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Abstract  

The rising incidence of human immunodeficiency virus type 1 (HIV-1) infection in 

women, especially in resource-limited settings, accentuates the need for accessible, inexpensive, 

and female-controlled pre-exposure prophylaxis strategies to prevent mucosal transmission of the 

virus.  While many compounds can inactivate HIV-1 in vitro, evaluation in animal models for 

mucosal transmission of virus may help identify which approaches will be effective in vivo.  

Macaques challenged intravaginally with pathogenic simian immunodeficiency virus (SIVmac251) 

provide a model to preclinically evaluate candidate microbicides.  2-Hydroxypropyl-!-

cyclodextrin (BCD) prevents HIV-1 and SIV infection of target cells at subtoxic doses in vitro.  

Consistent with these findings, intravaginal challenge of macaques with SIVmac251 preincubated 

with BCD prevented mucosal transmission as measured by plasma viremia and antiviral 

antibodies through 10 weeks post-challenge.  In an initial challenge, BCD applied topically prior 

to SIVmac251 prevented intravaginal transmission of virus as compared to controls ( p<0.0001).  

However, upon a second virus challenge following BCD pretreatment, the majority of the 

previously protected animals became infected.  The mechanism through which animals become 

infected at a similar frequency as controls after prior exposure to BCD and SIVmac251 in 

subsequent intravaginal virus challenges (p = 0.63), despite the potent antiviral properties of 

BCD, remains to be determined.  These results highlight the unpredictability of antiviral 

compounds as topical microbicides and suggest that repeated exposures to candidate treatments 

should be considered for their in vivo evaluation.   
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Introduction 

 The prevalence of HIV-1 infection is increasing at high rates in women, predominantly 

through heterosexual transmission, especially in resource-limited settings.  Women now 

comprise nearly 50 percent of the worldwide prevalence of HIV/AIDS (41).  This rise, in part, 

may be due to limited utilization of condoms by HIV-infected male sexual partners (7).  To help 

stem the increasing heterosexual transmission of HIV-1 to women, a number of prophylactic 

approaches are being evaluated, including topically applied formulations of antiviral compounds 

intended to be applied by women prior to sexual activity.  Such a candidate would be a topical 

microbicide that could prevent HIV-1 transmission by blocking virus binding and/or infection of 

mucosal target cells or by inactivating the virions.  According to the Rockefeller Foundation, a 

microbicide that is 60% effective against HIV-1 transmission could avert 2.5 million infections 

and save $2.7 billion in health-care costs and $1 billion economic productivity costs worldwide 

(30). 

 As of May 2007, eight products were in active clinical trials as anti-HIV-1 microbicide 

candidates, of which Carraguard and PRO2000 were the only ones in Phase III trials (1).  These 

compounds work through a variety of mechanisms, including formation of a physical barrier; 

prevention of viral binding, fusion, or absorption to mucosal cells; and inhibition of viral 

replication.  Some of these compounds act nonspecifically against a range of microbes and may 

also have spermicidal activity.  Three of the eight compounds, tenofovir, UC781, and TMC120, 

act on lentiviruses by inhibiting reverse transcription of the viral genome after the virus enters 

the cell. 

A number of microbicide candidates have been evaluated pre-clinically for the prevention 

of intravaginal (i.vag.) transmission of lentiviruses in nonhuman primate models.  Cellulose 
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acetate phthalate (CAP) (3, 12, 22), 3HP-!-LG (47), benzalkonium chloride (37), and cyanovirin 

(39, 40) inhibited i.vag. transmission of SIVmac251 in macaques to varying degrees by nonspecific 

interference of virus binding and/or attachment to cells.  Estradiol implants (33) have been 

shown to thicken the vaginal epithelium in rhesus macaques, effectively inhibiting i.vag. 

transmission of SIVmac251.  Specifically blocking gp120 interactions with receptor/coreceptors by 

a single or multiple neutralizing antibodies administered topically or systemically (23, 28, 45), or 

by the CCR5 ligands PSC-RANTES or -2 RANTES (13, 15) was largely effective in prevention 

of i.vag. SIV/HIV-1 chimeric virus (SHIV) transmission.  The CCR5 inhibitor CMPD 167 (43, 

45, 46), the gp120 binding inhibitor BMS-378806, and gp41 inhibitor C52L (44) can 

significantly prevent i.vag. infection of rhesus macaques when used topically at relatively high 

concentrations.  

2-Hydroxypropyl-!-cyclodextrin (BCD) inhibits lentiviral infection by two different 

mechanisms.  First, BCD has been shown to extract cholesterol and, to a lesser extent, 

phospholipids from mammalian cells (11).  Such lipids have been shown to coalesce into lipid 

raft structures, which are important for HIV entry into (21) and release from target cells in vitro 

(24, 26).  BCD appears to disrupt these cellular lipid rafts, preventing productive infection of 

cells (18).  Second, BCD has been shown to deplete cholesterol from the viral envelope of HIV 

and SIV virions, disrupting the viral membrane and viral contents and thereby inactivating the 

virus (8, 9, 19).   

We hypothesized that BCD could be a microbicidal candidate to inhibit intravaginal 

transmission of HIV by inactivating the cell-associated and cell-free virus as well as by alteration 

of the cervico-vaginal target cells.  3% BCD in PBS was shown to efficiently inhibit i.vag. 

transmission of cell-associated HIV-1 in a SCID-Hu mouse model of infection (10).  Other 
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attractive microbicidal characteristics of BCD were its high solubility in water, its lack of color 

or odor, and its low cost.  In addition, BCD is used extensively as a carrier protein to increase 

solubility, stability, and bioavailability of other compounds in FDA-approved drug formulations 

(2).  In this study, BCD was assayed for the ability to prevent infection of cells in vitro as well as 

to prevent infection of rhesus macaques via intravaginal route of challenge by SIV. 
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Methods 

Cell lines and media 

 HeLa and 293T cells were grown in DMEM (Invitrogen, Carlsbad, CA) containing 10% 

fetal bovine serum (FBS; Atlanta Biologicals, Norcross, GA), 100 U/ml penicillin, 100 µg/ml 

streptomycin, and 0.3 mg/ml L-glutamine (Invitrogen), called DMEM-10.  Caco-2 cells were 

grown in DMEM containing 20% FBS, penicillin, streptomycin, and L-glutamine.  GHOST-Hi5 

cells, which express CCR5 and CXCR4 (4), were grown in DMEM containing 10% FBS, 

penicillin, streptomycin, L-glutamine, 0.5 mg/ml G418, 0.5 µg/ml puromycin, and 0.1 mg/ml 

hygromycin (Invitrogen). CEMx174 cells were grown in RPMI 1640 containing 10% FBS, 

penicillin, streptomycin, and L-glutamine.  All cells were incubated at 37° C, 5% CO2. 

 

Virus stocks 

Infectious stocks of the X4-tropic virus HIV-1LAI and the R5-tropic virus HIV-1NFNSX 

were made by transfecting 293T cells with pBru3Ori (16) or pNFNSX (25) plasmids using the 

Mammalian Transfection kit (Stratagene, La Jolla, CA).  The SIVmac251 stock was described 

previously (42) and was used for both in vitro and in vivo experiments. 

 

Toxicity assay 

 GHOST-Hi5, Caco-2, and HeLa cells were plated at 1 " 105 - 1 " 106 cells/well in a 12-

well plate and incubated at 37° C overnight.  Medium containing 0, 2.5, 5, 10, and 20% (w/v) 

pharmaceutical-grade BCD (Cyclodextrin Technologies Development, High Springs, FL) was 

added to the wells in duplicate and incubated at 37° C for 2 hours.  Cells were removed from the 
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plate with trypsin-EDTA, diluted with medium, and stained with trypan blue.  Both live and dead 

cells were counted by light microscopy.  

 

In vitro BCD inhibition of infection 

 GHOST-Hi5 cells were plated at 2 " 104 cells/well in a 24-well plate and incubated at 37° 

C overnight.  HIV-1LAI, HIV-1NFNSX, or SIVmac251 was added to the cells in the presence or 

absence of 5% BCD in duplicate and incubated at 37° C for 2 hours.  Cells were washed two 

times with PBS, fresh DMEM-10 was added to the wells, and cells were incubated at 37° C for 

48 hours.  Cells were removed from the plate with trypsin-EDTA, resuspended in PBS 

containing 2% FBS and 2% paraformaldehyde, and analyzed for GFP expression on a 

FACSCalibur (Becton Dickinson, San Diego, CA). 

 GHOST-Hi5 cells were also incubated with HIV-1LAI or SIVmac251 at a moi of 0.1 in the 

presence or absence of 5% BCD in medium for 2 hours at 37° C.  The cells were then washed 

and incubated with medium without BCD for 2 days at 37° C.  The supernatants were then 

harvested and centrifuged to remove cells and debris and added to CEMx174 cell cultures.  

Inoculated CEMx174 culture supernatants were removed, filtered through a 0.45µm filter (Pall, 

Ann Arbor, MI), and frozen at –80° C in aliquots every 2-4 days for 3 weeks.  These 

supernatants were analyzed by ELISA for HIV p24 antigen or SIV p27 antigen (Beckman 

Coulter, Miami, FL). 

 

Animals 

 Twenty-two adult female rhesus macaques (Macaca mulatta) were housed at the 

California National Primate Research Center in accordance with American Association for 
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Accreditation of Laboratory Animal Care standards.  The animals were negative for serum 

antibodies to HIV type 2, SIV, type D retrovirus, and simian T-lymphotropic virus type 1.  All 

animal procedures were performed while the animals were sedated with 10 mg/kg intramuscular 

ketamine-HCl (Parke-Davis, Morris Plains, NJ).  Blood was drawn from animals weekly for the 

first eight weeks after challenge and biweekly thereafter. 

 

In vivo BCD administration and SIV challenge 

 BCD stocks evaluated in cell culture were tested in vivo.  In the first study (Study 1; Fig. 

1, Table 1), six macaques were randomly assigned to two experimental treatment conditions: 

three animals each to (1) SIV control and (2) BCD + SIV.  The three control animals were 

intravaginally (i.vag.) inoculated with 1ml (approximately 1 " 105 50% tissue culture infectious 

doses (TCID50)/ml) SIVmac251 and again in the same manner 4 hours later (SIVmac251 is hereafter 

referred to as SIV in the animal infections).  The three BCD + SIV macaques were inoculated 

with the same dose of virus that had been mixed 1:1 in a syringe with 10% BCD in KY Long-

Lasting Vaginal Moisturizer gel (Johnson & Johnson, Raritan, NJ) to give a final concentration 

of 5% BCD (v/v), 5-15 minutes prior to administration.  This procedure was repeated 4 hours 

later in the same manner.  At 10 weeks post-challenge, the BCD + SIV animals inoculated with 

BCD-inactivated virus had 10% BCD in gel administered i.vag. followed 15 minutes later with 

1ml SIV.  This procedure was repeated 4 hours later in the same manner.  At 20 weeks following 

the initial challenge, BCD + SIV animal 31945 was rechallenged a third time with a pre-

administration of 10% BCD in gel (1ml) 15 minutes prior to virus challenge (1ml, 5% final 

concentration of BCD).  This procedure was applied again 4 hours later. 
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 In the second study (Study 2; Fig. 1, Table 1), sixteen animals were randomly assigned to 

three treatment conditions:  (1) four animals to SIV alone control, (2) six animals to SIV + gel 

control, and (3) six animals to BCD + SIV.  The four SIV alone control animals were 

intravaginally challenged with 1ml SIV and again 4 hours later.  The six SIV + gel control 

animals were challenged with gel alone followed 15 minutes later with 1ml virus. This procedure 

was repeated 4 hours later.  The six BCD + SIV animals had 10% BCD in gel administered i.vag. 

followed 15 minutes later with 1ml virus.  This procedure was repeated four hours later.  Three 

of the BCD + SIV treatment animals (24485, 26737, 27133) were uninfected at week 11 and 

were rechallenged at week 11 in the same manner.   

At week 47, two remaining uninfected BCD + SIV treatment animals (31455 and 31944) 

each received an atraumatic vaginal wash with 50% BCD in saline (2ml) followed 10 minutes 

later with 50% BCD in gel (1ml, 25% final BCD concentration), followed 15 minutes later with 

1ml of SIV.  This procedure was repeated 4 hours later in the same manner.  Also at week 47, 

uninfected SIV + gel control animal 28884 was given 1ml gel alone i.vag., followed 15 minutes 

later by 1ml of SIV.  SIV alone control animal 28756 was challenged with 1ml SIV twice, four 

hours apart. 

 

Plasma viral load and anti-SIV antibody measurements 

 Plasma from EDTA-treated blood was used for measurement of SIV RNA copies by real-

time PCR assay as previously described (36).  Plasma IgG binding antibody levels were 

measured by ELISA as previously described (20). 
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Statistical analyses 

 Data were analyzed with descriptive and graphical means, contingency table methods, 

inverse regression analyses, standard repeated-measures analysis of variance (ANOVA), and 

linear mixed-effects longitudinal regression models.  To satisfy homogeneity of variance 

requirements, data were transformed to their common logarithms.  Mixed effects models take 

into account possible correlations among within-subject (i.e., within-macaque) error structures 

over time.  In vivo infection was determined by an animal’s response in two successive weeks in 

which viral RNA (vRNA) was detected in the plasma.  Various subset analyses were performed 

to determine statistical equivalence in vRNA responses following successful challenge. A 

longitudinal repeated measures model with autoregressive order 1 correlation structure was used 

for the first challenges of Study 1 and Study 2.  Linear mixed effects models were fit to the log 

viral load data for Study 2 following the second challenge.  The time of the second challenge was 

treated as week 0 and compared to the combined controls infected at the first challenge or the 

second challenge.  All significance tests were two-sided.  A probability level below 0.05 was 

considered statistically significant. ACCEPTED
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Results 

BCD in vitro toxicity 

 BCD has been given intravaginally to mice at a 3% concentration in PBS (10), to rabbits 

at a 5% concentration in a gel formulation (5), and to women at 70% concentration in a gel 

formulation daily for one month (J.E.K. Hildreth, unpublished results) without pathological 

effects.  To better understand the effects of short-term BCD exposure on individual cell types, 

we tested the toxicity of a two hour incubation of BCD on three cell lines:  Caco-2, a human 

intestinal epithelial cell line; GHOST-Hi5, derived from human osteosarcoma cells; and HeLa, a 

human cervical epithelial cell line (Fig. 2).  The 50% toxic dose (TD50), at which 50% of the 

cells were dead after two hours, as assessed by Trypan blue exclusion, was approximately 8% for 

GHOST-Hi5 cells, 10% for Caco-2 cells, and 12% for HeLa cells.   

 

In vitro viral inhibition with BCD 

 To determine the antiviral effectiveness of transient exposure of BCD against HIV-1 and 

SIVmac251, inhibition assays were performed using the GHOST-Hi5 indicator cell line, which 

expresses CCR5 and CXCR4, incubated in the presence or absence of 5% BCD in medium (Fig. 

3A).  GHOST-Hi5 cells were readily infected at a high frequency with HIV-1LAI, a CXCR4-

tropic virus, and HIV-1NFNSX and SIVmac251, CCR5-tropic viruses, in the absence of BCD.  

Inoculation in the presence of 5% BCD abolished infection of the cells by all three viruses. 

 In order to determine whether any HIV-1LAI or SIVmac251 virus in the GHOST-Hi5 cell 

assay was not inactivated, supernatants from the cells incubated with virus in the presence or 

absence of BCD were added to CEMx174 cells, a cell line that supports replication of CXCR4-

tropic HIV-1 and GPR15/BOB-tropic SIV isolates (Fig. 3B).  The CEMx174 cells were passaged 
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for 21 days.  Cells incubated with GHOST-Hi5 cell supernatants challenged in the absence of 

BCD lead to active production and replication of HIV-1LAI and SIVmac251.  However, the cells 

incubated with BCD-treated GHOST-Hi5 cell supernatants did not support any virus replication, 

suggesting that the BCD in the GHOST-Hi5 cell cultures had efficiently inactivated the virus 

stocks. 

 

Study 1:  In vivo challenge with BCD-inactivated SIV 

 In Study 1, two doses of SIV four hours apart were administered to the three SIV control 

animals; this inoculation regimen provides a robust infection challenge (42).  The three BCD + 

SIV animals were challenged i.vag. twice in one day with pathogenic SIV that had been 

premixed with BCD in a nonprescription gel formulation at a final concentration of 5%.  Plasma 

viral loads were measured weekly for all animals.  All three SIV control animals became infected 

as demonstrated measurable plasma viremia beginning 1-2 weeks post-challenge (Fig. 4A, Table 

1), whereas all three BCD + SIV animals remained aviremic through 10 weeks post-challenge (p 

< 0.0001) (Fig. 4B, Table 1).  Control animal 31941 had a high viral load along with severe 

weight loss and a CD4 count of 231 cells/mm3 of blood and was euthanized at 8 weeks post-

infection. 

 Two of the control animals (31942 and 31950) seroconverted by two weeks post-

challenge (Fig. 5).  As is typical of many monkeys with rapidly progressive SIV infection, the 

control animal with the highest viral load (31941) did not have measurable plasma anti-SIV 

antibodies by the time of necropsy.  Consistent with the plasma viral load data, the BCD + SIV 

animals did not have detectable plasma antibodies by 10 weeks post-challenge. 
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Study 1:  In vivo intravaginal BCD pretreatment prior to SIV rechallenge 

 As premixing of the virus with BCD does not reflect a clinically relevant model for 

application of a microbicide, we next tested pre-application of BCD gel intravaginally followed 

by SIV challenge.  At week 10 of Study 1, all three uninfected BCD + SIV animals were pre-

treated with 10% BCD in gel in 1ml, a volume sufficient for distribution and, persisting coverage 

of the entire macaque vaginal mucosa.  Fifteen minutes later the SIV challenge inoculum was 

added in the same volume (final BCD concentration of 5%).  This procedure was repeated 4 

hours later.  Animals 31930 and 31948 became infected one week after the second challenge as 

determined by their plasma viral loads (Fig. 4B);  infection was subsequently confirmed by 

seroconversion (Fig. 5).  The final uninfected BCD + SIV animal (31945) was then pretreated 

with BCD followed by SIV challenge at week 20 and subsequently became infected one week 

after the third challenge (Figs. 4B and 5). 

 

Study 2:  In vivo BCD pretreatment prior to SIV challenge 

 Because the Study 1 animals were infected in subsequent SIV challenges despite vaginal 

application of BCD, we next tested macaques that had no prior exposure to BCD-inactivated 

virus.  Study 2 animals were initially pre-treated with BCD prior to SIV exposure.  Four control 

animals were challenged with SIV only (SIV alone control group).  Although the carrier gel was 

not found to have antiretroviral properties in vitro (Z. Liao and J.E.K. Hildreth, unpublished 

results), six SIV + gel control animals were pre-treated with gel alone followed 15 minutes later 

with the same dose of virus.  Of this combined control group, 8/10 animals (5/6 SIV + gel; 3/4 

SIV alone) became infected (Fig. 6A, Table 1).  In the BCD + SIV treatment group, six animals 

were pre-treated with BCD in gel followed 15 minutes later with the same volume of SIV.  The 
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final BCD concentration after addition of the virus was 5%.  Plasma vRNA levels for the BCD + 

SIV animals showed that 1/6 (17%) became infected by 11 weeks post-challenge (Fig. 6B, Table 

1), resulting in a significant difference between infection of the BCD + SIV treatment group and 

the combined control group (p = 0.0007, from a comparative longitudinal repeated measures 

regression model with autoregressive order 1 correlation structure).  Plasma anti-SIV antibodies 

were consistent with the viral loads; animals with measurable viremia also had detectable 

antiviral antibodies (Fig. 7A). 

 

Study 2:  Second in vivo BCD pretreatment prior to SIV challenge 

 In order to determine if the BCD-exposed animals in Study 2 would be protected from a 

second challenge by BCD pre-treatment prior to SIV inoculation, the five remaining uninfected 

BCD-treated animals were rechallenged a second time (Figure 1, Table 1).  First, 3/5 of the BCD 

+ SIV animals (24485, 26737, and 27133) were challenged in the same manner at 11 weeks after 

the first challenge.  Plasma viral loads indicate that all three animals became infected by 1-2 

weeks after the second challenge (Fig. 6B).  Two of these animals (27133 and 26737) also 

seroconverted by 7 weeks post-challenge (Fig. 7B). 

 We were concerned that BCD was less efficiently absorbed by the mucosa in the BCD-

experienced animals upon subsequent exposures.  We therefore examined whether greater 

concentrations of the antiviral agent could neutralize an SIV challenge in the remaining 2/5 

animals in Study 2.  Thus, at week 47 the two remaining uninfected BCD + SIV animals (31455 

and 31944) received a wash of 50% BCD in saline followed by 50% BCD in gel i.vag. prior to 

SIV challenge (1:1 volumes for a final BCD concentration of 25%, Table 1).  This new lot of 
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BCD was tested in vitro and was shown to inactive HIV-1 in vitro in an equivalent manner to the 

prior lot (data not shown.)   

In addition, the two uninfected control animals were challenged in the same manner as in 

their respective first challenges:  28756 received virus alone and 28884 received gel, followed by 

SIV (Table 1).  One BCD + SIV animal (31455) as well as both control animals became infected, 

as indicated by plasma viremia (Fig. 6).  There was no difference in infection rate of the BCD + 

SIV group or combined control group animals after the second challenge at week 11 or 47 (p = 

0.63, from a comparative longitudinal repeated measures regression model).   

Plasma anti-SIV antibodies were detected in all Study 2 animals with measurable plasma 

viremia, with the exception of control animal 28756, which rapidly progressed to disease 

following infection and had to be euthanized (Fig. 7A). 
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Discussion 

  To date, a number of published reports have demonstrated that candidate topical 

microbicides can protect greater than 50% of treated macaques from i.vag. infection by SIVmac251 

or SHIVs (3, 12, 13, 15, 22, 23, 28, 33, 37, 39, 44, 45).  Compounds that nonspecifically prevent 

SIVmac251 binding to and/or entry into target cells, CAP and benzalkonium chloride, showed 

>50% protection using high doses of virus inocula (3, 12, 22, 37).  Blockade of infection by 

antibodies or ligands used to inhibit specific binding of SHIV envelopes to receptors/coreceptors 

in the vaginal mucosa required relatively high concentrations (!5mg of antibody or !0.1mM of 

PSC-RANTES/-2 RANTES) in order to prevent infection in the majority of treated animals (13, 

15, 23, 28, 44, 45).  Cyanovirin-N was able to specifically inhibit i.vag. SHIV infection of 83% 

of treated macaques at concentrations as low as 0.5% (39).  The antibody and cyanovirin 

microbicide studies were performed on animals pretreated with progesterone, which decreases 

the thickness of the vaginal epithelium and increases susceptibility to infection, requiring much 

less virus to infect control macaques (34).  Therefore, the candidate microbicides needed to block 

relatively smaller amounts of infectious particles from the smaller challenge doses.  With the 

exception of a recent CAP study, none of the prior examinations of microbicidal compounds 

within the macaque model have evaluated efficacy in preventing mucosal transmission after 

repeated exposures to the antiviral agents (12).  Indeed, the prominent but disappointing clinical 

trial failures of the anti-HIV-1 compounds nonoxynol-9 and cellulose sulphate have suggested 

that repeated exposure to the microbicide candidates may increase risk to infection (14, 29, 31, 

32). 

We elected to test the mucosal antiviral efficacy of BCD as this molecule has an 

extensive record of safety in humans as an oral, topical, and parenteral agent.  Prior investigation 
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demonstrates that BCD blocks HIV infection at several levels: it renders susceptible cells 

resistant to infection (18); it inactivates free virus (8, 19); and it prevents the release of infectious 

particles by infected cells (19).  The mechanisms associated with these activities have been 

characterized.  By removing cholesterol from susceptible cells, the compound disrupts 

chemokine receptor function and virus-cell fusion is blocked.  The depletion of cholesterol from 

virus particles also prevents virus-cell fusion.  Finally, cholesterol removal from infected cells 

causes a drastic reduction in release of virus particles and results in the assembly of virions 

incapable of fusing to host cells.  We have also shown in preliminary studies that BCD retains its 

anti-viral activity when incorporated into a vaginal cream (J.E.K. Hildreth, unpublished data), a 

likely microbicide vehicle. 

 In this study, we demonstrate that BCD efficiently prevented cells from becoming 

infected with HIV-1 or SIV at nontoxic concentrations in cell culture.  Although the amount of 

BCD needed to neutralize 50% of an SIV stock is close to 5mM (or approximately 0.73%) (8), 

we tested the effects of 5% BCD on the actual macaque virus challenge stocks.  In addition, 

BCD diluted as low as 5% was able to inactivate a high titer virus infection in cell culture.  BCD-

treated virus did not infect GHOST cells in vitro and did not infect macaques after i.vag. 

challenge (Study 1).  In Study 2, BCD was administered i.vag. to macaques prior to challenge 

with a high dose of SIV.  A significant number of the animals did not become infected as 

compared to the controls.  Unexpectedly, when the Study 2 animals were pretreated with BCD 

prior to a second challenge 11 or 47 weeks later, most of them became infected at a rate similar 

to the controls even when high concentrations of BCD were used.  Two of the three Study 1 

animals also became infected when they were rechallenged with BCD pretreatment followed by 

SIV at week 10. 
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 There are at least three possible explanations for why the animals became infected by 

SIV following a second or third BCD pretreatment.  First, BCD may cause pathology of the 

vaginal epithelium, allowing SIV particles that escaped inactivation to cross the epithelium to 

infect target cells.  In our study, no gross pathology was noted for the vaginal epithelium of the 

BCD-treated macaques after drug administration.  In addition, initial BCD exposure did not 

immediately cause infection in the majority of the animals even though challenges were 

performed twice on the same day with a 4 hour interval, but rather they became infected upon a 

second exposure, after extended intervals, 10 or 47 weeks later.  A second possibility is that 

BCD-inactivated virions present in the vaginal canal of treated animals could be taken up by 

mucosal antigen-presenting cells to recruit SIV-target cells, namely macrophages and T 

lymphocytes (35), to the area.  CD4+ T cells specific for recognition of HIV peptides have been 

shown to be preferentially infected by HIV as compared to T cells specific for other antigens (6). 

Again, this mechanism appears unlikely as any lymphocyte recruitment as a result of such a 

possible immunization of whole killed SIV virions would probably disappear after a few weeks 

at most and would not be present 11-47 weeks later.  In addition, vaginal uptake of antigens has 

not been shown to produce robust mucosal immune responses without the use of potent 

adjuvants (17, 27, 38).  The third and most likely explanation is that it is possible that a 5% final 

concentration of BCD is insufficient to inactivate such a high inoculum of SIV virions used in 

this study or that the formulation suboptimally coated the vaginal canal, allowing epithelium 

exposed to infectious virions that escape BCD.  More animals will need to be tested with 

multiple challenges of SIV following BCD pretreatment to determine if this model does indeed 

explain the results described here.  
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 Because 5% BCD failed to protect macaques from repeated SIV challenges, this study 

has important implications for the evaluation of anti-HIV-1 microbicides.  It is interesting to note 

that our BCD formulation significantly prevented infection of macaques from initial intravaginal 

challenge, similar to other in vivo microbicide studies.  However, unlike the majority of 

previously published macaque studies, we conducted repeated applications of BCD followed by 

SIV challenges, as presumably microbicides will be used during multiple sexual encounters.  It 

was only upon the second or third challenges that we observed a failure of BCD to prevent i.vag. 

infection of macaques.  Recent promising studies with CAP have used repeated applications 

followed by i.vag. challenge with SIVmac251 (22) or SHIV in multiple low doses (12).  Our 

studies strongly suggest that future testing of topical antiviral microbicides or other pre-exposure 

prophylaxis regimens within animal models should also be performed with repeated 

administrations in order to assess compound efficacy against multiple exposures of virus.  To be 

more consistent with HIV-1 sexual transmission, future experiments with low dose SIV 

challenges in the macaque model would likely prove more realistic and easier to extrapolate to 

humans.  The consequence of repeated mucosal exposure to inactivated virus may also be of 

interest, particularly with regards to influencing future susceptibility to an infectious 

transmission. 
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Table 1.  Summary of animal groups and infection outcomes. 

  

Animal Group Challenge 1
a
 

Infection 

Status 

After 

Challenge 1 

Challenge 2
a
 

Infection 

Status After 

Challenge 2 

31930 wk 0 (3/11)b - wk 10 (5/23)  

31945 wk 0 (3/11) b - wk 10 (5/23) -
d
 

31948 

BCD + SIV 
  

wk 0 (3/11) b - wk 10 (5/23)  

31941 wk 0 (3/11)  NA NA 

31942 wk 0 (3/11)  NA NA 

STUDY 

1 

  

31950 

SIV 
  

wk 0 (3/11)  NA NA 

24485 wk 0 (5/23) - wk 11 (8/2)  

26737 wk 0 (5/23) - wk 11 (8/2)  

27133 wk 0 (5/23) - wk 11 (8/2)  

30042 wk 0 (8/2)  NA NA 

31455 wk 0 (8/2) - wk 47 (6/26)c  

31944 

BCD + SIV 
  

wk 0 (8/2) - wk 47 (6/26)c - 

30989 wk 0 (5/23)  NA NA 

30990 wk 0 (5/23)  NA NA 

31000 wk 0 (5/23)  NA NA 

31551 wk 0 (8/2)  NA NA 

28884 wk 0 (8/2) - wk 47 (6/26)  

31920 

gel + SIV 
  

wk 0 (8/2)  NA NA 

31026 wk 0 (5/23)  NA NA 

31940 wk 0 (5/23)  NA NA 

29693 wk 0 (8/2)  NA NA 

STUDY 

2 

  

28756 

SIV 
  

wk 0 (8/2) - wk 47 (6/26)  
a  week of challenge (month/day of challenge) 
b  Study 1 animals were challenged with SIV pretreated with BCD in the first challenge 
c  these animals were challenged the second time with SIV after 50% BCD exposure (instead of 

10%) 
d  this animal became infected upon a third challenge at week 20 (8/2) 
NA, not applicable
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Figure Legends 

 

Figure 1.  Timelines for in vivo i.vag. challenges.  (A) Study 1 experimental animals were 

challenged with SIVmac251 premixed with 5% BCD in gel at week 0.  At weeks 10 and 20, the 

uninfected animals were inoculated with 1ml gel containing 10% BCD followed 5-15 minutes 

later with 1ml SIVmac251.  Study 1 control animals received the same dose of SIVmac251 at week 0.  

(B) Study 2 experimental animals were challenged with 1ml gel containing 10% BCD followed 

5-15 minutes later with 1ml SIVmac251.  Uninfected animals were rechallenged in the same 

manner at week 11 or 47.  Study 2 controls were challenged with the same dose of SIVmac251 

alone or following 1ml of gel without BCD.  Two uninfected controls were rechallenged with 

SIVmac251 at week 47. 

 

Figure 2.  In vitro BCD toxicity on various cell lines.  GHOST-Hi5 cells, Caco-2 cells, and 

HeLa cells were exposed to medium containing 0, 2.5, 5, 10 or 20% BCD for two hours.  Cells 

were trypsinized and counted by trypan blue exclusion.  Dashed lines indicate TD50 

concentration of BCD on each cell type.  The points represent the average of duplicate wells and 

the error bars represent the standard deviation of duplicate wells.  The graph is representative of 

2-3 independent experiments. 

 

Figure 3.  (A) In vitro inhibition of HIV-1 and SIV infection by BCD.  GHOST-Hi5 cells were 

infected with HIV-1LAI, HIV-1NFNSX, and SIVmac251 in medium containing no BCD or 5% BCD 

for two hours.  The cells were washed with PBS and new medium without BCD was replaced.  

The cells were incubated for 48 hours, trypsinized, fixed, and analyzed for GFP expression on a 

FACSCaliber.  The graph is representative of three independent experiments.  (B) Replication 
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kinetics of HIV-1 or SIV incubated in the presence or absence of BCD.  Supernatants from 

GHOST-Hi5 cells infected with HIV-1LAI or SIVmac251 in the presence or absence of 5% BCD 

were added to CEMx174 cells.  The cells were passed for 3 weeks, and the supernatants were 

analyzed for p24 or p27 production by ELISA. 

 

Figure 4.  Study 1 plasma vRNA levels.  The plasma of the SIVmac251-challenged animals were 

analyzed by quantitative RT-PCR for SIV RNA copies/ml.  (A) SIV RNA copies in the plasma 

of the control animals, which were challenged with SIVmac251 at week 0.  (B) These animals 

were challenged with BCD-inactivated SIVmac251 at week 0, and treated with BCD in gel 

followed by SIVmac251 at week 10.  Animal 31945 was challenged again at week 20 with BCD in 

gel followed by SIVmac251.  Arrows indicate when challenges took place. 

 

Figure 5.  Study 1 plasma antibody titers.  The plasma of the SIVmac251-challenged animals 

were analyzed by ELISA for anti-SIV IgG antibodies.  Three animals were challenged with 

BCD-inactivated SIVmac251 at week 0 and BCD in gel followed by SIVmac251 at week 10 (closed 

symbols).  Animal 31945 was challenged again at week 20 with BCD in gel followed by 

SIVmac251.  Three control animals were challenged with SIVmac251 at week 0 (open symbols).  

Arrows indicate when challenges took place. 

 

Figure 6.  Study 2 plasma vRNA levels.  (A) The plasma of the controls were analyzed for SIV 

RNA copies.  Control animals were challenged with SIVmac251 alone (open symbols) or following 

challenge with gel without drug (closed symbols).  Two animals that remained uninfected were 

challenged a second time with SIVmac251 at week 47 (dashed lines).  (B) The plasma of the 
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experimental animals (BCD + SIV) were analyzed by quantitative RT-PCR for SIV RNA 

copies/ml.  The animals were challenged with BCD in gel followed by SIVmac251 at week 0.  

Three BCD-protected animals were rechallenged in the same manner at week 11 (solid lines), 

and the other two BCD-protected animals were challenged a second time with SIVmac251 at 

week 47 in the presence of higher concentrations of BCD (dashed lines).  

 

Figure 7.  Study 2 plasma antibody titers. (A) The plasma of the control animals were analyzed 

by ELISA for anti-SIV IgG antibodies.  The animals were challenged with BCD in gel followed 

by SIVmac251 at week 0.  Uninfected animals were rechallenged in the same manner at week 11 

(solid lines) or at week 47 (dashed lines).  Animals were challenged with SIVmac251 alone (open 

symbols) or following challenge with gel (closed symbols).  Two animals were challenged a 

second time with SIVmac251 at week 47 (dashed lines). (B) The plasma of the BCD-treated 

animals were analyzed for anti-SIV IgG antibodies.  The animals were challenged with BCD in 

gel followed by SIVmac251 at week 0.  Uninfected animals were rechallenged in the same 

manner at week 11 (solid lines) or at week 47 in the presence of increased concentrations of 

BCD (dashed lines). 
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