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Abstract
The clinical evaluation of microbicide formulations presents variable and interacting challenges.
Specific domains of acceptability, pharmacokinetics, and toxicity interact with each other to
potentially inhibit or enhance a microbicide's efficacy. Each of these is further influenced by
application and use parameters in the relative presence (or absence) of vaginal and/or seminal
fluids, ultimately impacting effectiveness. Historically, acceptability of formulation and use
parameters, and their concomitant behavioral influences, have been considered separately from
pharmacokinetics and toxicity. While independent evaluation of these elements is necessary in
some respects, we must acknowledge that this approach is not sufficient for the successful
development of microbicides. Each needs to be considered in an integrated clinical evaluation
strategy. This article presents the rationale for such an approach. This article forms part of a
special supplement covering two presentations on clinical evaluation of microbicides from the
symposium on “Recent Trends in Microbicide Formulations” held on 25 and 26 January 2010,
Arlington, VA.
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1. Introduction
Clinical evaluation of microbicide formulations involves a variety of challenges
uncommonly seen in most areas of drug development when one considers the variable and
interacting evaluation domains of acceptability, pharmacokinetics (PK), and toxicity. Each
of these domains interacts with the others, potentially inhibiting or enhancing the ability of a
microbicide candidate to prevent sexual HIV infection (Figure 1). The benefit of direct
application of a drug to its site of action is balanced by the potential for direct toxic effects
at that site, as seemingly innocuous toxicities for most other clinical indications may result
in enhanced HIV infection. Acceptability, with important linkages to adherence and drug
exposure, may be very sensitive to local effects at the site of drug application in ways
avoided by oral drug administration. Assessment of distribution and clearance of drug
applied to the vagina or rectum are more challenging than traditional PK assessments in

Corresponding author: Kathleen M. Morrow, PhD, CBPM, Coro West, 1 Hoppin Street, Providence, RI 02903,
kmorrow@lifespan.org, Phone: (401) 793-8180, Fax: (401) 793-8056.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Antiviral Res. Author manuscript; available in PMC 2011 December 1.

Published in final edited form as:
Antiviral Res. 2010 December ; 88(Suppl 1): S40–S46. doi:10.1016/j.antiviral.2010.09.008.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



blood, and they may only be interpretable in light of simultaneous HIV distribution and
clearance – a complicated moving target following sex, quite unlike most other drug targets.
Novel methods of development in each of these domains are being pursued to meet these
formulation development challenges.

This paper forms part of a group of seven reviews covering presentations from the Trends in
Microbicide Formulations Workshop that was held on 25-26 January, 2010 in Arlington,
Virginia, USA. The other articles discuss preclinical evaluation of microbicides (Doncel and
Clark, 2010), gel, film, and tablet formulations (Garg et al., 2010), the prevention of
mucosal transmission (Hladik and Doncel, 2010), intravaginal rings (Malcolm et al. 2010),
dual protection (Friend and Doncel, 2010) and novel approaches to microbicide delivery and
safety assessment (Whaley et al. 2010).

2. Acceptability
The microbicide development field has understood from its early history that product
acceptability will be critical to overall effectiveness in decreasing HIV infection rates.
Indeed, the microbicide field has historically integrated basic acceptability evaluations into
clinical safety and efficacy studies since candidates began advancing beyond preclinical
development (Bentley et al., 2004; Bentley et al., 2000; Carballo-Dieguez et al., 2007; Dutta
et al., 2008; El-Sadr et al., 2006; Greene et al., 2010; Morrow et al., 2003; Rosen et al.,
2008). However, the acceptability data derived from those studies has had limited impact on
decisions to move any given candidate forward in the development pipeline: the weight of
“go/no-go” pipeline decisions in Phase 1 trials has rested on safety profiles and efficacy
studies. Only in instances where a formulation was so fraught with problems as to be
insurmountable has a poorly accepted candidate undergone reformulation. As specific
candidates have advanced to Phase III trials, it has become increasingly evident that
acceptability will play a critical role in microbicide use (Coly and Gorbach, 2008; Mantell et
al., 2005; Montgomery et al., 2010). Indeed, it is likely that the omnibus construct known as
“acceptability” has already played a crucial role in clinical trials thus far (Greene et al.,
2010; Tolley et al., 2009; Turner et al., 2009; Vandebosch et al., 2004).

In the absence of an approved product with which to study “acceptability” as a phenomenon
in its own right, the field has morphed the constructs of “acceptability” and “adherence”
(i.e., the degree to which a product is consistently and correctly used, as per instructions),
using the latter as a surrogate by which to presume the former: if a product were
“acceptable,” women would use it (and/or recommend it to others). Thus “acceptability” has
been presumed to have a near-perfect positive correlation to reported use, or to potential
users' intentions to use a given candidate. This presumption, however, is limited by our
understanding of both what makes a product acceptable (Barnhart et al., 2004; Lai et al.,
2008) and what elicits consistent and correct use (Koo et al., 2005; Montgomery et al., 2008;
Morrow et al., 2007a; Morrow et al., 2007b; Severy et al., 2005; Tolley et al., 2006). In
clinical trials, this process is further obscured by the reality of adherence within a clinical
trial protocol: that is, even if products are adhered to within the context of a clinical trial, we
cannot assume that this behavioral phenomenon is anything more than protocol adherence,
as opposed to product adherence indicative of acceptability. One can easily conceptualize
conditions in which the correlation between adherence and acceptability is far from positive
or perfect. Some may be likely to use an efficacious microbicide even if it leaks or reduces
sexual pleasure (high use, low acceptability). Others may be less likely to use an efficacious
microbicide even if it increases sexual pleasure (low use, high acceptability). There is likely
more to a user's decision to use a microbicide than basic acceptability: in the above
examples, risk perception may be playing a key role, as well as numerous other factors.

Morrow and Hendrix Page 2

Antiviral Res. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Microbicide developers historically have used two approaches to better understand the
factors that impact “acceptability.” In one approach, surrogate products (those with overall
formulation and application characteristics similar to candidate microbicides under
development) are evaluated for indications of acceptability via a user's intention to use ‘a
product like this one’ in the future (Mason et al., 2003; Tanner et al., 2009; Weeks et al.,
2004; Zubowicz et al., 2006). In the second approach, candidate microbicides are evaluated
for acceptability in the context of clinical trials, via adherence rates and with respect to
intentions to use the candidate in the future should it become available (Bax et al., 2002;
Bentley et al., 2004; El-Sadr et al., 2006; Jones et al., 2009; Kamali et al., 2010; Mauck et
al., 2001; Mauck et al., 2004b; Morrow et al., 2003; Ramjee et al., 2007; Rosen et al., 2008;
Schwartz et al., 2006; Trottier et al., 2007). As a result of these evaluations, much is now
known about various factors that might impact potential users' decisions to use – or not use –
a microbicide. These range from user-related characteristics, to contextual factors, to
product-related factors. User-related factors that have been shown to impact willingness to
use a given product include demographics reflecting socioeconomic status (Darroch and
Frost, 1999; Hammett et al., 2000b; Morrow et al., 2007a), and a potential microbicide user's
history using other types of prevention products (Hardy et al., 2003; Morrow et al., 2007a;
Weeks et al., 2004): inherent within these are potential knowledge, attitude and motivation
variables, as well as past behavior (Mantell et al., 2005; Morrow et al., 2007a; Reiff et al.,
2008; Rupp and Rosenthal, 2003; Severy and Newcomer, 2005). Contextual factors include
dynamics inherent in the sexual partnership, such as the type of partner a woman considers
using a microbicide with (main/committed/monogamous partner versus non-main/other-
than-committed/nonmonogamous partners) (Greene et al., 2010; Hammett et al., 2000a; Koo
et al., 2005; Mason et al., 2003; Morrow and Ruiz, 2008; Wang et al., 2008), as well as
gender-power dynamics (Montgomery et al., 2008; Tanner, 2008; Weeks et al., 2004),
sociocultural influences (Montgomery et al., 2010; Morrow et al., 2003), and decisional
balance regarding risk (Bentley et al., 2004; Greene et al., 2010; Hammett et al., 2000a;
Montgomery et al., 2010; Morrow and Ruiz, 2008; Severy and Newcomer, 2005;
Woodsong, 2004). Product-related factors shown to impact willingness to use a given
product include both broad-based vehicle characteristics (product color and scent) (Bentley
et al., 2004; Bentley et al., 2000; El-Sadr et al., 2006; Hardy et al., 1998; Mason et al., 2003;
Morrow et al., 2007b; Morrow et al., 2003; Morrow and Ruiz, 2008; Ramjee et al., 1999;
Ramjee et al., 2007; Rosen et al., 2008; Rupp and Rosenthal, 2003) and use parameters such
as dose frequency or potential for leakage (Bentley et al., 2000; Coggins et al., 2000; El-
Sadr et al., 2006; Elias and Coggins, 2001; Hammett et al., 2000a; Mason et al., 2003;
Mauck et al., 2004a; Morrow et al., 2007b; Morrow et al., 2003; Morrow and Ruiz, 2008;
Ramjee et al., 1999; Rosen et al., 2008; Wang et al., 2008).

Given the microbicide field's understandable primacy afforded to proof-of-concept, what can
we do to minimize the unintentional entanglement of acceptability and adherence, and make
advances to optimize both as we continue to develop novel and more efficacious products?
Once proof-of-concept is achieved and one or more microbicides have been approved for
marketing, it will be the responsibility of policy makers, health care providers, and
behavioral scientists to develop effective strategies for introducing microbicides to potential
users, educating potential users about their benefits, and developing interventions to teach
potential users how to use the products correctly and consistently. Until then, we propose
that we expand research efforts in the context of preclinical frameworks to rationally design
microbicides to have the most optimal impact on potential users' willingness to use a
specific dosage form. While these efforts may not impact products currently in clinical trials,
they can influence the development of later generations of microbicides with respect to
dosage form or device, and increase the impact of future microbicides.
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Morrow and colleagues have been pioneering an emerging science designed to link user
sensory perceptions and drug delivery parameters in novel formulations and devices
(Morrow, 2008; Morrow, et al., 2008; Morrow, et al., 2009; Morrow, 2009; Morrow et al.,
2010a; Morrow et al., 2010b). The rationale for this approach derives from multidisciplinary
efforts in microbicide development. On the one hand, the sociobehavioral acceptability field
has provided a wealth of both hypothetical and surrogate product acceptability data that
clearly illustrate the experiences of female users of topical vaginal gels as varied, each
contributing to the interpretations users derive from those product experiences and their
ultimate opinions of those products. This is also true in clinical trials of microbicide
candidates. In most instances, characterizations of product properties and behaviors have
been limited to broad descriptions. These descriptions aggregate around global (and often
dichotomous) conceptions of acceptability, such as leakage of product from the vagina,
opinions of whether the product could be used covertly, and what impact, if any, the product
would have on sexual pleasure. Specific and replicable measures are not provided, and often
are at odds across data collection methods. Quantitative survey data, for example, often
overestimate acceptability or obscure more specific evaluations of the products.

On the other hand, formulation science has also provided a wealth of methods to
characterize topical vaginal gels as a function of such variables as coating time, spread,
sheer, yield stress and viscosity, among others. These have been utilized to build
mathematical models with both drug delivery and acceptability outcomes as dependent
variables (Geonnotti et al., 2005; Lai et al., 2008; Szeri et al., 2008). This approach provides
the means to iteratively optimize formulations based on physicochemical modifications to
achieve desired acceptability and biofunctionality outcomes.

The results of experiments by Morrow et al (in preparation) provide increasing evidence that
users have highly specific experiences with gel formulation properties, as well as
mechanical properties of delivery devices such as intravaginal rings (Morrow, 2010;
Morrow et al., 2010a; Morrow et al., 2010b). These experiences, in the form of sensory
perceptions, can be quantified in rating scales, and disparate experiences can be articulated
by the user via these scales. These sensory experiences are interpreted by users, who apply
those interpretations in the formation of opinions of the product. If these perceptions can be
correlated with users' willingness to use a microbicide, and if these same perceptions can be
attributed to specific formulation properties or device mechanics, parameters for optimizing
both drug delivery and users' product opinions and willingness to use them can be
articulated (Figure 2). Additionally, because these parameters are defined by sensory
perception scales and linked to user opinions, cultural values and differences in experience
preferences can be calibrated differently for different users in different geographic or
cultural environments. If such parameters could be articulated and evaluated within
preclinical frameworks as novel microbicide formulations and devices are being developed,
the user experience could assume greater weight in preclinical drug development pipeline
decisions, and preserve valuable resources by increasing the likelihood of “acceptable”
formulations and devices being used in microbicides advanced to clinical trials.

At the 2010 Trends in Microbicide Formulations Workshop sponsored by CONRAD,
Morrow presented results from recent studies (Morrow et al., in preparation) designed to
gather formative data on user characterizations of product properties and “behavior” in situ.
The studies are showing promising results. User perception rating scales have been
developed that can be understood as related to traditional acceptability conceptualizations,
as well as related to the formulation properties that elicit the experiences that are then
translated by the user into perceptions and opinions. Similar approaches are now being used
to objectively define important properties of other dosage forms, for example, intravaginal
rings and quick-dissolving films. Morrow, Katz, and Kiser (Morrow et al., 2010a) have
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postulated that, by better understanding the correspondence between user experience and
drug delivery efficiency, the correspondence between the two can be used to co-optimize
user experience and drug delivery, resulting in a microbicide that is both effective and
acceptable.

3. Pharmacokinetics
As the articles in this issue illustrate, formulation and device developers are providing
increasing evidence that an actual drug delivery vehicle or device will require specific
physicochemical properties, rheological performance properties, and/or mechanical
properties to be maximally effective: that is, optimized drug delivery is dependent on
formulation or device properties, just as optimized acceptability is dependent on formulation
or device properties. Without attention given to these requirements, products will be less
than optimally successful in delivering drugs to target areas, ultimately undermining the
public health impact microbicides could achieve.

Case in point is the critical domain in early phase microbicide development that involves the
assessment of candidate product pharmacokinetics (PK), the distribution and clearance of
active ingredient and vehicle within the vaginal and rectal lumen and their surrounding
mucosal tissue. The goal of rational microbicide development is to select a vehicle that
delivers the active pharmaceutical ingredient (API) to locations within the vagina, rectum,
and surrounding mucosal tissue in a concentration, location, and duration sufficient to
prevent viral transmission. This requires a quantitative understanding of the distribution and
clearance (PK) of both virus and microbicide candidate in the same spatio-temporal context.
Tissue PK is essential for tissue-active drugs, like antiretrovirals (ARVs). Understanding
luminal drug and vehicle distribution is critical for understanding luminally active drug
action (e.g., surfactants, polyanions). Luminal distribution is also imperative for
understanding tissue-active drugs because luminal distribution likely exerts greater influence
on mucosal tissue concentration through lumen-to-tissue drug movement when compared to
local spread within tissue to distant mucosal sites not reached by luminal drug.

The effects of vaginal and anal intercourse are also of potential importance on microbicide
PK as sexual forces may greatly influence both distribution and clearance of microbicide
and virus. This is more clearly plausible for luminally-active drugs, especially those with a
relatively short luminal half-life with daily microbicide dosing, or for any luminal half-life
when using coitally-dependent dosing. Coital forces may cause significant dislocation of
API from the sexual lumen before ejaculation, but these same forces may cause favorable
mixing of virus and API following ejaculation which may be beneficial for luminally-active
drug action. Post-coital luminal PK may also be highly relevant for some tissue-active
microbicides in specific settings. For example, coital forces which displace drug from the
sexual lumen prior to complete absorption of the dose into tissue may effectively reduce
drug exposure to ineffective tissue concentrations when the drug has a short tissue half-life
or in persons who have sex frequently enough that most doses are influenced by coital
forces. This dose reduction effect is magnified in persons who are also poorly adherent or on
intermittent dosing regimens less resistant to missed doses.

The eventual goal of a richly described pharmacokinetic (PK) picture of drug distribution
and clearance from various body compartments – lumen, tissue, blood - is the relationship of
drug concentrations among these locations and the correlation of these concentrations with
relevant clinical pharmacodynamic (PD) outcomes, like prevention of HIV seroconversion
(Figure 3). The goals of PK/PD linkage is, first, defining the critical concentration target of
the active drug in the site of action associated with desired efficacy and second, to use that
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concentration target to inform future study design and clinical drug monitoring to maximize
efficacy.

Unlike acceptability studies that were commonly employed in early phases of microbicide
testing in humans, PK studies have not been a frequent feature in early microbicide
development and almost no data exists on viral distribution in the intact human lumen or
tissue following sex (Louissaint et al., 2010; Nimmagadda et al., 2007). The first generation
of luminally active drugs were uncommonly evaluated for luminal PK, but methods to
assess PK in the vaginal and rectal compartments were not well developed when those drugs
were moving into clinical development. Subsequently, considerable PK method
development has been undertaken to provide these tools, primarily by several active groups
(Barnhart et al., 2009; Barnhart et al., 2006; Braun et al., 2006; Dumond et al., 2009;
Henderson et al., 2007; Hendrix et al., 2009; Hendrix et al., 2008; Mauck et al., 2008;
Talameh et al., 2010). These groups have pioneered novel methods for direct luminal and
tissue sampling or indirect imaging methods using MR and gamma imaging agents. Some of
these methods allow assessment of concentration within the lumen and tissue, over distance
and time, of both drug and virus, simultaneously, providing a complete PK picture with
which to make go/no go assessments and enable iterative optimization of vaginal or rectal
specific microbicide vehicles suitable for specific APIs (Hendrix et al., 2009). Unlike the
early generation of microbicide candidates, PK studies of ARVs are being completed in
parallel with and, increasingly, prior to, clinical outcome studies in a manner much more
akin to traditional drug development.

As with acceptability studies, vehicle optimization studies are currently underway with a
variety of formulations (small volume gels and liquids or larger volume enemas, films,
vaginal rings) to correlate specific physicochemical characteristics (e.g., viscosity, yield
stress, sheer rate) with PK parameters. Eventually, it is hoped that a more complete
understanding of viral distribution will inform which PK characteristics of a microbicide are
desirable. Given that understanding, these desirable PK characteristics can be rationally built
into microbicide candidates based on physicochemical properties of formulation ingredients
from the very earliest stages of development.

4. Discussion
PK and acceptability interact in several critical respects. First, insofar as acceptability
impacts adherence, acceptability can have a major impact on effective drug dose. Perhaps
more important than any PK parameter, poor adherence secondary to poor acceptability will
result in relatively lower concentrations of the microbicide where it is needed, possibly
dropping below effective concentrations. As with treatment, this is a double-insult for
prevention as low drug concentrations may both fail to prevent HIV infection and select for
resistant HIV in the process, thus reducing potential future treatment options in such cases.
A second linkage between PK, acceptability, and adherence lies in the potential use of PK
methods with observed drug concentration to improve our ability to quantitatively assess
adherence, which remains a limitation to the understanding of the acceptability–adherence
linkage identified earlier in this paper. Several studies are underway to evaluate the use of
drug concentration in blood or hair as an adherence measure, either alone, or in combination
with, other adherence measures, like MEMS devices (Hendrix, 2010; Liu et al., 2010).

More than acceptability or PK, assessment of toxicity in clinical microbicide development is
critical to go/no go decisions early in development to avoid further development of vehicles
and APIs that will either increase the risk of HIV transmission or reduce the acceptability of
the product. Initially, these evaluations included little more than clinical inspection for
mucosal inflammation, but this area of evaluation has evolved rapidly and broadly to include
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histology, cytokine expression, ex vivo challenge with HIV in tissue explants, permeability,
impedance, impact on vaginal flora, and effects on natural immune peptides within the
vaginal environment as evaluations for toxicity. Even though toxicity assessments have been
studied more thoroughly, especially in the more recent generation of ARV microbicide
candidates, the interpretation of these varied laboratory tests remains unclear. What degree
of alteration from normal for any of these parameters is sufficient to cause the elimination of
an API or vehicle from further clinical development remains a matter of active discussion
while, at the same time, go/no go decisions are being made based upon these tests.
Optimally, these assessments would be performed in a pre-clinical setting to rule out further
development of vehicles and APIs before they reach clinical development, applying similar
methods to those described above wherein correlations are established between
physicochemical characteristics and changes in mucosal tissue perceived to enhance
susceptibility to HIV infection. Ultimately, as with acceptability and PK evaluations, the
best validation of any of these tests as surrogates for clinically-relevant toxicity will depend
on demonstration of a close association between these biomarker results and seroconversion
outcomes in clinical trials. Until such evidence is available, well-intentioned decisions based
on biologic plausibility, but without clinical validation, could lead to needless rejection of
viable microbicide candidates.

There remains substantial uncertainty about the predictive value for preventive efficacy of
any of these tests in each of the three domains discussed – acceptability, PK, toxicity – such
that making go/no go decisions based on these tests in early clinical studies is far from a
science. In addition to the uncertainty within any of these domains, even more difficult is the
ability to synthesize data from each domain, especially if it is derived from separate studies,
each focusing on a specific domain of testing in the absence of the others. To go beyond this
one dimensional approach, investigators are increasingly combining acceptability, PK, and
toxicity assessments in the same early clinical, if not first in human, studies of microbicide
vehicles in order to simultaneously evaluate a panel of variables to understand relationships
among these variables and the physicochemical properties of the vehicles. Given the
complex interaction of these variables across domains, some would argue this
comprehensive approach, especially in early phase clinical studies, will be highly
informative for either candidate selection among several options, or for informing further
vehicle optimization, based on physicochemical correlations from simultaneously observed
outcomes of acceptability, PK, and toxicity. The risk of prematurely rejecting a candidate
through the use of a poorly predictive test outcome remains, but a fuller picture of the
spectrum of relevant variables and their interrelationships may prove to be an improvement
over the multiple studies designed to ask a more limited number of questions. The evidence
of the success of this approach also lies in the future as clinical trials provide the definitive
test of microbicide candidates.
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Figure 1.
Conceptual model of the interactions of variables modifying the success of HIV prevention
with topical microbicides. From left to right, upper blue boxes indicate drug-related
variables which influence drug concentration (acceptability, adherence, and
pharmacokinetics) and the resultant drug effects, which are separated into
pharmacodynamics of drug-HIV interactions and toxicodynamics of off-target, non-HIV
effects. In parallel, the lower red boxes indicate HIV “dose”-related variables (type of sexual
exposure, sexual practices influencing HIV load, distribution and clearance of HIV
anatomically) which influence HIV infectivity (viral dynamics). At far right, the outcomes
are seroconversion and toxicity resulting from drug-virus and drug-host interactions,
respectively. Some of the interrelationships among these various effects are indicated by
arrows to indicate the complex nature of these interacting variables.
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Figure 2.
Linking User Sensory Perceptions and Drug Delivery in Novel Formulations and Devices.
By optimizing physicochemical properties, toxicity and pharmacokinetics for drug
distribution and clearance, and optimizing physicochemical properties for user perceptions
most conducive to acceptability and adherence (e.g., coating/spreading, “feel,” retention,
leakage) this interdisciplinary work can facilitate development of the most highly effective
and acceptable microbicides.
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Figure 3.
Pharmacokinetic – Pharmacodynamic Link. Tenofovir (TFV) and its active intracellular
form, tenofovir diphosphate (TFV-DP), are illustrated in this conceptual model of a 6-
compartment PK model linked to PD (seroconversion) outcomes. The PK model shows TFV
being dosed either topically into the lumen of the rectum or vagina, or orally by mouth. The
drug then circulates among various body compartments as shown: lumen (colonic or
vaginal), tissue, and blood. Each of these is further divided into fluid and cellular
components. Each compartment is indicated as discrete boxes on the left side of the figure.
Within the cellular compartment, conversion of TFV to TFV-DP is shown. Movement of
drug between compartments is a time dependent phenomenon indicated by the bidirectional
arrows between compartments; the unidirectional arrows pointing away from the luminal
and blood compartments indicate removal from the body by several clearance mechanisms.
The graph on the right indicates a theoretical PD outcome (e.g., seroconversion as in a phase
3 efficacy study like CAPRISA 004 or VOICE) on the y-axis. Drug exposure (shown here as
CD4+ cell intracellular active TFV-DP concentrations) is on the x-axis. The PK and PD
models are linked via active site drug concentration.
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