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Abstract
There have been encouraging recent successes in the development of safe and effective topical
microbicides to prevent vaginal or rectal HIV-1 transmission, based on the use of anti-retroviral
drugs. However, much work remains to be accomplished before a microbicide becomes a standard
element of prevention science strategies. Animal models should continue to play an important role
in pre-clinical testing, with emphasis on safety, pharmacokinetic and efficacy testing.

Introduction
Ideally, microbicide candidates should be thoroughly evaluated in vitro and in animal model
testing systems before proceeding to human clinical trials. This goal has not always been
accomplished, sometimes with serious consequences [1]. Animal models are generally
valuable for drug development, but they are particularly important for testing prevention and
therapeutic strategies against infection by HIV-1 and other sexually transmitted pathogens.
The vaginal and rectal transmission of HIV-1 involves a complex, but still poorly
understood, sequence of events involving viral attachment, cellular infection, and local
amplification in a variety of target cells and tissues that are intimately associated with the
blood and lymph systems. This level of biological complexity simply cannot be mimicked in
cell or tissue culture models. Moreover, the specific receptor proteins that HIV-1 uses for
attachment and entry are found only on the cells of a subset of primate species, so only these
animals and/or specifically humanized mice can be used for testing the efficacy of vaginal
and rectal microbicides. An additional concern is safety: Some compounds that are effective
against HIV-1 infection in vitro can have cumulative toxicities, and may even have
enhanced HIV-1 transmission rates when they were tested in human clinical trials [1,2].
Furthermore, the repeated exposure to a compound, alone or in combination with HIV-1,
may induce inflammation in the vagina, leading to the recruitment of viral target cells into
the mucosa. The latter phenomenon could increase the risk of infection, particularly in the
period immediately after microbicide use is discontinued [1,3]. Effects like these may not be
identifiable in single dose testing/challenge studies, so repeated exposure to the compounds
should now be elements of a comprehensive pre-clinical safety and efficacy assessment for
microbicide candidates. Animal models can also be used to acquire valuable information on
the pharmacokinetics of vaginally- or rectally-delivered compounds, including the longevity
of protective effects [4]. Information like this can guide the design of longer-lasting
formulations that may become coitally-independent microbicides, i.e., ones that do not need
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to applied only a short time before intercourse [4,5]. Overall, animal models should be an
essential element of the protocols used for selecting the safest and most effective
microbicide candidates for large scale testing in women. Here, we review the currently most
useful animal models that can be used for this purpose.

Small animal models; rodents and rabbits
Rodents are only distantly related to humans, and for various reasons their cells are non-
permissive for the replication of HIV-1. Although rats and mice, and also rabbits, are
certainly useful for preclinical safety screening of microbicide candidates, their reproductive
tissues and cycles differ both anatomically and physiologically from those of humans or
primates. Hence vaginal safety studies need to be evaluated with caution. In cycling women
and nonhuman primates (NHPs), the vaginal epithelium is fully lined by layers of squamous
epithelial cells that vary in thickness and cell-numbers during the menstrual cycle. In
contrast, rodents have estrous, rather than menstrual, cycles meaning that they absorb, rather
than shed, their endometria if pregnancy does not occur. Rodents also undergo anestrous
periods in which they do not cycle; and during certain phases of the murine estrous cycle,
columnar epithelial cells appear in the vaginal epithelium [6]. Similarly, portions of the
rabbit vagina are lined by columnar epithelial cells [7], which may differ from human tissues
in their inflammatory response to viruses or microbicide candidates. Nonetheless, if used
correctly, rodents and rabbits are useful for a basic level of pre-clinical safety screening
aimed at eliminating tissue-damaging or grossly inflammatory compounds from further
consideration. In fact, since FDA approval requires testing in two different species, rabbit
vaginal irritation tests are usually performed to assess safety of microbicides candidates
prior to entering human trials [8], even though these animals are not infectable by HIV-1.

Early attempts to engineer rodents to become more susceptible to HIV-1 infection were not
particularly successful [9]. Severe combined immune deficiency (SCID) mice, and mice
transplanted with various human cells or tissues, have long been used in HIV-1 research, but
the limited reconstitution and distribution of relevant viral target cells into mucosal tissues
has limited their value to the microbicide field [9]. For example, the vaginal infection rates
in SCID-Hu mice reconstituted with human peripheral blood lymphocytes were too variable
to be reliable, due to the low levels of human cells populating the vaginal mucosa [10,11].
As peripheral blood lymphocytes differ from those of mucosal tissues in respect of
phenotype, function and homing properties, it was not surprising that such models had
serious limitations for studying mucosal biology and immunology.

To overcome some of the above problems, novel strains of mice have now been engineered
by xenografting human fetal stem cells into specific immunodeficient strains of mice; these
animals can be infected with HIV-1 after mucosal challenge [11–13]. Currently, the most
promising murine models for microbicide research are those that utilize human CD34+ stem
cells derived from fetal liver tissues implanted into mice deficient in the recombinase
activating genes 1 and 2 (Rag-knockout mice), or into SCID mice. These mouse strains
allow much better reconstitution and there is less rejection of the human cell grafts
(reviewed in [14,15]). Both models are susceptible to vaginal HIV-1 transmission [16], and
hence they are useful for efficacy screening of vaginal microbicide candidates [11,13,16].
However, Rag-deficient mice still contain functional murine NK cells, with uncertain
consequences for HIV-1 transmission or immune responses, so additional mutations may be
required to produce animals better suited for xenograft studies [15]. In contrast, non-obese
diabetic (NOD) SCID mice lack murine T, B, and NK cells, allowing better reconstitution of
primary and secondary lymphoid tissues, and the consequent generation of primary human
adaptive immune responses to the infecting virus [15]. As these mice spontaneously develop
tumors at a high rate, their use may be limited to short-term studies [15].
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Although thorough comparative studies have yet to be performed, the most promising
murine model for microbicide testing now appears to be the humanized bone marrow/liver/
thymic (BLT) NOD/SCID mouse. Here, human fetal-liver derived CD34+ stem cells are
transplanted into irradiated NOD/SCID mice that have been surgically implanted with
autologous human fetal thymus and liver [17]. Unlike most of the other models, implanting
both autologous thymic tissue and stem cells into immunodeficient, irradiated mice permits
the stem cells to develop into fully functional, HLA-restricted T cell and dendritic cell
subsets that behave more similarly to those of humans. These cells have been shown to
reconstitute primary and secondary lymphoid tissues, including the lung, intestine and
vagina [12,18,19]. Their reconstitution with fully functional human immune cells renders
the BLT mice susceptible to HIV-1 infection, making them useful for studying virus
transmission and, to a certain extent, also the pathogenesis, immunology and therapy of the
subsequent infections [20]. BLT mice have been used recently for testing the efficacy of
vaginal and rectal microbicide candidates, although for reasons that are not clear, the rectal
challenge studies were performed by first abrading the rectum [19], whereas no mucosal
trauma was involved in the vaginal transmission experiments [15]. The protocol difference
is surprising, given that NHP studies have shown that the vulnerability of the rectum to viral
challenge is several orders of magnitude greater than the vagina [21]. A similar conclusion
was recently drawn from a meta-analysis of human transmission data [22]. Perhaps the
murine rectum is unusually resistant to an atraumatic rectal inoculation with HIV-1.

Clearly these newer rodent models are far superior to earlier ones, and they will now play a
valuable role in microbicide research. However, there are some disadvantages, including the
high cost and complexity of the surgical techniques required to generate BLT mice on an
individual basis. The CD34+ stem cells needed to make the mice are obtained from aborted
human fetal liver tissue, which may prove problematic in respect of future supply. There are
also differences in the anatomy and immunology of rodents and humans to consider. For
example, the interactions of the engrafted human cells with HLA-mismatched murine tissues
and cells need to be better understood. Differences in HIV-1 pathogenesis, in secondary and
opportunistic infections, and in the virus-specific immune responses also need to be more
fully explored, and compared with what happens in infected humans (although not all of
these factors will influence transmission and microbicide protection studies). Nonetheless,
the new generation of humanized mouse models does offer a promising alternative for the
preclinical screening of compounds for HIV-1 prevention. Whether some clinicians and a
small subset of funding agency employees will embrace the results of mouse model studies
any more enthusiastically than they do nonhuman primate research remains, however, to be
seen; arguably, there may be even more prejudice against research in mice than monkeys.

Nonhuman primate models
Nonhuman primates remain the premier animal model for studying the transmission,
immunology, and pathogenesis of HIV-1 infection. They are, and should remain, essential
for the pre-clinical safety and efficacy testing of candidate microbicides. The most widely
used NHP models are macaques, which are old-world monkeys, including the rhesus
(Macaca mulatta), pigtail (Macaca nemestrina), and cynomolgous (Macaca fascicularis) sub-
species. As would be expected given inter-species genetic relationships, NHP have
anatomical, immunological, and reproductive physiological properties broadly comparable
to those of humans. HIV-1 can efficiently infect macaque cells and tissues using the same
mechanisms and receptors it utilizes on human cells (CD4, CCR5, or CXCR4). However, it
does not replicate efficiently, post entry, in macaque cells as they contain host restriction
factors, most notably TRIM5α gene products, which likely evolved as a response to a HIV-
like infection in the distant past. The TRIM5α proteins of rhesus macaques and other NHP
species block viral replication by inhibiting the uncoating of the capsid protein, thereby
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preventing integration [23]. Since we understand neither the mechanisms of mucosal
transmission nor the events required to establish a successful infection, detecting plasma
viremia (i.e., sustained, productive virus replication) remains the only way to determine
whether transmission occurred successfully, whatever the species involved. Accordingly,
viruses other than HIV-1 must be used in NHP vaginal and rectal transmission models.

Virus strain selection
Depending on the microbicide candidate’s mechanism of action, several different challenge
viruses can be used in NHP, but all of them are either simian immunodeficiency viruses
(SIV) or SIV/HIV hybrids called SHIVs. We know that HIV-1 evolved from the SIV lineage
[24]. Although numerous NHP species are naturally, and generally benignly, infected with
various SIV strains, the introduction of SIV into a naïve host species results in disease and
profound immunodeficiency. Over evolutionary time, the virus and host adapt to co-
existence, the virus replicating and being transmitted but not causing (much) disease in its
host. When humans became infected with SIV of chimpanzees (SIVcpz), the virus was
pathogenic in the new host. Indeed, SIVcpz is also now known to be pathogenic in
chimpanzees [25–27], perhaps because it has not been present in that species long enough
for host adaptation to take place. Several chimp-human cross-species transmissions have
now been documented, one of which lead to the emergence and spread of the HIV-1 Main
Group virus that created the current AIDS epidemic. Similarly, the introduction of SIVsm
from sooty mangabeys (its natural host, in which it is non-pathogenic) into rhesus macaques
resulted in the emergence of SIVmac and an AIDS-like disease that closely recapitulates
HIV-1 infection of humans [28]. The occurrence of opportunistic infections such as CMV,
mycobacteria sp., candida, etc., and the infection and depletion of very specific mucosal and
memory CD4+ T cell subsets, in both SIVmac-infected macaques and HIV-1-infected
humans speak to the close similarities in the interplay between the virus and the host in these
two species.

SIVmac is broadly similar to HIV-1 in its genetic sequence, target cell tropism, transmission
mechanisms and pathogenic properties, and is suitable for testing various types of
microbicide. However, there are differences between the envelope glycoproteins (Env) of
SIVmac and HIV-1, such that viruses bearing HIV-1 Env are preferable for the testing of
compounds that target the attachment and entry process (i.e., fusion or entry inhibitors).
Given the dominant role of CCR5 in HIV-1 and SIVmac transmission, SHIVs that utilize
this co-receptor (e.g., SHIV-162P3 [4,29,30], SHIV-BAL [31], SHIV-1157 [32], etc.) are
the preferred option. Viruses such as SHIV-89.6P [33–35] SHIVsf33A [36,37] or SHIV-
KU1 [4,38,39] that also or instead use CXCR4 may, however, be suitable for testing some
entry inhibitors. Differences between the reverse transcriptase (RT) proteins of SIVmac and
HIV-1 mean that some relevant antiviral compounds (notably the non-nucleoside RT
inhibitors) must be tested against a SHIV encoding the HIV-1 RT enzyme (RT-SHIV)
[40,41]. Overall, there are now several wild type or genetically engineered challenge viruses
that are vaginally and/or rectally transmissible to macaques, and that can be used to assess
microbicide efficacy. These studies include multiple challenge experiments aimed at
assessing the duration of efficacy, or the safety of repetitive mucosal exposure to a test
compound.

Vaginal and rectal transmission: Physical barriers
As has been the case in HIV-1 vaccine research, several different primate species are used
for testing microbicide efficacy; the application of different doses of different challenge
viruses given in different ways over different time periods adds further complexity. The lack
of standardization and comparability of NHP models remains a major obstacle for HIV-1
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prevention research; indeed, this problem has been ranked as one of the leading roadblocks
hindering HIV-1 vaccine development [42]. There are additional concerns when it comes to
testing microbicides to prevent heterosexual (vaginal) transmission in NHP models, arising
both from the low transmission rate of HIV-1 and the subtle, yet potentially important,
differences between the reproductive tissues and cycles of the various macaque sub-species
and humans.

The primate vagina is a dynamic and complex structure that has evolved to resist the
inherent frictional forces, or outright trauma, associated with intercourse. Overall, the
vaginal mucosal tissues have a multi-tiered system of physical, chemical and cellular
barriers that respond to stimuli in ways that cannot be mimicked in cell culture systems.
Unlike the rectum, the vagina has several natural defenses against the transmission of
viruses including, but not limited to, HIV-1. As part of its normal function, the vagina is
repeatedly exposed to foreign materials that are introduced during intercourse, including
pathogens and, of course, semen, which is usually deposited by non-MHC matched males.
The organ’s defenses include innate immune factors, virus-trapping mucus and even
protective bacteria. Furthermore, the vaginal tract is lined by a mucosal epithelium
consisting of 20 to 50 layers of squamous epithelial cells that varies during the menstrual
cycle but is always thicker than the lining of the rectal tract. The vaginal epithelium thickens
during the ovulatory phase in anticipation of the friction and trauma anticipated from
intercourse. It also provides an important physical barrier to the passage of bacteria or
viruses into the target cell-rich underlying tissues (lamina propria). However, the barrier
effect of the epithelium is not absolute; the apparent absence of tight junctions between the
superficial epithelial cells allows viruses and small particles to penetrate deeply into the
epithelium, moving toward the target cell-rich environment of the basal lamina.

The physical barriers to HIV-1 infection are much more substantial in the vagina than the
rectum, which no doubt contributes to the greatly increased risk of HIV-1 transmission
posed by rectal intercourse; far fewer rectal than vaginal exposures are needed for HIV-1
transmission to occur [22]. However, transmission rates are estimates based on
epidemiologic data, which vary widely depending on the questions asked and the
populations sampled. In practice, it is impossible to estimate the actual vaginal or rectal
HIV-1 transmission rates in humans with any accuracy. Thus, one can only rarely determine
exactly when an individual became infected, what the level of infectious HIV-1 was in the
semen at that particular moment, and what actually happened during the act of intercourse
that might have caused local trauma or otherwise increased the chances of viruses
encountering target cells. The experimental transmission of SIV/SHIV to macaques is
valuable for addressing several of these issues. As with HIV-1-exposed women, the rate of
SIV vaginal transmission to macaques is very low, at least when low challenge virus doses
are used that mimic, in broad terms, those found in the semen of HIV-1 infected men. Thus,
one problem that users of NHP models investigators have struggled to overcome is not
vaginal transmission per se, but rather with the inefficiency of the process. In simple terms,
if the challenge virus does not infect the control animals consistently and predictably, it is
very difficult to design and execute a study intended to determine whether a microbicide (or
a vaccine) reduces the rate of transmission significantly and reproducibly.

Hormone treatment and single versus multiple dosing issues in macaques
Although normal (non-hormone treated) rhesus macaques can be infected with SIV
following atraumatic vaginal inoculation, 100–1000 times more virus is required to infect
the animals intravaginally than intravenously [43–46]. Thus, large challenge virus doses are
usually required to infect normal animals vaginally if only a single inoculation is given. Of
particular relevance is that treating rhesus macaques with the progestin-based contraceptive
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(Depo-Provera) thins the vaginal epithelium and markedly increases their susceptibility to
vaginal transmission of test viruses. The experimental application of Depo-Provera mimics
the luteal phase of the natural menstrual cycle (Figure 1), a stage in which both rhesus [46],
and more recently pigtail [47], macaques have been shown to be more vulnerable to vaginal
SIV/SHIV transmission. There have long been suspicions that the same scenario applies to
naturally cycling women, and that progesterone-based contraceptives may increase their risk
of acquiring HIV-1 infection. Although both propositions remain controversial, a recent
study indicated women taking Depoprovera are indeed at significantly increased risk of HIV
transmission [48]. Further, there is mounting evidence that endogenous hormone levels may
indeed influence HIV-1 transmission to women [49]. For example, there is significant
epidemiological data showing that younger women are much more susceptible to HIV-1
infection [49], while women who are pregnant or postpartum are also more vulnerable
[49,50]. Both these conditions (youth and pregnancy) are associated with progesterone-
dominance and a thin vaginal mucosa that is mimicked in the macaque by the administration
of exogenous progesterone. Furthermore, the vaginal epithelium of women is thinner and
less keratinized during the luteal phase (menses) of the menstrual cycle, when progesterone
levels are high, estrogen levels low [51]. Finally, mucus is now thought to be a barrier to
HIV-1 vaginal transmission, but it is secreted in smaller volumes, and is of lower viscosity,
during menses [52,53]. Again, however, formally proving that women are more susceptible
to acquiring HIV-1, or other pathogens, during menses is, at best, very difficult. Moreover,
sociological considerations complicate any biological interpretation of epidemiological data;
for example, adolescent girls, women who have intercourse during menses, or pregnant
women may simply use condoms relatively infrequently. Again, NHP models can play an
important role in addressing various uncertainties about how HIV-1 is transmitted vaginally.

The rhesus macaque progesterone-treatment model has been widely used over the past 15
years [54]. Among its applications has been to assess the protective efficacy of various
vaginal microbicide candidates (ARVs and others), passively delivered neutralizing
antibodies (given vaginally or systemically), and Env-based vaccines. Briefly, the animals
are given a Depo-Provera injection 30 days before the animals are challenged vaginally with
a pre-calibrated inoculum of the test virus, added atraumatically in a small volume (typically
300 TCID50 in 1 ml of saline). In addition to its simplicity, this model’s principal advantage
is the consistency with which control animals are infected, which facilitates comparisons
with the intervention group. Thus ~90% of the control animals are infected after a single
vaginal challenge with what is considered to be an “intermediate” dose of virus. However,
the Depo-Provera model is often criticized on three grounds.

First, the “intermediate” challenge dose is considered still to be too high to be
physiologically relevant, leading to arguments that underestimating the potential of a
moderately protective microbicide could cause the rejection of a concept that may actually
have succeeded in human females. However, a substantial number of different compounds
have now been shown to be highly protective in the Depo-Provera model, provoking the
counter-question of what there is to be gained (all other things being equal) by advancing
less potent microbicide compounds that have failed a stringent test.

A second concern is that exogenous progesterone treatment thins the vaginal epithelium “too
much” in macaques, thereby creating an artificial state not representative of what happens in
women. However, this notion may be a misconception based upon early studies in which
high progesterone doses (200 mg progesterone rods implanted monthly) were used [54].
Nowadays, the most widely used Depo-Provera dose is only 30 mg/monkey, which in a 10
kg macaque would translate to 3 mg/kg. The lower dose results in a vaginal epithelium more
closely resembling that of women in the luteal phase (Figure 1). That dose is also similar to
the one given as contraception to human females, 150 mg, which equates to 3 mg/kg for a 50
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kg (110 lb) woman. Perhaps only with very small (4–5 kg) macaques would “excessive”
thinning of the vaginal epithelium occur under these conditions. Progesterone doses should
now routinely be calibrated according to the animal’s weight, to further increase the
consistency of this model. Nonetheless, even if the vaginal epithelium is thinner in the
Depo-Provera treated macaques than arises during menses in naturally cycling women, the
outcome is an even more stringent NHP model of microbicide efficacy. Thus, if a compound
is safe and effective under these conditions, it is an encouraging indicator of its likely safety
and effectiveness in women.

A final concern about the use of Depo-Provera is that it may suppress local immune
responses, which could compromise the success of some vaccination regimens in particular.
This issue is more controversial, with conflicting data that are hard to interpret
unequivocally [55–57]. Whatever the merits of the argument, it is less relevant to the testing
of microbicides that are intended to stop the initial transmission of the test virus before
immune responses can develop and intervene.

A counter-argument in favor of the Depo-Provera model is the finding that the number of
transmitted/founder (T/F) viruses infecting control animals is close to one, very similar to
what happens in sexually infected women. Thus however the viral RNA, and/or infectious
virus, content of the experimental inoculum compares to what is present in semen, only 1 or
2 viruses successfully infect both monkeys and women, fewer than occurs in rectal
transmission and far fewer than initiate intravenous infection [58–60]. Finally, the recent
human study showing that Depo-provera is also associated with increased transmission rates
in women [48]suggest that this model should be revisited.

Multiple “low dose” challenge models in macaques
In response to criticisms of the Depo-Provera model, a “multiple low dose” model of SHIV
transmission was developed in pigtail macaques [61]. By administering a relatively small
challenge dose (10 TCID50) weekly for several weeks, it was found that all the control
animals could be infected vaginally without exogenous hormone treatment [61]. It has been
argued that, when analyzing the experimental outcome statistically, the number of exposures
required to infect all the controls replaces the number of animals infected by a single dose,
thereby reducing the number of animals needed to yield a robust endpoint. Such an analysis
is more straightforward when each exposure has an equal likelihood of resulting in
transmission. In practice, however, the susceptibility of individual animals, or all of them,
might vary from challenge to challenge over a multi-week period. As noted above, there are
likely to be differences in the susceptibility of macaques, and possibly women, during the
different stages of the menstrual cycle. The worst-case scenario is that the majority of the
animals may actually become infected during the menstrual stage of their cycles, the
occurrence of which will vary across a test group, and in respect of when the experiment
was initiated. If this were, in fact, a concern, a possible solution would be to ensure that the
test groups were carefully matched in respect of the average stage of their menstrual cycles
at the start of the experiment.

The multiple “low dose” model has been less successfully applied to rhesus macaques.
Some groups (mostly in unpublished observations, including our own) have failed to infect
sufficient numbers of rhesus macaques using the same stock and dose of challenge virus that
was employed successfully in the pigtail studies (Figure 2). Two recent published studies
involved SHIV-162P3 vaginal challenges of rhesus macaques without the use of Depo-
Provera, and we have also carried out similar experiments on an exploratory basis. In all
three studies, a “high dose” inoculum was actually used (300 TCID50), at least initially, with
the challenges given weekly. In our own study and the one reported by Cheng-Mayer et al.,
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the control animals became infected only gradually and inconsistently, to the extent that the
latter group increased the challenge virus inoculum twice on an ad hoc basis, eventually to
as high as 3000 TCID50 [62]. In the end, most of the control animals did become infected,
but the use of an ultra-high challenge dose is inconsistent with the goal of finding a protocol
that better mimics what happens in women. Indeed, to infect the remaining control animals,
challenge virus doses far in excess of those ever used in the Depo-Provera model were
required, essentially negating one of the major arguments against the latter – i.e., the “high”
challenge dose. Moreover, the ultra-high inoculum may have compromised any chance of a
successful outcome to the study (the intent was to see whether combining a microbicide with
a vaccine was more protective than when each intervention was used alone; the desired
outcome was not observed). In the second study, Lagenaur et al. used a constant 300 TCID50
inoculum of the same virus (SHIV-162P3) and eventually infected 11/12 animals over 6
weekly challenges, yet the remaining animal resisted an additional 6 weekly challenges [63].
Furthermore, titration studies performed with the same stock and dose (300 TCID50) of the
same virus, by Ranajit Pal at Applied Biosystems Laboratories (unpublished observations),
yielded infection rates comparable to that seen in the study by Lagenaur et al., but quite
different from what we (Veazey, unpublished) and Cheng-Mayer et al. found (Fig. 2). Of
note, and possible significance, is that both the Pal and Lagenaur et al. protocols involved
treating the macaques with antibiotics prior to vaginal challenge, as a device to increase
transmission rates [63]. In another study, Bomsel et al. reported that vaginal challenge with
very much lower inocula of SHIV-162P3 (20–30 TCID50) caused efficient infections [64]. It
is hard to reconcile those infection rates with the ones seen in the other experiments,
although a possibly relevant variable is that Bomsel et al. used macaques of Chinese origin,
whereas Indian macaques were used in all the other studies (Fig. 2).

Finally, another potential confounding variable could be the time of year when the animals
are used. Rhesus macaques are seasonable breeders [65], and their susceptibility to vaginal
transmission may vary at different times of the year. Whether the various factors noted
above do actually affect virus transmission is not known, as no comparative studies have yet
been performed. The markedly different outcomes of similar, but clearly not identical,
experiments emphasizes the need for now developing a standardized vaginal multiple
challenge protocol for both microbicide and vaccine research (Fig. 2).

Nonetheless, there are genuine logistical concerns to following protocols that last several
months, and that require many challenges of the control animals. For example, unless the
control animals all become infected in the first few challenges, it would be impossible to use
such an approach to evaluate a vaginal ring that secretes an ARV for a period of
approximately one month, but no longer. Similarly, testing the effect of a vaccine whose
immunogenicity waned over a period of a few months would also be problematic. The
practical implications of using such a large amount of a carefully calibrated challenge virus
stock needs also to be borne in mind, particularly given the value of comparative data
obtained from multiple studies using the same stock. Overall, to date, the multiple “low
dose” model has only been successfully used in pigtail macaques, which appear to be more
susceptible to vaginal SIV transmission.

Alternative macaque models
As an alternative to rhesus macaques, the use of two other sub-species should be considered
– pig-tailed macaques and cynomolgus macaques. Pigtail macaques have been widely used
for vaginal microbicide safety and efficacy testing [66–68]. Some investigators prefer
pigtails for vaginal transmission studies because like humans, pigtails give birth all year
round, whereas rhesus breed seasonally [65]. However, pigtails are generally considered to
be much more susceptible than rhesus to SIV infection, with higher viral loads and a more
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rapid progression to AIDS [69]. These early observations led to a decline in demand for
pigtails in the US National Primate Research Centers. A perception arose SIV infections in
this model were more extreme, from a pathogenicity perspective, than HIV-1 infections of
humans, limiting the information that could be gained. More recently, it was shown that
pigtails are also more susceptible to disease progression after SHIV-162P3 infection [70], a
virus that is only weakly pathogenic in rhesus macaques [71]. It now appears that pigtails
are also the more susceptible to vaginal transmission, as they can be infected by relatively
low SIV doses without hormone manipulation [61]. One final point is that pigtails are
currently in very short supply in the USA; their limited availability alone may render these
animals unsuitable for large scale studies of microbicides, for example for screening new
compounds. However, discussions of how to increase the availability of these animals in
Primate Centers are now underway.

Cynomolgus macaques have been fairly widely used for AIDS virus research, and may be
more extensively used for microbicide studies in the future. These animals are smaller and
less expensive than rhesus or pigtails, and are currently widely available. Like pigtails,
cynomolgus macaques have regular menstrual cycles and breed all-year round. Whether
cynomolgus macaques more resemble pigtails or rhesus in their susceptibility to SIV
transmission remains to be determined in urgently needed comparative studies. Of note is
that the smaller size of the cynomolgus vaginal vault makes colposcopy and vaginal biopsies
more difficult than with larger macaques, which may limit their utility for vaginal safety
assessments [72]. Nonetheless, the basic anatomy, vaginal and rectal flora, and vaginal pH
of cynomolgus macaques and humans are all similar, implying that this model may be
suitable for microbicide efficacy testing [72]. Indeed, some such studies have already been
performed successfully, using rectal, and more recently vaginal, challenges [30,37].

Summary
We believe that rhesus macaques are presently still the model of choice for microbicide
safety and efficacy testing. This is due in part to their availability, but also to the vast
experience and knowledge accumulated during over 20 years use of these animals for
prevention science, pathogenesis and immunology research. It remains debatable as to
whether the Depo-Provera or “multiple dose” models should be the standardized method of
choice for preclinical microbicide studies. If it is possible to overcome the limitations of the
Depo-Provera model, these steps should certainly be taken. One approach may be to lower
the challenge virus inoculum, to address the disparity between the quantity of virus given to
macaques and the amount that women are exposed to. In a passive NAb transfer study,
Hessell et al. used a modified protocol in which rhesus macaques received regular injections
of Depo-Provera (every 3 weeks) but were then exposed weekly to a far smaller
SHIV-162P3 inoculum (5–10 TCID50) than is normally used (Fig. 2) [73]. The protocol was
successful in that the protective concentrations of NAb were also significantly lower than
had been previously found in experiments employing a higher inoculum of the same or
similar challenge virus. Another approach is to use lower or weight-adjusted dosages of
Depo-Provera to create a more consistent model that better approximates the hormone levels
and vaginal histology of “average women” during menses.

Our own preference remains to use the Depo-Provera model. Not least of the arguments, as
noted above, is that if a microbicide can safely protect animals with a thin vaginal mucosa,
and against a higher viral challenge than is ever found in semen, it is much more likely to be
safe and effective in women than a compound that is only effective under less stringent
conditions. There are too many candidates in the pipeline for all of them to be tested in
human clinical trials, but the subset that has demonstrated considerable efficacy in the most
stringent of the available models should be taken particularly seriously. Further, clinical
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trials in women recently indicated Depo-provera also increases HIV transmission rates [48],
giving further credibility to this model

In summary, there remains a substantial need to validate and standardize an animal model
for topical microbicide testing. Critics may argue that the macaque models have not
correctly predicted the success or failures of vaccines or microbicides in humans, but this is
simply not a true assertion. The recent success of Tenofovir and Truvada in protecting
humans was predated by similar outcomes in the rhesus macaque model in multiple studies
[74–77]. And the clinical failure of the N-9 microbicide candidate would have been
predicted had an NHP model been used correctly for repeated exposure experiments.
Currently there are several species, viruses, and model systems to choose from, and in some
cases, selecting an inappropriate viral challenge has led to disappointing results when a
comparable vaccine was later tested for efficacy in humans. But some errors are avoidable,
or should be, once the underlying science is apparent. For example, vaccine challenges in
macaques using a CXCR4-using virus that was selected because of its efficient replication in
PBMC cultures (that express high levels of CXCR4) and that is neutralization-sensitive,
does not mimic HIV-1 infection of humans by neutralization-resistant R5 viruses. The
development and improvement of NHP models goes hand in hand with increased
understanding of the biology and immunology of HIV-1 transmission and pathogenesis.
Conversely, discoveries in the NHP models themselves drive a further appreciation of what
happens in HIV-1-infected humans. The different elements of AIDS research must continue
to work together in this regard.
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Figure 1.
Comparative histology of the vaginal mucosa of the rhesus macaque (top, A, B) and a
naturally cycling women (bottom, C, D). A) Rhesus vagina in natural follicular phase; B)
rhesus vagina 30 days after Depo-Provera administration; C) human vagina in follicular
phase of the menstrual cycle; D) same vagina in the luteal phase. Since the epithelium of the
rhesus vagina is normally thicker than that of women, Depo-Provera is administered to
rhesus macaques to synchronize the menstrual cycle and produce a vaginal epithelium more
closely resembling that of humans, especially during the luteal stage of the menstrual cycle.
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Figure 2.
The Kaplan-Meier plots show the remaining fraction of uninfected control animals (y axis)
after the number of vaginal exposures to SHIV-162P3 (x axis). The infectious doses
(TCID50) used per inoculation in each study are given in the legends to the right of the
diagram. DP= Depo-Provera used. Unpublished data (Veazey et al. and Pal et al.) are plotted
together with results from the literature (Cheng-Mayer [62]; Lagenaur [63]; Hessell [73];
Bomsel [64]). In the Cheng-Mayer et al. study, doses higher than 300 TCID50 were given
after ten exposures, to infect the remaining control animals. They are not included in the
diagram.
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