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Abstract

Microbicides, substances applied topically to prevent sexual HIV infection,
are needed to empower receptive sexual partners with effective prevention
methods. Several large microbicide trials, however, failed to demonstrate
efficacy, thus motivating a reevaluation of the current microbicide develop-
ment paradigm, which has been largely empirically based. Microbicide use
occurs in a highly complex environment involving multi-level interactions,
behavioral and biochemical, among host, virus, and drug, yet many details
of these interactions remain unknown. Fundamental information regarding
virus and drug distribution over time in sexually receptive body compart-
ments thatis necessary to design a microbicide able to outdistance and outlast
the virus is largely absent. Recent efforts have been made to establish a simple
conceptual framework for obtaining the knowledge that is likely to inform a
more mechanistic, model-based development paradigm. These efforts have
also advanced the development of numerous methodological approaches to
obtain the knowledge needed to improve microbicide development.
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HIV: human
immunodeficiency
virus

Microbicide: drug
applied topically in the
vagina or rectum in a
variety of formulations
(gel, vaginal ring, film,
enema) for the purpose
of preventing sexual
transmission of HIV
infection in a sexually
receptive partner

Pre-exposure
prophylaxis (PrEP):
drug administered
orally or topically,
including
microbicides, to
prevent HIV infection
by any of several
routes of transmission
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CURRENT STATUS OF MICROBICIDE DEVELOPMENT

Rationale for Topical Microbicide for HIV Prevention

A topical human immunodeficiency virus (HIV) microbicide is a vaginally or rectally applied sub-
stance intended to prevent sexual transmission of HIV infection. The need for HIV microbicides
has grown out of the continuing HIV epidemic in which an estimated 2.5 million new HIV infec-
tions still occur yearly, with continued expansion in many areas of the world. Treatment, though
highly effective, is not curative, and prospects for an HIV vaccine seem increasingly distant.
Microbicides are being developed as one among an array of prevention strategies that together
might significantly alter the epidemic.

Microbicides are a subset of pre-exposure prophylaxis (PrEP) strategies that include topical
and oral dosing of agents to prevent HIV transmission. Microbicide development has focused on
vaginal products because of the increasing feminization of the epidemic within the US and interna-
tionally. Women now comprise more than half of new infections, a result of their greater biological
and social vulnerability to HIV. Accordingly, there is urgent need for a woman-controlled method
to prevent sexually-related HIV infection. Recently, some attention has turned to include rectal
microbicide development for both men and women who engage in receptive anal intercourse
(RAI).

The rationale for drug-based HIV prevention evolved from successful biomedical HIV pre-
vention successes as antiretroviral drugs (ARV) reduce transmission in several settings: mother-to-
child, healthcare worker occupational HIV exposure, and sex partners of a treated HIV-infected
partner. The topical route of microbicide dosing is supported by successful topical treatment and
prevention settings (e.g., vaginal contraceptives) when a localized, accessible site of action is in-
volved and systemic exposure is worth avoiding. The combination of a pharmaceutical intervention
to augment behavioral risk reduction is well established in medicine (e.g., diabetes, cardiovascular
disease, osteoporosis, and smoking cessation). To prevent malaria in travelers, prophylactic med-
ications are commonly prescribed where behavior change—avoidance of endemic areas—is more
efficacious, though arguably less enjoyable.

Sixteen candidate microbicides have entered the clinical phase of development having diverse
mechanisms of action and, therefore, varied sites of action with relevance for pharmacokinetic
studies (Table 1) (1). Four candidates that have completed efficacy trials have failed to prevent
HIV infection. C31G failed to demonstrate efficacy owing to low HIV incidence in the study (2).
Carraguard’s failure occurred in association with less than 50% adherence (3). Cellulose sulfate
demonstrated an increased risk of HIV infection (4), possibly owing to toxicity of the active
ingredient (5, 6) or the hyperosmolar gel vehicle (iso-osmolar placebo) (7). Nonoxynol 9 (N9) also
showed an increased risk of HIV transmission in the COL-1492 study (8). Unlike the others, N9
has a clear trail of evidence from in vitro, animal, and clinical studies showing dose-related N9
induced vaginal inflammation and epithelial disruption in some, but not all studies [reviewed by
Hillier et al. (9)]. However, the clinical relevance of many of the observed changes was unclear at
the time, and much of the evidence accumulated in parallel with large, empirically-based clinical
trials. The clinical implication of the findings was interpreted with great clarity, in retrospect,
when COL-1492 showed N9 to have a dose-dependent HIV infection risk. The challenge then,
as now, in finding biomarkers with predictive clinical value is to identify the optimal balance of
sensitivity for detecting toxicity and specificity to allow effective candidates through a screening
program. For prevention efficacy, finding any biomarker is a special problem.

These microbicide failures occurred alongside other strategies that also failed to prevent
HIV infection [herpes simplex virus type 2 suppression, female diaphragm use, and the Merck
adenovirus-based vaccine candidate (10-12)]. A recent Institute of Medicine (IOM) report deals
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Table 1 Selected microbicide candidates in clinical phases of development

Class Site of action Mechanism of action Candidates Status

I Lumen Vaginal defense enhancer Buffergel ™ Efficacy—near completion
Acidform™ Efficacy—ongoing
Lime juice Safety—not demonstrated

II Lumen Membrane lysis Nonoxynol-9 Efficacy—not demonstrated!
Savvy™ (C31G) Efficacy—not demonstrated

111 Lumen Membrane binding inhibitor Cellulose sulfate Efficacy—not demonstrated
Carraguard ™ Efficacy—not demonstrated
PRO 2000™ Efficacy—near completion
Invisible Condom ™ Efficacy—planned
Vivagel ™ Expanded safety/PK
Cellulose acetate phthalate Safety/acceptability

v Tissue Cell membrane binding inhibitor | Maraviroc ARV licensed to IPM?

\% Intracellular Reverse transcriptase inhibitor Tenofovir Efficacy—ongoing
uc-781° Safety/acceptability
Dapivirine Safety/acceptability/PK
MIV-150° Efficacy—planned*

I'Studies failed to reject the null hypothesis of no difference between intervention and placebo.

2 Antiretroviral licensed to International Partnership for Microbicides for microbicide development, currently not in clinical microbicide development.

3Site of action may also be intraviral for these nonnucleoside reverse transcriptase inhibitors.
*Clinical trial planned for combination use with Carraguard ™.

with the many methodologic challenges facing HIV prevention studies generally (13). With these
failures in mind, this review focuses on methodological challenges in the early phases of clini-
cal microbicide development, with emphasis on pharmacokinetics, safety, and proof-of-concept
studies where there is room to better inform a product’s development path.

Microbicide Development Contrasted with Optimal Drug Development

The microbicide development programs to date differ substantially from a desired drug develop-
ment model in several critical respects unique to microbicides (follow the Supplemental Material
link from the Annual Reviews home page at http://www.annualreviews.org to Supplemental
Figure 1). First, the local mucosal changes that occur after exposure to drug, while benign in the
treatment of almost any other condition, may be devastating for HIV prevention if they increase
HIV infection risk. Most of the completed phase IIb/IIT efficacy studies relied largely on symptom
assessment and visual (sometimes colposcopically aided) inspection of vaginal tissue without the
benefit of more recently developed biological, cellular, and tissue assays to assess potential for
increased susceptibility to HIV infection. Continued uncertainty about the clinical importance of
a given type, magnitude, and duration of mucosal change makes selection and interpretation of
safety data in all phases difficult.

Second, distribution and clearance (pharmacokinetics) of candidate microbicide gels at the site
of action rarely preceded large efficacy studies; hence, concentration-time data were unavailable
to aid concentration-effect evaluations necessary to interpret unsuccessful trial outcomes. Third,
migration of the drug target, namely cell-free or cell-associated HIV (both may be important),
within the lumen of sexually receptive spaces remains largely unknown, such that the desired drug
distribution and clearance characteristics are unknown. Fourth, and perhaps the most limiting,
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there is no suitable biomarker established to enable a clinical proof-of-concept microbicide study to
explore the impact of dose and frequency to inform pivotal clinical efficacy trial designs. Typically,
only one or two dosages are tested, usually for only ambiguous, unvalidated safety markers. Data-
rich exploratory learning studies (including proof-of-concept studies) to inform larger hypothesis-
testing confirmatory efficacy studies in refining mutually-informing learning-confirming cycles
described by Lewis Sheiner (14) are nonexistent. Without this type of information, clinical trial
simulation cannot be done.

Complex Environment of Microbicide Use

The environment in which microbicides will be used is a dynamic interaction of microbicide, HIV,
and the person at risk of HIV infection (Figure 1). Additionally, there are critically important
parasexual behaviors that influence each of the other elements.

Host-virus. The interaction between HIV and host mucosal tissues is a key variable given the
large difference in vaginal and rectal environments and the resulting differences in risk of trans-
mission. The focus on vaginal microbicide development today is slowly evolving to consider the
important toxicity and efficacy issues for rectal HIV exposures in men and women (discussed in
detail below).

Microbicide-virus. Identification of a microbicide candidate capable of blocking productive HIV
infection of susceptible cells is the starting point of development, but a mechanism of action also
specifies a location of action (lumen, tissue, or cells) and a target of action (cell-free or cell-
associated virus), though these are not mutually exclusive categories.

Sexually
receptive
host

Coitus
Semen
Condom
Lubricant
Douche/enema
EtOH/drugs

Microbicides

Figure 1

Complex environment in which microbicides will be developed and used.
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Microbicide-host. The host’s effect on drug distribution within and clearance from the lumen
(macroscopic centimeter to meter scale), adjacent interstitial tissue and cells (microscopic micron
to millimeter scale), and the rest of the body compartments will vary greatly depending on the site
of application, whether vagina or rectum. Understanding the potential toxicity of both the active
microbicide compound and the microbicide vehicle upon sexual mucosa and within local tissues
is critical given that these changes may directly impact the efficacy of HIV prevention.

Microbicide-(para)sexual variables. Intercourse itself may introduce microtrauma, especially
with the more fragile rectal mucosa, which has the potential for increased risk of HIV infection.
Dynamic coital forces may alter local distribution and clearance of topically applied products, while
ejaculate dilutes and admixes with local microbicide and may alter HIV susceptibility of the local
mucosa. (Para)sexual activities may include the impact of recreational drugs on microbicide adher-
ence. Sexual lubricants may reduce friction-induced micro trauma or increase tissue susceptibility
owing to product hyperosmolarity or specific ingredients potentially toxic to both columnar and
stratified squamous epithelium. Vaginal drying agents may increase the risk of mucosal trauma.
Some enemas very commonly used both before and after RAI disrupt mucosal integrity and are
associated with increased risk of HIV infection based on epidemiologic data (15-18).

Both Vaginal and Rectal Microbicide Development Essential

Despite the fact that microbicide development today is largely focused on vaginal use, there is
evidence that receptive vaginal intercourse (RVI) and RAI may represent routes of nearly equal
importance for HIV infection in women. The risk of transmission by a given route, whether vaginal
or anal, is a product of transmission risk per exposure and the frequency of that exposure. The log-
adjusted median of estimates of transmission risk per exposure is roughly 19 times higher for RAI
when compared with RVI (19-21). Reduced vaginal susceptibility is likely due to a 40-cell thick
stratified squamous epithelium, hostile acidic pH, and more rapid turnover of vaginal contents
through the introitus. By contrast, the distal colon is a vast expanse of fragile single columnar
epithelium overlying a rich bed of susceptible CD4-bearing cells. The presence of cervical ectopy,
also single columnar in nature, increases the risk for HIV transmission in women (22, 23). There
is also evidence that condom use, generally poor in many parts of the world, is even worse with
anal intercourse (3, 24). Data for the frequency of anal sex during most recent sex is scarce in the
literature, but the log-adjusted median of a range of estimates is roughly 1 in 22 (range 1:50 to
1:6) (25, 26).

The point estimates above are simply medians taken from different studies, so any conclusions
should be made cautiously. Using the numbers above, the estimated ratio of anal risk relative to
vaginal risk on a population basis is 5 to 6, not far from equivalence. Despite the crude nature of
these imperfect estimates, RAI clearly plays a substantial role in HIV transmission in women, with
implications for microbicide trial design. For example, using the estimates above, a microbicide
trial in women that limits microbicide application to the vagina (by instruction and number of
unit doses) would be slightly more than 50% effective even with a perfect microbicide, perfect
adherence, and prevention of every vaginal HIV exposure. Anticipated effect sizes, therefore,
may need some downward adjustment if developed for a single site of application. If a vaginal
microbicide is occasionally used rectally and is moderately toxic to that more vulnerable colonic
tissue, these estimates can provide an explanation for increased risk of transmission in a clinical
trial without any evidence of vaginal toxicity.

It seems prudent for microbicide development for women to proceed with a balanced strategy
aimed at protecting both the female genital tract and rectum. Potentially, a single formulation
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MSM: men who have

sex with men
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could be designed for both vaginal and rectal use, but this will involve deliberate exploration of
microbicide-host interactions in vagina and rectum with formulation optimization made with both
locations in mind. By contrast, a clinical trial of a microbicide for men who have sex with men
(MSM) will be associated with less anatomic confounding to complicate interpretations of efficacy
data (one less organ of exposure) than similar trials in women. This could be an efficient path to
demonstrate microbicide proof of concept and provide much needed encouragement to funding
agencies and, especially, large pharmaceutical companies to expand microbicide development for
men and women.

CONCEPTUALIZING A MECHANISTIC MODEL
TO GUIDE MICROBICIDE DEVELOPMENT

The failure to establish proof of concept in several clinical trials and the highly complex envi-
ronment for microbicide use and development motivate the search for improved understanding
of fundamental processes at work. A theoretical conceptualization of host, microbicide, and virus
interactions can inform the construction of a mechanistic pharmacokinetic-pharmacodynamic
(PK-PD) model framework to better inform rational microbicide development. The fundamental
objectives of microbicide development include identifying the drug target; that is, cell-free and
cell-associated HIV following sexual exposure, developing a microbicide to both outdistance and
outlast the virus, and gaining an understanding of the correlates of toxicity over space and time,
primarily with regard to their impact on microbicide efficacy or subject adherence.

HIV Factors

In the minutes and hours following ejaculation, cell-free and cell-associated HIV migrate within
the lumen of the vagina or distal colon and encounter natural defenses, including dilution and
clearance by the natural flow of fluid within these compartments and inactivation by low vaginal
pH or vaginal secretory leukocyte protease inhibitor (27). These events take place within uncertain
distributions within both the female genital tract and the rectum and over an uncertain period
of hours or days until HIV clearance from the lumen is complete or HIV is inactivated within a
hostile luminal environment (Supplemental Figure 1). Once past luminal defenses, the virus must
pass through a single columnar epithelium (colon, uterus, cervical canal, ectopic cervical tissue)
or stratified squamous epithelium (vagina and cervix), or attach to Langerhans cells within these
layers to access CD4-bearing T helper cells, macrophages, and dendritic cells in which to establish
infection. In addition, HIV may interact with Langerhans cell projections within the superficial
mucosal layer and dendritic cells within the lamina propria, either of which may capture HIV on
their surface and present it to target cells in lymph nodes. Infected CD4+ cells are detectable
in lymph nodes draining the female reproductive tract within 24 hours, and systemic infection
appears at one week (reviewed in Reference 28).

Microbicide Factors

To prevent HIV interaction with susceptible cells in the mucosal tissue, microbicides are be-
ing developed with five general mechanisms of action (Table 1): (I) vaginal defense enhancers
such as agents that maintain an acidic pH hostile to HIV; (II) nonspecific agents, like detergents,
that nonspecifically disrupt membranes of cell-free HIV as well as infected donor and uninfected
host cells; (III) viral membrane binding agents, commonly polyanions, that interfere with cell-
virus interactions; (IV) specific host cell binding agents such as CCRS5 inhibitors that prevent

Hendrix o Cao * Fuchs


http://arjournals.annualreviews.org/article/suppl/10.1146/annurev.pharmtox.48.113006.094906?file=AnnualReviews.PA49.Hendrix.Supplemental.Figure1.pdf

Annu. Rev. Pharmacol. Toxicol. 2009.49:349-375.

cell-virus binding with high specificity; (V) inhibitors of viral replication such as tenofovir (nu-
cleotide analog) or UC-781 (nonnucleoside reverse transcriptase inhibitor) that act within CD4+
cells to prevent reverse transcriptase activity.

Based on mechanism of action, the microscopic site of action is restricted and relevant
pharmacokinetic compartments are defined (Supplemental Figure 2). Luminally active drugs
(Types I, 11, and III), are excellent for topical administration as microbicides because they need
no tissue absorption, thus minimizing systemic side effects. However, they may have local toxicity
such as that associated with N9 or hyperosmolar gel vehicles that may directly diminish their
preventive effectiveness by enhancing HIV infection (7, 29, 30). Tissue-active drugs (Type IV)
must penetrate the mucosa, where HIV interacts with tissue CD4+ cells. Cell-active drugs (Type
V) must penetrate tissue and CD4+ cells within tissue to function. It remains to be established,
however, whether the oral or topical route of administration is most efficient at achieving concen-
trations that prevent HIV infection. The microscopic division into lumen, tissue, and cell activity
is helpful, but not always exclusive as intraepithelial lymphocytes and Langerhans cells are located
at the tissue-lumen interface and some drugs such as the nonnucleoside reverse transcriptase in-
hibitors UC781 and MIV-150 may penetrate and bind reverse transcriptase within HIV particles
in the lumen and tissue (31-34).

Microbicide and HIV Distribution and Clearance

Figure 2 displays a theoretical distribution of both microbicide and HIV concentration within the
vaginal or rectal lumen immediately after ejaculation. For luminally active agents, success or failure
depends on microbicide achieving concentrations in excess of those required for viral inactivation
or prevention of virus-mucosa interactions. For tissue-active agents, the luminal distribution is no
less important because the concentration of drug in subjacent tissue is a function of luminal drug
concentration. Drug and virus vary in distribution with passing time after ejaculation depending on
anatomy and rheological properties of the seminal fluid and microbicide gel influenced by natural
physiological forces on these fluids and their contents. HIV distribution and clearance from the
lumen dictates optimal microbicide distribution and clearance within the lumen for luminally
active drugs as vehicle formulation is modified iteratively to achieve a distribution surface to
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c
)
-
©
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=
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Figure 2

Microbicide and HIV distribute in the lumen of the female genital tract and distal colon following
intercourse. Success or failure depends on the microbicide concentrations relative to virus throughout the

distribution of HIV.
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Pharmacokinetic/pharmacodynamic link

Pharmacokinetic-pharmacodynamic interaction model for tenofovir pre-exposure prophylaxis. Left panel shows full six-compartment
model of drug kinetics with fluid and cell compartments within each of the three larger compartments—lumen, tissue, and
blood/lymph—generalized with both topical and oral dose inputs. Within cells, nucleoside/nucleotide analogs undergo anabolism to
the fully phosphorylated active moiety (TFV — TFVpp indicates tenofovir to tenofovir diphosphate anabolism). The rate constants of
drug movement between compartments, indicated by directional arrows, can be statistically estimated given sufficient data from
adjacent compartments. Right panel shows a theoretical inhibitory sigmoid concentration-response curve for dichotomous

seroconversion outcomes.

The PK and PD models are linked by intracellular tenofovir diphosphate concentration (TFVpp) in the

CD4+ cells in tissue with the drug concentration axis on the concentration-response curve. The relevant pharmacokinetic
compartment best predicting seroconversion outcomes should depend upon the site of action of the active drug.
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outdistance and outlast the virus (Supplemental Figure 3). Luminal distribution for tissue and
cell-active drugs is more complex as tissue and cell kinetics are also critical.

Compartmental Pharmacokinetic Model

Enlarging the perspective beyond the luminal distribution, one can construct a conceptual model
with six compartments in which microbicide and virus distribute fluid and cellular subcompart-
ments within the lumen (vaginal and rectal), tissue, and blood compartments (Figure 3). Within
the cellular compartment, there are additional transformations (and rate constants) of nucleo-
side analogs to active phosphorylated moieties. The relevant sites of action have been discussed
according to mechanism of action—lumen, tissue interstium, or cells. The utility of the other
five nonactive compartments lies in their contribution to a complete compartmental model. If
the concentration in multiple other compartments has a consistent, predictable relationship to
the concentration in the site of action, then concentration data from more accessible sampling
locations (blood and lumen) may enable imputation of values in less accessible (tissue and cel-
lular) sites of action. The ability to impute these values becomes critical as one moves from
small, intensive, exploratory clinical studies in which all six compartments can be sampled to large
confirmatory clinical trials where sparse sampling of a few compartments, at best, is possible.
The challenge to microbicide development is to collect sufficient information to populate this six-
compartment model sufficiently well in early clinical phases, despite not having pharmacodynamic
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(seroconversion) outcomes, to maximize the value of more limited data (blood, blood cells, luminal
sampling) from large studies that will be rich with seroconversion outcomes.

Pharmacokinetic-Pharmacodynamic Model

The ultimate outcome of interest in microbicide trials is HIV infection. Linkage of dichotomous
infection outcomes to continuous pharmacokinetic measures, for example, intracellular phospho-
rylated drug levels for nucleoside analogs or luminal drug concentration for luminally active drugs,
could be built (Figure 3). Well before seroconversion data from large pivotal trials is available,
useful continuous variables of toxicity and markers of efficacy can be explored to inform develop-
ment decisions and optimize clinical trial design. The concentration-response relationship with
toxicity outcomes (e.g., cytokine expression, inflammatory cell infiltration, mucosal disruption)
would be quite valuable earlier in the development process. Optimally, predictive biomarkers for
seroconversion would be valuable in proof-of-concept studies. For example, if methods were avail-
able to quantitatively measure viral entry into sexual mucosa in animal models or human studies,
then a range of doses and regimens could be explored early in development for their ability to
diminish the magnitude of viral entry.

Toxicity Over Time

For microbicide development, toxicity and efficacy are two sides of the same coin. A microbicide
candidate may provide a near maximal degree of desired activity through inactivation of the
virus in the lumen (nonoxynol-9), prevention of virus-mucosal interaction (cellulose sulfate), or
inhibition of intracellular reverse transcriptase. However, if the active ingredient or vehicle causes
a (a) breach of existing defenses through breach of the mucosal barrier (detergents’ mechanism of
action, hyperosmolar vehicle), (b) stimulation of local inflammation (increased cytokines, loosening
of tight junctions, recruitment of CD4-bearing target cells, increased cell surface CD4 receptor
density), or (¢) alteration of the beneficial vaginal microflora, this effect may sufficiently reduce
native defenses so as to outweigh any viral protective effects. Potentially differing from desired
drug-related antiviral effects, the time course of toxic effects depends on the rapidity of onset
of toxic effects (time-dependent cytokine expression and cell migration compared with more
immediate direct mucosal damage) and recovery (cytokine clearance, cell egress, and mucosal
repair) (Figure 4). If these toxic effects are of sufficiently small magnitude and short duration that
they are counterbalanced sufficiently by viral inhibitory effects after a single exposure, then single
or occasional dosing may result in a net preventive benefit to the user. However, with sufficiently
frequent dosing, there is a danger that the toxic effects may have a cumulative effect over time
depending on the time lag for recovery from damage. Preclinical studies provide supporting
evidence of this temporally dependent efficacy window (35).

Full Mechanistic Model

In the final conceptualization step, the essential elements of microbicide and virus, each interacting
within the host, are linked in a series of processes from exposure to HIV infection (Figure 5). The
behaviorally-determined input functions of both drug and virus provide key information, working
with drug and viral kinetics within the host to model drug and viral fluctuations prior to HIV
infection. Adherence is used here to summarize the variables of dose, route, and frequency of use.
The viral behavior parallel, HIV exposure, also includes HIV dose, route, and frequency variables
related to sexual exposure. Kinetics then describes the movement of particles, drug, and virus in
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A microbicide’s concentration-related antiviral effect (b/ue) and toxic effects (red ) vary with time and
contribute to the net effect on HIV prevention (violer) that varies with dosage frequency. This simulation
assumes both additive antiviral and toxic effects that are measurable on the same outcome scale (y-axis)
representing net HIV prevention effect, and concentration-related efficacy and toxicity, though toxicity was
modeled to be subsequent to drug concentration changes with slower onset of action (toxicity) and slower
resolution (restitution) than desired drug-related efficacy effects. With daily or less frequent coitally
dependent dosing (left panel), there is a period of net preventive efficacy during which a viral exposure will
result in a decreased risk of infection below the background risk. This is followed by a period of increased
vulnerability to infection. In the frequent dosing scenario (right panel), after the second dose, the host is
always more vulnerable to infection.

space and time. What is often represented as a single pharmacodynamic process is represented
here as three parallel dynamic processes of drug, host, and virus. Here, pharmacodynamics is lim-
ited to drug-virus interactions in which prevention of virus interaction with the susceptible cells is
the objective. Toxicodynamics, influenced by drug concentration, is added as a distinct process to
capture alteration of gut or vaginal mucosa that may enhance HIV infection (for example, reduced
mucosal integrity or increased target receptors on target cells) independent of drug-mediated
antiviral effects. Viral dynamics involves virus interacting with cells, leading to viral replication.
The HIV infection event by which microbicide efficacy is determined is the result of the inter-
action of these three processes. Adherence, HIV exposure, and toxicodynamics deserve special

Pharmacodynamics

Pharmacokinetics
Distribution/clearance

Toxicodynamics — 0 [\ATN {(400))

Viral kinetics Viral dynamics
Distribution/clearance Infectivity (toxicity)
N -~ J N - J
Particles in space and time Interactions of drug, host, virus

Linkage of human (b/ue) and viral (red) processes, moving from left to right, influencing HIV infection in a microbicide clinical trial.
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consideration given the failure of previous clinical trials to demonstrate microbicide efficacy, pos-
sibly due to microbicide or vehicle toxicity, poor adherence, and the likelihood of risk reallocation
with microbicide use (for example, reduction in condom use). Data-driven linkage of these pro-
cesses in a mechanistic model will powerfully inform microbicide development and enable clinical
trial simulation to optimize pivotal clinical trial design.

EVOLVING METHODS TO INFORM MICROBICIDE DEVELOPMENT

Using the mechanistic model as an organizing framework, one can explore the variety of evolving
quantitative methods needed to improve the informational content of early pharmacokinetic,
safety, and proof-of-concept studies and, in turn, develop better designs for pivotal efficacy studies.

Quantifying Behaviors Affecting Microbicide and HIV Exposure

Because both adherence behaviors (microbicide dose, route, and frequency) and viral exposure—
related behaviors (frequency of vaginal or anal receptive sex) can have dramatic impact on drug and
viral exposures and subsequent seroconversion events, quantitative assessment provides necessary
input to drive PK-PD models of microbicide effect. For example, rich time-of-dose adherence data
in combination with individual pharmacokinetic parameter estimates could be used to reconstruct
concentration-time data throughout a clinical study. With sporadic and definable exposures to
HIV, this type of data could dramatically improve the explanatory value of pharmacokinetics with
regard to infectious events.

Unfortunately, the quantitative methods for assessing drug-taking behavior are far less precise
than methods for measuring drug levels or HIV seroconversion, thus increasing uncertainty and
adding variability to any model. Study participant self-report data may overestimate adherence
by 20% (36, 37) and pill counts have also been shown to be unreliable (38, 39). Removing the
interviewer from this data collection with audio-computer assisted self-interviewing (ACASI)
methods is believed to improve the quality of self-report data (40). More objective biological tests,
such as dyes indicating vaginal mucus on returned microbicide applicators, have demonstrated
greater than 96% sensitivity and greater than 98% specificity (41, 42). In the Carraguard trial,
study participants reported 94% usage of Carraguard, but a dye test indicated that Carraguard
was only used in 43 % of sex acts (3). Unfortunately, this method does not perform as well with all
microbicide applicators in development (43). Microelectromechanical systems (MEMS) devices,
which record date and time of pill bottle opening, provide more objective data, but don’t capture pill
taking. MEMS devices indicate lower adherence than self report data and better predict antiviral
outcomes in HIV treatment (44, 45). MEMS may also be useful in differentiating patterns of
adherence, for example, sporadic versus extended drug holidays, which could prove useful in
combination with drug concentration data.

Self-report time of sex, receptive route, and condom use to define HIV exposure is at least as
problematic as microbicide adherence. Inability to assess the impact of mandatory and intensive
condom promotion, currently the standard in all arms of microbicide trials, is a major obstacle
because it may represent a major influence on HIV exposure in both the placebo and intervention
arms of the trial such that the microbicide effect in one arm may be overwhelmed by the increased
use of condoms. This fear is supported by condom use estimates in clinical studies that far exceed
condom use in the local population. Measuring condom migration as risk reallocation is also
critical for similar reasons. Objective biologic tests such as vaginal sampling for prostate-specific
antigen or Y chromosome to detect unprotected sexual exposure can be useful, but can only provide
evidence of exposure in recent days.
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Quantifying Microbicide and HIV Movement in Space and Time

A quantitative understanding of candidate microbicide distribution and clearance relative to HIV
distribution and clearance after sexual exposure should enhance microbicide development through
drug and vehicle optimization. Traditional drug development deals almost exclusively with blood
concentrations, implicitly though imperfectly as a surrogate for active drug at the site of action
that is seldom explored directly. For microbicides, the site of action is accessible, though methods
to quantitatively assess drug and HIV concentration at this anatomic site are not well developed.
Methods to assess the kinetics of changing drug and virus concentration at the mucosal site of
action (Figure 5), however, are evolving rapidly.

Tissue and blood pharmacokinetics. For microbicides with a mechanism of action require-
ing mucosal penetration for activity, knowledge of the drug’ tissue concentration is essential to
understand the concentration-effect relationship and thus aid drug development: for fusion or
chemokine inhibitors, interstitial drug concentrations; for reverse transcriptase inhibitors, intra-
cellular concentrations; for nucleotide or nucleoside analogs, phosphorylated moieties within the
cell. Because most blood and tissue data available for candidate microbicides relates to tenofovir,
this drug is discussed.

"The oral formulation, tenofovir disoproxil fumarate, marketed for HIV treatment (Viread ™),
is formulated as an ester of tenofovir to mask the charged phosphate moiety of this nucleotide
that limits its oral bioavailability. Orally administered tenofovir disoproxil fumarate has adequate
bioavailability and a 17-hour terminal half-life and demonstrates dose proportionality as reported
by Barditch-Crovo et al. (46). Mayers et al., in the HIV Prevention Trials Network (HPTN)
050, demonstrated indirectly that tenofovir is present, at least transiently, in vaginal tissue after
vaginal dosing of tenofovir (not the ester) when they detected tenofovir in the blood of 14 of 25
subjects, peaking at four hours, though achieving less than 2% of the dose-adjusted area under the
concentration-time curve (AUC) achieved after oral dosing (47). Demonstrating tenofovir move-
ment in the other direction, Dumond etal. also indirectly demonstrated vaginal tissue penetration
after oral tenofovir disoproxil fumarate dosing by observing the drug in vaginal fluid; the tenofovir
AUC was similar in both blood and vaginal aspirates, peaking at two and six hours, respectively.

Kashuba and Schwartz et al. reported the first direct evidence of vaginal tissue concentrations
after tenofovir vaginal gel dosing in the CONRAD tenofovir PK study. Their study showed a
one to two log decrease in concentration moving from vaginal lumen to vaginal tissue, and a five
log decrease in both tenofovir peak concentrations and AUC in vaginal tissue compared with
blood levels (48, 49). These results suggest higher tissue levels than might have been predicted
based on steady-state oral tenofovir dosing in which blood and vaginal fluid AUC were the same
(50); these studies support measurable tissue levels of tenofovir after vaginal dosing. The missing
piece required for interpretation is the question of what tissue concentration is sufficient to prevent
HIV transmission. Kashuba reported that tissue concentrations after oral dosing in the most highly
protective animal models were two logs higher than concentrations achieved in genital fluid in
women after standard oral dosing (48).

Tissue concentrations have also been assessed for the vaginal ring formulation of dapivirine, a
highly lipid soluble, nonnucleoside reverse transcriptase inhibitor. Romano et al. reported tissue-
associated concentrations that were similar at the vaginal introitus and cervix and within one log
of dapivirine concentrations within the ring itself, although undetectable in the blood. Tissue-
associated concentrations were three to four times the in vitro HIV ICs, (51). Caution is warranted
in interpreting the tissue-associated concentrations in studies given the potential for surface con-
tamination of the biopsy with tenacious luminal contents that may cause an upward bias in the
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concentration, hence the term tissue-associated. If the tissue-associated concentrations represent
true interstitial concentrations in these biopsy studies, then this information provides a high degree
of confidence in having achieved excellent tissue penetration.

Intracellular pharmacokinetics. For nucleoside and nucleotide analogs, measurement of active
drug at the site of action requires intracellular concentrations of their phosphorylated moieties
measured in cells susceptible to HIV infection (T helper cells, macrophages, and dendritic cells).
It is arguable whether the mucosal or draining lymph node location is more relevant. This awaits
correlation with clinical outcomes. In HIV-infected patients on tenofovir, Hawkins et al. reported
intracellular tenofovir diphosphate kinetics in peripheral blood mononuclear cells (PBMC) to be
highly variable with a long intracellular half-life of 150 hours, ranging from 60 to more than 175
hours (52), much longer than the intracellular half-life reported in resting lymphocytes from in
vitro studies (53). To interpret ongoing studies that may provide intracellular phosphorylated drug
concentrations, additional work is needed to determine the degree of heterogeneity in phospho-
rylation among cell types extracted from brushes, biopsies, or lavage fluid in comparison with
relevant HIV-susceptible cells (CD4+ T cells, macrophages, and dendritic cells). For example,
cervicovaginal lavage (CVL) yields mostly epithelial cells, which may be irrelevant to HIV preven-
tion, though they may have value in understanding compartmental pharmacokinetics. Intracellular
heterogeneity in phosphorylation has been noted among different cell types for some nucleoside
analogs, though it has not yet been studied for tenofovir (54).

Another important limitation to intracellular phosphate assessment is assay sensitivity. Several
labs have reported limits of quantitation around 25 fmol/10° cells when using millions of cells. In
a study of mononuclear cells from the male genital tract, Vourvahis et al. reported undetectable
intracellular tenofovir phosphate concentrations in six of nine study subjects taking oral tenofovir
with mononuclear cell yields from 1.0 x 10° to 5.2 x 10° (55). Cervical cytobrush sampling typi-
cally yields only thousands of cells before cell sorting. If one performs cell sorting on vaginal tissue
biopsies, CD4 cell yields are also in this range. Colon tissue biopsies have better yields of CD4
cells, in the range of 50,000 cells per biopsy, but this still requires a large number of biopsies to get
sufficient cells to achieve the 25 fmol/10° cells sensitivity limit. Depending on the degree of tissue
penetration, detection of CD4 cell-specific intracellular diphosphate concentration in plentiful
colon tissue biopsies may be beyond the sensitivity of mass spectrometry methods. Accelerator
mass spectrometry (AMS), commonly used in carbon-dating studies to detect attamole levels of
4C differentiated from '?C background, could provide sufficient sensitivity. However, AMS trades
off several logs of its improved sensitivity when used in clinical studies because only very small and
single doses of *C labeled drug can be given. Accordingly, the estimated tenfold accumulation
of tenofovir diphosphate at steady-state with daily dosing, due to its long 150-hour intracellular
half-life (52), cannot be directly assessed with AMS methods.

Variability in intracellular tenofovir will also limit the successful construction of complex multi-
compartment pharmacokinetic models. In some clinical studies, the average intracellular tenofovir
diphosphate concentration ranged from 16.3 to 212 fmol/109 cells, a 52% coefficient of variation
about a mean of 76.1 fmol/10° cells (56). One source of intracellular phosphorylation hetero-
geneity is cell activation. Robbins et al. reported significantly reduced intracellular tenofovir
diphosphate half-life from 33 to 50 hours in resting lymphocytes to 12 to 15 hours in PHA and
IL-2-activated lymphocytes in vitro (53). In clinical studies, endemic commensal and pathogenic
organisms may increase the degree of cell activation, thus increasing heterogeneity. To evaluate the
clinical impact of cell activation as an explanatory variable for intracellular half-life variation, lym-
phocyte surface markers associated with cell activation are currently under study in a phase II clini-
cal study comparing oral and vaginal tenofovir kinetics [Microbicide Trials Network (MTN)-001].
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Evidence also supports genetic influences on intracellular tenofovir phosphate levels (a 35% in-
crease associated with an A to G single nucleotide polymorphism in ABCC4 that encodes the
MRP4 efflux transporter) contributing another source of variability to the intracellular kinetics
(56). Further, concentrations of the active diphosphate are only twice as high when compared with
the monophosphate concentration, thus assays which do not differentiate these two moieties and
assume all measured phosphate is diphosphate are susceptible to increased assay variation if this
diphosphate/monophosphate ratio itself varies.

Because microbicide dosing in some studies is coitally dependent, the time course of intracel-
lular phosphate formation in single-dose studies is also relevant. Robbins et al. described, in an
in vitro study, time to steady-state tenofovir diphosphate concentrations of approximately eight
hours after extracellular tenofovir exposure (53). Adequacy of a coitally-dependent nucleotide dos-
ing strategy plausibly depends on how soon protective phosphorylated concentrations are achieved
after dosing and the timing of dosing relative to coitus.

Vaginal lumen. In the late 1970s and early 1980s, scintigraphy was used to establish patency
of the female genital tract up to the fallopian tubes using planar gamma cameras, acquiring a
series of images from emissions from **™Technetium (Tt)-labeled human albumin microspheres
(*"™Te-HAM) dosed vaginally. Even with these large particles, distribution beyond the vagina and
cervical canal was easily demonstrated, which has not been seen to date in magnetic resonance
imaging (MRI) studies using small molecule markers such as gadolinium-DTPA, indicating the
superior sensitivity of scintigraphy to MRI. Different vaginal dosage forms (pessary, gel, and
cream) have been compared in crossover designs to evaluate product distribution and retention.
These studies used either “™Te-HAM or **™Te-DTPA, a small molecule (492 Da) the size of
many antiretroviral drugs that serves as a relevant small-molecule microbicide surrogate (types IV
and V) with regard to size. These studies demonstrated very little intrasubject variation in product
distribution comparison, but large interindividual differences in product retention, ranging from
greater than 80% retention to less than 2% over the observation periods (6 or 24 hours).

Mauck et al. studied vaginal surface coverage and distribution of sexual lubricants (Replens
and K-Y jelly) as surrogates for microbicide gels using **™Te-labelling and compared scintigraphy
to MRI and a direct optical imaging method (both described below); each was used in a separate
cohort (57). Multiple scintigraphy images are captured over the first 50 minutes after dosing;
a radioactive reference rod was used to calibrate distances in a predose image, and three vaginal
regions of interest were used to quantify product distribution by region. With its poorer resolution,
scintigraphy indicated less than 5% of the vaginal surface was not covered by gel, whereas the
optical method and MRI identified 60-68% and 68-75% of the vaginal surface to be uncovered,
respectively. In addition, the percent of maximal extent of the gel seen with scintigraphy was much
lower compared with the other two methods, both of which were in general agreement.

Barnhart et al. pioneered the use of MRI for imaging gel distribution within the lower female
genital tract, including studies of the microbicide candidates nonoxynol 9, C31G, and cellulose
sulfate. In studies of Gynol II (N9 contraceptive gel), 3 mL or 5 mL volumes of gadolinium-
labeled gel was used to image gel distribution up to six hours after dosing. Within 10 minutes
after dosing, gel distributed throughout the vagina and into the cervical canal, though without
evidence of distribution into the uterus (58, 59). Spread increased with time postdosing, larger gel
volume, and simulated vaginal intercourse (30 thrusts with an artificial phallus). In later studies,
the group developed more quantitative methods to assess linear spread (introitus to cervix) and
vaginal surface area coverage. In a C31G study, they demonstrated 92% linear coverage and 75%
surface contact coverage of the vagina within 18 minutes after dosing (60). However, six hours
after dosing, there was a substantial reduction in coverage, with only 60% of maximal linear
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distance covered and 41% surface contact. By 24 hours, there was minimal coverage of the vaginal
mucosa. Unlike N9 products, simulated intercourse had little effect on C31G distribution. This
gel performance suggests a limited period of usefulness after dosing compared with other gels. In
a study of 2.5 and 3.5 mL of 6% cellulose sulfate gel distribution over 50 minutes, the 2.5 mL
volume without ambulation showed poor linear spread (53.1% of the vaginal length) and surface
contact (61.7%), whereas the larger volume with ambulation improved both linear spread (84.5%)
and surface contact (85.9%) (61).

Neither the scintigraphy nor MRI studies attempted to assess vaginal concentration. In a
comparative study of five different N9 containing formulations, Witter et al. used a series of
two 135 mL CVL to assess N9 retention; the 24-hour time course was assessed by repeating
the dosing procedure on different days, but modifying the sampling time in each of the women
(62). The dose retained versus time profile indicated a qualitative product retention gradient:
foam > cream > film > suppository. One limitation of lavage methods is the lack of a method to
correct for the dilutional effect of the lavage due to uncertainty in the percent recovery of lavage
fluid. More recent CVL sampling methods use far smaller volumes (~10 mL) and sometimes
an intrinsic biomarker is used to roughly correct the dilutional effect of the lavage. To reduce
variability due to dilutional effects to improve the data quality in PK modeling, a safe chemical
marker could be added to lavage fluid to allow simple and quantitative correction of measured
compounds of interest. Kashuba et al. completely avoided the dilutional problem by sampling
using a self-administered aspiration procedure that yields ~300 microliters for analysis. Using
this aspiration method, Kashuba demonstrated the vaginal concentrations of a variety of ARV
drugs 3TC, ZDV, FTC, and TDF) that achieved female genital tract concentrations at or above
blood plasma concentrations (50). Spatial information can be achieved by sampling with adsorptive
materials at discrete sites along the vaginal wall, cervical canal, and uterus.

Katz et al. developed an optical imaging system to measure gel distribution and thickness along
the surface of the vagina using the optics of a rigid endoscope within a transparent phallic shaped
tube inserted into the vagina, essentially simulating the gel distribution during intromission (63).
The endoscope rotates 360° along an axis of 15 cm depth, capturing fluorescence intensity from
fluorescein labeled gels within the vaginal lumen, thus creating a three-dimensional map of gel
thickness along the full extent of the vaginal wall. Using this method, an over-the-counter (OTC)
N9-containing gel, Advantage S (polycarbophil and carbomer), was shown to have more extensive
and uniform distribution within the vagina with smaller bare spots when compared with another
N9 OTC gel, Conceptrol (sodium carboxymethylcellulose gel), which tended to pool around the
cervix and had larger bare spots on the vaginal wall (64).

Low-coherence interferometry (LCI) is also under development to measure the thickness of
microbicidal gels applied in situ. Compared with the optical method mentioned above, LCI mea-
sures the thickness of a formulation by analyzing the interference patterns generated by differential
reflection from the front and back surface of gel on a mucosal surface (65). Gel thickness assess-
ments should be useful to understand not only completeness of surface coverage by the active
microbicide, plausibly correlated with prevention efficacy, but also because there is theoretical
evidence that the gel itself may provide protection as a physical barrier (66).

Each method described has strengths and limitations such that the specific quantitative objective
determines the modality chosen (Supplemental Table 1). Pharmacokinetic data yielded by these
studies, linear distribution and surface coverage, concentration-time profiles, and spatial mapping
of gel thickness, should be useful in selecting among options for microbicide vehicle candidates.
Selecting the optimal vehicle, however, would be even better informed by quantitative assessment
of HIV distribution and clearance, as well, to better define the desired gel distribution required
to match the HIV target.
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Rectal lumen. Gastrointestinal distribution of rectally applied drugs began with scintigraphic
studies (**™Tc-sulfur colloid or *™Te- hydroxymethyldiphosphonate) of suppository, enema, or
foam containing hydrocortisone or 5-ASA. Semiquantitative region-of-interest distribution data,
sometimes aided by plain X-ray studies, showed foams and enemas migrating retrograde as far
as the splenic flexure, whereas suppositories were typically limited to the rectum. In one study,
pretreatment with an enema facilitated distribution of the treatment enema throughout the colon
(67), a finding with potential application to rectal microbicide dosing given the common use of
enemas prior to receptive anal intercourse.

Hendrix et al. directly compared scintigraphic methods with MRI and a direct endoscopic sam-
pling method in the same subjects following the same dose (68). They used a simulated intercourse
model based on parameters established in MSM focus groups to replicate the mechanical and phys-
iological effects that coitus could have on gel distribution and gut motility. The microbicide gel
surrogate (O'TC sexual lubricants) labeled with gadolinium for MRI and either **™Tc or !!!Indium
chelated to D'TPA served as a surrogate for a small-molecule microbicide. Simulated ejaculation
through the artificial phallus, using viscosity-adjusted OTC sexual lubricants or autologous se-
men radiolabeled with HIV-sized sulfur colloid, allowed study of surrogates of microbicide and
HIV-infected semen interactions in situ. Single photon—emitted computed tomography (SPECT)
coupled with computed tomography (CT) followed immediately by MRI and repeated up to four
times within the 24-hour postdose period allowed nearly simultaneous comparison of the two
methods in the same individual.

MRI provided high resolution detail of gel distribution in the rectum and lower sigmoid, but
gel migration more proximally resulted in a large concentration decrease in the upper sigmoid
with degradation of signal-to-noise ratio. SPECT/CT provided superior signal sensitivity, though
poorer spatial resolution, allowing visualization of gel migration as far, in one case, as the cecum.
SPECT showed signal migrating proximally through the rectosigmoid, mostly within four hours
after dosing, with distribution to the descending colon and splenic flexure in 25 and 12% of
subjects, respectively (Figure 6). To provide concentration data, a novel three-dimensional curve-
fitting algorithm was developed based on the principal curve algorithm of Hastie and Stuetzle
(69) that incorporates operator-defined constraints and image intensity into the fitting; signal
intensity (mass) and voxels with signal (volume) are used to estimate concentration along the
path of the colon (70). Plotting concentration, distance, and time values describes a microbicide
surface for each condition studied. New pharmacokinetic parameters are needed to incorporate
distance into concentration and time parameters to allow quantitative assessments of gel dis-
tribution as it varies with formulation, coital simulation, presence of ejaculate, and preparatory
enemas, and to provide variance estimates for sample-size planning in future pharmacokinetic
studies.

Direct endoscopic sampling of luminal contents along the mucosal surface using endoscopic
brush sampling and mucosal tissue biopsies provide information bridging macroscopic and micro-
scopic microbicide distribution. Luminal and biopsy samples follow similar concentration profiles
as expected, but luminal samples are typically one to two logs greater in concentration than the
biopsies. Caution is also necessary in interpretation of the biopsy specimens because surface con-
tamination with luminal contents, including the mucin layer, may significantly bias the results. The
endoscope itself may introduce three additional distortions: first, introduction of the scope may
stretch the colon in places; second, movement of the scope from distal to proximal locations may
physically displace gel or fluid being assessed and thus further distort the distribution, especially
for subsequent analyses; third, the scope may act as a physiological stimulus to alter gut peristaltic
activity.
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Figure 6

Fusion of single photon-emitted computed tomography (SPECT) and computed tomography (CT) images showing microbicide
surrogate gel temporal migration retrograde to the splenic flexure after rectal dosing. Microbicide surrogate is an iso-osmolar mixture
of over-the-counter sexual lubricants with '''In-DTPA added for imaging to simulate a small-molecule (492 Da) microbicide active
ingredient. Temporal sequence (/eft to right) includes 1st hour to 24th hour after dosing. Top row of images panel is grayscale maximal
intensity projection of !''In signal. Lower two rows of images are coronal and sagittal views of CT images (grayscale: /ight gray is bone
density; darker gray are soft tissues; black is air density) with superimposed SPECT images of !!'In signal (blue through yellow).

Dosing forms. Although the above methods were developed using gels as drug vehicles, the
methods can be used with other formulation types. The kinetics of microbicide-eluting vagi-
nal rings can be imaged to ascertain location within the vaginal space, and direct sampling of
vaginal fluid or tissue can be used to estimate tissue penetration (51, 71). Enemas could be
used as drug delivery vehicles for rectal microbicides, an attractive option as enemas (douch-
ing) are commonly used prior to receptive anal intercourse (72-74). Studies of the distribu-
tion and clearance of different enema types is currently underway using SPECT/CT imaging.
Luminal concentration-distance-time data for genetically modified microbicide-secreting lacto-
bacilli spp. and Escherichia coli could be studied using direct vaginal or colonic sampling with selec-
tive and quantitative culture, using bacterial-secreted microbicide concentration as the relevant
readout.
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Viral distribution. The same methods developed to map drug distribution in these luminal com-
partments can be employed to track virus. Hendrix et al. have developed a cell-free HIV surrogate
comprised of *™Te-sulfur colloid (100 nm particle similar in size to HIV) suspended in autologous
seminal plasma and a cell-associated HIV surrogate comprised of autologous ' In-oxine-labeled
lymphocytes suspended in autologous seminal plasma. To enable comparison between cell-free
and cell-associated HIV, both surrogates have been dosed simultaneously using their simulated
RAImodel (75) (Supplemental Figure 4). Because of the different energy levels of the surrogates,
each surrogate distribution can be resolved separately. Studies of female genital tract distribution of
radiolabeled lymphocytes are underway. In this manner, both the drug and the cell-free virus-sized
particle combination and the cell-free and cell-associated virus surrogate combination have been
studied. Using quantitative methods, the three-dimensional concentration-distance-time surface
of HIV surrogates and drug can be mapped together (Supplemental Figure 5). Consistently, the
concentration-distance-time profile has been largely superimposable for drug, cell-free, and cell-
associated surrogates. Accordingly, the sometimes widespread migration of virus-sized particles
to the splenic flexure may also be associated by the same distribution of microbicide surrogate.

Microscopic tissue distribution is being explored using simulated ejaculation of autologous ex
vivo !!'In-labeled lymphocytes suspended in autologous semen. Gamma counting of cells extracted
from postejaculate colon biopsies show from 1 to 2% of CD4 cells from the biopsy are of exogenous
origin (75). Because detailed histologic evaluation has not yet been performed, it is not known
whether these cells have penetrated tissue or are simply closely adherent to it within the tenacious
mucin layer. Plans are underway for assessment of autologous radiolabeled HIV distribution.

Tracking of HIV and CD#4 cells within the lumen and mucosal tissue has several obvious
implications. First, it may extend understanding of early HIV transmission events based on in vivo
human exposures of HIV. Second, defining the distribution of the microbicide target, namely HIV,
will inform development of microbicide formulations designed to outdistance and outlast the virus,
at least within the lumen. Third, the ability to quantitatively measure cell-free and cell-associated
HIV within tissue will enable HIV challenge studies in which differences in HIV infectivity can
be quantitatively assessed before and after microbicide dosing. The ability to perform proof-
of-concept dose-ranging studies of microbicide candidates using relevant quantitative biological
endpoints will be a powerful tool to improve microbicide development. Decisions to proceed to
large phase IIb/III studies will be made with substantially more information. Dose and frequency
selection can also be optimized as it is in traditional drug development. Clinical trial simulation
informed by the luminal distribution, compartmental modeling, and proof-of-concept studies
described above becomes much more feasible, thus enabling comparison of competing study
designs for large registration trials with seroconversion endpoints.

Dynamics—Interactions of Drug, Virus, and Host

Preventive efficacy of microbicides will be the net result of interactions between active drug,
virus, and host tissues. Perhaps, more than in any other therapeutic area, toxicity (undesired
drug-tissue interactions and undesired drug-virus interactions such as resistance) and antiviral
effect (desired drug-virus interactions) are opposite sides of the same coin, the sum of which
determines preventive efficacy (Figure 5). A quantitative undestanding of the magnitude and time
course of these interactions is key to selecting optimized candidate microbicides to go forward in
development, planning pivotal clinical trials, and interpreting clinical trial outcomes.

Integrating PK and seroconversion data. On the basis of the methods described above, the
data required to fully populate the comprehensive six-compartment pharmacokinetic model,
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conceptualized in the previous section, is gradually being gathered, but logistical limitations
preclude its collection in all subjects of large efficacy studies with seroconversion endpoints.
Increasingly, early clinical studies are including comprehensive collection of data from multiple
anatomic locations for drug analysis. Parameter estimates thus generated will be used to both
(#) inform future confirmatory trial design through clinical trial simulation and (4) provide esti-
mates for imputation of pharmacokinetic parameters of interest such as intracellular phosphates in
the mucosal CD4+ cells based on only blood or luminal sampling (Figure 5). Larger clinical trials
with seroconversion endpoints are also including some degree of pharmacokinetic information to
inform PK-PD model development.

One strategy employed in large seroconversion endpoint studies, as in the ongoing CDC
PrEP studies, has been to include nested small substudies with more intensive collection of data
from many compartments to provide initial parameter estimates. The remainder of the study
population undergoes more sparse sampling, but the larger number of subjects provides infor-
mative covariates that can be modeled with population pharmacokinetic methods (Supplemental
Figure 6). In several ongoing tenofovir PrEP and microbicide effectiveness studies, integration
of logistic regression with sigmoid I, models are planned to link the HIV infection rate to
intracellular tenofovir diphosphate concentration, through both direct and imputed drug con-
centration assessment. A modified Cox-proportional hazards model will be attempted to link the
tenofovir diphosphate concentration to the time-to-HIV infection data (Figure 3). Success of
these modeling attempts depends on the richness of data used to build the model and the ability
to reduce variability through inclusion of informative covariates such as renal function and cel-
lular activation, described above. Increasingly, clinical studies are incorporating this type of rich
pharmacokinetic data in their designs (Supplemental Table 2).

Selecting biomarkers for toxicity. Identification of drug-induced toxicity as early as possible in
any drug development program is essential, and is perhaps even more critical for microbicides.
Subtle clinically inapparent local toxicity, without impact for many drug programs, directly erodes
prevention efficacy for microbicides, even increasing the risk for HIV infection as seen with N9 (8).
With the surge of toxicity assessments being used to screen microbicide candidates in many labs,
the real challenge remains in selecting assays to detect changes that predict a clinically manifest
increase in susceptibility to HIV infection, hence a focus on the type of changes seen after N9
exposure.

Current toxicity assessments go well beyond the histology and visual inspection for tissue
disruption and inflammation. Mechanism-based in vitro studies of N9 show epithelial disrup-
tion secondary to loss of tight junction and adherens junction proteins (76); similar observa-
tions have been made with cellulose sulfate, another candidate that failed in phase III trials
(5, 6). Animal studies show that N9-related inflammatory cell infiltration, epithelial disrup-
tion, and increased susceptibility to viral infection can be detected by a variety of methods, in-
cluding visual and colposcopy inspection, histopathology, measurement of transepithelial elec-
trical resistance, and HSV-2 challenge (9). Although clinical observation indicated increased
symptoms of vaginal irritation in some but not all studies, there has been consistent objec-
tive evidence of inflammation (epithelial disruption, inflammatory infiltrate, and increased in-
flammatory cytokine expression), altered vaginal microflora, and increased susceptibility to ex
vivo HIV infection in human cervical and colonic explant tissue (9, 77, 78). Lackman-Smith
et al. and McGowan et al. recently put forward evaluations of panels of toxicity assessments in
the vagina and rectum, respectively, along with a critical evaluation of the methods proposed
(79, 80).
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Measuring toxicity over time. Awareness of the temporal fluctuations in toxicity is essential to
the timing of toxicity assessment during development. For example, using histologic methods,
single-dose rectal administration of N9 demonstrated dramatic epithelial exfoliation 15 minutes
after application, plausibly increasing the risk of HIV infection but with substantial reversal of
these changes by 2 hours and microscopically normal epithelium after 24 hours. (29, 30, 81).
The time course seen in these clinical studies is consistent with in vitro epithelial damage models
(82), but there also may be late changes that take place over several hours or days. In progestin-
treated mice, Cone et al. recently demonstrated a single vaginal exposure of N9 followed by HSV
challenge resulted in brief partial protection, but then up to a 30-fold increase in susceptibility to
infection that peaked 12 hours following a single-dose exposure (35).

The time course of toxicity and recovery (and sampling schedules to assess it) likely differs
with direct chemical and mechanical stresses in contrast to immunologically mediated damage.
Therefore, an optimal time of assessment for one type of toxicity (if it could be correctly chosen)
may differ from the optimal time of assessment for another. Spatial variation in tissue type and
drug exposure create spatial heterogeneity in toxicity as well. Further, invasive sampling can distort
the conditions intended for observation. Accordingly, the ideal biomarker of toxicity can provide
multiple assessments over time, noninvasively, and at differing locations with both the female
genital or rectal compartments. Two such candidates under development are optical coherence
tomography (OCT) and systemic permeability assessment.

OCT, using low coherence interferometry, creates an image based on differential reflection
of light waves at changes in tissue layers. This has been used noninvasively in clinical assessment
of skin conditions. Vincent et al. used OCT in macaques and detected vaginal tissue changes
following chemical (IN9) and mechanical stress (83). Colonic permeability has been used in the
past to assess absorption abnormalities and loss of mucosal integrity in inflammatory bowel disease
(84). Fuchs et al. administered **™Te-D'TPA, a radiolabeled small molecule (492 Da), per rectum
and measured radioactivity in the urine and blood following chemical stress (N9), mechanical
stress (coital simulation and 30 colonic biopsies), and control conditions. Their method detected a
22-fold increase in colonic mucosal permeability within 1 hour after administration that persisted
for 18 hours following a single dose of N9; mucosal biopsies with coital simulation caused a
transient 1.4-fold increase in permeability at 1 hour, which was not detectable at 4 hours (85).

Vehicle and (para)sexual toxicity. Interpretation of microbicide toxicity results requires con-
sideration of confounding sources of toxicities, including the microbicide vehicle and (para)sexual
activities to avoid incorrect attribution to the active microbicide ingredient. Coitally dependent
use of microbicide gel vehicles and sexual lubricants are of particular concern because application
occurs prior to and during coitus. Sexual lubricants have been associated with rectal epithelial
surface disruption within 1.5 hours of application, and vaginal application of hyperosmolar gels
results in leakage from the introitus in a dose-dependent manner (7, 86). Transudation of fluid
owing to hyperosmolar gels will dilute microbicide concentration, potentially reducing effective-
ness. Some common formulation excipients enhance mucosal permeability, sometimes resulting in
relaxation of tight junctions and the observation of rectal epithelial disruption in human subjects
(87, 88).

Epidemiologic evidence suggests both vaginal douching and rectal douching (with enemas)
increase HIV risk (15, 17, 18). Several studies (72, 73) have established that approximately two
thirds of MSM who practice RAI use rectal enemas in preparation for sex, most commonly with
tap water (hypo-osmolar) and Fleet™-type enemas (hyperosmolar). Others have shown that hy-
perosmolar and hypertonic insult to the colonic mucosa results in cell degeneration and slough-
ing of epithelia, net intraluminal fluid and mucus secretion, and altered permeability (89-91).
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Rectally-administered hypertonic solutions (Fleet Enema™) and tap water also cause sloughing
of the rectal epithelia (92, 93). These studies show a temporal relationship between epithelial
injury and exfoliation that are similar to the results obtained by Phillips with N9.

Seminal fluid itself may increase HIV transmission as seen in explant studies (94, 95). Exposure
of perfused rat colon to human seminal plasma results in mucosal cytolysis and increased paracel-
lular permeability three hours following colonic exposure (96). Studies in rhesus monkeys have
shown that Prostaglandin E,, a marker found in seminal plasma, reaches peak concentration as
early as 20 minutes following insemination, suggesting rapid alteration of both rectal and vaginal
mucosal permeability (97).

Resistance. Use of ARV treatment drugs such as tenofovir as microbicides raises con-
cern about the development of resistance. Resistance develops through the combination of
(@) spontaneous viral genetic mutation due to low fidelity reverse transcription, occasionally re-
sulting in viable drug-resistant clones, and (b) the less than fully suppressive concentrations of ARV
drugs that select for drug-resistant variants. For microbicides, there is certain risk of resistance
evolving in the local population of HIV-infected persons, thus reducing local microbicide efficacy.
Less clear is the frequency of resistance due to selection of sporadic mutations in the susceptible
host. This seems to be a far less likely event than resistance emerging in the HIV-treated popula-
tion because the microbicide must fail to prevent an infection and allow some degree of replication
for sufficient time in the presence of low ARV concentrations to select a resistant clone. Surveil-
lance for resistance, therefore, both in the HIV-infected population within a community region
and in susceptible persons in microbicide studies is essential. Combinations of active compounds
in a microbicide formulation should further reduce the resistance risk, but it will significantly
complicate development of the informative PK-PD models described, and the small anticipated
number of resistance events may put modeling out of reach.

SUMMARY POINTS

1. The need for topical HIV microbicides to empower receptive sexual partners with effec-
tive HIV prevention methods is acute, but early clinical trials of microbicides have failed
to prevent HIV infection.

2. Microbicide efficacy is exquisitely sensitive to local changes in sexual mucosal surfaces due
to visually inapparent disruption of mucosal integrity and inflammation, which increase
susceptibility to HIV infection. Parasexual variables also increase host susceptibility to
HIV infection, making microbicide development more complex.

3. Anal sex is nearly as important as vaginal sex with regard to risk of HIV transmission in
women (and tremendously important for MSM), which may significantly diminish the
effect size in vaginal microbicide trials in which either (#) only the vagina is dosed or
(b) the rectum is dosed with a drug untested for rectal safety.

4. Rational microbicide development will depend on employing more information-rich
study designs before execution of pivotal clinical trials to better inform both which
candidates to progress and optimal design of pivotal clinical trials.

5. Novel methods are being developed and increasingly implemented with new genera-
tions of microbicides to provide rich datasets on drug adherence, pharmacokinetics, and
toxicology to better inform clinical development.
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6. A variety of noninvasive quantitative imaging methods provide needed concentration-
distance-time data to guide formulation development and regimen selection. Invasive
sampling is being used to provide rich data in subsets of intensively sampled study par-
ticipants to understand tissue and cellular concentrations of microbicides to build multi-
compartment pharmacokinetic models.

7. Proof-of-concept designs are desperately needed to provide evidence of biological activ-
ity, and to explore dosing regimens to bridge the large gap between phase I and phase III
studies.

8. Mechanistic modeling methods are being applied to link pharmacokinetic data with
seroconversion outcomes to (#) identify desired target concentrations at the site of mi-
crobicide action and () provide parameter estimates to enable clinical trial simulation to
improve pivotal clinical trial design.

FUTURE ISSUES

1. What are the best, most efficient surrogate measures for microbicide toxicity in early
clinical studies to optimize candidate selection measures?

2. What proof-of-concept study design with relevant biomarkers of preventive effect will
be needed to provide the necessary information at a key development decision point?

3. How can behavioral methods to enhance product adherence, pharmacokinetic data col-
lection to guide dose selection and build predictive models, and seroconversion data be
integrated in large clinical trial settings?

4. As a critical route of transmission with need for prevention in both women and men,
when will rectal microbicide development achieve equal footing with vaginal microbicide
development in science and funding?

DISCLOSURE STATEMENT

The authors are not aware of any biases that might be perceived as affecting the objectivity of this
review.

ACKNOWLEDGMENTS

C.W.H.and E J.F. are funded by the Institutional Clinical and Translational Science Award (CTSA)
(NIGMS RFA-RM-06-002), Microbicide Development Program (NIH U19 AI060614), HIV
Prevention Trials Network (U01 AI 068613), Microbicide Trials Network (U01 Al 068633),
the Centers for Disease Control and Prevention (200-2001-08015 and GAB-05-C-0459), the
International Partnership for Microbicides (through USAID GPOA 0005004100), the American
Foundation for AIDS Research (106755-41-RGMT), and the Johns Hopkins Center for AIDS
Research (P30 AI042855). Y.J.C. was founded by the Young Investigator Award of the American
Society of Clinical Pharmacology and Therapeutics and the Johns Hopkins Clinical Pharmacology
‘Training Program (132 GMO066691).

Hendrix o Cao * Fuchs



Annu. Rev. Pharmacol. Toxicol. 2009.49:349-375.

LITERATURE CITED
1. Microbicide Pipeline. 2008. Silver Spring, MD: Alliance Microbicide Res.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

. Family Health Int. 2006. Phase 3 trial in Nigeria evaluating the effectiveness of SAVVY Gel in preventing

HIV infection in women will close—Aug. 28.

. Johansson E. 2008. Population council: Results of Phase III Carraguard trial. Special symposium. Presented at

Microbicides 2008 Conference, New Delhi, India

. van Damme L. 2008. The closing of CONRAD’S cellulose sulfate HIV prevention trial. Presented at Annu.

Meet. HIV Prev. Trials Netw., Arlington, VA

. Mesquita P, Wilson S, Cheshenko N, Keller M, Galen B, Herold B. 2008. Comprebensive pre-clinical assess-

ment of microbicide safety using in vitro and murine models. Presented at 15th Conf. Retrovir. Opportunistic
Infect., Boston, MA

. Hamer DH. 2008. Cellulose sulfate increases HIV infection. Presented at Microbicides 2008 Conference,

New Delhi, India

. Fuchs EJ, Lee LA, Torbenson MS, Parsons TL, Bakshi RP, et al. 2007. Hyperosmolar sexual lubricant

causes epithelial damage in the distal colon: Potential implication for HIV transmission. 7. Infect. Dis.
195:703-10

. van Damme L, Ramjee G, Alary M, Vuylsteke B, Chandeying V, et al. 2002. Effectiveness of COL-1492,

a nonoxynol-9 vaginal gel, on HIV-1 transmission in female sex workers: a randomised controlled trial.
Lancet 360:971-77

. Hillier SL, Moench T, Shattock R, Black R, Reichelderfer P, Veronese F. 2005. In vitro and in vivo: the

story of nonoxynol 9. 7. Acquir. Immune. Defic. Syndr. 39:1-8

Padian NS, van der Straten A, Ramjee G, Chipato T, de Bruyn G, et al. 2007. Diaphragm and lubricant
gel for prevention of HIV acquisition in southern African women: a randomised controlled trial. Lancet
370:251-61

Watson-Jones D, Weiss HA, Rusizoka M, Changalucha J, Baisley K, et al. 2008. Effect of herpes simplex
suppression on incidence of HIV among women in Tanzania. N. Engl. 7. Med. 358:1560-71

Robertson M, Mehrotra D, Fitzgerald D, Duerr A, Casimiro D, et al. 2008. Efficacy results from the STEP
Study (Merck V520 Protocol 023/HVTN 502): A Phase 11 test-of-concept trial of the MRKAAS HIV-1 Gag/Pol/Nef
Trivalent vaccine. Presented at 15th Conf. Retrovir. Opportunistic Infect., Boston, MA

Lagakos SW, Gable AR. 2008. Challenges to HIV prevention-seeking effective measures in the absence
of avaccine. N. Engl. 7. Med. 358:1543-45

Sheiner LB. 1997. Learning versus confirming in clinical drug development. Clin. Pharmacol. Ther: 61:275—
91

Moss AR, Osmond D, Bacchetti P, Chermann JC, Barre-Sinoussi F, Carlson J. 1987. Risk factors for
AIDS and HIV seropositivity in homosexual men. Am. 7. Epidemiol. 125:1035-47

Chmiel JS, Detels R, Kaslow RA, Van Raden M, Kingsley LA, Brookmeyer R. 1987. Factors associated
with prevalent human immunodeficiency virus (HIV) infection in the Multicenter AIDS Cohort Study.
Am. F. Epidemiol. 126:568-77

Coates RA, Calzavara LM, Read SE, Fanning MM, Shepherd FA, etal. 1988. Risk factors for HIV infection
in male sexual contacts of men with AIDS or an AIDS-related condition. Am. 7. Epidemiol. 128:729-39
Myer L, Denny L, de Souza M, Wright TC Jr, Kuhn L. 2006. Distinguishing the temporal association
between women’s intravaginal practices and risk of human immunodeficiency virus infection: a prospective
study of South African women. Am. J. Epidemiol. 163:552-60

DeGruttola V, Seage GR 3rd, Mayer KH, Horsburgh CR Jr. 1989. Infectiousness of HIV between male
homosexual partners. 7. Clin. Epidemiol. 42:849-56

Mastro TD, de Vincenzi I. 1996. Probabilities of sexual HIV-1 transmission. AIDS 10(Suppl. A):S75-82
Wiley JA, Herschkorn SJ, Padian NS. 1989. Heterogeneity in the probability of HIV transmission per
sexual contact: the case of male-to-female transmission in penile-vaginal intercourse. Stat. Med. 8:93-102
Moss GB, Clemetson D, D’Costa L, Plummer FA, Ndinya-Achola JO, et al. 1991. Association of cervical
ectopy with heterosexual transmission of human immunodeficiency virus: results of a study of couples in
Nairobi, Kenya. 7. Infect Dis. 164:588-91

www.annualyeviews.org o Microbicide Development Challenges

371



Annu. Rev. Pharmacol. Toxicol. 2009.49:349-375.

372

23.

24.

25.

26.

27.

28.
29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Myer L, Wright TC Jr, Denny L, Kuhn L. 2006. Nested case-control study of cervical mucosal lesions,
ectopy, and incident HIV infection among women in Cape Town, South Africa. Sex. Transm. Dis. 33:683—
87

Exner TM, Correale J, Carballo-Dieguez A, Salomon L, Morrow KM, et al. 2008. Women’s anal sex
practices: implications for formulation and promotion of a rectal microbicide. AIDS Educ. Prev. 20:148—
59

Hillier SL, Joshi S, Cyrus-Cameron E, Hendrix CW, Justman J, et al. 2008. Safety and acceptability of daily
and coitally dependent use of 1% tenofovir over six months of use. Presented at Microbicides 2008 Conference,
New Delhi, India

Gorbach PM, Manhart LE, Stoner BP, Martin DH. 2006. Anal intercourse among young heterosexuals in
three US STD clinics populations. Presented at XVI Int. AIDS Conf., Toronto, Can.

Shattock RJ, Moore JP. 2003. Inhibiting sexual transmission of HIV-1 infection. Nat. Rev. Microbiol.
1:25-34

Haase AT 2005. Perils at mucosal front lines for HIV and SIV and their hosts. Nat. Rev. Inmunol. 5:783-92
Phillips DM, Taylor CL, Zacharopoulos VR, Maguire RA. 2000. Nonoxynol-9 causes rapid exfoliation
of sheets of rectal epithelium. Contraception 62:149-54

Phillips DM, Sudol KM, Taylor CL, Guichard L, Elsen R, Maguire RA. 2004. Lubricants containing N-9
may enhance rectal transmission of HIV and other STIs. Contraception 70:107-10

Miller CJ, Shattock R]J. 2003. Target cells in vaginal HIV transmission. Microbes Infect. 5:59-67

Borkow G, Barnard J, Nguyen TM, Belmonte A, Wainberg MA, Parniak MA. 1997. Chemical barriers
to human immunodeficiency virus type 1 (HIV-1) infection: retrovirucidal activity of UC781, a thiocar-
boxanilide nonnucleoside inhibitor of HIV-1 reverse transcriptase. 7. Virol. 71:3023-30

Wilkinson J, Cunningham AL. 2006. Mucosal transmission of HIV-1: first stop dendritic cells. Curr: Drug
Targets 7:1563-69

Fernandez-Romero JA, Thorn M, Turville SG, Titchen K, Sudol K, et al. 2007. Carrageenan/MIV-150
(PC-815), a combination microbicide. Sex. Transm. Dis. 34:9-14

Cone RA, Hoen T, Wong X, Abusuwwa R, Anderson DJ, Moench TR. 2006. Vaginal microbicides:
detecting toxicities in vivo that paradoxically increase pathogen transmission. BMC Infect. Dis. 6:90
Bangsberg D, Hecht F, Charlebois E, Chesney M, Moss AR. 2001. Comparing objectives measures of
adherence to HIV antiretroviral therapy: Electronic medication monitors and unannounced pill counts.
AIDS Bebav. 5:275-81

Carballo-Diéguez A, Remien R, Dolezal C, Wagner G. 1999. Reliability of sexual behavior self-reports
in male couples of discordant HIV-status. 7. Sex. Res. 36:152-58

Grymonpre RE, Didur CD, Montgomery PR, Sitar DS. 1998. Pill count, self-report, and pharmacy claims
data to measure medication adherence in the elderly. Ann. Pharmacother. 32:749-54

Lee]JY, Greene PG, Douglas M, Grim C, Kirk KA, et al. 1996. Appointment attendance, pill counts, and
achievement of goal blood pressure in the African American Study of Kidney Disease and Hypertension
Pilot Study. Control Clin. Trials 17:S34-39

Villarroel MA, Turner CF, Rogers SM, Roman AM, Cooley PC, etal. 2008. T-ACASI reduces biasin STD
measurements: the National STD and Behavior Measurement Experiment. Sex. Transm. Dis. 35:499-506
Wallace A, Thorn M, Maguire RA, Sudol KM, Phillips DM. 2004. Assay for establishing whether micro-
bicide applicators have been exposed to the vagina. Sex. Tiansm. Dis. 31:465-68

Hogarty K, Kasowitz A, Herold BC, Keller MJ. 2007. Assessment of adherence to product dosing in a
pilot microbicide study. Sex. Transm. Dis. 34:1000-3

Hillier SL. 2008. Evaluation of the applicator dye test for HTI applicators. Presented at Annu. Meet. Micro-
bicide Trial Netw., Arlington, VA

Simoni JM, Kurth AE, Pearson CR, Pantalone DW, Merrill JO, Frick PA. 2006. Self-report measures of
antiretroviral therapy adherence: A review with recommendations for HIV research and clinical manage-
ment. AIDS Bebav. 10:227-45

Bangsberg DR, Hecht FM, Charlebois ED, Zolopa AR, Holodniy M, et al. 2000. Adherence to protease
inhibitors, HIV-1 viral load, and development of drug resistance in an indigent population. AIDS 14:357-
66

Hendrix o Cao * Fuchs



Annu. Rev. Pharmacol. Toxicol. 2009.49:349-375.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Barditch-Crovo P, Deeks SG, Collier A, Safrin S, Coakley DF, et al. 2001. Phase i/ii trial of the pharma-
cokinetics, safety, and antiretroviral activity of tenofovir disoproxil fumarate in human immunodeficiency
virus-infected adults. Antimicrob. Agents Chemother. 45:2733-39

Mayer KH, Maslankowski LA, Gai F, El-Sadr WM, Justman J, et al. 2006. Safety and tolerability of
tenofovir vaginal gel in abstinent and sexually active HIV-infected and uninfected women. AIDS 20:543—
51

Kashuba A. 2008. Genital compartmentalization of orally and topically administered antiretrovirals. Presented
at 15th Conf. Retrovir. Opportunistic Infect., Boston, MA

Schwartz ], Kashuba A, Rezk N, Nasution M, Choi SO, etal. 2008. Preliminary results from a pharmacokinetic
study of the candidate vaginal microbicide agent 1% tenofovir gel. Presented at Microbicides 2008 Conference,
New Delhi, India

Dumond JB, Yeh RF, Patterson KB, Corbett AH, Jung BH, et al. 2007. Antiretroviral drug exposure in
the female genital tract: implications for oral pre- and postexposure prophylaxis. AIDS 21:1899-907
Romano J, Variano B, Coplan P, van Roey ], Douville K, et al. 2007. Sustained delivery of microbicide
dapivirine using intra-vaginal rings: An independent clinical assessment of Safety & Drug Delivery in Women.
Presented at 14th Conf. Retrovir. Opportunistic Infect., Los Angeles, CA

Hawkins T, Veikley W, St. Claire RL 3rd, Guyer B, Clark N, Kearney BP. 2005. Intracellular phar-
macokinetics of tenofovir diphosphate, carbovir triphosphate, and lamivudine triphosphate in patients
receiving triple-nucleoside regimens. 7. Acquir. Immune Defic. Syndr. 39:406-11

Robbins BL, Srinivas RV, Kim C, Bischofberger N, Fridland A. 1998. Anti-human immunodeficiency
virus activity and cellular metabolism of a potential prodrug of the acyclic nucleoside phosphonate 9-R-(2-
phosphonomethoxypropyl)adenine (PMPA), Bis(isopropyloxymethylcarbonyl)PMPA. Antimicrob. Agents
Chemother. 42:612-17

Anderson PL, Zheng JH, King T, Bushman LR, Predhomme J, et al. 2007. Concentrations of
zidovudine- and lamivudine-triphosphate according to cell type in HIV-seronegative adults. AIDS
21:1849-54

Vourvahis M, Tappouni HL, Patterson KB, Chen YC, Rezk NL, et al. 2008. The pharmacokinetics and
viral activity of tenofovir in the male genital tract. 7. Acquir. Immune Defic. Syndr. 47:329-33

Kiser JJ, Aquilante CL, Anderson PL, King TM, Carten ML, Fletcher CV. 2008. Clinical and genetic
determinants of intracellular tenofovir diphosphate concentrations in HIV-infected patients. 7. Acquir.
Immune Defic. Syndr. 47:298-303

Mauck CK, Katz D, Sandefer EP, Nasution MD, Henderson M, et al. 2008. Vaginal distribution of
Replens and K-Y Jelly using three imaging techniques. Contraception 77:195-204

Barnhart KT, Stolpen A, Pretorius ES, Malamud D. 2001. Distribution of a spermicide containing
Nonoxynol-9 in the vaginal canal and the upper female reproductive tract. Hum. Reprod. 16:1151-54
Barnhart KT, Pretorius ES, Timbers K, Shera D, Shabbout M, Malamud D. 2004. In vivo distribution of
a vaginal gel: MRI evaluation of the effects of gel volume, time and simulated intercourse. Contraception
70:498-505

Barnhart KT, Pretorius ES, Timbers K, Shera D, Shabbout M, Malamud D. 2005. Distribution of a
3.5-ml (1.0%) C31G vaginal gel using magnetic resonance imaging. Contraception 71:357-61

Barnhart KT, Pretorius ES, Shaunik A, Timbers K, Nasution M, Mauck C. 2005. Vaginal distribution of
two volumes of the novel microbicide gel cellulose sulfate (2.5 and 3.5 mL). Contraception 72:65-70
Witter F, Barditch-Crovo P, Rocco L, Trapnell CB. 1999. Duration of vaginal retention and potential
duration of antiviral activity for five nonoxynol-9 containing intravaginal contraceptives. Int. 7. Gynecol.
Obstet. 65:165-70

Henderson MH, Peters JJ, Walmer DK, Couchman GM, Katz DF. 2005. Optical instrument for mea-
surement of vaginal coating thickness by drug delivery formulations. Rev. Sci. Instr: 76:1-7

Henderson MH, Couchman GM, Walmer DK, Peters JJ, Owen DH, et al. 2007. Optical imaging and
analysis of human vaginal coating by drug delivery gels. Contraception 75:142-51

Braun KE, Boyer JD, Henderson MH, Katz DF, Wax A. 2006. Label-free measurement of microbicidal
gel thickness using low-coherence interferometry. 7. Biomed. Opt. 11:020504

Geonnotti AR, Katz DF. 2006. Dynamics of HIV neutralization by a microbicide formulation layer:
biophysical fundamentals and transport theory. Biophys. 7. 91:2121-30

www.annualyeviews.org o Microbicide Development Challenges

373



Annu. Rev. Pharmacol. Toxicol. 2009.49:349-375.

374

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Jay M, Digenis GA, Foster TS, Antonow DR. 1986. Retrograde spreading of hydrocortisone enema in
inflammatory bowel disease. Dig. Dis. Sci. 31:139-44

Hendrix CW, Fuchs EJ, Macura KJ, Lee LA, Parsons TL, et al. 2008. Quantitative imaging and sigmoi-
doscopy to assess distribution of rectal microbicide surrogates. Clin. Pharmacol. Ther. 83:97-105

Hastie T, Stuetzle W. 1989. Principal curves. 7. Am. Stat. Assoc. 84:502-16

Cao Y], Caffo BS, Fuchs EJ, Lee LA, Parsons TL, et al. 2008. Three-dimensional Spect/Ct curve fitting
algorithm with local density distribution compared to direct methods for quantitation of the distribution of rectally-
applied HIV=sized particles. Presented at Annu. Meet. Am. Soc. Clin. Pharmacol. Ther., Orlando, FL
Barnhart KT, Timbers K, Pretorius ES, Lin K, Shaunik A. 2005. In vivo assessment of NuvaRing place-
ment. Contraception 72:196-99

Carballo-Diéguez A, Bauermeister JA, Ventuneac A, Dolezal C, Balan I, Remien RH. 2007. The use of
rectal douches among HIV-uninfected and infected men who have unprotected receptive anal intercourse:
implications for rectal microbicides. AIDS Behav. In press

Hylton J, Fuchs E, Hendrix CW. 2004. An assessment of sexual practices affecting the feasibility of microbicide
development among MSM. Presented at Microbicides 2004, London (Abstr. 2667)

Hylton J, Fuchs EJ, Hendrix CW. 2006. Lubricant and enema use among MSM: factors affecting the develop-
ment of a rectal microbicide for clinical trials. Presented at XVI Int. AIDS Contf., Toronto, Can.
Nimmagadda S, Fuchs EJ, Cao Y], Louissaint N, Bakshi RP, et al. 2007. Autologous lymphocytes and
HIV-sized particles in autologous seminal plasma penetrate colonic tissue following simulated receptive
anal intercourse in healthy men. 4th IAS Conf. HIV Pathog., Treat., Prev., Sydney, Aust.

Herold B. 2008. Safety of tenofovir gel in a comprebensive murine model. Presented at Microbicides 2008
Conference, New Delhi, India

Dezzutti CS, James VN, Ramos A, Sullivan ST, Siddig A, et al. 2004. In vitro comparison of topical
microbicides for prevention of human immunodeficiency virus type 1 transmission. Antimicrob. Agents
Chemother. 48:3834-44

Abner SR, Guenthner PC, Guarner J, Hancock KA, Cummins JE Jr, etal. 2005. A human colorectal explant
culture to evaluate topical microbicides for the prevention of HIV infection. 7. Infect. Dis. 192:1545-56
Lackman-Smith C, Osterling C, Luckenbaugh K, Mankowski M, Snyder B, et al. 2008. Development of
a comprehensive human immunodeficiency virus type 1 screening algorithm for discovery and preclinical
testing of topical microbicides. Antimicrob. Agents Chemothber: 52:1768-81

McGowan I, Elliott ], Cortina G, Tanner K, Siboliban C, etal. 2007. Characterization of baseline intestinal
mucosal indices of injury and inflammation in men for use in rectal microbicide trials (HIV Prevention
Trials Network-056). 7. Acquir: Immune. Defic. Syndr. 46:417-25

Tabet SR, Surawicz C, Horton S, Paradise M, Coletti AS, et al. 1999. Safety and toxicity of nonoxynol-9
gel as a rectal microbicide. Sex. Transm. Dis. 26:564-71

Feil W, Lacy ER, Wong YM, Burger D, Wenzl E, et al. 1989. Rapid epithelial restitution of human and
rabbit colonic mucosa. Gastroenterology 97:685-701

Vincent KL, Bell BA, Rosenthal SL, Stanberry LR, Bourne N, etal. 2008. Application of optical coherence
tomography for monitoring changes in cervicovaginal epithelial morphology in macaques: potential for
assessment of microbicide safety. Sex. Transm. Dis. 35:269-75

Bjarnason I, Peters TJ, Veall N. 1984. 51Cr-EDTA test for intestinal permeability. Lancet 2:523

Fuchs EJ, Grohskopf LA, Lee LA, Hendrix CW. 2008. Detecting rectal epithelial disruption using radioiso-
topes: A simple test to identify potential HIV microbicide toxicity. Presented at Microbicides 2008 Conference,
New Delhi, India

Cai C, Sawant S, Qi Z, McCormack S, Weber JN, et al. 2008. Unacceptable side effects of a hyperosmolar
vaginal microbicide in a phase 1 trial. Presented at Microbicides 2008 Conference, New Delhi, India
Muranishi S. 1990. Absorption enhancers. Crit. Rev. Ther: Drug Carr. Syst. 7:1-33

Aungst BJ. 2000. Intestinal permeation enhancers. 7. Pharm. Sci. 89:429-42

Kameda H, Abei T, Nasrallah S, Iber FL. 1968. Functional and histological injury to intestinal mucosa
produced by hypertonicity. Am. 7. Physiol. 214:1090-95

Rubsamen K, Hornicke H. 1982. Influence of osmolality, short chain fatty acids and deoxycholic acid on
mucus secretion in the rat colon. Pfliigers Arch. 395:306-11

Hendrix o Cao * Fuchs



Annu. Rev. Pharmacol. Toxicol. 2009.49:349-375.

91.

92.

93.

94.

95.

96.

97.

Billich CO, Levitan R. 1969. Effects of sodium concentration and osmolality on water and electrolyte
absorption form the intact human colon. 7. Clin. Invest. 48:1336-47

Meisel JL, Bergman D, Graney D, Saunders DR, Rubin CE. 1977. Human rectal mucosa: proctoscopic
and morphological changes caused by laxatives. Gastroenterology 72:1274-79

Schmelzer M, Schiller LR, Meyer R, Rugari SM, Case P. 2004. Safety and effectiveness of large-volume
enema solutions. Appl. Nurs. Res. 17:265-74

Dezzutti CS. 2008. Impact of semen on HIV-1 infection and in vitro antiviral activity of topical microbicides.
Presented at Microbicides 2008 Conference, New Delhi, India

Johnson EJ. 2008. The effect of semen on colorectal explant morphology, viability, and HIV-1 infection. Presented
at Microbicides 2008 Conference, New Delhi, India

Mendizabal MV, Naftalin RJ. 1992. Effects of spermine on water absorption, polyethylene glycol 4000
permeability and collagenase activity in rat descending colon in vivo. Clin. Sci. 83:417-23

Alexander NJ, Tarter TH, Fulgham DL, Ducsay CA, Novy M]. 1987. Rectal infusion of semen results in
transient elevation of blood prostaglandins. Amz. 7. Reprod. Immunol. Microbiol. 15:47-51

www.annualyeviews.org o Microbicide Development Challenges

375



Annu. Rev. Pharmacol. Toxicol. 2009.49:349-375.

Contents

Autonomic Neurotransmission: 60 Years Since Sir Henry Dale
Geoffirey BUurnstock .......... ... ..o 1

The Role of GBy Subunits in the Organization, Assembly, and
Function of GPCR Signaling Complexes
Denis F. Dupré, Mélanie Robitaille, R. Victor Rebois, and Terence E. Heébert

Pharmacology of Nicotine: Addiction, Smoking-Induced Disease, and
Therapeutics
Neal L. Benowitz .............oooiiiiiiiii i 57

"Targeting Proteins for Destruction by the Ubiquitin System:
Implications for Human Pathobiology
Alan L. Schwartz and Aaron Ciechanover ..........................ccciiiiiiii . 73

Progress in Genetic Studies of Pain and Analgesia
Michael L. LaCroix-Fralish and Feffrey S. Mogil .....................cccioiiiiii. 97

Lipid Mediators in Health and Disease: Enzymes and Receptors as
Therapeutic Targets for the Regulation of Immunity and
Inflammation
Tirkeao Shimizan ... 123

Sorting out Astrocyte Physiology from Pharmacology
Todd A. Fiacco, Cendra Agulhon, and Ken D. McCarthy ................................. 151

Lithium’s Antisuicidal Efficacy: Elucidation of Neurobiological Targets
Using Endophenotype Strategies
Colleen E. Kovacsics, Irving 1. Gottesman, and Todd D. Gould

Global and Site-Specific Quantitative Phosphoproteomics: Principles
and Applications
Boris Macek, Matthias Mann, and Fesper V. Olsen

Small-Molecule Inhibitors of the MDM2-p53 Protein-Protein
Interaction to Reactivate p53 Function: A Novel Approach for
Cancer Therapy
Sanjeev Shangary and Shaomeng Wang ... 223

R
Annual Review of

Pharmacology and
Toxicology

Volume 49, 2009



Annu. Rev. Pharmacol. Toxicol. 2009.49:349-375.

vi

Epigenetics, DNA Methylation, and Chromatin Modifying Drugs

Moshe Szyf ..o 243
The COXIB Experience: A Look in the Rearview Mirror
Lawrence F. MArnett .................coi i 265

Quantitative Disease, Drug, and "Trial Models
Fogarao V.S. Gobburu and Lawrence J. Lesko ...................c.ccociiiiiiiiii. 291

Immunodrugs: Therapeutic VLP-Based Vaccines for Chronic Diseases
Gary 1. Jennings and Martin I Bachmanm ...........................c.ccii, 303

Akt/GSK3 Signaling in the Action of Psychotropic Drugs
Jean-Martin Beaulien, Raul R. Gainetdinov, and Marc G. Caron ...................... 327

"Topical Microbicides to Prevent HIV: Clinical Drug Development
Challenges

Craig W. Hendrix, Ying Jun Cao, and Edward J. Fuchs ................................. 349
Emerging Pharmacology: Inhibitors of Human Immunodeficiency

Virus Integration

Daria Hazuda, Marian Twamoto, and Larissa Wenning ................................. 377
The TRPC Class of Ion Channels: A Critical Review of Their Roles in

Slow, Sustained Increases in Intracellular Ca** Concentrations

Lutz Birnbaumier ............. ... i 395
Mycobacterial Subversion of Chemotherapeutic Reagents and Host

Defense Tactics: Challenges in Tuberculosis Drug Development

Liem Nguyen and Jean Pieters ..., 427
Indexes
Contributing Authors, Volumes 4549 ... 455
Chapter Titles, Volumes 45-49 ... ... .. 458

Errata

An online log of corrections to Annual Review of Pharmacology and Toxicology articles may
be found at http://pharmtox.annualreviews.org/errata.shtml

Contents



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology Reviews
	Most Cited Pharmacology Reviews
	Annual Reviews of Pharmacology and Toxicology Errata
	View Current Editorial Committee

	All Articles in the Annual Review of Pharmacology and Toxicology, Vol. 49
	Autonomic Neurotransmission: 60 Years Since Sir Henry Dale
	The Role of Gβγ Subunits in the Organization, Assembly, and Function of GPCR Signaling Complexes
	Pharmacology of Nicotine: Addiction, Smoking-Induced Disease, and Therapeutics
	Targeting Proteins for Destruction by the Ubiquitin System: Implications for Human Pathobiology
	Progress in Genetic Studies of Pain and Analgesia
	Lipid Mediators in Health and Disease: Enzymes and Receptors as Therapeutic Targets for the Regulation of Immunity and Inflammation
	Sorting out Astrocyte Physiology from Pharmacology
	Lithium’s Antisuicidal Efficacy: Elucidation of Neurobiological Targets Using Endophenotype Strategies
	Global and Site-Specific Quantitative Phosphoproteomics: Principles and Applications
	Small-Molecule Inhibitors of the MDM2-p53 Protein-Protein Interaction to Reactivate p53 Function: A Novel Approach for Cancer Therapy
	Epigenetics, DNA Methylation, and Chromatin Modifying Drugs
	The COXIB Experience: A Look in the Rearview Mirror
	Quantitative Disease, Drug, and Trial Models
	Immunodrugs: Therapeutic VLP-Based Vaccines for Chronic Diseases
	Akt/GSK3 Signaling in the Action of Psychotropic Drugs
	Topical Microbicides to Prevent HIV: Clinical Drug Development Challenges
	Emerging Pharmacology: Inhibitors of Human Immunodeficiency Virus Integration
	The TRPC Class of Ion Channels: A Critical Review of Their Roles in Slow, Sustained Increases in Intracellular Ca2+ Concentrations
	Mycobacterial Subversion of Chemotherapeutic Reagents and Host Defense Tactics: Challenges in Tuberculosis Drug Development




