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Significant advancements in topical microbicide development have occurred since the prevention strategy was first described as
a means to inhibit the sexual transmission of HIV-1. The lack of clinical efficacy of the first generation microbicide products has
focused development attention on specific antiretroviral agents, and these agents have proven partially successful in human clinical
trials. With greater understanding of vaginal and rectal virus infection, replication, and dissemination, better microbicide products
and delivery strategies should result in products with enhanced potency. However, a variety of development gaps exist which relate
to product dosing, formulation and delivery, and pharmacokinetics and pharmacodynamics which must be better understood
in order to prioritize microbicide products for clinical development. In vitro, ex vivo, and in vivo models must be optimized with
regard to these development gaps in order to put the right product at the right place, at the right time, and at the right concentration
for effective inhibition of virus transmission. As the microbicide field continues to evolve, we must harness the knowledge gained
from unsuccessful and successful clinical trials and development programs to continuously enhance our preclinical development
algorithms.

1. Introduction

Significant progress has been made in the development of
topical anti-HIV microbicides since their initial description
and development nearly 20 years ago. The first products
developed for microbicide use were nonspecific agents which
prevented HIV-1 from entering target cells by disrupting
the viral membrane, including nonoxynol-9 (N-9), SAVVY
(C31G), and Ushercell (cellulose sulphate) [1–3]. Clinical
results with N-9 demonstrated enhanced rates of infection in
the treated groups, suggesting the surfactant caused vaginal
damage which allowed greater rates of infection [3]. SAVVY
was prematurely discontinued due to the HIV incidence
being half of the expected rate (one of the characteristics
rendering the trial uninformative) [1]; however, it could
not be conclusively determined that SAVVY promoted HIV
infection as in the case of N-9. Ushercell was also discontin-
ued due to a higher rate of infection compared to the placebo

group [2]. Following the failure of the nonspecific surfac-
tants, microbicide development has focused on the iden-
tification and development of specific antiretroviral (ARV)
agents targeted at preventing early steps in virus replication
such as virus attachment and entry and reverse transcrip-
tion. Most recently, microbicide development has expanded
to include the evaluation and development of late-acting
products (integrase and protease inhibitors) [4], agents
directed at cellular targets important to virus replication and
transmission, and agents which boost mucosal and innate
immunity to HIV [5]. The first specific antiretroviral com-
pound evaluated was PRO2000, a synthetic naphthalene
sulphonate, which specifically targeted CD4 to prevent virus
attachment and subsequent entry. PRO2000 was proven safe
in Phase I/II human clinical trials but eventually was shown
to be ineffective in preventing HIV transmission [6]. In 2010,
results from the CAPRISA 004 Phase IIb trial demonstrated
that a 1% tenofovir gel reduced HIV transmission by 39% in
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the study population overall and by 54% in women with high
levels of adherence to the study protocol [7]. The CAPRISA
004 study provided the first positive results which demon-
strated that an antiretroviral agent formulated as a vaginal
gel could successfully prevent the sexual transmission of HIV,
energizing the field of microbicide development. Unfortu-
nately, in the latest clinical trial (VOICE) performed by the
Microbicide Trials Network (MTN), equivalent numbers of
infections were observed among women in both the placebo
and 1% tenofovir gel arms, and the trial was subsequently
discontinued [8]. Differences in dosing regimens between
the CAPRISA 004 and VOICE trials have been suggested
to have contributed to the different results of these trials.
The ongoing FACTS trial being performed in South Africa
is set to address the reproducibility of pericoital dosing
with tenofovir gel. Although the results of VOICE were a
disappointment to the microbicide community, the lessons
learned and information gained from the tenofovir trials
(CAPRISA and VOICE) as well as the other failed trials
may prove to be informative and enable the field to better
optimize and develop an efficacious microbicide.

Microbicide efficacy clinical trials are very large trials,
enrolling anywhere from 800 to over 9,000 women in each
trial [9]. Thus, to have multiple failed trials of this magnitude
has been extremely costly from both a financial and human
life perspective. The risk of trial failure is uniquely high due
to the limitations of Phase II trials. Although these trials often
provide go-no-go indication, they are very unlikely to have
sufficient power to report anything relative to efficacy due to
the low seroincidence rates, even in high-risk populations.
Since the key to the identification and development of a suc-
cessful microbicide product likely lies in the performance of
better and more informative preclinical evaluations, a greater
understanding of the optimal delivery and the pharma-
cokinetic and pharmacodynamic (PK/PD) profiles of both
the active pharmaceutical ingredient (API) and the formu-
lated clinical product is necessary prior to the initiation of
human clinical trials. Two decades of research and devel-
opment and the outcomes of successful and failed human
clinical trials have served to define a variety of gaps in the
preclinical microbicide development pathway. Thus, as the
microbicide development field moves forward to define new
products and design informative and successful clinical trials,
it is critical to understand how these development gaps might
be effectively filled in order to generate the data necessary to
understand how to best optimize and prioritize microbicide
product development. These critical topical microbicide
development gaps may be defined as follows: (1) a better
understanding of the environment in which the microbicide
must act, including the positive and negative effects of the
presence of semen and vaginal fluids, natural and pathogenic
organisms, and the physiology of the biological compart-
ments (vagina and rectum); (2) a better understanding of the
pharmacokinetic and pharmacodynamic properties of the
microbicide product and the use of in vitro, ex vivo, and
in vivo models to quantify these critical candidate product
properties; (3) a better understanding of means to define
appropriate dosing concentrations of a microbicide product
and how the dose, formulation, and delivery vehicle impact

the pharmacokinetic and pharmacodynamic properties of
the product; (4) a better understanding of critical issues in
the formulation and delivery of the microbicide products
for use in both the vagina and rectum, including the use of
dual compartment and oral dosing strategies; (5) the effective
implementation of multipurpose prevention technologies,
involving broad based anti-infective and contraceptive prod-
ucts. Inherent in each of these development gaps is the
overarching goal of developing a product which is acceptable
to the population of individuals that will primarily use the
products that are developed. Herein we will evaluate each
of these development gaps and discuss how information
obtained during preclinical development might be improved
and better utilized to identify and prioritize microbicide
products for development. The most critical requirement of
the microbicide development algorithm is the need to have
the right concentration of the right microbicide (or combina-
tion of microbicides) present at the right location and at the
right time to prevent HIV infection. Thus, the microbicide
development gaps require a more intimate understanding
of dosing, formulation, and delivery vehicles, which will
result in effective pharmacokinetic and pharmacodynamic
properties for candidate products, and allow the right prod-
ucts to be prioritized for development. Since each micro-
bicide is unique, these variables must be independently
evaluated in order to develop highly effective microbicide
products.

2. The Role of the Complex
Biological Environment

The biological environment in which an active microbicide
product must act has come to be recognized as a critical
variable to microbicide functionality. Microbicide products
are now being developed for both vaginal and rectal use and
therefore the anatomy and physiology of both compartments
needs to be considered as a key feature of the preclinical
development algorithm. The complexity of the vaginal
environment includes the anatomical features of the cavity,
the presence of naturally occurring and pathogenic microor-
ganisms, and the presence of vaginal fluids and mucus. The
environment becomes even more complex with the act of
coitus and the deposition of semen into the vault. The vagina
possesses its own inherent defense mechanisms including
the multilayered squamous epithelium which acts as a
natural barrier to infection, the hydrogen peroxide produc-
ing vaginal flora (Lactobacillus) which maintains an acidic
environmental pH, mucus which provides a physical barrier
to virus transport, and the production of a variety of
antimicrobial and innate defense molecules which directly
and indirectly inactivate virus or suppress infection and virus
replication. It is important that the integrity of this environ-
ment be maintained as the first line of defense against HIV
infection; the development of all microbicide products
involves the early evaluation of the effects of a candidate
product on the components of this primary defensive barrier.
Microbicide products should be nontoxic to the cellular
and tissue structure, should not result in the elimination
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of the normal protective populations of H2O2 producing
Lactobacillus, and should remain stable and active at low pH
(approximately pH 4.6). All of these properties of a topical
microbicide candidate can be accurately assessed in preclin-
ical in vitro assays [10, 11]. Maintaining normal vaginal
fluids and mucus is also important given that these products
typically act as the initial line of defense against infection
by microorganisms and HIV [12, 13]. In addition to innate
immune responses and microbe-sensing properties, includ-
ing the production of antimicrobial peptides [14, 15] and
proinflammatory cytokines, cell-free and cell-associated
viruses are also inactivated at low pH [16–18], and move-
ment to potential target cells is restricted by vaginal mucus.
Anti-HIV activity has been directly attributed to components
of vaginal fluids, including defensins [19, 20], toll-like
receptor (TLR) agonists [21, 22], and secretory leukocyte
protease inhibitor (SLPI) [23]. Many studies have been
performed to evaluate the antiviral effects of cervicovaginal
fluid (CVF). Ghosh et al. showed that CVF incubated with
virus prior to the addition of target cells yielded 0 to 100%
inhibition of infection, with some samples showing enhance-
ment of virus infection. This study concluded that a wide
range of factors that are capable of mediating antimicrobial
protection are present in CVF and specifically correlated
levels of HBD2, MIP 3α, and HIV-specific IgG antibodies
with the protection of target cells from infection with HIV
[24]. Other studies have served to confirm and expand these
results demonstrating the HIV-inhibitory activity of CVF,
and laboratory investigations continue to better understand
and harness these protective effects of CVF [25–27]. The
results of these experiments suggest pluripotent antiviral
effects exerted by a variety of CVF constituents working in
concert as opposed to the individual activity of any single
product results in the natural inhibitory potential of CVF.
Therefore, it is critically important that a microbicide
product should not diminish the natural protective effects of
vaginal fluid, and all products should be evaluated in vitro
and ex vivo in the presence of CVF to verify that biological
activity is maintained.

Another important consideration in the context of vagi-
nal fluid involves the spread, coverage, and dispersion of the
microbicide product during sexual intercourse. In studies
performed by Keller et al., CVF collected by lavage within
an hour following a single dose of 0.5% PRO2000 gel sig-
nificantly inhibited HIV when evaluated in in vitro antiviral
assays. This antiviral activity was significantly reduced when
the CVF was collected following sexual intercourse, and
no significant protective effect was observed in postcoital
CVF obtained in the presence compared with the absence
of PRO2000 gel application [28]. These results suggest the
physical act of sexual intercourse results in mixing and dis-
persal of the microbicide product resulting in reduced effec-
tiveness of a topical microbicide, and these factors should
be evaluated during early product development. Instrumen-
tation and methodology to perform studies to evaluate gel
spreading and overall epithelium coverage within the vagina
and rectum have been developed and employed to evaluate
microbicide products in the context of coitus, and these eval-
uations will help to determine if a microbicide product is able

to be in the right place and right concentration to prevent
infection prior to and following coital events [29–31]. Con-
focal Raman spectroscopy (CRS) has recently been utilized
to measure local concentrations of APIs in three dimensions
in vaginal or rectal fluids, gels, and tissue explants, and this
methodology may yield highly relevant data regarding the
penetration of API into vaginal and rectal tissue [32].

Over the past two decades the primary focus of micro-
bicide development has been on preventing vaginal HIV-1
transmission. However, in the developed world unprotective
receptive anal intercourse (URAI) is the primary risk factor
for HIV acquisition in the MSM population. URAI is now
recognized as a significant feature of the sexual practices of
women in both the developed and developing countries of
the world [33, 34]. The vulnerability of the fragile intesti-
nal mucosa to HIV transmission yields a 20-fold greater
infection risk per sex act compared to the infection risk from
unprotected vaginal intercourse. Furthermore, the rectum,
unlike the vagina, is an open ended, fragile, and poor barrier
to pathogens, resulting in an increased risk of infection
during URAI. The mucosa accounts for approximately 10%
of the colorectal wall thickness and is comprised of single
layered epithelium, lamina propria, and muscularis mucosa.
As with vaginal virus transmission, it is thought that virus
migrates through the epithelial cell layer to the lamina
propria where a greater frequency of target cells is present
and primed for infection. The gut mucosa comprises the
bodies’ greatest reservoir of CD4+ cells and other immune
competent cells. Ninety percent (90%) of colonic CD4+ cells
express the HIV-1 chemokine coreceptor CCR5, rendering
this environment a vast reservoir of target cells for HIV-1
infection and transmission. Upon establishment of sites of
infection, the presence of an adequate local density of acti-
vated target cells for local amplification of the virus and sub-
sequent dissemination to the systemic circulation is required
and the gut mucosa appears to provide this susceptible
environment to the virus [35]. The fragile nature of the
rectum makes it more susceptible to tears and damage during
receptive anal intercourse (RAI) which also promotes infec-
tion. As with the vagina, infection of the rectum by other
opportunistic microorganisms can also increase suscepti-
bility to HIV-1 infection. Sixty percent (60%) of HIV-
negative men have been shown to be positive for anal
human papilloma virus (HPV), and this number increases
to 95% in the HIV-positive male population [36]. Smith
et al. reported an increased risk of HIV acquisition among
Kenyan men infected with HPV which may derive from the
lesions associated with HPV infection, as observed in women
with HPV infection [37]. Although some similarities exist
between the vaginal and rectal compartments, significant
differences in anatomy and physiology exist, and these dif-
ferences need to be taken into account early in topical micro-
bicide product development.

As mentioned above, the complex environment of the
vagina and rectum becomes even more complex upon the
deposition of semen. When semen is introduced into the
vaginal environment a variety of changes occur. The first and
most significant effect is that semen changes the acidic vagi-
nal pH to near neutral pH which alters the balance of normal
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flora and provides an environment which facilitates the
rise of bacterial vaginosis and yeast infections. Additionally,
semen deposited into the reproductive tract promotes an
influx of activated inflammatory cells in close proximity to
infectious virus and virus-infected cells in the semen [38, 39]
and induces changes in the population of leukocytes which
are present in the vaginal tract (reviewed in [40]). Semen
also can have a “toxic” effect to the vaginal environment that
results in recurrent vaginitis that is associated with localized
irritation and inflammation [41]. This inflammatory reac-
tion yields additional recruitment and activation of HIV-
1 target cells which ultimately facilitates HIV infection and
transmission and sometimes results in enhanced HIV-1
infection. The enhanced infection effects can be attributed
to the neutralization of the acidic vaginal pH promoting the
survival of cell-free and cell-associated virus, the presence of
semen-derived enhancer of virus infection (SEVI), and medi-
ation of the electrostatic interaction of spermatozoa with
HIV-1 virions (reviewed in [40]). Further, studies performed
by Lai et al. have shown that the neutralization of vaginal pH
by semen increases the movement of HIV virions in mucus
possibly resulting in infectious virus more rapidly reaching
the epithelium [42–44]. However, semen has also been
shown to possess antiviral properties. The inhibition has
been experimentally attributed to the oxidation of SP
polyamines by diamine oxidase in the vaginal environment
producing radicals that inactivate HIV, cationic polypeptides
that are contained in seminal plasma, and the interference of
the attachment of HIV-1 to DC-SIGN by a potent inhibitor
contained in seminal plasma (reviewed in [40]). In this
regard, we have evaluated the antiviral activity of 50 individ-
ual semen samples obtained from individual donors, and we
have shown both inhibition and enhancement of HIV infec-
tion mediated by these diverse semen samples (Figure 1).
In the rectum, semen has similar effects as those observed
in the vagina. Once a trauma-inducing event occurs,
the inflammatory cytokines enable transmission of virus
through the epithelial barrier. Thus, current research sup-
ports the fact that microbicide candidates must be evaluated
in the presence of semen to verify the potency of the
candidate and to confirm that there is no antagonism of
antiviral efficacy or enhanced toxicity. As was discussed with
vaginal fluids, it has also been shown that semen provides a
physical barrier to the movement of virus from the semen
towards target cells in the epithelium of the vagina or rectum
[45, 46].

In both the vagina and the rectum, the form in which
infectious virus is presented in these environments must also
be carefully considered (cell-free virus versus cell-associated
virus, as well as combinations of both forms) for optimal
development of a microbicide since cell-associated virus may
be less susceptible to some microbicide candidates compared
to cell-free virus. Louissaint et al. have recently reported that
when using surrogates for cell-free and cell-associated HIV
and semen, cell-free and cell-associated surrogate distribu-
tion following simulated intercourse coincided within the
female reproductive tract [47]. In a small group of gay men
(6 total), Butler et al. showed that the virus being trans-
mitted was more closely related to the free virus in seminal
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Figure 1: Biological impact of semen on virus infectivity and
replication. Fifty samples of whole semen (Lee Biosolutions) were
evaluated for biological activity in HeLa-CD4-LTR-β-galactosidase
cells infected with varying quantities of infectious HIV-1IIIB. Rep-
resentative results obtained with six of these samples are presented.
Semen was added to the cells in a volume of 50 μL immediately prior
to the addition of infectious virus at 6 different virus inoculums
ranging from a high inoculum of 50 μL (straight virus) and five
additional serial twofold dilutions of virus in tissue culture medium.
At 4 hours the virus and semen were washed from the monolayer of
cells, and the cultures were incubated for an additional 48 hours
at which time virus replication was quantified by β-galactosidase
production in the cultures. The results presented demonstrate the
three patterns of biological activity observed among the 50 tested
samples: (1) enhanced levels of infection (see samples T3142 and
T3125 at high virus inoculum), (2) inhibition of infection (T2073
and T3412 as well as T3125 and T3142 at lower viral inoculum), and
(3) no effect on infection (T3553).

plasma [48]. This would, however, need to be confirmed in
a larger study. A better understanding of the roles of cell-free
and cell-associated virus in establishing infections in the
vagina and rectum remains controversial and should con-
tinue to be investigated.

3. Pharmacokinetics and Pharmacodynamics of
Microbicide Products

Over the past several years the importance of phar-
macokinetics (measurement of microbicide distribution,
absorption, and retention typically measured in tissues and
body fluids) and pharmacodynamics (microbicide biological
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activity within the compartment) has been increasingly
recognized within the microbicide community as a crucial
feature in understanding microbicide efficacy and toxicity. In
vitro and ex vivo assays have been designed to better under-
stand these parameters prior to the introduction of prod-
ucts to human clinical trials. Understanding effective API
pharmacokinetics also requires an understanding of the
mechanisms of HIV infection of vaginal or colorectal tissues
and subsequent dissemination of the virus from the initial
sites of infection. In nonhuman primate models, 30-to-60
minutes of exposure to an infectious inoculum are sufficient
to establish a productive and spreading virus infection [49].
Transmitted or founder viruses target CD4 populations in
the mucosa that express high levels of the CCR5 chemokine
coreceptor [50]. In explant and NHP models, virus has
been demonstrated to penetrate the superficial layers of the
stratified epithelium which enables the virus to quickly come
into contact with T cells and Langerhans cells contained
within these surfaces [35]. Additional NHP studies have
demonstrated that the initial infection of cells in the mucosal
surfaces occurs within 16 to 72 hours and an established
and spreading infection from these sites requires an influx of
additional activated T cells [35]. A microbicide will only be
effective if the product is able to either prevent the virus from
infecting these critical target cell populations or is able to
effectively prevent the establishment of a spreading infection
from these initially infected cell foci. For this reason phar-
macokinetic (PK) and pharmacodynamic (PD) assessments
need to be performed and understood in terms of the cells
and tissues which must be protected by the microbicide (i.e.,
epithelium versus stroma, introitus versus cervical os, etc.).

Historically, PK measurements were performed as a
component of microbicide safety studies as well as to quanti-
tatively determine if vaginal or rectal delivery resulted in sig-
nificant API absorption to the systemic circulation. PK/PD
evaluations have been routinely performed in animal models
which include nonhuman primates, humanized mice, and
sheep (reviewed in [51]). Rectal PK studies have been rou-
tinely performed in pigtailed macaques [52]. Thus, to date,
PK assessments have not been routinely utilized to facilitate
determination of the required effective dose of a formulated
microbicide product that would be optimized for delivery
or to even confirm if sufficient API can be delivered to the
critical tissues where infection occurs but have been used to
confirm that the dose being used is nontoxic and safe. Based
upon the results of recent clinical trials such as CAPRISA 004
and VOICE, it has become apparent that PK/PD studies need
to be performed to better understand where API goes in the
cells, tissues, and fluids of the vagina and rectum, at what
concentrations the API is found in both fluids and relevant
infectable tissue, and if sufficient API is present to actually
interfere with the infection of HIV.

Current PD evaluations for microbicides involve ex vivo
infection inhibition studies using tissues from microbicide-
treated animals. Multiple biopsy tissues from treated and
control untreated animals (or from human volunteers in
clinical studies) are exposed to infectious HIV, and the ability
of HIV to infect and replicate in the tissue is quantified.
Although these studies provide important information and

help to bridge the gap between ex vivo and in vivo evalua-
tions, it is not yet clear if this methodology will accurately
quantify the effectiveness of a microbicide in human clinical
trials. Similar studies using vaginal lavage to determine
if protective concentrations of microbicide products are
achieved in vaginal fluids are also being utilized to monitor
the attainment of effective microbicide concentration levels
[28].

Although nonhuman primate models have been the
animal model of choice for PK/PD evaluations and have
provided great insight into HIV transmission in the vagina
and rectum, they have not proven to be the best predictive
model for efficacy of a microbicide product in human clinical
trials. For example, whereas complete protection of maca-
ques was achieved with the 6% cellulose sulphate gel, no
protection was observed in human volunteers in the clinic
[53]. With a 1% tenofovir gel, efficacy studies in nonhuman
primates demonstrated protection in all animals whereas in
the clinical trial only 39% of women were protected [54]. A
topical microbicide development model using mice has also
been reported [55, 56] employing humanized bone-marrow-
liver-thymus (BLT) mice reconstituted with human CD4+
T and other relevant human cells which are susceptible to
intravaginal infection by HIV-1. However, due to the nature
of the samples required for evaluations, PK/PD studies are
often difficult to perform with the mouse model. Within the
microbicide field, consensus has not been achieved on the
predictive value of animal models, and many development
programs forgo animal efficacy studies in favor of Phase 1
human studies.

For this reason, more predictive and robust and less
expensive PK/PD models need to be established for eval-
uation of products prior to human clinical trials. The ex
vivo cervical explant model has been extensively used for the
evaluation of microbicide safety (toxicity assays) and is cur-
rently being utilized for PD evaluations using explant tissue
from both human and animal studies. It had been assumed
that the evaluation of microbicide efficacy and toxicity in
human cervical explant tissue would provide highly relevant
data to bridge the gap between in vitro results and in vivo
efficacy evaluations, given the explants are more represen-
tative of the tissue and cells being targeted in the vagina
(epithelial and immune target cells). In addition, the explant
studies are much less expensive than the nonhuman primate
models. Unfortunately, data obtained from cervical explant
evaluations suggests that the model may not yield conclusive
evidence of product efficacy, and there are varying schools
of thought on whether these explant studies actually provide
added and reliable information beyond that obtained from
in vitro systems or in animal modeling studies. Besides vari-
ability in protocols utilized to perform the explant assay [57–
59], there are a variety of limitations to the use of cervical
explant cultures, including lack of hormone modulation, lack
of recruitment of immune cells, loss of epithelium, and the
inability of the explant tissue to regenerate/repair itself [58].
Variability in culture conditions and the relative ability of
HIV to grow in the explant cultures, with significant back-
ground attributed to bound but nonreplicating virus, con-
found the interpretation of explant results. Infectious virus
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has been shown to replicate in the explant cultures, however
the cell population where virus is detected can change.
Although significant issues with data interpretation exist,
Beer et al. have correlated their explant data to both animal
studies [60, 61] and to safety and acceptability trials [61–
65] validating the use of cervical explants in microbicide
development. As with any of the in vitro and ex vivo models
that have been developed, the use of cervical explants will
only be completely validated when the data is correlated
to that which was observed in the human clinical trials.
Continuing evolution of the explant models will also result
in significant enhancement of the utility of the evaluations.

Although cervical explant evaluations may prove to be
a needed and predictive component of the microbicide
development algorithm, the limitations suggest that addi-
tional development must occur to provide more relevant
in vitro models to understand how a microbicide will
function in humans. One of the model systems now being
used in the microbicide development community involves
in vitro evaluation of drug permeability and transport
across epithelial cell monolayers. These models evaluate the
ability of a microbicide product to transit from the delivery
vehicle (gels, rings, films, etc.) and across cell/tissue barriers
representative of epithelia cell layers that would be present
in the vagina and rectum. These studies are performed in
a two-compartment Franz cell apparatus with appropriate
tissue culture cells and/or ectocervical tissue [66]. Following
incubation of the microbicide product with the cells and/or
tissue, sample analysis to quantify microbicide product
content is performed utilizing high-pressure liquid chro-
matography (HPLC). Using these models, Rohan et al. found
that tenofovir from a 1% gel permeates into the tissue but
the quantity of tenofovir measured after 30 minutes differed
among individual ectocervical samples [67]. Mesquita et al.
have developed an in vitro assay using a transwell assay
system that can evaluate both the safety of a microbicide
as well as the PD properties of a microbicide [68]. In these
assays, a microbicide product must transport through an
epithelial cell barrier to the lower tissue culture chamber
where the product must protect target cells from in vitro
infection by infectious HIV-1. Toxicity to the barrier cells
can be measured by transepithelial resistance (TER). These in
vitro assays allow for the evaluation of multiple microbicides
at many concentrations. Although not yet proven, these in
vitro assays may provide relevant information that will help
prioritize microbicide candidates for clinical development.

4. Microbicide Dosing and Its Critical
Impact on Pharmacokinetics,
Pharmacodynamics, and Clinical Efficacy

The initial identification and subsequent development of a
successful microbicide are dependent on the robustness of
the efficacy and safety testing algorithms that are used to
advance products. Preclinical and clinical experiences have
driven the natural evolution of these algorithms over time,
and it is understood that the algorithms will continue to
change in the future [10, 11]. These algorithms should be

capable of comparatively evaluating the active pharmaceu-
tical ingredient (API) and the final formulated product with
appropriate control compounds, as well as other experimen-
tal and approved microbicide products. One of the more
difficult parameters to be addressed as a microbicide devel-
oper involves the quantitative determination of the clinical
dosing of the product. Consensus opinion from noneffica-
cious and successful development programs and trials sug-
gests that “more is better” and to “dose as high as possible” to
assure that an effective concentration of API is present where
and when it is needed to prevent virus transmission. This
method of defining the API dosing in the final formulated
product may result in a dramatic underestimate or overes-
timate of the amount of API that is actually required (or
achievable), resulting in the extremes of lack of efficacy or
potential safety issues. Ex vivo and in vivo evaluations in
monkeys and mice have provided some information on the
permeability/uptake of API into tissues in order to better
understand the pharmacokinetics and pharmacodynamics
properties of the compound and how they may relate to dos-
ing levels; however, the tissue concentrations achieved with
high dosing levels of a microbicide are significantly higher
than the inhibitory concentrations achieved using cell-based
in vitro assays. In light of the type of cells used in the in vitro
evaluations, the lack of robustness of the assays in terms of
their quantitative endpoints and timing of endpoint analysis,
and the importance of understanding dosing and the priori-
tization of compounds for clinical use, it is critically impor-
tant to understand the dosing requirements of an API as early
as possible in the development process. Additionally, the dif-
ferences observed between in vitro and in vivo effective levels
could be attributed to poor distribution, that is, failure to
coat all of the folded surfaces. The recently reported micro-
bicide transmission and sterilization assay (MTSA) may
provide a quantitative in vitro model to predict the tissue API
concentration required to prevent virus transmission, and
these data may then determine the required dose concentra-
tions of the microbicide product to achieve that tissue API
level [69].

The MTSA serves to define the concentration of a
microbicide product required to completely suppress the
transmission and subsequent replication of transmitted
viruses in culture, yielding sterilization of HIV from a culture
of cells [69, 70]. In the MTSA, virus is added to the culture
in a cell-free or cell-associated form, and the virus infection
is allowed to proceed over the course of serial passaging of the
infected cells in the presence of various fixed concentrations
of the microbicide test compound. The cells are subcultured
every three days by adding 20% of the infected culture (cells
plus supernatant) to the same original volume of uninfected
cells in fresh medium with the same fixed concentration of
test agent. At each passage, the cultures are evaluated for
virus replication in the culture in order to quantify the timing
of virus breakthrough (or frequency of infected cells) at
each compound concentration. The concentration at which
the compound totally suppresses virus replication in the
culture is defined as its sterilizing concentration, and this
sterilizing concentration is unique for each microbicide
product we have evaluated and in most cases is significantly
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Table 1: Comparison of EC50 and EC99 values determined in the standard transmission inhibition assay to MTSA defined sterilizing
concentration.

Compound
EC50 in entry

transmission assay
EC99 in entry

transmission assay
Sterilizing concentration determined in MTSA

Experiment 1 Experiment 2

IQP-0528 (μM) 0.017 1.0 0.25 1.25

IQP-0410 (μM) 0.059 1.0 >12.5 >12.5

IQP-1187 (μM) 0.053 1.0 0.02 0.1

AZT (μM) >0.5 >0.5 >31.25 >31.25

UC781 (μM) 0.009 2.98 0.37 1.9

CV-N (μg/mL) 0.001 0.1 12.5 12.5

Efavirenz (μM) 0.03 0.5 0.05 0.05

Tenofovir (μM) >10 >10 >97.7 >97.7

The dual acting (entry inhibition and NNRTI) pyrimidinediones IQP-0528, IQP-0410, IQP-1187 [69] nonnucleoside RT inhibitors UC781 and efavirenz,
nucleoside RT inhibitor AZT, entry inhibitor cyanovirin-N (CVN), and nucleotide RT inhibitor tenofovir (TFV) were evaluated in the MTSA, and the
sterilizing concentration was compared to the EC50 and EC90 determined in a standard virus transmission assay. The concentrations utilized for each
compound in the MTSA were derived from their respective EC50 concentrations in a cytopathic effect assay and their TIs (EC50/TC50). The concentrations
which were utilized are as follows: IQP-0528, IQP-0410, and IQP-1187: 10 through 31,250 times the EC50 concentration; AZT and UC781: 10 through 31,250
times the EC50 concentration; cyanovirin-N: 10 through 6,250 times the EC50 concentration; efavirenz: 10 through 31,250 times the EC50 concentration;
tenofovir: 2.5 through 97.7 times the EC50 concentration. All concentrations evaluated represented 5-fold serial increases in drug concentration with the
exception of tenofovir which was in 2.5-fold increments. Passages which were positive for virus production were defined by detection of virus in the cell-free
supernatant by RT assay. Cells were passaged for 10 passages in the continuous presence of the fixed compound concentration and for an additional 5 passages
in the absence of compound. All tested concentrations were significantly below the defined toxic concentration to CEM-SS cells. Passages which were positive
for virus production were defined by detection of virus in the cell-free supernatant by RT assay.
The entry assay results used for comparison to the MTSA results were generated from an assay utilizing HeLa-CD4-LTR-β-Gal Cells with HIV-1IIIB. Compound
is added to the preplated cells approximately 15 minutes prior to the addition of virus. Following a 2-hour incubation at 37◦/5% CO2, residual virus and
compound are removed through washing. The culture is incubated for an additional 48 hours at which time compound efficacy is determined by evaluating
β-galactosidase in the lysate using a chemiluminescent endpoint.

higher than the 50% inhibitory concentrations defined in the
shorter term and less robust standard transmission inhibi-
tion assays most typically employed for microbicide develop-
ment (Table 1). With more potent inhibitors, the sterilizing
concentration may correlate with the 99% inhibitory concen-
tration of a product in the standard inhibition assays. Thus,
the MTSA can be utilized to understand how much of an API
will be necessary at the site of infection in order to totally
suppress virus infection and replication and to prioritize a
panel of APIs for clinical development. The MTSA can be
miniaturized and the assay duration minimized by utiliza-
tion of highly sensitive means to determine the amount of
virus present in the culture after infection in the presence or
absence of the microbicide product (Q-RT-PCR endpoint)
or by quantitatively measuring the number of infected cells
in the culture. There are, however, limitations to the MTSA
which include the inability of the assay to appropriately
mimic the complexity of the in vivo situation and the current
lack of correlative data with clinical trials that have been
successful.

It is possible that dosing determination according to the
principles of “more is better” and “go as high as you can go”
will not yield the most effective strategy for defining the dose
of a microbicide product for product development. With
multiple microbicide trials showing lack of efficacy of the
potential microbicide products, it is necessary that we
understand if the product failure was a function of lack of
potency, if the API was not where it needed to be at the
right inhibitory concentration, or if API or excipient toxi-
cities could have led to failure by increasing susceptibility,

mediated by reduction barrier effectiveness, or by increasing
target cells or receptor density. Critical to all three of these
potential explanations is how the microbicide is formulated
and delivered. First generation microbicides were developed
as coitus-dependent gels. Although this delivery mechanism
may be useful in some communities, it may prove impractical
in developing countries where a woman might not know
when she is going to have sexual intercourse, and societal
norms are not accepting of microbicide use. Adherence has
been an issue in clinical trials utilizing this dosing strategy
[71] and may explain the divergent results of the recent
tenofovir trials. Based on the successful use of nevirapine
to prevent mother-to-child transmission, the CAPRISA 004
trial was designed so that women would use the tenofovir
gel within 12 hours prior to having sex and within 12 hours
after having sex (BAT24). Although the relative contribution
of each gel application to protection from virus transmission
is unclear, it was the first trial to demonstrate marginal
protection from infection by HIV [7].

Daily dosing is a third strategy to formulate and admin-
ister a microbicide. In the VOICE trial subjects were asked
to apply the microbicide once a day independent of sexual
intercourse [72]. It was hoped that adherence to the regimen
would promote a steady-state drug level and that there would
be a high adherence rate since administration of the product
would become a daily routine, similar to that of oral con-
traceptives. The vaginal gel arm of the trial was prematurely
discontinued because there was no difference in effect
demonstrated between the drug-containing gel and a placebo
gel [73]. As of the time of this publication, it is not known if
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the lack of effect was due to lack of adherence to the protocol
design. Daily dosing may also prove to be an “inconvenience”
to women who are having infrequent intercourse which may
actually diminish adherence to the microbicide [74].

A fourth dosing strategy is sustained microbicide delivery
through an intravaginal ring (IVR). Based on the successful
use of hormonal contraception rings, microbicide rings can
be worn safely for up to a month and have already proven
they can deliver drug over that period of time [75, 76].
Although IVRs are designed to deliver optimal concentra-
tions of drug for protection, they may not release drug equal
to the amount of drug being released from daily dosed and
coitally dependent gels and films. IVRs do address issues of
coitus independence and long-term dosing strategies which
have been issues of significant research focus in the microbi-
cide community for the past decade.

With the proven concept that the optimal formulation
of a microbicide product will assist and promote the
uptake/permeability of an API through the epithelium and
into the vaginal and rectal mucosa, the mechanisms by which
this API facilitation occurs need to studied and monitored to
best take advantage of optimization of formulation design.
We have shown that the uptake of pyrimidinedione micro-
bicide products is critically dependent on the appropriate
formulation of the API (unpublished data). A better under-
standing of the role of the formulation and delivery mech-
anisms thus is critically important with regard to achieving
adequate fluid and tissue PK/PD and defining the required
dose of the microbicide product to deliver the API at the right
concentration to the target cells.

As we continue to understand virus transmission and
dissemination through the mucosa, better formulations and
delivery vehicles can be developed which will in turn allow us
to better evaluate where formulated products are delivering
API and at what concentration. This will be important in the
design of a product that is deemed acceptable to the end user.

5. Development and Formulation of
Microbicides for Dual Compartment Use

As mentioned previously, URAI is one of the highest-risk
sexual behaviors for HIV-1 transmission—10 to 20 times
riskier than unprotected vaginal sex [34, 77]. In addition,
RAI is a component of the sexual practices of both men
and women, and among women receptive anal and vaginal
intercourse often occur within the same sexual encounter.
Additionally, there is increasing evidence that unprotected
RAI is being practiced at greater frequencies than previously
appreciated by both women and men, in both the developing
[33, 78] and developed [79] world. Therefore, there is a real
need to develop microbicide products to be delivered rectally
as an integral part of the HIV prevention portfolio. Since
the practice of URAI is not limited to men who have sex
with men (MSM), microbicide products suitable for both
rectal and vaginal application are highly needed. Use of a sin-
gle microbicide product that is safe and efficacious for both
vaginal and rectal use would thus be much more convenient
(as well as safe and acceptable) than the use of two separate

products. Furthermore, use of a single, specifically developed
dual compartment product would likely be much more
protective than improper utilization of a vaginal microbicide
in the rectum, which could potentially increase virus trans-
mission or result in significant safety issues. Finally, rectal
microbicides are promising in that little behavior modifica-
tion would be required to add microbicide protection since
lubrication is already a common practice with RAI.

There are some profound differences in the vaginal and
rectal compartments that warrant the use of differently for-
mulated products for each. Several safety studies have been
performed evaluating the toxicity of vaginal gels in the rectal
compartment [80–82]. The results of these studies led to the
design of microbicides specifically for rectal administration.
One of the key differences in the design of these gels is that
vaginal microbicides tend to be hyperosmolar resulting in a
gel that is more concentrated than body fluid and ultimately
one that will lead to rectal mucosal damage as they will swell
with rectal application [78]. Rectal microbicides will need to
be isoosmolar to circumvent this potential problem. Addi-
tionally the surface area requiring protection by a rectal
microbicide is much larger than that of the vagina since it
is an open cavity, and the microbicide must be formulated
so there is adequate protection in the areas where infectious
virus and virus-infected cells in semen migrate [78]. This
also impacts the design of the delivery applicators for rectal
gel products. pH is another important consideration in the
design of vaginal and rectal microbicides. The formulation
for each product needs to take into account the differences
in the pH of the compartment with vaginal pH of approxi-
mately 4.5 and a neutral rectal pH [83]. This pH discordance
between the compartments could become inconsequential by
use of formulations with minimal buffer capacity causing
a shift in pH to match the pH of the local fluids. Since
results obtained in the tenofovir trial [82] using the vaginal-
optimized gel yielded some adverse reactions when used
rectally, the gel was reformulated and is now being evaluated
as part of MTN-007. In vitro and ex vivo data indicated that
this gel was more suitable for the rectal environment [84].
Physiologically it appears that prevention success will require
different gels for different compartments, although it is
evident that the formulation of a product for dual compart-
ment use would be most practical and acceptable given the
sexual practices of the users embracing both vaginal and anal
intercourse during the same sexual encounter. Development
of this type of product will require careful consideration and
design so that the issues of pH, osmolarity, volume, and
delivery between the two compartments are addressed.

6. Multipurpose Prevention Technologies

Multipurpose prevention technologies have appeared as an
important topic of discussion in the microbicide community
as an unmet need, but little progress has been made in the
development and advancement of such a product. Preven-
tion strategies have mostly focused individually on preven-
tion of unplanned pregnancy, prevention of other repro-
ductive tract infections, and prevention of STIs. However,
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accumulating data indicate that these issues are linked,
suggesting that a woman at risk for pregnancy is also at risk
for contracting an STI or other reproductive tract infection
[85]. Additionally, a certain stigma is associated with self-
identifying as “high-risk” for HIV and STI, and most women
are reluctant to do so, even those that are truly at high risk.
Linking pregnancy prevention with disease prevention with
a single product could aid in the motivation for women
to actively obtain and utilize microbicide products. This
substantiates the need for Multipurpose prevention strategies
that might include combinations of agents that would target
prevention of pregnancy and HIV, pregnancy and other STIs,
HIV and other STIs and pregnancy, and HIV and other STIs.
These products would need to be affordable, acceptable, and
easy to use. Significant research on dual-purpose protection
technologies that include vaginal spermicidal anti-infective
agents and physical barrier devices has been performed [86,
87]. Anti-infective and contraceptive microbicides could be
developed in three ways based on utilizing a single drug with
dual activity, a combination of a microbicidal compound
with a contraceptive agent or a combination of a drug with
a device. Relevant technologies do exist including male and
female condoms to prevent pregnancy and STIs but they are
not widely accepted [85, 88]. Recent advances in microbicide
development have also provided a foundation for the
development of other Multipurpose prevention products,
including multipurpose IVRs and diaphragms with contra-
ceptives and anti-STI microbicides [85, 89] and probiotics
to treat and deliver drugs [85, 90], a successful product will
likely be dependent on scientific innovation and persistence
and will require a concerted scientific and financial effort
between many organizations. A product of this nature could
have substantial implications on the well-being of women
and men throughout the developed and developing world.

7. Microbicide Acceptability and
User Perception

Although a variety of studies have addressed the issue
of microbicide acceptability and user perception, product
acceptability to the end user remains one of the most critical
parameters in developing a successful microbicide product.
A product with undesirable characteristics will ultimately
result in poor adherence, poor PK, and poor efficacy. Morrow
and Hendrix have described linkages between acceptability,
PK, and toxicity and how each can greatly impact the other
[91]. For this reason evaluation of these microbicide prop-
erties is now linked in human clinical trials. Thus, accept-
ability studies are rather well accepted and utilized in the
microbicide field and are not identified as a gap in current
product development. However the importance of factoring
acceptability into each of the gap evaluations described above
remains a critical component of microbicide development
algorithms and should be addressed early in development.
Our current research has involved a better understanding of
the user perceptions of different dosing volumes and delivery
vehicles on microbicide product acceptability, as well as

understanding user’s desire for products which have dual
compartment use (manuscripts in press).

8. Summary

Great strides have been made in the development of microbi-
cide products to prevent the sexual transmission of HIV. The
microbicide development field has exploited strides in the
understanding of mechanisms of HIV transmission, which
has resulted in better designed and more predictive assays
and models to assess the efficacy and toxicity of candidate
products. However, significant gaps in understanding still
exist which must be better defined and understood in order
for the field to define and prioritize new products for clinical
evaluation and eventual use as microbicide products. In
order for a microbicide to be successful it will need to be the
right product in the right place, at the right time, and at the
right concentration. Therefore we need to understand how
and where HIV infects target cells in the vagina or rectum,
the role of cell-free versus cell-associated virus in initial
infectious events, and how and where the virus disseminates
after initial infection. The vagina and rectum need to be well
understood, and microbicide activity needs to be evaluated
in the context of these environments early in preclinical
development. Better in vitro and ex vivo assays need to be
developed to address the issues of PK and PD as a means to
predict the dosing that will be required for a product in
clinical trial. Critical to the dosing requirement are the
formulation and delivery of the active pharmaceutical ingre-
dient. Finally, a product will only be successful if it is going to
be used, and thus the product needs to be acceptable to the
end user. The future of microbicides resides in developing
products that will work in both the rectum and vagina and
those that are multiprevention agents. As the microbicide
field evolves, the preclinical assays and models must adapt
to the knowledge obtained from successful and failed clinical
trials and development programs. In addition, the limita-
tions of these preclinical in vitro and ex vivo assays should
be recognized and used in conjunction with animal models
so that the most thorough characterization of a microbicide
can be achieved ultimately resulting in prioritization of the
microbicides with the most potential. This will allow for
better product discovery and development through better
preclinical and clinical testing algorithms ultimately resulting
in better prioritization of products for clinical evaluation.

References

[1] P. J. Feldblum, A. Adeiga, R. Bakare et al., “SAVVY vaginal gel
(C31G) for prevention of HIV infection: a randomized con-
trolled trial in Nigeria,” PloS ONE, vol. 3, no. 1, Article ID
e1474, 2008.

[2] W. Tao, C. Richards, and D. Hamer, “Short communication:
enhancement of HIV infection by cellulose sulfate,” AIDS
Research and Human Retroviruses, vol. 24, no. 7, pp. 925–929,
2008.

[3] L. Van Damme, “Effective of COL-1492, a nonoxynol-9 vagi-
nal gel, on HIV-1 transmission in female sex workers: a rando-
mised controlled trial,” The Lancet, vol. 360, no. 9338, pp. 971–
977, 2002.



10 Molecular Biology International

[4] C. Herrera and R. J. Shattock, “Potential use of protease
inhibitors as vaginal and colorectal microbicides,” Current
HIV Research, vol. 10, no. 1, pp. 42–52, 2012.

[5] R. T. Triforiova, G. F. Doncel, and R. N. Fichorova, “Polyan-
ionic microbicides modify toll-like receptor-mediated cer-
vicovaginal immune responses7,” Antimicrobial Agents and
Chemotherapy, vol. 53, no. 4, pp. 1490–1500, 2009.

[6] S. McCormack, G. Ramjee, A. Kamali et al., “PRO2000 vaginal
gel for prevention of HIV-1 infection (Microbicides Develop-
ment Programme 301): a phase 3, randomised, double-blind,
parallel-group trial,” The Lancet, vol. 376, no. 9749, pp. 1329–
1337, 2010.

[7] Q. A. Karim, S. S. Abdool Karim, J. A. Frohlich et al., “Effec-
tiveness and safety of tenofovir gel, an antiretroviral microbi-
cide, for the prevention of HIV infection in women,” Science,
vol. 329, no. 5996, pp. 1168–1174, 2010.

[8] MTN Statement on Decision to Discontinue Use of Tenofovir
Gel in VOICE, a Major HIV Prevention Study in Women,
http://www.mtnstopshiv.org/node/3909.

[9] Studies, http://www.mtnstopshiv.org/studies.
[10] R. W. Buckheit Jr., K. M. Watson, K. M. Morrow, and A. S.

Ham, “Development of topical microbicides to prevent the
sexual transmission of HIV,” Antiviral Research, vol. 85, no. 1,
pp. 142–158, 2010.

[11] C. Lackman-Smith, C. Osterling, K. Luckenbaugh et al.,
“Development of a comprehensive human immunodeficiency
virus type 1 screening algorithm for discovery and preclinical
testing of topical microbicides,” Antimicrobial Agents and
Chemotherapy, vol. 52, no. 5, pp. 1768–1781, 2008.

[12] S. L. Hillier, “The vaginal microbial ecosystem and resistance
to HIV,” AIDS Research and Human Retroviruses, vol. 14,
supplement 1, pp. S17–S21, 1998.

[13] B. Moller and P. Kaspersen, “The acicidity of the vagina,” in
Vaginitis and Vaginosis, B. Horowitz and P. Marc, Eds., Wiley-
Liss, New York, NY, USA, 1991.

[14] A. M. Cole and A. L. Cole, “Antimicrobial polypeptides are key
anti-hiv-1 effector molecules of cervicovaginal host defense,”
American Journal of Reproductive Immunology, vol. 59, no. 1,
pp. 27–34, 2008.

[15] R. L. Gallo, M. Murakami, T. Ohtake, and M. Zaiou, “Biology
and clinical relevance of naturally occurring antimicrobial
peptides,” Journal of Allergy and Clinical Immunology, vol. 110,
no. 6, pp. 823–831, 2002.

[16] L. S. Martin, J. S. McDougal, and S. L. Loskoski, “Disinfection
and inactivation of the human T lymphocytropic virus type
III lymphadenopathy-associated virus,” Journal of Infectious
Diseases, vol. 152, no. 2, pp. 400–403, 1985.

[17] J. Ongradi, L. Ceccherini-Nelli, M. Pistello, S. Specter, and
M. Bendinelli, “Acid sensitivity of cell-free and cell-associated
HIV-1: clinical implications,” AIDS Research and Human
Retroviruses, vol. 6, no. 12, pp. 1433–1436, 1990.

[18] S. E. Godfrey, B. Voeller, D. J. Anderson et al., “Heterosexual
transmission of HIV,” Journal of the American Medical Associ-
ation, vol. 267, no. 14, pp. 1917–1919, 1992.
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