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a b s t r a c t

Women comprise almost 50% of the population of people living with HIV and the majority of these women
contracted the virus through sexual transmission in monogamous relationships in the developing world.
In these environments, where women are not empowered to protect themselves through the negotiation
of condom use, effective means of preventing HIV transmission are urgently needed. In the absence of
an approved and effective vaccine, microbicides have become the strategy of choice to provide women
with the ability to prevent HIV transmission from their infected partners. Topical microbicides are agents
specifically developed and formulated for use in either the vaginal or rectal environment that prevent
infection by sexually transmitted infectious organisms, including pathogenic viruses, bacteria and fungi.
Although a microbicidal product will have many of the same properties as other anti-infective agents
and would be similarly developed through human clinical trials, microbicide development bears its own
challenges related to formulation and delivery and the unique environment in which the product must
act, as well as the requirement to develop a product that is acceptable to the user. Herein, perspectives
based on preclinical and clinical microbicide development experience, which have led to an evolving
microbicide development algorithm, will be discussed. This article forms part of a special issue of Antiviral
Research marking the 25th anniversary of anti-retroviral drug discovery and development, Vol 85, issue
1, 2010.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

The latest UNAIDS report on the global AIDS epidemic has
estated the global emergency status of the epidemic. Over 25 mil-
ion people have died since the first case of AIDS was identified
n 1981, and the number of people living with HIV worldwide
umbered 33 million at the end of 2007. Almost 2.5 million
eople worldwide became newly infected with HIV and an esti-
ated 2.1 million human deaths were attributed to AIDS in 2007

UNAIDS/WHO, 2007). The rate of HIV infection and AIDS related
eaths is projected to increase over the course of the next decade
ith rapid expansion in Asia, Africa, and Eastern Europe. The

pidemic is not limited to underdeveloped and low to middle
ncome countries, as the number of infected individuals living

ith HIV/AIDS has also risen and the rates of HIV infection have
ot declined in the United States and Western Europe (UNAIDS,
004).

Nucleoside and non-nucleoside reverse transcriptase (RT)
nhibitors and protease inhibitors have been effectively used for
he past decade in highly active anti-retroviral therapies (HAART)
o significantly reduce HIV virus load in infected individuals for
rolonged periods of time (Fischl et al., 1987). The utilization of
AART has dramatically changed the therapeutic landscape of HIV

reatment and the application of cocktails of anti-retroviral agents
s now the standard of care for HIV patients (Bonfanti et al., 1999;
eni et al., 2004). The dramatic reduction in viral load and clini-
al improvements achieved with HAART is a rigorous validation of
he ability of anti-HIV drugs to contain and manage HIV disease,
nd demonstrates that a combination of three or more anti-HIV
gents – even when directed against only two of the putative 10
iral targets – is superior to single or two drug chemotherapy.
hus, the prevailing belief is that the addition of new anti-HIV
gents to HAART regimens will provide additional clinical bene-
ts (Mocroft et al., 1998; Palella et al., 1998). Over the last several
ears, inhibitors of HIV integrase and HIV entry (CCR5 antagonist)
ave been added to the portfolio of approved drugs available to
IV-infected individuals and additional RT and protease inhibitors
ith greater potency continue to be developed. Despite its success,
AART suffers from the emergence of multi-drug-resistant virus

trains, toxicity, difficult treatment regimens, and inadequate phar-
acology, bioavailability and tissue distribution (Richman, 1996;

arpenter et al., 2000; Trabattoni et al., 2002). In the developing
orld, many of these therapeutic strategies are unavailable due to

he prohibitively high cost of the drugs. In these areas, the absence
f an effective vaccine and the lack of effective therapy, means
hat sub-Saharan Africa and Southeast Asia remain epicenters for
he spread of HIV, especially among heterosexual women (Letvin,
006). In these areas of extremely high HIV transmission rates, the
pportunities to derail the AIDS pandemic rests on the processes

f education and behavioral prevention and the development of
ffective prophylaxis, including specific HIV prevention strategies
mploying chemical agents to prevent the sexual transmission of
IV (Turpin, 2002; Lard-Whiteford et al., 2004).
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
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Topical microbicides represent an important strategy with clear
potential for preventing the transmission of HIV through sexual
intercourse, the predominant mode of HIV transmission world-
wide. The latest statistics indicate that the number of women with
HIV infection and AIDS has been increasing steadily worldwide and
according to the World Health Organization, women accounted for
50% of adults living with HIV at the end of 2007 (UNAIDS/WHO,
2007). Thus, the dynamics of the epidemic demand the develop-
ment of safe, effective, and acceptable female-controlled chemical
and physical barrier methods including topical microbicides, to
reduce HIV transmission. The development of microbicidal agents
has gained significant focus and momentum during the past few
years due to the realization that suppression of HIV transmission
in the developing world can have a great impact on the HIV pan-
demic. It has been estimated that a single microbicide with 60%
effectiveness could prevent millions of new cases of HIV infection
each year throughout the world (Watts and Zimmerman, 2002).

Topical microbicides consist of products that attack cellular or
viral targets and prevent the infection of target cells or the repli-
cation of the virus, resulting in decreased virus transmission and
acquisition of HIV. Microbicide strategies may or may not include
those effective against sexually transmitted infections (STIs) that
affect the acquisition or course of HIV infection and may or may not
be contraceptive. A major challenge in the development of topical
microbicides revolves around the actual biology of HIV infection
in the vagina and/or rectum and full understanding of the actual
molecular and cellular events which occur during transmission and
infection. Infectious virus, supplied via the ejaculate, contains both
cell-free and cell-associated virus (Gupta et al., 1997; Quayle et
al., 1997; Coombs et al., 1998). Infectious virus can be recovered
from mononuclear cells in seminal fluid, but endogenous antivi-
ral factors in semen make quantification and recovery of infectious
cell-free virus highly variable. Results from non-human primate
models argue strongly for cell-free virus as the source of infection,
and it has been shown that viral load correlates with transmission
(Pilcher et al., 2004; Cohen and Pilcher, 2005). Once deposited in
the vaginal or rectal vaults, the virus or virus infected cell(s) must
penetrate the epithelium of the tissues in order to reach their target
cells (monocytes, dendritic cells, and/or T-cells) in the sub-mucosa.
In the case of the vagina and ectocervix, the squamous epithelium
is keratinized and can be up to 50 cell layers thick. In the endo-
cervix, the epithelia transitions to a single layer of columnar cells.
Additional defenses may include the barrier properties of cervi-
cal mucus, antiviral factors secreted by the innate immune system,
and protective factors from naturally occurring microflora such as
Lactobacilli sp. (Miller and Shattock, 2003; Cole, 2006). The mech-
anism by which HIV evades these host defenses is unknown, but
micro-trauma resulting in access to the sub-mucosa from inter-
course and/or STI-induced lesions have been identified as potential

routes of entry. Once access to susceptible cells in the sub-mucosa is
obtained, a number of studies have suggested that infection poten-
tially occurs in a two-stage process with local infection of these
susceptible cells in the tissue followed by rapid dissemination from
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he genital tract-associated mucosa to regional lymph nodes (Zhang
t al., 1999a,b; Pope and Haase, 2003; Haase, 2005; Miller et al.,
005a,b). The identity of the initially infected cell is still unknown.
ome studies identify resting T-cells as the first cells to be infected.
thers show strong evidence for capture of virus by dendritic and
angerhans cells and/or direct infection of dendritic cells, either of
hich would facilitate infection of resting T-cells through cell-to-

ell interactions (Frank and Pope, 2002). Obviously a microbicide
ould need to protect against viral infection, possibly at multiple

tages of infection.
The National Institutes of Health (NIH) has recently indicated

heir perspective that research also needs to be conducted on the
se of combinations of microbicides to determine if protective effi-
acy of the products is increased when microbicides with two or
ore different mechanisms of action are used together. Thus, there

s a critical need to promote the discovery and development of safe,
ovel microbicides and combination microbicide therapies and to
rovide support for translational studies to advance new candi-
ates and combinations that have proven safe in preclinical studies

nto early clinical trials. At present the precise characteristics of the
evelopment pathway for microbicides has not been ascertained
ince the IND-directed preclinical data cannot yet be compared
ith clinical experience as can be done with systemic inhibitors

f HIV. Several compounds have reached Phase III human clinical
rials and three products (Nonoxynol-9, Carraguard and cellulose
ulfate) have failed in those trials either due to damage to the vagi-
al epithelium, resulting in increased infection in women using the
roduct (CDC, 2000; Hillier et al., 2005; Tao et al., 2008; Van Damme
t al., 2008), or lack of efficacy (Skoler-Karpoff et al., 2008). Recently,
RO2000 (Indevus, Inc.) has successfully completed a Phase 2B
rial demonstrating a 30% reduction in transmission rates among
omen participating in the trial (2009). The safety and efficacy of
variety of diverse microbicides are currently being evaluated in

linical trials and preclinical development algorithms as both single
nd combination products (www.microbicide.org). Combinations
f topical microbicides are just now beginning to be evaluated in
dvanced preclinical and early clinical studies.
Although the development of anti-retroviral agents for preven-
ion of infection share many challenges with the development of
ystemic inhibitors, a variety of additional hurdles must be over-
ome prior to approval of a microbicidal product. The significant
ifferences are related to the highly specialized environment and

able 1A
icrobicide and PrEP candidates in on-going clinical trials.

Product

PRO2000 (Gel)
Truvada (Oral)
Viread (Oral)
Truvada (Oral)

Viread (Oral)

Tenofovir

Tenofovir (Gel)
Viread (Oral)
Viread (Oral)

Dapivirine (Gel)
VivaGel (Gel)
(SPL7013)

Acidform
Device
HEC/CS/N-9 Gels (Assessment of markers of inflammation after vaginal product use)
PRO2000 (Gel)
Tenofovir (Gel)
UC-781(Gel)
VivaGel (Gel)
(SPL7013)
esearch 85 (2010) 142–158

conditions in which the microbicide product will be used (Turpin,
2002; Lard-Whiteford et al., 2004). Some of the more important
considerations that must be added to the typical HIV drug devel-
opment plan involve (1) the need to assure that the microbicide
product will remain active in the presence of vaginal fluid, cervical
mucous, semen and at vaginal pH (Turpin, 2002; Lard-Whiteford
et al., 2004), (2) the need to effectively formulate the microbi-
cide product for use in an environment significantly different from
that required for systemic inhibitors (Garg et al., 2003a,b), (3) the
need to protect the normal vaginal microenvironment from harm
(Hillier, 1998; Martin et al., 1999), (4) the requirement to develop
products that are safe for both the vaginal and rectal environ-
ments using variations in formulation design (D’Cruz and Uckun,
2004), (5) the ability to utilize higher concentrations of the microbi-
cide product since continuous exposure as required for therapeutic
agents is not expected to be necessary, (6) the need to evalu-
ate the extent of absorption of the product from the vaginal or
rectal vaults into systemic circulation (Van Damme, 2000; Lard-
Whiteford et al., 2004) and (7) the need to evaluate the acceptability
of a product to the end users (Woodsong, 2004). It also must be
understood that these products will be used in both the devel-
oped and undeveloped world, necessitating the development of
products with excellent stability characteristics, low cost, and ease
of application. Finally, microbicide development must take into
account the fact that the goal is to prevent, not treat, infection
and thus the microbicide prevention strategies should also include
virucidal agents that directly inactivate virus in semen or vagi-
nal fluids or that act prior to the integration of the virus in the
target cells of the vagina or rectum (Mathijs et al., 1988; Martin
et al., 1999). The therapeutic environment of the vagina or rec-
tum is at present not well understood (D’Cruz and Uckun, 2004;
Balzarini and Van Damme, 2005) and therefore the product must
be able to effectively suppress infection by virus contained in dif-
ferent inoculum formats (cell-free virus or cell-associated virus),
in different target cells (CD4-expressing, CD4-non-expressing), for
unknown periods of interaction time following the introduction of
the infectious inoculum, and in the presence of concurrent vaginal

infections with other viral, bacterial and fungal organisms (Tan et
al., 1993; Tan and Phillips, 1996; Bomsel, 1997; Ibata et al., 1997;
Hu et al., 1998; Stahl-Hennig et al., 1999; Zhang et al., 1999a,b;
Collins et al., 2000; Hu et al., 2000; Di Fabio et al., 2001; Carreno et
al., 2002).

Mechanism of Action Stage of Development

Virus Entry Phase 3
NRTI/NtRTI
NtRTI
NRTI/NtRTI

NtRTI Phase 2/3

NtRTI Phase 2B

NtRTI Phase 2

NtRTI

NNRTI Phase1/2
Virus Entry

Vaginal Defense Enhancer Phase 1

N/A
Virus Entry
NtRTI
NNRTI
Virus Entry

http://www.microbicide.org/
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Table 1B
Microbicide and PrEP candidates in planned and/or funded clinical trials.

Products Mechanism of Action Planned Stage of Development

BufferGel (Barrier Method and Gel) Vaginal Defense Enhancer Phase 3
Dapivirine (Gel and Ring) NNRTI
Tenofovir (Gel) NtRTI

Invisible Condom Entry/Fusion Phase 2/3

Tenofovir (Gel) NtRTI Phase 2/2B

Dapivirine (Gel) NNRTI Phase 1/2
Dapvirine (Ring) NNRTI

CAP (Vaginal Tablet) Virus Entry Phase 1
Dapivirine (Gel) NNRTI
Dapivirine (Ring) NNRTI
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MIV-150 (Gel) NNRTI
MIV-150 (Ring NNRTI
Tenofovir (Gel) NtRTI

. Existing classes of topical microbicides under
evelopment

A variety of different classes of inhibitors are currently
eing developed as topical microbicides (Turpin, 2002). The first
eneration of microbicides included highly sulfated molecules
nd detergent-based approaches to prevent virus attachment or
irectly inactivate infectious virus. Additionally, indirect microbi-
ide strategies such as buffering the pH of the vagina to maintain
he naturally occurring low pH have been used in an attempt
o prevent infection. Subsequently, more specific anti-retroviral
gents (ARVs), including attachment inhibitors and reverse tran-
criptase inhibitors, have entered development and the evaluation
f these specific classes of anti-retroviral inhibitors is now being
xpanded to include compounds with greater potency and selectiv-
ty. More recently, strategies have evolved to include the evaluation
f molecules that target cellular proteins or stimulate innate or
daptive immune responses, including NK cells, defensin-type
olecules, and neutralizing antibodies in the mucosa. Tables 1A–1C

able 1 provides an overview of agents currently being evaluated
xperimentally or in human clinical trials.

Several microbicide products have thus far been evaluated in
dvanced human clinical trials to monitor their safety and effi-
acy. Trials with the surfactant-based products SAAVY (C31G) and
onoxynol-9 were stopped due to lower than expected HIV infec-
ion rates in the trial cohort and because of enhanced rates of
nfection in trial participants, respectively. The surfactant-based
roducts directly inactivated HIV by damaging the membrane coat
f HIV, rendering the virus non-infectious, but the products appear
o have had exerted detrimental toxicities on the vaginal epithe-
ium by the same mechanism, creating micro-lesions resulting in
nhanced opportunity for infection with HIV. A retrospective eval-
ation of preclinical data obtained with nonoxynol-9 suggests that
his clinical result should have been anticipated (Beer et al., 2006).
rials with cellulose sulfate and Carraguard, sulfated polysaccha-
ides which inhibit the binding of HIV to CD4(+) target cells, also
esulted in failure in human clinical trials. Continued retrospective
valuation of trial data and additional mechanistic studies are being
erformed to further understand the lack of efficacy of the polyan-

on class of inhibitors. However, based on the results obtained
ith both the surfactants and polyanionic compounds, additional
roduct development in these areas has been suspended. The first
roduct found to be effective in human clinical microbicide trials
s PRO2000, a cationic naphthalene sulfonate polymer which tar-
ets an epitope on CD4 and prevents HIV attachment. PRO2000 has
lso been found to be active against other STIs and viruses. In stan-
ard HIV microbicide efficacy assays PRO2000 demonstrated 50%

nhibition of HIV replication (EC50) at concentrations ranging from
0.3 �g/mL to 4.3 �g/mL (reviewed in Lackman-Smith et al. (2008)).
Against HSV-2, the EC50 concentration was defined as 11.4 �g/mL
(Fletcher et al., 2006). PRO2000 exhibited a good safety profile
in multiple early stage clinical trials (Poynten et al., 2009). Initial
results from the Phase 2/2B HPTN 035 trial, which was a multi-
center clinical trial evaluating the safety and effectiveness of two
different candidate microbicides, BufferGel® and PRO 2000, in 3100
sexually active HIV-negative women at seven sites in Africa and the
United States, indicated 30% effectiveness with the 0.5% PRO2000
gel (unpublished data). Although the initial results are promising
for PRO2000 and the microbicide field in general, additional data
needs to be obtained to comprehensively evaluate the effective-
ness of PRO2000. MDP-301 is a Phase III human clinical trial that
evaluated the safety and effectiveness of 0.5% and 2% PRO2000 gels.
One of the first of its kind, this trial enrolled over 9000 women and
involved 6 research centers. In February of 2008, 2% PRO2000 gel
arm was discontinued by the Data Safety Monitoring Board due to a
finding of futility since there was little chance it would prove effec-
tive. The 0.5% PRO2000 gel arm was continued. The trial ended in
August of 2009. The data have not yet been reported.

3. Development of microbicide inhibitors

Detailed algorithms, based on the Food and Drug Administration
(FDA) Points to Consider (PTC) guidance documents for the devel-
opment of systemic HIV inhibitors to treat HIV infection, have been
defined to expeditiously progress compounds through the pre-
clinical and clinical evaluation of HIV therapeutic agents. The PTC
guidance addresses issues critical to providing a rationale for the
clinical development of a therapeutic anti-HIV agent, including the
evaluation of (1) compound efficacy and toxicity in relevant cell-
based systems, (2) the range and mechanism of action of candidate
compounds, (3) the interactions of the compound in combination
with other approved drugs, and (4) resistant virus selection upon
long-term exposure of virus to the experimental agent. In gen-
eral, the current development algorithm for topical microbicides
is identical to that described for systemic HIV inhibitors and can be
summarized as shown in Table 2. For microbicide development it is
important to keep in mind the primary characteristics or require-
ments for an effective agent, namely activity against clinical strains
of virus, the ability to inhibit early pre-integration steps in virus
replication to prevent infection of target cells, and lack of toxicity
at high concentrations to normal vaginal flora and cells and tis-

sue representative of the vaginal, cervical and/or rectal epithelium
(Mathijs et al., 1988; Patterson et al., 1998; Martin et al., 1999).
Ultimately, the inhibitor must be formulated in an appropriate
manner (gels, creams, rings, films, tablets, etc.) for vaginal or rectal
application (Garg et al., 2003a,b). The consensus opinion is that a
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Table 1C
Microbicide candidates in preclinical development.

Product Mechanism of Action Development Phase

CAP Virus Entry/Fusion Advanced Preclinical
Cyanovirin-N (CV-N) Virus Entry/Fusion, Vaginal Defense
D-Peptides Virus Entry/Fusion
5P12-RANTES Virus Entry/Fusion
Mapp66 CCR5 and HSV Ab combinations
Nisin Virus Entry
Octylglycerol Gel Surfactant
Opuntia spp(Osp) Virus Entry/Fusion, Virus replication
PEHMB Virus Entry/Fusion
Polycarboxylated aryl oligomer (PPCM) Virus Entry/Fusion
Retrocyclins Virus Entry/Fuison
IQP-0528 (SJ-3991) NNRTI/Virus Entry

C5A Vaginal Defense Enhancer Discovery/Early Preclinical
CADA Entry/Fusion Inhibitor, Uncharacterized mechanism
CAP and combinations with NNRTIs and ZFIs Multiple Mechanisms
Combinations (Entry and Replication Inhibitors) Multiple mechanisms
Diterpene Integrase
DS003/BMS-599793 Virus Entry – gp120
DS004/L-860/872 Virus Entry – CCR5
DS005/L860,882 Virus Entry – CCR5
EBd peptides Virus Entry/Fusion
Flavonoids Virus Entry/Fusion
Glycerol monolaurate Uncharacterized mechanism
HHA, KRV2110, T20 Combinations Virus Entry/Fusion
ISIS 5320 Virus Entry – gp120
K5-N, OS(H), K50SH Virus Entry/Fusion
KP1, KP17 Replication inhibitor
L644 Peptide Fusion inhibitor – gp41
Maraviroc Entry inhibitor – CCR5
MIV-150 Vaginal Ring Virus NNRTI
Nanobodies Entry/Fusion
NCp7 Inhibitors (Thioesters) Viral Inactivators
Novasomes Virus Entry/Fusion, Uncharacterized mechanism
Optimised dendrimers Virus Entry/Fusion
PC-710 VirusEntry/Fusion and Zinc
PSC-RANTES Virus Entry – CCR5
Pyrimidinediones NNRTI/Virus Entry
Pyrimidinediones + ISIS 5320 NNRTI/Virus Entry – gp120
RANTES peptides Virus Entry
Recombinant Lactobacillus (LAB) Virus Entry
REP 9C, REP 9AC Virus Entry
sCD4-17b Virus Entry
Single-chain ICAM Virus Entry
siRNA Virus Entry/Fusion
Sodium Rutin Sulfate (SRS) Virus Entry/Fusion
Soluble DC-SIGN Virus Entry/Fusion
Syndecan Virus Entry – CCR5
Talactoferrin Virus Entry/Fusion, Uncharacterized mechanism
TATC-D peptides Virus Entry/Fusion
Unipron Vaginal Defense Enhancer
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x-REPLAB Vaginal Defe
ZCM (PC-1005) Virus Entry/F
Zinc tetra-ascorbocamphorate derivative “C14” Virus Entry a

icrobicide product should be inexpensive, colorless, odorless and
asteless, and should be available in forms that may or may not be
ontraceptive (Turpin, 2002). In addition the microbicide should be
asy to use, amenable to covert use and should enhance or at least
ot interfere with sexual pleasure (Bentley et al., 2000; Mason et al.,
003; Morrow et al., 2003; El-Sadr et al., 2006; Rosen et al., 2008).
uch of the microbicide research and development currently being

erformed is targeted at preventing transmission of HIV in sub-
aharan Africa and Southeast Asia, but an effective microbicide will
ndoubtedly be used worldwide to prevent the sexual transmission
f HIV and other sexually transmitted infectious organisms (STIs).
.1. Regulatory guidance relevant to the development of topical
icrobicides

At present the Food and Drug Administration (FDA) has not
ssued a specific guidance document for the development of anti-
hancer
, Zinc and NNRTI
egrase

HIV topical microbicides; however, there is some consensus that
the key points to consider are similar to those used for the devel-
opment of systemic HIV inhibitors. The International Working
Group for Microbicides (IWGM) has published a detailed and
extensive list of development milestones that are highly applica-
ble (Lard-Whiteford et al., 2004). The requirements for systemic
Investigational New Drug (IND)-directed development include effi-
cacy and toxicity evaluations in relevant cell culture systems,
range-of-action evaluations against clinically relevant wild type
and resistant organisms, definition of the product’s mechanism of
action, a detailed evaluation of the combination microbicide inter-
actions and combination prevention strategies, and drug resistance

evaluations. In the microbicide environment, these points would
necessarily be modified to specifically include efficacy and toxicity
testing in cells or systems appropriate for vaginal or rectal trans-
mission, range-of-action testing with subtypes of virus expected
to be encountered in clinical trials in sub-Saharan Africa or South-
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Table 2
Stages of preclinical microbicide development.

Stage 1: In vitro efficacy and toxicity assays
Efficacy versus CCR5-tropic virus strains
PBMC efficacy and toxicity assays (clinical subtypes B, C, and/or E)
Efficacy in monocytes and dendritic cells
Efficacy in presence of mucin
Efficacy in presence of synthetic vaginal fluid and seminal plasma
Efficacy at vaginal pH

Stage 2: Transmission inhibition assays
Cell-free and cell-associated virus transmission assays
CD4-dependent and CD4-independent transmission assays
Transmission inhibition and sterilization assay (MTSA)

Stage 3: Mechanistic assays
Attachment inhibition
Fusion inhibition
Virus inactivation assays (virucidal activity)
RT inhibition assays
CCR5 and CXCR4-tropism for attachment inhibitors
DC-SIGN inhibition assay for attachment inhibitors
gp120/CD4 ELISA

Stage 4: Range of action assays
Efficacy against range of HIV-1 subtypes (clades)
Efficacy against CCR5- and CXCR4-tropic viruses
Efficacy against resistant viruses
Efficacy against HIV-2, SIV, and SHIV
Efficacy versus other STIs

Step 5: Vaginal/Rectal Environmental Toxicity
Toxicity to Lactobacillus sp.
MatTek epivaginal assays
Vaginal cell toxicity
Cervical cell toxicity
Rectal cell toxicity

Step 6: Combination assays with other potential microbicides
In attachment assay
In standard PBMC assays
In transmission/sterilization assay

Step 7: Resistance
Transmission of resistant strains in attachment assay
Selection of resistant strains in microbicide-like conditions

e
i
o
a
t
a
t

3

t
t
(
t
(
i
c
a
C
s
m
e
i
t

Step 8: Cervical explant or other ex vivo model
Step 9: Activity in candidate gel formulations
Step 10: Non-human primate models/Mouse models

ast Asia, definition of mechanisms of action that occur prior to the
ntegration of HIV into target cell DNA, combination studies with
ther microbicidal compounds in appropriate formulations using
ppropriate target cells, and evaluation of the ability of the agents
o prevent the transmission of resistant virus strains (in addition to
ctually selecting for resistant strains under prolonged culturing or
reatment durations).

.2. Primary topical microbicide screening

The primary evaluation of candidate topical microbicides is rou-
inely performed by evaluation in both cell-based assays that serve
o define both the antiviral efficacy and toxicity of the compound
PBMC assays with low passage clinical strains) as well as the selec-
ion of compounds with optimal microbicide mechanism of action
attachment, entry, fusion, or RT inhibitors). In addition, toxicity
s usually evaluated immediately with regard to the effects of the
andidate on normal vaginal flora (Lactobacillus sp.) and cells that
re specific to the vaginal, cervical, and/or rectal environments.
ompounds developed and identified through mechanism-based

creening for direct virucidal activity or the ability to inhibit attach-
ent, entry, fusion, or reverse transcription are also immediately

valuated for activity in these cell-based efficacy and toxicity defin-
ng assays. Toxicity evaluations should also include evaluation of
he toxicity of the candidate microbicide at high concentrations
esearch 85 (2010) 142–158 147

with limited exposure times (1, 2, 4, 8, and 24 h exposures) to more
closely mimic the interaction of cells with the microbicide and the
product’s length of residence time in the vagina must be understood
in the performance of these assays to assure that appropriate toxi-
city endpoints are evaluated. In our laboratory, primary screening
is performed in both PBMC assays using low passage clinical virus
strains (Morner et al., 1999) (currently focusing on subtype C or
subtype E viruses based on their prevalence in areas expected to
be utilized in initial human clinical trials) and with entry inhibition
assays utilizing MAGI, GHOST or TZM-bl cells with CCCR5, CXCR4,
and dual tropic receptor expression (Kimpton and Emerman, 1992;
Morner et al., 1999). It has become widely accepted that primary
virus infections routinely involve the transmission of CCR5-tropic
virus and thus most primary screening algorithms are performed
using these viruses. Toxicity testing is performed using three
strains of Lactobacilli and with cervical and vaginal epithelial and
endothelial cells (Fichorova and Anderson, 1999; Fichorova et al.,
2001a,b).

3.3. Range of anti-HIV action

The most important considerations when defining the range
of action of a potential microbicide is the ability of the product
to prevent cell-free and cell-associated virus transmission to tar-
get cells and to prevent transmission to cells that do or do not
express cell surface CD4. These assays are routinely performed in
the presence and absence of mucopolysaccharides, such as porcine
mucin, or vaginal or seminal fluids (Owen and Katz, 1999, 2005),
to more closely mimic the environment in which the compounds
must be active. These virus transmission assays have been devel-
oped to evaluate all possible means of virus transmission in the
vaginal vault and are performed using appropriate epithelial tar-
get cells [MAGI, GHOST, or TZM-bl cells) expressing appropriate
receptors and co-receptors or the cervical epithelial cell line ME180
(that does not express CD4)] with the infectious virus in a cell-
free or cell-associated form. It has become commonly accepted
that virus transmission primarily involves CCR5-tropic virus strains
and thus testing should be performed with these viruses, but con-
firmed with CXCR4-tropic viruses as a component of the range of
action evaluations. Since the primary mechanism of virus trans-
mission in the vagina and rectum remains unclear, it is important
to evaluate the ability of a microbicide candidate to inhibit all
potential means of virus transmission. Culture conditions can be
modified to evaluate compound pretreatment or delayed addi-
tion as well as variability in the multiplicity of infection (MOI) of
the viral inoculum. For microbicides, knowledge of the pretreat-
ment effects and variable MOIs are critical since the product will
be applied prior to introduction of the viral inoculum. In addi-
tion, range-of-action assays should be employed to determine the
efficacy profile of the microbicide compound against geographi-
cally distinct clinical virus subtypes, or clades, found throughout
the world and to drug-resistant and multi-drug-resistant (MDR)
virus strains that might be encountered during sexual transmis-
sion. For a microbicide that essentially forms a barrier between
the virus and its target cell, it is very important to determine
the ability of pre-existing drug-resistant virus strains to bypass
the chemical barrier. Since infectious replicating virus will not be
repeatedly exposed to drugs being used in the microbicide prod-
uct, the issues of resistance (described in more detail below) must
be focused on preventing the transmission of drug-resistant virus
strains rather than the selection of resistant strains. Thus, transmis-

sion and PBMC-based assays utilizing drug-resistant virus strains
are important to the development of the microbicide product. In
the microbicide environment it would be especially useful to have
compounds that are able to suppress the replication or cellular
infection of multiple STIs in addition to HIV. Thus, as a component
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Fig. 1. Evaluation of Pyrimidinediones in a Specialized Transmission Inhibition
Assay. (A) Sterilizing Concentration Determinations for Pyrimidinedione Inhibitors:
SJ-3991, SJ-3366 and SJ-3339 were evaluated in the MTSA and the results are pre-
sented as the number of passages which were positive for virus replication at each
compound concentration. The results of two replicate assays for each compound are
presented. Each pyrimidinedione was evaluated at concentrations that were 10-, 50-
, 250-, 1250-, 6250- and 31,250-times the EC50 concentration that was defined in the
CPE inhibition assay. All tested concentrations were significantly below the defined
toxic concentration to CEM-SS cells. Passages which were positive for virus produc-
tion were defined by detection of virus in the cell-free supernatant by RT assay. Cells
were passaged for 10 passages and in the absence of compound for an additional
5 passages. (B) Sterilizing Concentration Determinations for Control Compounds:
The entry inhibitor cynovirin –N, the nucleotide RT inhibitors AZT and 3TC, the
nucleotide RT inhibitor Tenofovir and the non-nucleoside RT inhibitors UC781 and
efavirenz were evaluated in the MTSA and the results are presented as the number of
passages which were positive for virus replication at each compound concentration.
The results of two replicate assays for each compound are presented. The concentra-
tions utilized for each compound in the series are as follows: AZT: 10–31,250 nM (10-
through 31,250-times the EC50 concentration); 3TC: 100–62,500 nM (10- through
6250-times the EC50 concentration); Efavirenz: 10–6250 nM (10- through 6250-
times the EC50 concentration); UC781: 15–46,875 nM (10- through 31,250-times
the EC50 concentration); cyanovirin N: 0.1–62.5 �g/mL (10- through 6250-times
the EC50 concentration); Tenofovir: 2.5–97.7 �M (2.5- through 97.7-times the EC50
48 R.W. Buckheit Jr. et al. / Anti

f the range-of-action testing, it is suggested that the ability of the
icrobicide to inhibit replication of other viral, bacterial, and fun-

al pathogens that are known to be sexually transmitted should be
valuated. Screening is routinely performed against the STIs listed
n Table 3.

.4. Specialized microbicidal transmission inhibition assays

We have recently described a highly sensitive transmission
ssay based on methodology originally described by Balzarini et
l. (Balzarini et al., 1993; Watson et al., 2008) that serves to define
he concentrations of a microbicide that can completely suppress
he transmission and subsequent replication of viruses in culture.
hough the assays defined above that quantify the cell-free and
ell-associated transmission of HIV are sensitive, they lack the
obustness of the new microbicide transmission and sterilization
ssay (MTSA) because of the timing of the endpoint analysis. In the
TSA, virus is added to the culture in a cell-free or cell-associated

orm and the infection is allowed to proceed over the course of
0 days in the presence of various high, fixed concentrations of
he microbicide test compound. The concentrations chosen are
ased on the selectivity index of the compound but the initial
ulture concentration is generally ten times the 50% effective con-
entration (EC50) of the compound. The cells are subcultured every
hree days by adding 20% of the infected culture (cells and super-
atant) to the same original volume of uninfected cells in fresh
edium with the same fixed concentration of test agent. These

ssays serve to define the concentration of the microbicide com-
ound required to completely suppress or sterilize a culture and
he sterilizing concentration of a given compound is totally unique.

representative example of the data obtained in the specialized
icrobicide transmission assay is shown in Fig. 1. Compounds

rom the same highly related structure activity relationship (SAR)
eries that possess only extremely minor differences in chemical
tructure have been found to have equivalent activity in PBMC
ultures and standard transmission assays, but to be widely dif-
erent in their ability to suppress virus production in the MTSA (see
ig. 1). Surprisingly we have found that most approved HIV drugs
equire significantly higher (1000 × EC50 concentration defined in
he CPE assay) concentrations to completely suppress virus trans-

ission and sterilize a culture of replicating virus than required
or effective inhibition in the CPE assay. These transmission assays
an be performed in simulated vaginal or seminal fluids or other

ucopolysaccharides and drug treatment can be modified to more

ccurately reflect microbicidal use. In addition, a variety of virus
trains, including drug-resistant strains, may be used as the infec-
ious inoculum.

able 3
exually transmitted infection (STI)-causing organisms to be evaluated during top-
cal microbicide development.

Pathogen Classification Indication

Herpes Simplex Virus-Type 2 Virus Herpes
Hepatitis C (BVDV) Virus Hepatitis
Hepatitis B Virus Virus Hepatitis
Gardnerella vaginalis Bacteria Bacterial vaginosis
Prevotella corporis Bacteria Bacterial vaginosis
Neisseria gonorrhoeae Bacteria Gonorrhea
Bacterioides fragilis Bacteria Bacterial vaginosis
Mobiluncus curtisii Bacteria Bacterial vaginosis
Candida albicans Fungus Vulvovaginal candidiasis
Trichomonas vaginalis Protist Trichomoniasis
Lactobacillus crispatus Bacteria Normal Vaginal Flora
Lactobacillus jensenii Bacteria Normal Vaginal Flora
Lactobacillus acidophilus Bacteria Normal Vaginal Flora
Chlamydia trachomatis Bacteria Chlamydia

concentration). All concentrations were in 5-fold increments 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 and in the absence of compound for an
additional 5 passages.

3.5. Mechanism of anti-HIV action

Mechanistic studies to define how a potential microbicide
prevents HIV infection are an important step in microbicide devel-
opment since the optimal action of the microbicide is to prevent
HIV infection prior to the establishment of the proviral state (pre-
integration inhibitors). Both cell-based and biochemical/enzymatic
assays are available to precisely define the mechanism of action of
a test compound. In the case of microbicides, these assays are pri-
oritized to include those that monitor virus attachment and entry,
cell–cell fusion, and reverse transcription in light of the prevailing
hypothesis that a microbicide product should prevent de novo infec-

tion. Entry assays can be performed to evaluate chemokine receptor
specificity as well as the conformational epitopes that are formed
upon co-culture of virus with target cells (post-attachment inhibi-
tion). Specialized testing for microbicides should include virucidal
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Fig. 2. Evaluation of Combination Drug Interactions in Three Cell System. Com-
bination anti-HIV activity interactions of pyrimidinedione IQP-0410 (SAR 62) and
Chicago Sky Blue in CEM-SS cells infected with a laboratory strain of HIV-1 (Panel
A), in PBMCs infected with a low passage clinical strain of HIV-1 (Panel B) and in
the microbicide-like attachment inhibition assay (Panel C). Slightly synergistic and
R.W. Buckheit Jr. et al. / Anti

ssays to determine whether compounds inhibit virus replication
y directly inactivating HIV.

.6. Combination therapy strategies

Combination therapy strategies are just beginning to be devel-
ped for microbicide inhibitors. At present two microbicide trials
nclude the evaluation of a combination of a microbicide with
n oral anti-retroviral agent: tenofovir (1% gel) plus oral teno-
ovir disoproxil fumarate (TDF) and tenofovir gel plus oral Truvada
TDF + emtricitabine). Recent NIH funding initiatives have specif-
cally included support for the development of combination
revention strategies. The challenge of developing a combination
icrobicide strategy is a highly interesting opportunity, especially

ince the creative development of formulation strategies can be
sed to place each of the microbicides in the right place within
he vaginal or rectal environment at the appropriate time to pre-
ent infection. For example, viral inactivating agents would be
xpected to have activity upon contact with HIV-infected semen in
he vaginal/rectal vault, viral entry inhibitors would be expected
o work at the vaginal/rectal epithelium, and reverse transcrip-
ase inhibitors would need to be present inside the target cells
ining the epithelium. Combination assays have routinely been
erformed in either established or fresh human cell systems for
he development of systemic inhibitors. In light of the specialized
equirements for infection in the microbicide environment which
nclude hematopoietic cells (T-cells, macrophages), dendritic cells,
nd epithelial cells, combination assays utilized should evaluate
he activity of the microbicides alone and in combination in each of
hese cell types. For example, in addition to the standardized com-
ination assays in PBMCs and other cell established hematopoietic
ell lines, we have adapted the MAGI or GHOST cell based entry
nhibition assays as a microbicide combination assay, as this assay

ight more closely resemble the environment in which the test
gents will need to function. In this assay, MAGI or GHOST cells are
retreated with the combination of microbicides. Mucopolysaccha-
ides and/or simulated/authentic vaginal and/or seminal fluid may
lso be added. Infectious virus is added and the cells are cultured for
pproximately two hours before the unattached and unabsorbed
irus are removed by washing. The washing step may be modi-
ed to allow a more gradual disappearance of virus and compound
o more accurately mimic the vaginal microbicide treatment and
nfection kinetics. The infection of the target cells and the ability of
he compounds to prevent infection are then evaluated using the

acSynergy II analysis program at 48 h post-infection.
These microbicide-specific assays sometimes provide signifi-

antly different results than those performed with established or
resh cells as can be seen in data provided in Fig. 2. In the systemic-
ype inhibitory assays, the compound and virus are allowed to
emain in contact with the cells for 6–7 days post-infection. In cases
here significant synergy has been observed with the systemic

ssays, the microbicide assay has in some cases defined additive
o only slightly synergistic results, and vice versa. Thus far, the data
ould suggest that evaluation in the microbicide-specific assays is
arranted since different answers are obtained with regard to the

nteraction of test compounds.

.7. Resistance issues and considerations for development of
icrobicides

As described above, infectious virus in the inoculum will be

xposed to a microbicide product in the vaginal or rectal vaults
nd most likely will not have the opportunity to actually repli-
ate in the presence of the compound (unless the active product
s systemically absorbed). Thus, resistance selection in the con-
ext of microbicide development implies the rapid selection of a
additive interactions were observed with the CEM-SS and PBMC cultures, while sig-
nificant synergy was observed in the microbicide-like attachment assay in MAGI
cells.

virus that likely pre-exists in the infectious inoculum and that is

able to penetrate the microbicide barrier immediately because of
the presence of the resistance-engendering mutation. For exam-
ple it would be expected that the use of a compound such as the
non-nucleoside RT inhibitor (NNRTI) nevirapine would provide an
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ffective barrier to wild type viruses in a population, but would
llow transmission of a virus possessing the nevirapine-resistant
181C or Y181C + K103N mutations in the RT. In the case of these
esistant viruses, the microbicide barrier would be immediately
brogated and the mutant viruses would transmit to the target
ells as if the microbicide compound were not present. Thus, it
s important to consider the impact of the presence of rare pre-
xisting drug-resistant viruses whenever a microbicide product is
valuated. Compounds in which multiple amino acid changes are
equired for high-level resistance as a monotherapy would be the
etter choices for mono or combination microbicide strategies. As
ombination microbicide products are developed, in vitro antivi-
al evaluations should be performed to assure that virus strains
esistant to one of the microbicide compounds remain completely
usceptible to the other microbicide compound in the combination
roduct. The quantification of resistance selection in the micro-
icide environment essentially involves the use of the short-term
nd specialized microbicide transmission assays (MTSA) in which
he ability of the resistant virus to transmit is compared side by
ide with wild type virus. These assays effectively demonstrate the
ase by which resistant viruses can bypass a microbicide barrier.
he resistant viruses that should be employed in these evaluations
hould include any virus(es) that possess a known resistance profile
o the microbicide being evaluated, viruses resistant to other mem-
ers of the same inhibitor class, as well as resistant viruses known to
e transmitted with some frequency as primary infections, includ-

ng MDRs. In our laboratory, we define the sterilizing concentration
f each microbicide compound using both wild type and various
rug-resistant virus strains, including MDRs, and calculate a ratio
hat would demonstrate the fold-increase in drug concentration
equired to suppress the transmission of a drug-resistant virus
ersus a wild type virus. Another consideration for the develop-
ent of microbicides is that the microbicide compound could be

bsorbed through the vaginal or rectal mucosa and enter the blood-
tream of an individual that is HIV infected. Additionally, absorption
ay occur through the exposure of the unprotected penis to the
icrobicide compound in the vaginal or rectal vaults, or through

xposure of mucous membranes in the mouth during oral sex.
hese secondary means of absorption and the possibility of select-
ng for resistant viruses should be carefully considered. At present

ost absorption studies are performed by evaluation of compound
ntering the blood stream from vaginal or rectal administration
nd studies are not performed to evaluate penile or oral absorption.
icrobicide use is predicated on the ability of the compound to pre-

ent transmission to uninfected sexual partners (females or males)
rom infected males through exposure to infectious virus in semen.
owever, the infected male partner must be carefully considered
ith regard to resistance selection if the opportunity exists for this

nfected male to receive small suboptimal doses of a microbicide
hrough penile or oral absorption during sexual relations with his
artner. In this scenario, the secondary absorption may drive resis-
ance selection in the infected male, allowing subsequent infection
f his sexual partner with resistant virus that is insensitive to the
arrier effects of the microbicide that this partner has been using.
nimal studies should be performed in the advanced preclinical
evelopment stage to quantify penile and oral absorption.

.8. Ex Vivo evaluations using cervical explants

Ex vivo organotypic cultures offer an indispensable bridge
etween in vitro culture systems and clinical studies by provid-
ng a controlled format where microbicides can be comparatively
valuated for (1) toxicity against the mucosal epithelium and (2)
nti-HIV-1 activity in target cells present within the sub-mucosa
f human tissue. Three ex vivo ectocervical explant systems have
een described (Collins et al., 2000; Greenhead et al., 2000). In one
esearch 85 (2010) 142–158

method, tissues are completely embedded/submerged in tissue cul-
ture fluids and HIV-1 is applied apically to the explant tissue with
or without added microbicide (Collins et al., 2000). In the second
method, the tissue is exposed to HIV-1 with or without an added
microbicide in a non-polarized manner and the explants are cul-
tured submerged in tissue culture medium (Greenhead et al., 2000).
Recently, a third method which more closely mimics vaginal infec-
tion has been described (Cummins et al., 2007). In this explant
culture system, tissue is maintained in a polarized state with the
epithelial surface positioned at the air/tissue interface and the sub-
mucosa (stroma) submerged in tissue culture medium. Unlike the
other explant culture systems (Collins et al., 2000; Greenhead et
al., 2000), this positioning of the cervical tissue allows application
of virus and candidate topical microbicides directly to the epithe-
lium and allows access to the cells in the sub-mucosa. This explant
culture along with the other published explant systems (Collins et
al., 2000; Greenhead et al., 2000) has several limitations, includ-
ing the lack of hormone modulation, the lack of recruitment of
immune cells, the loss of epithelium, and the inability of the epithe-
lial tissue to regenerate or repair damage. However, the last two
attributes make this system sensitive to any potential toxic effect
by the topical microbicide. Further, this explant culture demon-
strates the capacity to be infected with HIV-1 with the subsequent
evaluation of efficacy of several topical microbicide compounds.
Additionally, this explant model may be performed with the addi-
tion of semen and vaginal fluids to more closely mimic the actual
environment in which the microbicide must function.

3.9. Animal models of HIV sexual transmission

A non-human primate model involving the vaginal and rectal
inoculation of SIV or SHIV using rhesus macaques that has become
the method of choice for the evaluation of HIV microbicides (Miller
et al., 2005a,b; Patton et al., 2009). In this model, the virus uti-
lized must be SIV, but depending on the mechanism of action of the
microbicide, SHIV strains with HIV envelope or HIV reverse tran-
scriptase have also been utilized. Nearly all microbicides that are in
clinical development have been evaluated in this particular animal
model and the model can be used to monitor the ability of poten-
tial microbicides to inhibit both vaginal and rectal transmission of
virus. Unlike the scenarios for development of systemic inhibitors
of HIV infection, the use of the non-human primate model for
the evaluation of microbicide products is much more frequent,
however significant debate over the relevance of the non-human
primate model versus actual human infection exists in the field and
it is commonly accepted that better and more predictive models are
needed to prioritize microbicide development. The animal models
not only provide needed efficacy information on the product, but
also allow for the evaluation of potential toxic effects of the micro-
bicide product through direct observation of lesions in the vaginal
or rectal lining and the quantification of inflammatory cytokine
production. A topical microbicide development model using mice
has also been developed (Sun et al., 2007; Denton et al., 2008). This
model employs humanized bone marrow–liver–thymus (BLT) mice
reconstituted with human CD4+ T and other relevant human cells
and the mice are susceptible to intravaginal infection by HIV-1. The
advantages of the BLT model include the use of humanized tissue
and HIV-1, as well as the benefits of significantly reduced quantity
requirement for compounds for screening and the ease of working
with small animals as opposed to non-human primates.
3.10. Advanced preclinical testing leading to the IND

Specialized testing for HIV microbicide development that dif-
fers significantly from studies proposed for systemic HIV inhibitors
includes Rabbit Vaginal Irritation (RVI) (Draize, 1944; Eckstein et
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l., 1969) and Rabbit Penile Irritation (RPI) evaluations (Zaneveld
t al., 2002), contact hypersensitivity testing such as the Local
ymph Node Assay (LLNA) (Buehler, 1994; Dearman et al., 1999;
CCVAM, 1999) and absorption studies to evaluate the potential
or systemic absorption of the microbicide (Lard-Whiteford et al.,
004; Balzarini and Van Damme, 2005) The remainder of the pre-
linical pharmacology and toxicology is identical to that described
or the systemic inhibitors (Buckheit, 1997) though some safety
harmacology studies may be avoided if a microbicide candidate
an be shown conclusively not to be absorbed into the systemic
irculation. Evaluation of inflammatory responses in the vaginal
nvironment as measured by cytokine and chemokine profiles
emains in the experimental stage (Belec et al., 1995; Doncel et
l., 2004), but may soon become a relevant component of devel-
pment algorithms. Evaluation of inflammatory responses would
llow for greater understanding of potential immunomodulatory
ctivities upon microbicide administration.

. Microbicide formulation and delivery

The importance of the role of product formulation in the success
f the development of a safe and effective microbicide product has
een acknowledged. Successful formulation development requires
ystematic combination of vaginal microbicide candidates with
xcipients in a scientifically rational way to produce a stable, safe,
nd effective product. In addition to product safety and efficacy,
atient acceptability is essential for the success of a microbicide
roduct. The drug delivery method appropriate for each microbi-
ide will depend upon factors such as chemical characteristics of
he compound to be delivered and the mechanism by which the
espective microbicide agent inhibits HIV infection. If the microbi-
ide binds to the receptor or co-receptor of the target host cells to
revent HIV infection (macrophages, T-cells, and dendritic cells),
hen the drug delivery method must be able to deliver the drug to
he site of action within the tissue. It is of critical importance to con-
ider the target and eventual formulations even in the early phases
f microbicide development. Therefore a “one size fits all” approach
o microbicide drug delivery may not be possible, necessitating
he consideration of “alternative” or other novel formulations such
s polymeric films and nanoparticles. Several dosage forms have
een identified and are under investigation for use as vaginal drug
elivery systems for microbicide products (Rohan and Sassi, 2009).

.1. Semi-solids—gels and creams

In microbicide formulation development, semi-solid dosage
orms, or gels, are the most common for vaginal delivery. For these
ater-based dosage forms, the stability, retention, and distribution

re most dependent upon the viscoelastic properties of the gel.
In clinical trials, a “universal placebo” gel, a hydroxyethylcellu-

ose (HEC) based gel, has been developed as a baseline comparison
n microbicide development (Tien et al., 2005). Currently, there are
everal gel-based formulations undergoing development. Buffer-
el is a carbopol-based gel that displayed spermicidal, anti-HIV,
nd HSV-2 activity, while safe in female trials (Mayer et al., 2001).
RO2000, a naphthalene sulfonate polymer, is also currently under
evelopment. PRO2000 has been shown effective in inhibiting
IV-1 infection in mice models (Pearce-Pratt and Phillips, 1996;
ourne et al., 1999). Additionally, in Phase I trials, PRO2000 has
een shown safe and acceptable in sexually inactive women and

IV-1 infected women (Van Damme, 2000; Mayer et al., 2003;
orrow et al., 2003). Currently, PRO2000 has moved onto Phase

I and Phase III clinical trials. In addition to formulating gels as
icrobicide agents, various microbicide candidate molecules are

urrently under development as a gel dosage form. UC-781 and
esearch 85 (2010) 142–158 151

Dapivirine, other NNRTIs, and Tenofovir, have shown significant
promise in being formulated into a safe, effective, and acceptable
product (Mayer et al., 2006; Patton et al., 2007; Schwartz et al.,
2008; Fletcher et al., 2009; Romano et al., 2009).

Despite wide-spread use and numerous studies into gel formu-
lations, the semi-solid nature of the products results in leakage
or general “messiness” being a common problem encountered. In
product acceptability studies for cellulose sulfate (CS) vaginal gel
and KY gel, 20% of users reported product leakage where such leak-
age would prevent future gel use (Malonza et al., 2005; Holt et
al., 2006; Schwartz et al., 2006). However, in an acceptability study
involving sex, while 40% of women reported that the CS-containing
gel leaked out during sex, 100% reported that the gel made the sex-
ual activity feel “more wet” and 96% said they would probably or
definitely use the gel (El-Sadr et al., 2006). In studies addressing
the application of gel microbicides, a significant, but not a majority
of participants reported messy applications, leakage, and an overall
negative experience (Gross et al., 1999; Bentley et al., 2000; Coetzee
et al., 2001).

4.2. Vaginal rings

Intravaginal rings (IVRs) offer a unique delivery method over
other solid and semi-solid formations. For the most part, topical gel
microbicides are applied as a single dose before intercourse. This
coital dependency may not be the most optimal dosage form for
women in all parts of the world. Therefore, solid dosage forms, such
as IVRs, which offer long-term coitus-independent release of active
pharmaceutical ingredient (API) into the vagina are being investi-
gated. IVRs are torus-shaped polymeric devices either loaded with
API within the polymer matrix of the ring or within a reservoir
core at the center of the ring. Depending upon the composition
of the polymeric ring, based upon excipient concentration, the
release rate of drug from the ring can be controlled. The largest
controlling factor of the IVR is the pliability of the polymer ring
backbone. The rings need to allow for compression as they are
inserted into the vagina, and placed in the upper third of the vagina
to prevent involuntary expulsion (Novak et al., 2003; Sarkar, 2005).
Currently three IVR devices have been approved for commercial use
by the FDA. Two rings are silicon-based hormone replacement rings
(Estring and Femring), and the third is a thermoplastic urethane
ring (Nuvaring). As a microbicide dosage form delivery system, the
NNRTI dapivirine is currently being evaluated in clinical trials as a
silicon-based microbicide IVR (Woolfson et al., 2006; Gupta et al.,
2008). Results from the Phase I studies indicated that the ring was
safe for use, and provided controlled long-term in vitro drug release.

4.3. Vaginal films

While semi-solid gel applications are widely used today in clin-
ical studies for vaginal drug delivery systems in the prevention
of HIV, there still exist acceptability issues with gels that can be
improved upon. Additionally, economic and social conditions, as
well as consumer/patient preference, may interfere with accept-
ability of the traditional dosage forms of IVRs and semi-solids.
Such issues would result in products being unacceptable to con-
sumers, resulting in an overall reduced effectiveness of microbicide
products. Ultimately, since patient acceptability and their ability
and willingness to use a product directly impacts efficacy, it may
be necessary to develop multiple dosage platforms for a single
active agent to provide users with options they can use within the

constraints of their social environment, personal choice, and envi-
ronmental conditions. Therefore, rapid-dissolving polymeric films
as a novel solid dosage formulation to delivery microbicides to the
vagina are currently under investigation as an additional alterna-
tive.
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In a survey study, it was reported that the ideal microbicide
roduct would be odorless, offer protection from pregnancy and
TI’s, allow insertion up to 8 h prior to sexual activity, and have min-
mal to no leakage (Holt et al., 2006). Others also indicate a desire
or products that are unobtrusive to the sexual experience (or that
nhance it) and offer flexibility in the timing of use. Advances in the
eld of polymer sciences have increased interest in the develop-
ent of drug delivery systems which utilize these newly available

olymers. Polymeric films are increasingly being used as a means
f drug delivery. For vaginal drug delivery, a vaginal contracep-
ive film (VCF) has been developed that contains the spermicide
onoxynol-9. Such film-formulated products, through ease of stor-
ge and application, have been shown to be very convenient for the
ser (Elias and Coggins, 2001).

Therefore, polymeric vaginal films could address the acceptabil-
ty issues observed in gel microbicides. They have been investigated
or use as a drug delivery system for mucosal delivery and trans-
ermal delivery. There are several attributes which make vaginal
lms attractive as a microbicide product dosage form. The films are
solid dry drug delivery system, which may eliminate any product
dor and avoid any “messy” application. Polymeric films provide
apid drug release and bioadhesive properties that may increase
etention time at the target tissue. The rapid dissolving nature of
he films once in contact with the fluids present in the vagina may
lso reduce microbicide leakage. Recently, vaginal films have been
nvestigated for use as contraceptives and more recently as contra-
eptive and microbicide formulations (Mauck et al., 1997; Roddy
t al., 1998; Garg et al., 2005). A polystyrene sulfonate (PSS) micro-
icide film has been developed as an antimicrobial contraceptive
gent that is transparent, pliable, and quick dissolving in solution.
SS has been demonstrated to be safe for vaginal use in phase I
linical trials in its gel formulation. The polymeric film based for-
ulation resulted in similar safety and contraceptive activity (Garg

t al., 2005).

.4. Nanoparticles

More advanced forms of formulation that aim to enhance and
mprove API characteristics are being investigated in tandem to
he aforementioned delivery systems. Through biotechnology, the
se of nanoparticle encapsulation is being investigated as a drug
elivery formulation that could provide a microbicide with long-
erm coitus-independent efficacy. There has been significant effort
n developing nanotechnology for the purpose of drug delivery
ince it offers a means of delivering both small molecules and
acromolecules, such as peptides and proteins, by localized or

argeted delivery to the tissue of interest (Moghimi et al., 2001).
iodegradable nanoparticles are commonly used due to their ability
o be reabsorbed by the body, presenting lower toxicity than non-
egradable polymers (Feng, 2004; Gao et al., 2006). Nanoparticles
an be loaded with a variety of bioactive agents, using various meth-
ds of encapsulation including emulsification-solvent evaporation,
olvent displacement, and spray drying techniques (Konstantinos,
004; Xie and Wang, 2007).

Poly(lactic-co-glycolic acid) (PLGA) is one of the most widely
ccepted biodegradable polymers used in encapsulation drug deliv-
ry (Bala et al., 2004). PLGA has been extensively investigated
o readily encapsulate hydrophobic drugs and provide them with
roperties reducing immunogenic response, increasing blood cir-
ulation lifetime, protecting against degradation, enhancing tissue
enetration, and providing sustained drug release (Park, 1995;

enco et al., 1996; Pettit et al., 1997; Shive and Anderson, 1997;
amprecht et al., 1999; Oh et al., 1999; Panyam et al., 2003;
astellanos et al., 2005; Wischke and Schwendeman, 2008). The
hysical properties of the nanoparticles can be modified to alter
he characteristics of the nanoparticles: surface charge to alter sol-
esearch 85 (2010) 142–158

ubility (Musyanovych et al., 2008), particle size to alter intracellular
trafficking and localization (Gaumet et al., 2009), and surface func-
tionalization to increase in vivo residence time and active specific
targeting (Chan et al., 2009).

Nanoparticle encapsulation as a drug delivery technology is
currently being extensively investigated for various therapeutic
applications in oral, nasal, transdermal, brain, infectious diseases,
and cardio-vascular drug delivery systems (Dinauer et al., 2005;
Heffernan and Murthy, 2005; Roney et al., 2005; Coester et al., 2006;
Dailey et al., 2006; Peng et al., 2006; Westedt et al., 2007; Ham et al.,
2009). Many of these current studies focus on the encapsulation of
larger molecules, e.g., proteins, peptides, and DNA/RNA. Their sub-
micron size allows the nanoparticles to penetrate into the tissues
and be readily available for cell uptake (Vinogradov et al., 2002).
However, the vast majority of new drug therapies being developed
today are not larger molecules like proteins and peptides, but low
molecular weight molecules. Additionally, many of these molecules
display low aqueous solubility which can be overcome through
nanoparticle encapsulation (Straub et al., 2005).

For microbicide development, a nanoparticle drug delivery sys-
tem for the delivery of PSC-RANTES, a CCR5 chemokine inhibitor,
has recently been investigated (Ham et al., 2009). In formulation
development, in vitro release studies demonstrated a release pro-
file of PSC-RANTES that maintains anti-HIV bioactivity and protein
stability over 30 days with increased ex vivo tissue permeabil-
ity. Nanoparticle encapsulation has proven to be quite effective in
research environments; however, commercially, it has met with
little success. Marketing on Nutropin CDEpot, the first and only
protein-loaded PLGA microparticle formulation on the market, was
stopped due to the difficulties and high cost associated with protein
microparticle development and commercial preparation (Wischke
and Schwendeman, 2008). This brings up the concern as to the
feasibility of drug-loaded nanoparticles as a viable and profitable
product. However, such decisions need to be considered on a case
by case basis. Additionally, with the advent of small molecule drugs,
which are generally cheaper to synthesize, characterize, and encap-
sulate, nanoparticle encapsulation as a drug delivery system may
be a significant vector in enhancing the efficacy of hydrophobic
microbicides.

5. Microbicide acceptability

A successful microbicide product must have biological effec-
tiveness as well as be acceptable to the end user of the product.
The biological effectiveness of a microbicide is dependent on both
an effective anti-HIV product which is optimally formulated, and
which can be adequately delivered to the location where it can
interrupt the transmission of infectious virus to target cells in the
vagina or rectum. An acceptable microbicide is one that users trust
to be efficacious and whose formulation and/or delivery mecha-
nism does not interfere with (or preferably will actually enhance)
the experience of sex.

Studies have found that women are interested in using micro-
bicides (Darroch and Frost, 1999; Hammett et al., 2000a,b; Bentley
et al., 2004; Weeks et al., 2004); however, there are certain aspects
of topical gel use that women find unacceptable or bothersome. To
date, microbicide gel acceptability studies have been limited to for-
mative studies of user preferences using hypothetical or available
over-the-counter “surrogate” products (Steiner et al., 1995; Hardy
et al., 1998; Darroch and Frost, 1999; Hammett et al., 2000a,b;

Weeks et al., 2004), and preferences based on the limited experi-
ences of women participating in clinical trials (Bentley et al., 2000;
Coggins et al., 2000a,b; Mauck et al., 2001, 2004a,b; Mason et al.,
2003; Morrow et al., 2003; Bentley et al., 2004; El-Sadr et al., 2006;
Rosen et al., 2008). While these studies have been highly valuable,
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nd a majority of users in most studies reported a willingness to
se study products under at least some circumstances, acceptabil-

ty issues have indeed emerged, including issues of leakage, how
onsistency and leakage affect sexual pleasure, how the feel of the
roduct impacts the product’s ability to be used covertly, and how
oitus-dependent gels may not offer the most useful strategy for
pplication of microbicidal products.

Vaginal ring acceptability has been specifically assessed in sev-
ral studies (Roumen et al., 2001; Novak et al., 2003; Speroff, 2003;
allagh, 2004; Ahrendt et al., 2006). In one study, 84% of partic-

pants were either ‘satisfied’ or ‘very satisfied’ with the ring and
7% said they would (absolutely/most probably) recommend it to
thers (Ahrendt et al., 2006). Another study of 1950 women con-
luded that there was an overall high level of both user and partner
cceptability for the contraceptive ring (Novak et al., 2003). Vaginal
ing acceptability research often considers effectiveness, and dura-
ion and systemic effects of the drugs delivered in comparison with
ther existing drugs regimens, such as combined oral contracep-
ion, in the case of NuvaRing (Veres et al., 2004; Oddsson, 2006), and
ral hormones for menopause in the case of Estring. In addition to
hese more clinical aspects of ring use, Novak and colleagues (Novak
t al., 2003) reported on acceptability dimensions of instruction
larity, ease of use (including insertion and removal), sexual com-
ort, overall satisfaction, and cycle-related characteristics. While
hese data offer promise regarding IVR acceptability in general,
nique issues related to this delivery system as a microbicide drug
elivery system (e.g., whether delivering an anti-retroviral drug via
his system is acceptable) now need to be explored.

Conducting acceptability research earlier in the developmental
rocess, and creating behavioral tools for developers to ascertain
cceptability of candidate formulations and devices, may save valu-
ble resources by providing critical data which might allow earlier
efinition of which microbicide candidates meet preclinical stan-
ards for acceptability. Many behavioral dimensions have been
hown to be important to microbicide gel acceptability, in par-
icular: leakage, application, sexual pleasure, covert use, access,
ackaging/portability/disposability, side effects, perceived prod-
ct efficacy, hygiene, contraceptive properties, consistency, color,
dor, taste, and other contextual factors. In addition, intravaginal
ing acceptability studies include such dimensions as ring removal
Novak et al., 2003) and disposal, perceived moisture (Veres et al.,
004), and sexual comfort (Novak et al., 2003).

. Preclinical development of novel microbicide strategies

As discussed above, microbicide strategies are primarily tar-
eted at developing compounds that will act early in the virus
eplication cycle; microbicides generally directly inactivate virions
r target one of the early stages in the replication cycle including
ttachment, fusion, entry, reverse transcription and/or integration.
ecent advances have suggested that novel therapies that directly
r indirectly inhibit virus replication may also be possible and the
icrobicide testing algorithm may need to accommodate eval-

ation of the strategies described below. In addition, the future
evelopment of combination strategies will obviously benefit from
argeting of multiple viral replication pathways and utilizing com-
ounds which inactivate virus, prevent virus entry, and/or suppress
irus replication following infection.

.1. Pre-exposure prophylaxis
Pre-exposure prophylaxis (PrEP) is a promising experimental
revention method that would utilize anti-retrovirals to protect
ninfected individuals from their infected sexual partners (Youle
nd Wainberg, 2003). PrEP follows in the footsteps of post-exposure
esearch 85 (2010) 142–158 153

prophylaxis (PEP) which has proven to be effective in the preven-
tion of mother-to-child transmission of HIV (Lallemant et al., 2004).
HIV challenge studies in animals have provided preliminary evi-
dence that PrEP could partially prevent the transmission of the
virus (Subbarao et al., 2006; Denton et al., 2008). Tenofovir and Tru-
vada (tenofovir plus emtricitabine) are currently being evaluated in
clinical PrEP trials. Although these FDA approved drugs have been
determined to be safe and effective as therapeutic agents, addi-
tional safety and efficacy studies are in progress to evaluate their
use as prevention technologies.

PrEP candidate selection has focused on identifying candidate
molecules with several important characteristics. To assure effec-
tiveness these microbicides should have a high genetic barrier to
resistance as well as a unique resistance profile that would include
minimal to no cross-resistance. Additionally, since there is a risk
of selection of resistant viruses, the selected drug-resistant viruses
should meet criteria that include being less transmissible compared
to wild type virus and having a reduced replication fitness com-
pared to wild type virus. Selected compounds should also have a
favorable safety profile and be easy to use, have a mode of action
that occurs prior to the integration of the virus into the host cell,
be able to achieve effective concentrations of the active drug at
the site of transmission, maintain its antiviral profile against wild-
type and resistant viruses, and be cost-effective (Derdelinckx et al.,
2006). PrEP offers a potentially convenient strategy for prevention
in light of the ease of administration of selected compounds, as well
as the advantages of acceptability and potentially enhanced adher-
ence. Obvious disadvantages involve the potential toxic effects of
the compounds, relative pharmacokinetics in the vaginal and rec-
tal compartments, and drug–drug interactions which would need
to be closely monitored.

6.2. Lactobacillus vectors to produce microbicides in vivo

Lactobacilli normally flourish in the vagina and offer some pro-
tection from STI transmission through production of hydrogen
peroxide and by maintenance of the vaginal pH at levels low enough
to inhibit pathogen replication. Molecular engineering approaches
have been utilized to attempt to generate Lactobacillus species
that constitutively produce a microbicidal protein (Martin et al.,
1999; Turpin, 2002; D’Cruz and Uckun, 2004). Colonization of the
vagina by the engineered Lactobacilli would provide a combination
approach to STI inhibition: the Lactobacilli would inhibit STI trans-
mission through its normal functions and the antimicrobial protein,
such as cyanovirin-N (Boyd et al., 1997; Colleluori et al., 2005) or
griffithsin (Mori et al., 2005), would offer an additional barrier to
STI transmission.

6.3. Broadly active anti-infective agents

Perhaps the most sought after microbicides are broadly active
anti-infective agents. These compounds would be expected to have
activity against multiple viral and/or bacterial agents. The detailed
testing algorithm proposed above is especially well suited for test-
ing broadly active therapeutic agents and is designed to provide
needed experimental support for an IND. Currently microbicides
with multi-potent activity include sulfated, high molecular weight
proteins and engineered proteins such as cyanovirin-N (Boyd et
al., 1997; Colleluori et al., 2005) or griffithsin (Mori et al., 2005).
In vitro evaluations with PRO2000 have suggested that this com-
pound also possesses a broad range of antiviral action with efficacy

against both HIV-1 and herpesviruses (Bourne et al., 1999). ISIS
5320, an 8-mer oligonucleotide being developed by ImQuest Bio-
Sciences also has been documented to possess activity against HIV
and HSV-2 (RWB, KMW, unpublished data). It is anticipated that the
definition of compounds with activity against both viral infections
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nd bacterial vaginosis causing organisms will be highly difficult.
ombination microbicide approaches, especially those involving
ntimicrobial peptides plus specific small molecule microbicides
ight yield the desired result.

.4. Antimicrobial peptides

Natural antimicrobial peptides are universally occurring,
ncient and highly potent defense molecules against bacteria,
iruses, fungi and parasites, representing an important compo-
ent of the initial innate human response to microbial infection.
owever, only a few of these peptides have been subjected to eval-
ation in antiviral assays (Cole, 2005; Jenssen et al., 2006). Known
xamples are brevinin-1 (Yasin et al., 2000), caerin 1.1, caerin
.9, maculatin 1.1 (VanCompernolle et al., 2005), dermaseptin S4
Lorin et al., 2005), esculentin 2P, ranatuerin 2P (Chinchar et al.,
001), and magainins (Albiol Matanic and Castilla, 2004) from
mphibians and cecropin A and melittin from insects (Wachinger
t al., 1998). In mammals, defensins and cathelicidins are the two
ajor classes of antimicrobial peptides. All human �-defensins and

uman �-defensin 3 inhibit HIV infection (Hazrati et al., 2006), but
-defensins are more effective (Cole et al., 2002; Cordes et al., 2002;
unk et al., 2003; Wang et al., 2003, 2004) inhibitors of HIV. Distinct

rom defensins, cathelicidins vary in both sequence and three-
imensional structure. As the only cathelicidin in humans, LL-37

s also active against HIV. Currently, more than 1459 such pep-
ides are catalogued in the Antimicrobial Peptide Database (APD)
hich was originally constructed by investigators at the University

f Nebraska Medical Center in 2004 and was substantially updated
uring 2007–2008 (http://aps.unmc.edu/AP/main.html). Wang et
l., have recently reported on the anti-HIV activity of 20 antimicro-
ial peptides derived from human and bovine cathelicidins (LL-37
nd BMAP-27) (Wang et al., 2008) and have shown that peptides
ith HIV inhibitory activity can be defined by screening peptides

rom the APD. In addition, they have demonstrated that the bio-
ogical activity of lead peptides can be improved through peptide
ngineering to define essential regions for antimicrobial activity as
ell as more specific motifs that might be conserved among the
eptides that impact peptide efficacy or toxicity. A blood derived

nhibitory agent designated virus-inhibitory peptide (VIRIP) has
lso been described which targets gp41 and blocks virus entry
Munch et al., 2007). VIRIP is a 20-residue peptide correspond-
ng to the C-proximal region of the most abundant serine protease
nhibitor. Naturally occurring blood products may not all be bene-
cial to preventing HIV infection, as semen derived amyloid fibrils
ave been reported to enhance HIV transmission and reduce the
fficacy of polyanionic microbicides (Patel et al., 2007).

.5. Cellular targets

Microbicidal strategies that are directed at cellular targets may
esult in modulation of expression or blockade of function of cellu-
ar proteins required for virus entry, such as CD4 or the chemokine
eceptor molecules. For example, it has been suggested that siRNA
trategies might be utilized to degrade mRNAs for receptor pro-
eins, causing these proteins to be removed from the cell surface for
xtended periods of time and rendering the target cells resistant to
nfection during that transient period (Novina et al., 2002; Song et
l., 2003a,b; Palliser et al., 2006). Additional studies will need to be
erformed to determine if HIV can evade these types of therapeutic

trategies by utilizing novel entry strategies, especially since it is
ot known what receptors are critical for infection in the vaginal
nd rectal environments. A similar siRNA-based microbicide devel-
pment program targeting herpes simplex virus has demonstrated
nhibition of HSV-2 in a mouse model (Palliser et al., 2006).
esearch 85 (2010) 142–158

6.6. Immune modulation and neutralizing antibodies

A great deal of discussion has recently centered on the poten-
tial for stimulating innate or natural immune defense mechanisms
to inhibit the transmission of HIV and other STIs in the mucosal
environment. These strategies may target the NK cell response or
may activate small immunomodulatory proteins that can directly
inactivate infectious organisms. A special case of immune modu-
lation would be appropriate stimulation of the mucosal immunity
to generate neutralizing antibodies in the mucosa. We have shown
that neutralizing antibodies can prevent infection in the in vitro
microbicide assays described above and most interestingly we have
demonstrated high levels of synergistic anti-HIV activity with neu-
tralizing antibodies used in combination with some small molecule
microbicidal compounds (RWB, unpublished data). The potential
synergism between adaptive or natural immunity in the mucosal
environment together with a combination microbicide therapeutic
might be an excellent approach to suppressing virus transmission.

7. Summary

The development of an effective anti-HIV microbicidal com-
pound will likely have a much greater impact on the spread of
HIV than systemic therapy, especially in the developing world. By
one estimate, a single microbicide with 60% efficacy could prevent
over one million new infections per year (Watts and Zimmerman,
2002). In the absence of an effective prophylactic vaccine, it is crit-
ical that the world’s pharmaceutical capability be directed toward
the development of an effective topical microbicide. The develop-
ment of a microbicide from discovery through the IND currently
follows a path similar to that of systemic anti-HIV compounds with
modifications that are reflective of the preventative strategy and
environment. Along with microbicide development, formulation
issues must be accounted for. As such, several formulation strate-
gies, including semi-solids, IVR, films, and nanoparticles, are being
developed to accommodate the growing number of microbicides as
well as their acceptability by users. Microbicide testing must eval-
uate (1) toxicity to normal vaginal flora and cells and tissues found
in the vaginal or rectal environments, (2) efficacy in assays that
represent the biological mode of infection during sexual transmis-
sion, and (3) the acceptability of anticipated dosage forms. Although
the bulk of microbicide development has been directed at vaginal
microbicides, significant attention must be directed towards the
equally important development of rectal microbicides. The present
approach of utilizing vaginally formulated microbicides for testing
in rectal environments must be modified to consider appropriate
formulation of the rectal microbicide using microbicide compounds
that are similar to or identical to those developed for vaginal use.
With an initial clinical success with PRO2000 and several failures
in clinical trials, the development of topical microbicides continues
with a wide variety of microbicides entering or in Phase 3 human
clinical trials. The adaptation of preclinical testing algorithms will
continue to naturally evolve to reflect the clinical trial experiences
and maturation of the microbicide field.
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