behalf of the aggregates showed

an augmented enhancement of viral infection (Fig. 7 and 8,

Table 1 and 2).

As expected, our result is consistent with the clinical outcomes.

None of the Phase III clinical trials of polyanions has shown

protection against HIV-1 transmission. In some cases, viral

infections have even been enhanced. Such loss of antiviral activity

might result from the neutralization effect of the cationic seminal

proteins on the negative charges of the polyanions. However, the

promotion of SE-F-derived amyloid fibril formation with poly-

anions might be the reason for the increased risk of viral

acquisition (Fig. 10). Although not every clinical trial of polyanion

showed enhancement of viral transmission, sexual intercourse is a

complicated event influenced by an array of factors, such as the

frequency, intensity or duration of the sexual intercourse, as well as

ejaculate volume or composition. Moreover, the vaginal tract

appears a relatively large surface area of about 100 cm2 [51]. Prior

to the sexual intercourse, vaginal gel was spread on the surface of

vaginal tract. The homogeneity of the applied gel might also

determine the interaction between drugs and seminal proteins.

Since SEVI enhance HIV-1 infection by promoting the process of

viral binding to the cells, sufficient polyanions are required to exert

the anti-HIV effect during sexual intercourse. Therefore, all

polyanions that entered the Phase III efficacy trials showed general

poor efficacy against HIV-1 sexual transmission. Nevertheless, the

failure of the clinical trials of polyanion-based microbicides may be

caused by multiple factors, such as the polyanion-induced

inflammatory reactions in the mucosa, the ineffectiveness of some

polyanions against HIV-1 R5 strains, and low adherence in using

microbicides before or during the sexual acts, etc [14–17].

Therefore, polyanion-facilitated formation of SEVI amyloid fibrils

may be considered as one of the causes for the failure of the

polyanion-based microbicide clinical trial.

In conclusion, our results demonstrated that polyanion-based

microbicides are able to accelerate the formation of SE-F-derived

amyloid fibrils by electrostatic interaction, resulting in aggravated

enhancement of HIV-1 infection, which may be one of the causes

of their failure in clinical trials. As such, drug and semen

interaction should be one of the key factors in evaluating the

efficacy of newly proposed candidate microbicides, and such

candidates should proceed to human clinical trials only after

having been fully defined with respect to their pharmacokinetics

and pharmacodynamics profiles in semen, especially those

macromolecules that could not be absorbed into the inner vaginal

tissues. Since other report showed that polyanions might attenuate

the enhancement effect of SEVI on HIV infection due to their

negatively charged properties, polyanions might be developed as

part as a combination microbicide strategy rather than a

monotherapy.
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