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Abstract

In the past few years, the transdisciplinary field of HIV prevention has reached several milestones. Topically
applied tenofovir gel provided significant protection from sexual transmission of HIV in a large-scale clinical
trial and oral Truvada (emtricitabine/tenofovir disoproxil fumarate) was recently approved for preexposure
prophylaxis (PrEP) following two successful clinical trials in men and women. These achievements are tempered
by the disappointing results of other clinical trials, which highlight the complexities of prevention research. In
this perspective, we discuss scientific and developmental gaps for topical chemoprophylaxis of the sexual
transmission of HIV, which depends on the complex interactions between the pharmacokinetics and pharma-
codynamics of drugs, formulation and delivery systems, anatomic site of transmission, and host mucosal im-
mune defenses. Despite the considerable time and resources devoted to unraveling the initial steps in sexual
transmission of HIV, current knowledge is based on animal models and human explanted tissue, which may not
fully recapitulate what happens clinically. Understanding these events, including the role that sex hormones,
semen, and mucosal secretions play in transmission, and the interplay between innate immunity, the mucosal

environment, and drug efficacy is paramount. This drives some of the most pressing questions in the field.

Introduction

IN THE PAST YEAR, the HIV prevention field has witnessed
the first clinical successes with oral and topical preexposure
prophylaxis (PrEP) in combatting sexual transmission of
HIV-1.3 This represents a major advancement, as until now,
the only available technology to prevent transmission was the
500-year-old condom. The recent successes are the result of
decades of study of HIV transmission complemented by an
increasing number of antiretroviral drugs (ARV), recognition
of the need for compartment-specific formulations, and
improved clinical trial design. Together these and other
advances in pharmacology, behavioral research, and formu-
lation science form the foundation for the emergence of HIV
prevention as a transdisciplinary field in its own right. The
achievements generate new questions highlighting knowl-
edge gaps, and suggest new directions for scientific investi-
gation and funding priorities for the HIV prevention field.
Success in HIV prevention, defined as having a significant
impact on the global pandemic, is, however, still tenuous.
Only oral PrEP with the combination drug Truvada (tenofovir
disoproxil fumarate and emtricitabine) has been approved by
the FDA in high-risk populations and other modalities have

yet to meet clinical endpoints for registration.” A number of
critical scientific, pharmacological, and practical hurdles must
be addressed if we are to achieve our goal. We have little
understanding of the mechanisms of how sexual transmission
and dissemination occur and there are likely important dif-
ferences depending on the anatomic site of exposure (cervi-
covaginal, rectal, and penile).

The viral inoculum needed for infection, the relative con-
tribution of cell-free or cell-associated virus, the importance of
the epithelial barrier and mucosal immunity, and the role
semen plays in augmenting or interfering with transmission
represent major knowledge gaps. Other unanswered ques-
tions include the following: What cells are infected first and
how do they disseminate? Should prevention target infection
of the first cells, virus dissemination after the founder popu-
lation is established, or more likely, will highly effective pre-
vention modalities require strategies that target both? Vaginal
transmission is further complicated by endogenous and ex-
ogenous hormones, which modulate the epithelial, cellular,
and soluble mucosal immune environment and possibly im-
pact drug pharmacokinetics (PK) and pharmacodynamics
(PD). The importance of exogenous hormones is highlighted
by studies suggesting that women on medroxyprogesterone
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are more likely both to acquire and to transmit HIV compared
to women not on hormonal contraception.4 The presence of
other sexually transmitted infections (STI) impacts the risk of
transmission and acquisition in both men and women and is
likely a factor in all anatomic sites, although this has not been
well studied in the rectal compartment.

Just as each anatomic compartment is unique with respect
to mechanisms of transmission, each pharmacological agent
differs in its site (luminal, cell surface, or intracellular) and
mechanism of action (entry, reverse transcriptase, integrase,
or protease inhibitor), ability to penetrate tissue, and, for in-
tracellularly active drugs such as the reverse transcriptase
inhibitors (RTI), kinetics and mechanisms of intracellular
transport, metabolism, and intracellular retention. The po-
tential efficacy of each candidate will derive not only from
these properties of the drug substance, but also from the de-
livery system (oral, topical gel, film or ring, and implant), and
the ability to achieve sufficient concentration of bioactive drug
at the right site and right time. Finally, we must not forget that
understanding all of this will not make people use prevention
technology. If adherence, cost, and other social issues are not
addressed, even if the product shows efficacy within the
confined boundaries of a controlled clinical trial, real world
effectiveness will not be achieved and HIV prevention will be
nothing more than an academic exercise that produced some
niche products with little global impact. The men and women
who are exposed to HIV every day demand that we do better
than this. This perspective highlights some of the gaps and
barriers to our scientific understanding and identifies next
steps for translational research and development in the field.

Drugs for Topical PrEP

The challenges in advancing a drug from preclinical dis-
covery through successful clinical trials is enormous as evi-
denced by the large number of drugs that never reach the
market. The challenge is far greater for prevention (compared
to treatment) where safety is paramount, as the goal is to
prescribe a product to a relatively healthy population for
potentially prolonged time periods to prevent a relatively
uncommon endpoint (HIV acquisition). Topical HIV and STI
prevention is further hampered by the absence of validated
preclinical models and the lack of a gold standard of success.

The selection and development of topical agents for HIV
prevention have changed considerably in the past few years
with the current focus on potent HIV-specific agents.” The
field learned the hard way, by conducting expensive clinical
trials, that the first generation of nonspecific agents, including
surfactants [Nonoxynol-9 and C31G (Savvy)], pH buffering
agents (Acidform and Buffergel), and sulfated/sulfonated
polymers (PRO 2000, cellulose sulfate, and Carraguard), did
not prevent HIV or other STI. Low potency, interference with
antiviral activity by seminal plasma, and changes in PK fol-
lowing sex likely contributed to the reduced efficacy observed
with sulfonated polymers.®® In some cases, repeated gel ex-
posures were associated with an unanticipated increase in
HIV susceptibility, presumably due to inflammatory re-
sponses (nonoxynol-9)”'° and disruption of the genital tract
epithelial barrier (surfactants and cellulose sulfate). 113

Together these disappointing clinical trial results highlight
the need for more predictive preclinical models of efficacy and
safety and the need to conduct expanded Phase 1/2 clinical
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studies that include measures of drug PK/PD following
barrier unprotected sex prior to embarking on large-scale
Phase 3 clinical efficacy trials. Two PK/PD postcoital studies
with tenofovir gel are only now underway (conducted by
CONRAD and the MTN) and may provide insights into the
discrepant results obtained in the 1% tenofovir (TFV) gel ef-
ficacy trials. In the first efficacy study, CAPRISA 004, a 39%
(95% CI 6-61%) reduction in HIV acquisition was observed in
women who applied 1% TFV gel before and after sex.’ In
contrast, no protection was observed in a coitally independent
daily dosing study of the same product (MTN 003) and the
study was prematurely halted by the Data Safety Monitoring
Board for futility."* Whether the different outcomes in these
two studies reflect altered PK/PD related to the timing of
dosing relative to HIV exposure, other characteristics of par-
ticipating populations (such as the use of hormonal contra-
ception, which was a requirement for MTN 003) that might
modulate drug PK/PD by impacting intracellular transport-
ers and drug metabolism (see below), differences in sexual
practices (frequency of rectal versus vaginal intercourse),
adherence, or unrecognized toxicities with daily dosing that
overcame the protective effects of the product are currently
the focus of intense investigations. These contradictory results
highlight the complexities of prevention science.

Articles in this issue of AIDS Research and Human Retro-
viruses describe a range of pharmacological agents and for-
mulations that are at different stages of development as
candidates for topical PrEP. These can be broadly categorized
into three groups based on the need for preclinical and reg-
ulatory development. The first are clinically approved ARV
that are currently used to treat infected individuals. Devel-
opment of these products requires optimization of formula-
tions and safety studies related to topical application. This
category includes tenofovir, which, in addition to ongoing
studies with the original 1% gel formulation, is now being
evaluated as a reduced glycerin gel formulation'® that may be
better tolerated, particularly when applied rectally. Other te-
nofovir formulations in development include a film, tablet,
and intravaginal ring (IVR). Other drugs in this first category
include tenofovir disoproxil fumarate, the more potent pro-
drug of tenofovir that exhibits greater tissue penetration and
cellular uptake, which has recently been formulated as an IVR
and is currently being evaluated in nonhuman primates'®;
and maraviroc, a CCR5 coreceptor antagonist, which has been
formulated as an IVR and is being evaluated in clinical trials
alone and in combination with the nonnucleoside RTI
(NNRTI), dapivirine. In addition, integrase inhibitors such as
elvitegravir and protease inhibitors such as saquinivir'” are
being explored for topical formulations.

The second group includes ARV whose development as a
therapeutic was discontinued for reasons such as suboptimal
oral bioavailability. Many of these have preexisting INDs
simplifying the regulatory path needed to bring topical for-
mulations into the clinic. This group includes the NNRTIs
dapivirine (currently in clinical trials as IVR formulation but
also developed as a gel)'®"” and MIV-150 (formulated with
carrageenan as a gel).zo'21

The final group contains more novel products that have not
been previously tested as therapeutics and thus require a
much more extensive and costly regulatory evaluation before
they can be advanced into the clinic. Importantly, some of
these are intended only for topical PrEP and block HIV
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infection by unique mechanisms. This may prove advanta-
geous, as these products may be less likely to select for re-
sistant HIV isolates. Selection of resistant isolates is a concern
when drugs still considered first line for treatment are used as
prevention, as selection of resistant variants may limit future
treatment options.”” This third category includes agents such
as the dual acting entry and NNRTI drug IQP-0528" (in de-
velopment formulated as both a gel and ring alone and in
combination with tenofovir disoproxil fumarate), Ncp7 mat-
uration inhibitors,?42° entry inhibitors such as grifﬁthsin27
(film and gel), and PSC-RANTES (nanoparticles)28 and the
gp4l inhibitor PIE12-trimer.” Despite their potential, the
scarcity of resources coupled with the urgency in developing
effective prevention strategies restricts the development of
compounds from this last group. The field can afford to invest
time and money in the development of novel compounds only
if they offer clear advantages with respect to potency, lack of
toxicity, PK/PD, or formulation potential compared to what
is already available.

Initial Events in Sexual Transmission

For sexual transmission to occur, infectious viral HIV-1
particles must either cross the mucosal epithelial barrier,
which, in healthy vaginal tissue, is composed of a multilay-
ered squamous epithelium, or be captured by epithelial or
immune cells [immature dendritic cells (DCs) or Langerhans
cells] and subsequently transferred to target cells that support
viral replication. The latter include resident or recruited sub-
mucosal CD4™ T cells, macrophages, and DCs. The mecha-
nism and extent to which virus directly crosses the epithelium
or is captured by immune cells remain controversial and
likely vary at different anatomic sites.**° The small infected
founder population, which in macaque models is composed
mainly of resting CD4 T cells,***” expands locally, resulting in
dissemination of virus to draining lymph nodes and subse-
quently through the bloodstream to establish infection in
secondary lymphoid organs. Precisely how virus (cell-free or
cell-associated) reaches submucosal immune target cells and
the inoculum required are all areas of intense investigation.
There is also controversy regarding the primary site of the
initial foci of infection with some studies implicating the cer-
vix and others suggesting that viral particles are percolating
through the vaginal and penile epithelium and coming in
contact with immune system cells in the epithelia. It is likely
that all of these mechanisms contribute to infection and thus
an effective prevention strategy will require drugs and drug
delivery systems that generate inhibitory concentrations of
antiretrovirals within the vaginal, penile, and rectal epithe-
lium, in the submucosa, and perhaps at the draining lymph
nodes.

Right Place and Right Time

Drugs that act luminally and directly target incoming viral
particles must be present at sufficiently high concentrations
within genital tract secretions following intercourse to block
infection. For these drugs, a topical controlled delivery system
in which the highest concentrations are local may be ideal. In
contrast, drugs that target cell structures (CCR5 coreceptor) or
intracellular processes (reverse transcription, integration, or
the proteolytic cleavage of viral proteins) must be present at
the cell surface or retained intracellularly within HIV target
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cells and thus, if applied topically, must cross the epithe-
lial barrier to reach submucosal immune cells and, possi-
bly, reach draining lymph nodes (Fig. 1a). These drugs must
also be accessible to immune cells recruited into the genital
tract in response to chemokines and other inflammatory
signals.

Recent approaches to model the compartmentalization of
drugs are in development.’®* For example, we found that
coculture of drug-naive T cells (representing newly recruited
immune cells) with minced explant tissue that had been pre-
treated with tenofovir failed to protect the T cells from HIV
infection, presumably because tenofovir has been metabo-
lized to its active form, tenofovir-diphosphate, which is re-
tained intracellularly. Thus there was insufficient drug
released from the tissue to protect the cocultured T cells
(Fig. 1b). The explanted tissue itself was protected from direct
viral challenge in the absence of coculture. These observations
may provide some insights into the discrepant results
obtained in CAPRISA 004 and MTN 003 with tenofovir
gel. Possibly, application of drug close to the time of sex
(and HIV exposure) is necessary to protect immune cells that
are recruited into the genital tract in response to sexual
intercourse.

Consistent with this notion are the observations from several
studies that there is an increase in immune cells in cervical
biopsies or cytobrush samples following barrier unprotected
sexual intercourse compared to samples obtained from absti-
nent women.***? Thus, coitally independent gel dosing, which
may not achieve high enough drug levels in draining lymph
nodes, may fail to protect immune cells recruited into the
genital tract following sex or in response to other inflammatory
stimuli. Whether there is a similar cellular response to sex in the
rectal compartment has not been evaluated.

Unlike tenofovir, NNRTIs such as dapivirine and IQP-0528,
which are rapidly transported in and out of cells, were
transferred from the treated tissue to the cocultured T cells,
which became protected from HIV challenge in this model
system (Fig. 1, lower panel). However, because these drugs
are not retained intracellularly, they may be “washed away”
following sex thus limiting their efficacy. Sustained IVR drug
delivery43 may overcome this PK property. In summary, an
ideal prevention strategy will probably require sustained
delivery of combinations of drugs that target different steps in
the HIV life cycle and/or possess complementary PK prop-
erties so that protection is achieved in all anatomic compart-
ments at all possible times of exposure. For example, in the
case of an NRTI/NNRTI combination, resident immune cell
populations may be protected by retaining sufficient intra-
cellular NRTT and newly recruited immune cells by taking up
the rapidly diffusing NNRTI. Optimization and validation of
models that address the complexities of drug PK/PD are a
scientific priority for the prevention field.

Inflammation, Hormones, and Drug PK/PD

Clinical trial results and other observations suggest that
multiple factors may act on the genital tract mucosal envi-
ronment to alter virus transport, density of immune system
cells, and drug transport and thus shift the balance from
protection to infection.** Hormonal changes may play an
important role in determining the risk of HIV infection and
the efficacy of topical PrEP. The vaginal epithelia in humans
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FIG. 1. (a) Right drug at the right place. The amount of
drug available at sites of exposure to HIV (vaginal, rectal,
and penile) depends on a suitable delivery system. Drug
levels in the female genital tract following oral dosage are
significantly lower than what can be achieved using topical
delivery systems (depicted by dashed red line). Drugs may
act on the virus (virucidals and binding agents), at the cell
surface (entry inhibitors), or intracellularly (inhibitors of re-
verse transcriptase, integrase, and protease) and must be
present in sufficient amount at the appropriate site de-
pending on the mode of action. In addition to protecting
local immune cells, these drugs must be able to protect target
cells recruited into the mucosa in response to inflammatory
signals and have the potential to reach cell reservoirs to
achieve protection. (b) Reverse transcriptase inhibitor (RTT)
kinetics. In the absence of topical sustained delivery, limited
local amounts of nucleoside reverse transcriptase inhibitor
(NRTI) and nonnucleoside reverse transcriptase inhibitor
(NNRTI) drugs may fail to protect both local and recruited
target cells. Flux of phosphorylated NRTIs from intracellular
to extracellular space is reduced, therefore recruited drug-
naive target cells will have limited exposure to drug and
remain susceptible to infection. The ability of NNRTIs to be
easily transported in and out of cells makes these drugs more
available to recruited immune cells, but also subject to being
“flushed” out of local cells, for example, in response to
higher volumes of genital tract secretions/semen following
sex. This could render local cells susceptible. An ideal ap-
proach may therefore consist of an NRTI/NNRTI combina-
tion that would provide enough drug to be retained in local
cells but also be available to recruited cells. Extensive and
reduced drug fluxes are represented by full and dashed ar-
rows, respectively.
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and primates undergo cyclical changes in its structure, which
in primates is associated with increased susceptibility to in-
fection in the late luteal phase.*” Similar changes may con-
tribute to increased susceptibility in humans during normal
cycling, pregnancy, or in the setting of systemic hormonal
contraception, although further studies are needed. These
same structural changes may also alter the absorption and PK
of topical microbicides.

Inflammatory conditions, which include adolescence,*
bacterial vaginosis, and other STI**° and the response to
semen***? may not only recruit new immune cells (as noted
above) but enhance susceptibility to HIV by disrupting tight
junctions and facilitating viral access to submucosal immune
cells and directly augmenting HIV replication through acti-
vation of the viral promoter.” Inflammatory responses also
induce T cell activation, which impacts PK/PD, particularly in
the case of tenofovir. For example, the in vitro half-life of TFV-
DP is 12 to 15h in activated lymphocytes, but 40 to 60h in
resting lymphocytes.”'”> Moreover, activation may increase
the intracellular concentrations of 2’-deoxy adenosine tri-
phosphate (dATP), leading to reduced efficacy since TFV-DP
competes with dATP for incorporation into viral DNA during
reverse transcription.””* The efficacy of maraviroc may also
be altered by inflammatory responses, which result in in-
creased CCR5 expression. In addition, inflammation possibly
affects the expression of cellular transporters that are re-
sponsible for the uptake of drugs such as tenofovir. The
transporters involved in tenofovir uptake in the kidney have
been well characterized and primarily include the family of
organic anionic transporters (OAT).> Far less is known about
the expression and regulation of these transporters in the fe-
male or male genital tract, within the rectal mucosa, or on
immune target cells. Possibly, differences in the expression of
transporters or the enzymes required for phosphorylation of
tenofovir to its active metabolite contribute to the variable
protection observed with tenofovir gel. The notion that in-
flammation modulates the efficacy of tenofovir is supported
by a nested case control substudy of participants in the CA-
PRISA 004 trial in which higher levels of systemic inflam-
matory immune mediators were associated with increased
risk of HIV acquisition, independent of tenofovir gel use.

Endogenous or exogenous reproductive hormones have
pleiotropic effects on the mucosal immune environment and
likely also impact drug PK/PD and therefore could impact
efficacy. Specific effects of medroxyprogesterone, which re-
mains the primary contraceptive method in much of the de-
veloping world, on immune cell populations and their relative
activation status, expression of drug transporters, intracellu-
lar dATP concentrations, and enzymes involved in the
phosphorylation or dephosphorylation of NRTI have not
been evaluated. These are important gaps in our knowledge
that must be addressed if we are to advance the field and
optimize prevention strategies.

Future Directions

The tenuous progress of the field does not yet add up to
success. The emphasis on approved ARVs for prevention
signals an evolution from a focus on product discovery to one
of formulation and delivery. This change, which hopefully
will rapidly advance safe and effective products into the
clinic, highlights the need to prioritize research to better
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understand drug PK/PD and safety in a complex and rapidly
changing mucosal environment. The cervicovaginal and rec-
tal mucosa are impacted by a dynamic microbiome and
modulated by hormones, sex, semen, STI, and sexual behav-
iors; all of these may modulate drug efficacy and safety. There
are as yet no validated animal models that simulate these
complexities, although there have been significant advances
particularly with nonhuman primates. Thus, a key research
priority for the field is to develop and optimize animal and ex
vivo models (see Anton ef al. in this issue) with biological
samples predictive of drug efficacy and safety. We need to
optimize and expand Phasel/2 clinical trial designs to ad-
dress the complexities of the field and evaluate formulations
in multiple relevant anatomical compartments. These should
include earlier studies of PK/PD and safety in different
populations of sexually active men and women, adolescents,
women on different hormones and menopausal women,
and postcoital studies. This will require the development and
validation of biomarkers predictive of efficacy, safety, and
adherence. Predictive biomarkers will become an even greater
priority as we enter an era in which partially protective in-
terventions such as oral Truvada become the standard of care,
which will preclude inclusion of a placebo arm in large-scale
efficacy clinical trials. If we meet these scientific challenges,
we will be able to advance the best products forward.
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