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Vaginal intercourse remains the most prevalent route of infection of
women. In spite of many efforts, the detailed mechanisms of HIV-1
transmission in the female lower genital tract remain largely unknown.
With all the obvious restrictions on studying these mechanisms in
humans, their understanding depends on the development of adequate
experimental models. Isolated cell cultures do not faithfully reproduce
important aspects of cell-cell interactions in living tissues and tissue
responses to pathogens. Explants and other types of ex vivo tissue models
serve as a bridge between cell culture and tissues in vivo. Herein, we dis-
cuss various cervico-vaginal tissue models and their use in studying HIV
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Introduction

Although vaginal intercourse is associated with a
lower HIV-1 transmission probability per exposure
than other routes of transmission, worldwide it
remains the most prevalent route of infection.’? In
spite of many efforts, the reasons why male-to-
female transmission is more efficient than female-to-
male,” as well as the detailed mechanisms of HIV-1
transmission in the female lower genital tract,
remain largely unknown.

Although it still remains unclear whether the
source of infection is seminal cell-associated or cell-
free virus, vaginal and cervical epithelia are obvi-
ously the primary sites where the HIV-1 virions in
ejaculate and female genital tract cells first come
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vaginal transmission and consider future directions of such studies.

together. The vagina and ectocervix are covered by
the multiple cell layers of a stratified squamous epi-
thelium, usually coated with keratin. It is difficult to
imagine how viruses can go through these layers.
Indeed, in ex vivo experiments” this multilayered epi-
thelium was shown to be a reliable barrier against
HIV-1 and small molecules.” So, why does this bar-
rier fail so often? Possibly because epithelial layers
can become ulcerated due to sexually transmitted
infections and can be damaged by inflammations
such as those caused by common infections like
yeast (candidiasis)® and herpes simplex virus 2
(HSV-2).” Also, intercourse itself may damage these
layers, as epithelial microabrasions were detected in
60% of women following consensual intercourse.®’
The damaged areas provide open access to the
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sub-epithelial structures where HIV-1 cell targets
predominantly reside.

In contrast to the vagina and ectocervix, the endo-
cervix and the transformation zone (the squamo-
columnar epithelial junction between the endo- and
ectocervix) are covered by a single layer of columnar
epithelium and are thus less protected. They are
regarded as the primary sites for HIV-1 transmission
during intercourse. The extension of the transforma-
tion zone is increased in young women with cervical
ectopy,'®"! probably easing HIV access to its target
cells and making these women particularly vulnera-
ble to HIV infection. Also, the effects of the phase of
the menstrual cycle on the thickness of the vaginal
epithelium and on the biological and physical prop-
erties of cervico-vaginal mucus seem to be relevant
to the susceptibility to HIV-1 infection.

Potential HIV-1 cell targets beneath the cervico-
vaginal epithelium are dendritic cells (DCs),
macrophages, and CD4+ T lymphocytes. In in vitro
experiments, DCs were shown to be able to capture
HIV-1 virions, although they do not become produc-
tively infected.'* These cells may protrude their
dendrites to the surface of the epithelial layer and
capture virus there, providing a path for the virus to
penetrate intact epithelia as well as a potential trans-
fer vehicle to the local lymph nodes. The role of
macrophages in the first stages of HIV-1 transmission
is still debated. In cervico-vaginal tissue macrophages
seem to be able to support productive infection by
HIV-1."2 However, experiments on macaques
demonstrated that CD4 lymphocytes, rather than
macrophages, are the main producer of virus at the
early stages of SIV vaginal transmission in these ani-
mals."?

Upon infecting the founder cell population, HIV
then undergoes a local expansion and disseminates
to the draining lymph node, thereby establishing an
initial lymphoid tissue reservoir that will further
spread infection to other organs and peripheral tis-
sues (reviewed in Ref. 13). Thus, cells present in the
sub-mucosa, whose first role is to fight any invading
pathogens and orchestrate innate and adaptive
immunity, are targeted by HIV-1 and thus facilitate
its transmission and dissemination.'*

Already, the above brief and incomplete descrip-
tion of HIV-1 transmission through the mucosa of
the female lower genital tract shows the complexity
of this phenomenon. Understanding the mechanisms
of HIV transmission in the female genital tract
mucosa requires knowledge of the functions and
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interactions of all immune cells with each other and
with the extracellular matrix in this tissue in vaginal
intercourse. With all the obvious restrictions on
studying these mechanisms in humans and the ana-
tomical differences between the female genital tracts
of humans and those of non-human primates, it is
obvious that our progress in studying HIV-1 vaginal
transmission greatly depends on the development of
adequate experimental models. Although conven-
tional cultures of cell lines or peripheral blood
mononuclear cells have been useful in many areas
of HIV research, their use is limited by the fact that
they neither reproduce the morphology nor mimic
the functions of living tissues, and therefore they
lack the potential to predict tissue responses of real
organisms. Explants or other types of ex vivo tissue
models serve as a bridge between cell culture and
the in vivo environment.

Meanwhile, most of our experimental knowledge
of HIV infection in general comes from the study of
cell lines and isolated primary cells. Although these
experimental models continue to be important to
the furtherance of our understanding of the mecha-
nisms of HIV-1 transmission, they do not faithfully
reflect an important aspect of the in vivo situation:
the spatial distribution of cells and their native com-
munication within the tissue cytoarchitecture. Yet,
as indicated above, these aspects of tissues seem to
be critical for ‘gatekeeping’ of HIV-1. Experimental
systems consisting of cervico-vaginal tissue explants
have been developed to overcome these problems.
Although, like any ex vivo model, these systems have
their own limitations (e.g., survival limited to
2-3 weeks, problems with reliable tissue polariza-
tion, donor-to-donor variability, etc.)'®, tissue
explants seem to be the experimental model closest
to in vivo, allowing HIV-1 transmission to be studied
under controlled laboratory conditions. Below, we
describe these models and how they are currently
used to study male-to-female HIV-1 transmission.

Explant models and their application to HIV stud-
ies

The main tenets of three-dimensional (3D) tissue
culture were laid down as early as 1912.'° Later the
development of synthetic culture media, culture ves-
sels, and cell lines led in its turn to the development
of various microscopic techniques adapted to the
study of isolated cells. As a result such cells became
a common object of study. Technical advances in
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three-dimensional cell culture have not been intro-
duced until more recently and started to be appreci-
ated only in the last decade. However, over the
decades many approaches have been pursued for
developing three-dimensional cultures for biomedical
research, including spontaneous cell aggrega-
tion/multicellular spheroids, microcarrier bead cul-
tures, rotary cell culture systems, engineered
scaffolds, gel/matrix systems, filter or mesh sup-
ported organ culture, and raft cultures.'” Typically,
tissue fidelity and function are best achieved by
attempts to maintain tissue biopsies or explants
ex vivo, rather than attempts to reconstruct tissue
from individual cell types.

Although advantages and disadvantages exist for
all organ culture explant models, for the study of
multiple aspects of HIV pathogenesis our laboratory
has favored the use of raft culture, in which
blocks of human tissue are cultured on collagen
sponges at the air-liquid interface. This ex vivo raft
model of tissue culture is based on work of Joseph
Leighton, an NIH investigator, who worked on this
technique in the 1950s and 60s.'®'® Leighton’s
three-dimensional histoculture method, which uti-
lized a sponge matrix, was further developed in
the 1980s by Hoffman?’ for anticancer drug stud-
ies. Our laboratory first benchmarked this method
for HIV studies using cultures of human tonsils
and lymph nodes.*!

This model has many advantages, the first of
which is the preservation of the tissue architecture
for 2-3 weeks. Not only are all cell types retained in
the tissues without a need for exogenous activation
or stimulation, but key cell surface molecules rele-
vant for HIV infection®?™*° are also maintained. Cer-
tain functions of the lymphoid tissue are also
maintained ex vivo, including the ability to release a
spectrum of cytokines similar to those released by
in vivo tissue, and the ability of tissue challenged
with recall antigens (tetanus or diphtheria toxoids)
to respond by producing specific antibodies.>®

Ex vivo tissues support HIV replication without the
artificial stimulation that is necessary for productive
HIV infection in isolated lymphocytes. In this
respect, tissues ex vivo are apparently similar to those
in vivo. Also, these tissues support replication of
other human viruses including human herpesvirus
(HHV)-6,"*® HHV-7,> Human cytomegalovirus
(HCMV or HHV-5),>° HSV-2 (HHV-2),?° vaccinia,’*
measles virus,’>>> and West Nile virus®* as well as
non-viral human pathogens such as the bacterium
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Borrelia burgdorferi®® and the parasite Toxoplasma gon-
dii.*>® Some of these viral and non-viral pathogens
are commonly associated with HIV-1 (HIV copatho-
gens), thus allowing the simultaneous study of HIV
copathogenesis.

Recently, this ex vivo tissue model was extended to
include cultures of cervico-vaginal®*>’~*° and recto-
sigmoid tissues.*'™> Cervico-vaginal, rectosigmoidal,
and other ex vivo tissues can be used to evaluate
potential microbicides in pre-clinical tests. As these
tissues serve as the first gateway for HIV-1 sexual
transmission, preserving the specific mucosal cell
phenotypes and functions is critical for understand-
ing early events in HIV-1 transmission and possible
‘gatekeeping’” mechanisms that select against
CXCR4-utilizing HIV-1 variants.”> Our recent work
using this model is outlined below, as well as future
directions of research.

Cervico-vaginal models to study HIV infection

Cervical explant cultures were first developed by
Fink et al.** for the study of epithelium metaplasia
in vitro. They consisted of large tissue explants
(5x5x2mm or 5x 10 X 3 mm) cultured on a thin
slab of agarose-gelled serum-free Eagle’s Basal Med-
ium on top of a stainless steel supporting grid. This
culture method was successfully adapted to the
study of HSV-2 and HSV-1 infection in vitro and was
shown to support the replication of these two
human herpesviruses.*> O’Brien et al.*® modified
this method for the study of the production of glyco-
protein from normal and malignant cervical explants
of smaller size (5mm?®) cultured either fully
immersed in serum-free culture medium or main-
tained at the air-liquid interface, supported only by
a stainless steel grid mesh. On the basis of glycopro-
tein production, the authors concluded that the grid
technique was superior to the immersion culture. It
was this grid technique that was adapted to the
study of HIV-1 infection in human cervical explants
by Palacio et al.’® In this method, cervical explants
(3x3x2 mm) were infected by immersion in viral
stocks, washed twice to remove un-adsorbed virus,
and then supported on a stainless steel mesh at the
air-liquid interface. Although no reverse transcrip-
tase (RT) activity could be measured in the culture
medium of explants exposed to X4 or R5 viruses, in
R5-exposed tissues, viral antigens could be detected
in cells that had the morphology of macrophages.
These early results already illustrated all the
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complexity of the study of HIV-1 replication in cervi-
cal explants, especially that the evaluation of actual
HIV-1 replication, rather than viral adsorption or
capture, requires sensitive assays and adequate
controls.

The introduction of FCS-supplemented RPMI, cel-
lular activators, and immersion cultures allowed the
adaptation of explant cultures to 96-well plates.*’
Activation of explants with phytohemoagglutinin
(PHA) and interleukin (IL)-2 was required for the
replication of most of HIV-1 variants except for the
lab-adapted R5 strain BaL. In contrast to the in vivo
situation, where the first target cells were CD4+ T
cells, in this ex vivo model the majority of viral anti-
gen was detected in sub-epithelial cells expressing
markers of macrophages. This infection of explants
by soaking in cell-free virus suspension gives the
virus full access to both epithelial and subepithelial
cells, thus mimicking viral penetration through a
damaged epithelium but not transmission through
an intact epithelium.

To permit study of the ability of intact cervical epi-
thelia to transmit HIV to submucosal cells, explants
have to be polarized in an Ussing chamber mechani-
cally sealed with rubber O rings.*” In such a system,
the tightness of the seal is a critical issue and has to
be constantly controlled, as monitored for example
from the lack of permeability to a small tracer mole-
cule, such as inulin. Such experiments demonstrated
that the sealed intact epithelium in this experimental
model was impervious to cell-free and to cell-associ-
ated HIV-1. This result was at variance with results
obtained in a polarized and sealed cervical explants
model, in which a rapid penetration of HIV through
the epithelial layer was reported.*® In the latter
model, circular explants obtained by punch biopsies
were cultured, epithelium pointing upward, on the
upper chamber of a transwell and sealed with aga-
rose. Production or transfer of virus was detected
from the infection of indicator cell lines placed in
the lower chamber, mimicking the basolateral sub-
mucosa. The differences between the two models
sparked a series of discussions**® in which Shattock
et al.* suggested that the seal of the polarized
explants in Gupta et al.’s study was not tight enough
and may have let HIV-1 go through. As a result of
this discussion, Gupta’s group further refined its
polarized culture system and introduced a more
complex method to identify the infected cells in
explant models. To avoid the loss of cell surface
markers due to enzymatic digestion of the explants,
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these authors dissociated tissues using a mechanical
disaggregation system.?” Although these authors
used a limited number of cellular markers to identify
infected cells (CD4, CD45R0O, and CD68), they con-
cluded that HIV-1 RNA was first detectable in CD4
memory T cells. In spite of the use of the antiviral
agents UC781 and Tenofovir ((R)-9-(2-phosphono-
methoxypropyl)adenine, PMPA) in this study, their
effect on the infection of cells residing within the
cervical explant was not investigated, depriving the
study of an important experimental control. The
development of an explant enzymatic digestion pro-
tocol, which spares cell surface markers, together
with the systematic use of anti-retrovirals, allowed a
more precise characterization of cells infected within
the explant.’®

An alternative way to maintain cervico-vaginal
explants is to culture them on rafts rather than
immersed in culture medium.’® Essentially, this is
an adaptation to cervico-vaginal tissues of the colla-
gen raft culture model initially developed for tonsils
in our laboratory.?' This adaptation consisted in
immersing explants in viral stocks, transferring them
on top of collagen sponges, and culturing them at
the air-liquid interface. Under these conditions, HIV-
1 p244,.-expressing cells were detected in the
exposed blocks. However, in this study,’® HIV repli-
cation wasn’t assessed by other methods such as the
detection of late RT products, and anti-retrovirals
weren’t used to control for the mere adsorption of
virus on tissue blocks.

Aside from their culture methods, the models
described above differ by the way in which HIV-1
infection is detected. A productive infection in the
immersion models, whether they involve explants
containing epithelial and subepithelial tissues or epi-
thelial sheets,* relies only on the infection and viral
amplification by the cells which populate the ex-
plants. In the polarized models, HIV-1 infection does
not rely on viral amplification by explant cells, but
rather on the transfer of virus to indicator cell lines,
a process that certainly explains why some authors
have observed that frozen tissue explants performed
as well as fresh tissues in transmitting HIV to indica-
tor cell lines.>> The group of C. Dezzutti>’” modified
the method of culture in the transwell chamber and
used explants not only as transmitters of HIV-1
but also as sites of viral replication. In this imple-
mentation, explants are cut with dermal biopsy
punches (5-mm diameter) and inserted, with the
epithelium oriented upward, into a smaller-diameter
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hole cut into the transwell membrane insert. The
epithelial surface of the explant is sealed with 2%
agarose to maintain the tissue orientation, and in
the basolateral chamber the stroma is cultured in
DMEM supplemented with 10% human AB serum.
The advantage of this model is that viral replication
is evaluated directly without use of the indicators
cells. However, activation with PHA and IL-2 was
required to obtain reliable viral replication. This
requirement is an impediment to the identification
of HIV target cells as cellular activators modify the
cell surface makeup of infected and non-infected
cells.

Hiller et al.> developed a new model of tissue
polarization to study the permeability of cervico-vag-
inal tissue. This model is based on the use of a Franz
cell®, in which the seal does not depend on agarose
but rather on a mechanical seal assured by a rubber
O ring and a pinch clamp. In this model, Hiller et al.
established that the permeability of the explants was
decreased from the ectocervix to the endocervix,
reflecting the thickness and nature of the epithelia,
and confirmed that fresh and frozen tissue had
equivalent permeability properties. This model was
also used to evaluate cervical permeability to a new
galenic formulation of PSC-RANTES,”> and, together
with the polarized explants, was used to study the
penetration and anti-HIV activity of a gel formula-
tion of tenofovir.”*

In spite of their important advantages, none of the
studies utilizing either tissue polarization or immer-
sion/raft protocols addressed the nature of the
infected cells. Analysis of these cells requires poly-
chromatic flow cytometry in the absence of cell acti-
vation. In an attempt to improve these models, we
have developed an explant culture model built on
the collagen sponge raft culture system (Fig. 1). In
this model, small blocks of cervical tissue mucosa are
infected by immersion in viral stock for 2 hr, washed
extensively, and cultured on top of collagen sponge
gel in RPMI supplemented with 10% FCS in the
absence of cellular activation. To account for tissue
variation due to sampling, at least 16 explants are
used per experimental condition. Donor-matched
explant cultures containing potent antiviral agents
are used to control for viral adsorption and desorp-
tion during culture.

To apply the power of polychromatic flow cytome-
try to characterize the cells infected in explants, one
needs to prepare a single-cell suspension of tissue
cells. Although mechanical digestion has been used
by other groups,*® it is our experience that such a
treatment results in poor cell recovery because of
cell death during the processing. Instead, we have
developed an enzymatic digestion protocol, which
spares most of the cell surface markers studied
(Fig. 1). This method of cell isolation, together with
the explant culture method, are described in details

Characterization of human cervico-vaginal tissue

Uterus

Cervix .w

Vagina -+

Dissociate
(Collagenase V)

Polychromatic
FACS analysis

!
1 —

Culture on collagen sponge

Fig. 1 Explants of cervico-vaginal tissue. Cervico-vaginal tissue is dissected into small blocks and cultured on top of collagen rafts at the air-med-
ium interface. Under this protocol, cervico-vaginal explants support productive infection of HIV-1. Tissue blocks are dissociated into single cells
that preserve their surface antigens and can be analyzed with polychromatic flow cytometry.
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elsewhere.'” Briefly, it is extremely important for this
methodology to titer the lot of enzymes used for the
enzymatic digestion of the tissues. It is advisable to
perform this step on PBMCs or tonsillar tissue, for
which mechanical cell release is efficient and not
traumatic, allowing a comparison of digested, undi-
gested, and mechanically released cells. Unfortu-
nately, this procedure should be performed for each
lot of the crude collagenase IV preparations, which
are contaminated with neutral proteases to various
degrees. However, this step can be skipped if the
highly purified proteases, Liberases (Roche, Indiana-
polis, IN, USA), which are collagenases I and II spiked
with purified neutral proteases, are used to digest the
tissues. Because of their quasi lot-to-lot uniformity,
these enzyme mixtures do not need to be titered. In
our hands, digestion of cervical explants with Liber-
ase DL (Collagenase I and II spiked with low amounts
of dispase) solutions in the vicinity of 15 ug/mL is
optimal (J.C. Grivel, unpublished data). The inclusion
of FCS in the digestion medium seems to protect
certain cell surface markers such as CD8 from exces-
sive digestion (J.C. Grivel, unpublished data).

The first application of this new method of cervical
explant culture and analysis was reported by Saba
et al.’® This report established that the majority of
cervical T cells are effector memory cells. Moreover,
as in vivo, in spite of the broad expression of CXC
chemokine receptor 4 (CXCR4), explants supported
R5 rather than X4 HIV-1 replication. Because this
model does not involve the use of cellular activators,
Saba et al. were able to characterize cells in the
infected explants: R5 HIV-1 infection occurred pref-
erentially in activated CD38+ CD4 T cells and was
followed by activation of bystander CD4 T cells.

Although each of these models has its intrinsic
limitations, they have all proven to be valuable tools
for studying several aspects of HIV-1 infection in the
lower female genital tract. These models®”*>*” have
been widely used as platforms to test potential micro-
bicides®”>*>7°? and viral fitness.®! Obviously, none of
these models fully reproduces the complex phenome-
non of HIV-1 transmission, and a compound that is
efficient in an ex vivo system may fail in a future
clinical trial. However, if a microbicide candidate does
not demonstrate its efficiency in an ex vivo tissue
model, it is probably not worth developing further.

Cervico-vaginal explant models suffer from the
limitations inherent in any explant models: the tis-
sue is disconnected from the body and its supply of
cells, especially of immune cells, which may be
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recruited to the genital tract upon infection by HIV
(or other pathogens) and fuel the initial infection in
vivo. However, this model is fully adequate for the
study and characterization of the very early steps of
the infection.

Cervico-vaginal explant model: coinfection and
cytokines

A cervico-vaginal explant model allows the study,
under controlled laboratory conditions, of another
important aspect of HIV transmission, namely HIV
genital copathogens and their interactions with
HIV-1. This is an important issue, as genital copatho-
gens, by triggering the host immune response, can
greatly affect the probability of HIV-1 transmission/
acquisition.®® Interactions of HIV-1 with other
microbes in tissues in general, and in the female
genital tract in particular, are largely mediated by
cytokines. Indeed, a complex network of cytokines
regulates and links the innate and adaptive immune
responses to human pathogens. Tissues infected with
different microbes change their cytokine spectra,
upregulating or downregulating some of them. In
tissues infected with several microbes, modulation of
the production of a specific cytokine may result in
the facilitation or, in some cases, in the suppression
of the replication of another microbe. This is of par-
ticular interest if one of the coinfecting microbes is
HIV-1.°7°¢ Besides cytokine-mediated interactions,
copathogens may affect sexual transmission of HIV-1
by the recruitment of HIV-1 target cells or by direct
interaction with HIV-1.%2

All these types of inter-microbial interactions were
identified in studies with various in vitro models. In
particular, studies on vaginal punch-biopsy explants
demonstrated that Neisseria gonorrhea and Candida
albicans, two common genital copathogens, are
potent inducers of TNF-0.°? This cytokine increases
HIV-1 transcription via the NF-kB pathway in
infected T cells and macrophages.®” Therefore, TNF-o.
upregulation may amplify HIV-1 genital shedding in
Neisseria- and/or Candida-coinfected individuals,
facilitating the transmission of HIV-1 infection. Fur-
thermore, the TNF-o-mediated activation of Langer-
hans cells allows HIV-1 productive infection in these
cells, contributing to the increased susceptibility to
HIV-1 of individuals infected with Neisseria gonorrhea
and/or Candida albicans.®®

Another common microbial disease, which may,
via cytokines, affect HIV-1 in coinfected individuals
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is bacterial vaginosis, the most common vaginal
infectious condition. Bacterial vaginosis has been
reported to be associated with increased IL-8 expres-
sion and enhanced HIV-1 genital shedding.®® These
two reported effects of bacterial vaginosis may
be related to each other: studies in cervico-vaginal
explants showed that IL-8 affects HIV-1 replication
and that the pattern of this effect depends on the
timing of the IL-8 exposure and the explant culture
system adopted. Although the replication of HIV-1
was increased at 24 hr post-infection in cervical
punch biopsies pretreated with IL-8,7° this cytokine
reduced HIV-1 transcription in ectocervical tissue
explants after 5 days of culture.”!

Besides bacterial and fungal copathogens, several
viruses also target the male and female genital tracts.
Among them, HSV-2 is a common genital copatho-
gen that establishes with HIV-1 a vicious circle in
which each virus facilitates replication, shedding,
and acquisition of the other.””> The intimate mecha-
nisms of interaction of HSV-2 and HIV-1 remain to
be studied, and obviously such studies require an
adequate experimental model. In our opinion, cervi-
co-vaginal tissues ex vivo can serve as such a model.
Recent data on drug-mediated HSV-2/HIV-1 interac-
tions, in particular, on the anti-HIV-1 activity of the
anti-herpetic drug acyclovir’®”? and on the surpris-
ing protective effect of a tenofovir-based anti-HIV-1
microbicide gel on HSV-2 acquisition,”* further
emphasize the need for a cervico-vaginal explant
model to investigate interactions between HSV-2
and HIV-1 in coinfected tissues.

Human cytomegalovirus is another common
HIV-1 viral copathogen. HIV-1/HCMV-coinfected
individuals frequently shed HCMV in semen and in
cervico-vaginal secretions along with HIV-1.7>7¢ An
adequate investigation of interactions of HCMV
with HIV-1 in the context of human tissues also
requires an explant model. A study of HIV/VHCMV
coinfection in a human cervical explant model
found that HIV infection enhances HCMV replica-
tion, possibly by altering cytokine production.”’
Similarly, in tonsillar tissues HIV-1 increased HCMV
production, probably by inducing the activation of
cell targets.”’

Cervico-vaginal explant models not only allow the
study of the basic mechanisms of HIV-1 transmission
and pathogenesis as well as the role of other
microbes in these processes, but can also be used to
test various antimicrobials in pre-clinical tests. Also,
they allow the study of natural antimicrobial factors
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that, in female genital tract secretions, inhibit bacte-
ria, fungi, and viruses. Indeed, studies in polarized
epithelial explants of human fallopian tubes, uterus,
vagina, and cervix have shown that epithelial cells
secrete natural microbicides capable of suppressing
different sexually transmitted pathogens including
HIV-1 but not commensal microbes like Lactobacil-
lus.”® In particular, these studies suggest that the
constitutive production of several cytokines may
inhibit HIV-1 infection by preventing viral entry,
inhibiting NF-kB activation, or inactivating HIV-1
virions by other yet undefined mechanisms.”®”°
Importantly, in contrast with HIV-1 and other geni-
tal co-pathogens, commensal bacteria (Lactobacillus)
are either adapted or naturally resistant to such
innate antimicrobial responses.”® Thus, mimicking of
these compounds may lead to the development of a
drug that inhibits HIV-1 without changing the vagi-
nal commensal flora.

Direct interaction of HIV-1 and coinfecting sexual
pathogens can also affect their transmission and the
course of diseases: HIV-1 Tat not only increases the
expression of HPV-16 E6 and E7 oncogenes in
human keratinocytes, but also enhances the prolifer-
ative capacity of these cells in vitro.®° Similarly, HSV-
encoded protein [infected cell protein (ICP)-O, ICP4,
ICP-27, and USI11] can increase HIV-1 replication by
trans-activating HIV-1 LTR.3'7%3

If HIV-1 penetrates the natural defense barriers
and establishes infection, its replication is capable of
reprogramming the cytokines production of the gen-
ital tract for its own benefit. Experiments on ectocer-
vical and endometrial human tissue explants have
revealed that HIV-1 infection upregulates IL-6,
which promotes HIV-1 replication by transcriptional
and post-transcriptional mechanisms.?*®> Moreover,
virus-triggered modulation of cytokine production
(i.e., of IL-6, IL-8, GRO-a, TNF-a) can lead to activa-
tion of HIV-1 target cells, thus enhancing their sus-
ceptibility to productive HIV-1 infection.®®”” This
phenomenon too can now be studied under con-
trolled laboratory conditions in cervico-vaginal
explants: it was recently reported that in this system,
HIV-1 activates uninfected (bystander) cells, thus
supplying new potential cell targets for itself.>®

In conclusion, human cervico-vaginal tissue mod-
els have revealed new mechanisms of interaction
between HIV-1 and genital copathogens. The use of
this and similar tissue models will allow the deci-
pherment of novel key aspects of HIV-1 transmission
and acquisition.
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Perspectives

In spite of the fact that important results have
already been obtained with the use of cervico-vagi-
nal tissues ex vivo, the use of these models promises
new important data in the future. Here, we mention
only a few of them.

Microbicides

As the use of topical microbicide has recently proved
its clinical efficacy,”*®¢ the system of cervico-vaginal
tissue can now be used for preclinical screening and
development of new potential microbicides and other
anti-viral components. The advantage of the tissue
explant system is that, under controlled laboratory
conditions, it can provide information regarding dif-
ferent aspects and consequences of microbicide-tissue
interactions: the efficacy of the drug against HIV-1
variants of different clades, its toxicity profile,
whether it changes cell contacts, how it affects viral
evolution, etc. Also, using polychromatic flow cytom-
etry and a multiplex cytokine assay, we can evaluate
the risk of inflammation, anticipate the mucosal
response to the drug, and avoid further testing of
compounds that may be potentially harmful. It is
conceivable that the increased risk of HIV transmis-
sion caused by cellulose sulfate and nonoxynol-9
which was revealed in clinical trials®” would have
been revealed in the tissue model prior to such
trials.®® In general, the model of cervico-vaginal
explants is now considered to be among the standard
test-models for potential microbicides.®%%°

Early Virus

In order to develop an effective HIV-1 prevention
measure, it is necessary to understand whether the
particular HIV-1 variants that transmit infection have
particular characteristics that distinguish them from
the bulk of HIV-1 variants. Recently, HIV-1 variants
present in the very early stages of the infection have
been isolated.”® These variants were identified by
means of single genome amplification, and phyloge-
netic analysis coupled with mathematical modeling
showed that, in 80% of cases, these early viruses coa-
lesce to one common ancestor (the transmitted/foun-
der variant, T/F).°>°! It has been suggested that the
HIV-1 variants present in semen pass through an
extreme genetic bottleneck that selects a particular
T/F variant. The phenomenon of the selection of par-
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ticular HIV-1 variants has been known since the
early studies of the epidemic, when it became clear
that CXCR4-utilizing HIV-1 are not capable of trans-
mitting infection, whereas CCR5-utilizing HIV-1 are.
It is probable that, at least in heterosexual transmis-
sion, the mucosal barrier imposes a selective pressure
in favor of those transmitted viruses.”> The recent
discovery that among R5 viruses there is also a
genetic bottleneck, which results in the establish-
ment of the infection by one or a few variants, raises
the question of the properties of the transmitted
viruses. This is why cervico-vaginal explants may
represent an adequate model to study the early
events in HIV infection and reveal such properties, if
they exist. In general, in this model it will be possible
to investigate whether the T/F viruses differ by their
ability to infect cervico-vaginal tissue ex vivo from
those that are present in semen but are not transmit-
ted or from the viruses present in the chronic phase
of HIV-1 disease. The results of these experiments
will have important implications for mucosal immu-
nization and microbicide strategies.

Non-HIV Pathogens

The system of cervico-vaginal tissue ex vivo can be
used to study non-HIV pathogens as well. Earlier
tonsillar explants have been used to study tissue
pathogenesis of various microbes. For those of
them that are transmitted sexually, cervico-vaginal
explants may be a more adequate model. Their
contribution to HIV-1 infection can be studied in
this model as well. Indeed, several ulcerative and
non-ulcerative sexually transmitted diseases, includ-
ing syphilis, Candidiasis, HSV-2, Neisseria gonor-
rhoeae, Chlamydia trachomatis, Trichomonas vaginalis
and HPV, have been implicated as risk factors
for HIV transmission/acquisition.”®> Also, in HIV-
infected individuals progressive loss of CD4 T cells
is associated with an increased prevalence of
HPV.”*

We think that the ex vivo cervico-vaginal model
will help us to decipher mechanisms by which coin-
fecting microbes increase the probability of HIV-1
transmission/acquisition and by which HIV affects
copathogens. Recently, several microbes have been
identified that suppress HIV-1 infection ex vivo and
in vivo, rather than enhance it.°*°3 Understanding
the mechanisms of their effects on HIV and mimick-
ing these effects may help in the development of
new anti-HIV-strategies.

275



MERBAH ET AL.

Acknowledgement

This work was supported by the Intramural NICHD
Program.

References

1

woN

V)]

(=)

]

o]

el

10

1

—

12

13

16

17

18

20

Hladik F, Hope TJ: HIV infection of the genital mucosa in women.
Curr HIV/AIDS Rep 2009; 6:20-28.

UNAIDS\WHO. Report on global AIDS epidemic. Geneva, 2008.
Boily MC, Baggaley RF, Wang L, Masse B, White RG, Hayes RJ,
Alary M: Heterosexual risk of HIV-1 infection per sexual act:
systematic review and meta-analysis of observational studies. Lancet
Infect Dis 2009; 9:118-129.

Shattock RJ, Gritfin GE, Gorodeski GI: In vitro models of mucosal
HIV transmission. Nat Med 2000; 6:607-608.

Hiller C, Bock U, Balser S, Haltner-Ukomadu E, Dahm M:
Establishment and validation of an ex vivo human cervical tissue
model for local delivery studies. Eur J Pharm Biopharm 2008;
68:390-399.

Achkar JM, Fries BC: Candida infections of the geni-

tourinary tract. Clin Microbiol Rev 2010; 23:253-273.

Koelle DM, Corey L: Herpes simplex: insights on pathogenesis and
possible vaccines. Annu Rev Med 2008; 59:381-395.

Norvell MK, Benrubi GI, Thompson RJ: Investigation of microtrauma
after sexual intercourse. J Reprod Med 1984; 29:269-271.

Sommers MS: Defining patterns of genital injury from sexual
assault: a review. Trauma Violence Abuse 2007; 8:270-280.

Jacobson DL, Peralta L, Graham NM, Zenilman J: Histologic
development of cervical ectopy: relationship to reproductive
hormones. Sex Transm Dis 2000; 27:252-258.

Moscicki AB, Ma Y, Holland C, Vermund SH: Cervical ectopy in
adolescent girls with and without human immunodeficiency virus
infection. J Infect Dis 2001; 183:865-870.

Shen R, Richter HE, Smith PD: Early HIV-1 target cells in human
vaginal and ectocervical mucosa. Am J Reprod Immunol 2010; doi:
10.1111/j.1600-0897.2010.00939.x. [Epub ahead of print].

Haase AT: Targeting early infection to prevent HIV-1 mucosal
transmission. Nature 2010; 464:217-223.

Morrow G, Vachot L, Vagenas P, Robbiani M: Current concepts of
HIV transmission. Curr Infect Dis Rep 2008; 10:133-139.

Anderson DJ, Pudney J, Schust DJ: Caveats associated with the use
of human cervical tissue for HIV and microbicide research. AIDS
2010; 24:1-4.

Carrel A: On the permanent life of tissues outside of the organism.
J Exp Med 1912; 15:516-528.

Grivel JC, Margolis L: Use of human tissue explants to study human
infectious agents. Nat Protoc 2009; 4:256-269.

Leighton J: A sponge matrix method for tissue culture; formation of
organized aggregates of cells in vitro. J Natl Cancer Inst 1951;
12:545-561.

Leighton J: A method for the comparison of the fate of intravascular
tumor-cell emboli in vivo and in organ culture. Nat! Cancer Inst
Monogr 1963; 11:157-195.

Hoffman RM: Three-dimensional histoculture: origins and
applications in cancer research. Cancer Cells 1991; 3:86-92.

21 Glushakova S, Baibakov B, Margolis LB, Zimmerberg J: Infection of
human tonsil histocultures: a model for HIV pathogenesis. Nat Med
1995; 1:1320-1322.

276

22

23

24

2

v

26

27

28

29

30

3

—

32

33

34

3

v

36

37

Grivel JC, Malkevitch N, Margolis L: Human immunodeficiency virus
type 1 induces apoptosis in CD4(+) but not in CD8(+) T cells in

ex vivo-infected human lymphoid tissue. J Virol 2000; 74:8077-8084.
Grivel JC, Margolis LB: CCR5- and CXCR4-tropic HIV-1 are equally
cytopathic for their T-cell targets in human lymphoid tissue. Nat
Med 1999; 5:344-346.

Grivel JC, Penn ML, Eckstein DA, Schramm B, Speck RF, Abbey
NW, Herndier B, Margolis L, Goldsmith MA: Human
immunodeficiency virus type 1 coreceptor preferences determine
target T-cell depletion and cellular tropism in human lymphoid
tissue. J Virol 2000; 74:5347-5351.

Lisco A, Grivel JC, Biancotto A, Vanpouille C, Origgi F, Malnati MS,
Schols D, Lusso P, Margolis LB: Viral interactions in human
lymphoid tissue: human herpesvirus 7 suppresses the replication of
CCR5-tropic human immunodeficiency virus type 1 via CD4
modulation. J Virol 2007; 81:708-717.

Glushakova S, Grivel JC, Fitzgerald W, Sylwester A, Zimmerberg J,
Margolis LB: Evidence for the HIV-1 phenotype switch as a causal
factor in acquired immunodeficiency. Nat Med 1998; 4:346-349.
Grivel JC, Santoro F, Chen S, Faga G, Malnati MS, Ito Y, Margolis
L, Lusso P: Pathogenic effects of human herpesvirus 6 in human
lymphoid tissue ex vivo. J Virol 2003; 77:8280-8289.

Grivel JC, Ito Y, Faga G, Santoro F, Shaheen F, Malnati MS,
Fitzgerald W, Lusso P, Margolis L: Suppression of CCR5- but not
CXCR4-tropic HIV-1 in lymphoid tissue by human herpesvirus 6.
Nat Med 2001; 7:1232-1235.

Biancotto A, Iglehart SJ, Lisco A, Vanpouille C, Grivel JC, Lurain
NS, Reichelderfer PS, Margolis LB: Upregulation of human
cytomegalovirus by HIV type 1 in human lymphoid tissue ex vivo.
AIDS Res Hum Retroviruses 2008; 24:453—462.

Lisco A, Vanpouille C, Tchesnokov EP, Grivel JC, Biancotto A,
Brichacek B, Elliott J, Fromentin E, Shattock R, Anton P, Gorelick
R, Balzarini J, McGuigan C, Derudas M, Gotte M, Schinazi RF,
Margolis L: Acyclovir is activated into a HIV-1 reverse transcriptase
inhibitor in herpesvirus-infected human tissues. Cell Host Microbe
2008; 4:260-270.

Vanpouille C, Biancotto A, Lisco A, Brichacek B: Interactions
between human immunodeficiency virus type 1 and vaccinia virus
in human lymphoid tissue ex vivo. J Virol 2007; 81:12458-12464.
Condack C, Grivel JC, Devaux P, Margolis L, Cattaneo R: Measles
virus vaccine attenuation: suboptimal infection of lymphatic tissue
and tropism alteration. J Infect Dis 2007; 196:541-549.

Grivel JC, Garcia M, Moss W, Margolis L: Measles virus inhibits
HIV-1 replication in human lymphoid tisue ex vivo. J Infect Dis
2005; 192:71-78.

Lim JK, Lisco A, McDermott DH, Huynh L, Ward JM, Johnson B,
Johnson H, Pape J, Foster GA, Krysztof D, Follmann D, Stramer SL,
Margolis LB, Murphy PM: Genetic variation in OASI is a risk factor
for initial infection with West Nile virus in man. PLoS Pathog 2009;
5:¢1000321.

Duray PH, Yin SR, Ito Y, Bezrukov L, Cox C, Cho MS, Fitzgerald W,
Dorward D, Zimmerberg J, Margolis L: Invasion of human tissue ex
vivo by Borrelia burgdorferi. J Infect Dis 2005; 191:1747-1754.

Sassi A, Brichacek B, Hieny S, Yarovinsky F, Golding H, Grivel JC,
Sher A, Margolis L: Toxoplasma gondii inhibits R5 HIV-1 replication
in human lymphoid tissues ex vivo. Microbes Infect 2009; 11:1106—
1113.

Cummins Jr JE, Guarner J, Flowers L, Guenthner PC, Bartlett J,
Morken T, Grohskopf LA, Paxton L, Dezzutti CS: Preclinical testing
of candidate topical microbicides for anti-human immunodeficiency

American Journal of Reproductive Immunology 65 (2011) 268-278

This article is a US Government work and is in the public domain in the USA



HIV TRANSMISSION IN EX VIVO TISSUES

38

39

40

4

jum

42

4

W

44

4

v

46

47

48

49

50

5

—

53

virus type 1 activity and tissue toxicity in a human cervical explant
culture. Antimicrob Agents Chemother 2007; 51:1770-1779.

Palacio J, Souberbielle BE, Shattock RJ, Robinson G, Manyonda I,
Griffin GE: In vitro HIV1 infection of human cervical tissue. Res
Virol 1994; 145:155-161.

Saba E, Grivel JC, Vanpouille C, Brichacek B, Fitzgerald W,
Margolis L, Lisco A: HIV-1 sexual transmission: early events of HIV-
1 infection of human cervico-vaginal tissue in an optimized ex vivo
model. Mucosal Immunol 2010; 3:280-290.

Collins KB, Patterson BK, Naus GJ, Landers DV, Gupta P:
Development of an in vitro organ culture model to study
transmission of HIV-1 in the female genital tract. Nat Med 2000;
6:475-479.

Abner SR, Guenthner PC, Guarner J, Hancock KA, Cummins Jr JE,
Fink A, Gilmore GT, Staley C, Ward A, Ali O, Binderow S, Cohen S,
Grohskopf LA, Paxton L, Hart CE, Dezzutti CS: A human colorectal
explant culture to evaluate topical microbicides for the prevention
of HIV infection. J Infect Dis 2005; 192:1545-1556.

Fletcher PS, Elliott J, Grivel JC, Margolis L, Anton P, McGowan I,
Shattock RJ: Ex vivo culture of human colorectal tissue for the
evaluation of candidate microbicides. AIDS 2006; 20:1237-1245.
Grivel JC, Elliott J, Lisco A, Biancotto A, Condack C, Shattock RJ,
McGowan I, Margolis L, Anton P: HIV-1 pathogenesis differs in
rectosigmoid and tonsillar tissues infected ex vivo with CCR5- and
CXCR4-tropic HIV-1. AIDS 2007; 21:1263-1272.

Fink CG, Thomas GH, Allen JM, Jordan JA: Metaplasia in
endocervical tissue maintained in organ culture — an experimental
model. J Obstet Gynaecol Br Commonw 1973; 80:169-175.

Birch J, Fink CG, Skinner GR, Thomas GH, Jordan JA: Replication
of type 2 herpes simplex virus in human endocervical tissue in
organ culture. Br J Exp Pathol 1976; 57:460-471.

O’Brien ME, Souberbielle BE, Cowan ME, Allen CA, Luesley DM,
Mould JJ, Blackledge GR, Skinner GR: Glycoprotein patterns in
normal and malignant cervical tissue. Cancer Lett 1991; 58:
247-254.

Greenhead P, Hayes P, Watts PS, Laing KG, Griffin GE, Shattock RJ:
Parameters of human immunodeficiency virus infection of human
cervical tissue and inhibition by vaginal virucides. J Virol 2000;
74:5577-5586.

Gupta P, Collins K, Patterson B, Naus G, Landers D: Reply to ‘In
vitro models of mucosal HIV transmission’. Nat Med 2000; 6:607—
608.

Gupta P, Collins KB, Ratner D, Watkins S, Naus GJ, Landers DV,
Patterson BK: Memory CD4(+) T cells are the earliest detectable
human immunodeficiency virus type 1 (HIV-1)-infected cells in the
female genital mucosal tissue during HIV-1 transmission in an organ
culture system. J Virol 2002; 76:9868-9876.

Maher D, Wu X, Schacker T, Horbul J, Southern P: HIV binding,
penetration, and primary infection in human cervicovaginal tissue.
Proc Natl Acad Sci U S A 2005; 102:11504-11509.

Hladik F, Sakchalathorn P, Ballweber L, Lentz G, Fialkow M,
Eschenbach D, McElrath MJ: Initial events in establishing vaginal
entry and infection by human immunodeficiency virus type-1.
Immunity 2007; 26:257-270.

Gupta P, Ratner D, Patterson BK, Kulka K, Rohan LC, Parniak MA,
Isaacs CE, Hillier S: Use of frozen-thawed cervical tissues in the
organ culture system to measure anti-HIV activities of candidate
microbicides. AIDS Res Hum Retroviruses 2006; 22:419-424.

Ham AS, Cost MR, Sassi AB, Dezzutti CS, Rohan LC: Targeted
delivery of PSC-RANTES for HIV-1 prevention using biodegradable
nanoparticles. Pharm Res 2009; 26:502-511.

American Journal of Reproductive Immunology 65 (2011) 268-278

This article is a US Government work and is in the public domain in the USA

54

55

5

=

5

~

5

o]

59

60

6

—

62

63

64

65

66

67

68

6

O

70

Rohan LC, Moncla BJ, Kunjara Na Ayudhya RP, Cost M, Huang Y,
Gai F, Billitto N, Lynam JD, Pryke K, Graebing P, Hopkins N,
Rooney JF, Friend D, Dezzutti CS: In vitro and ex vivo testing of
tenofovir shows it is effective as an HIV-1 microbicide. PLoS ONE
2010; 5:€9310.

Buffa V, Stieh D, Mamhood N, Hu Q, Fletcher P, Shattock RJ:
Cyanovirin-N potently inhibits human immunodeficiency virus type
1 infection in cellular and cervical explant models. J Gen Virol 2009;
90:234-243.

Fletcher P, Harman S, Azijn H, Armanasco N, Manlow P, Perumal
D, de Bethune MP, Nuttall J, Romano J, Shattock R: Inhibition of
human immunodeficiency virus type 1 infection by the candidate
microbicide dapivirine, a nonnucleoside reverse transcriptase
inhibitor. Antimicrob Agents Chemother 2009; 53:487-495.

Fletcher P, Kiselyeva Y, Wallace G, Romano J, Griffin G, Margolis L,
Shattock R: The nonnucleoside reverse transcriptase inhibitor UC-
781 inhibits human immunodeficiency virus type 1 infection of
human cervical tissue and dissemination by migratory cells. J Virol
2005; 79:11179-11186.

Fletcher PS, Harman SJ, Boothe AR, Doncel GF, Shattock RJ:
Preclinical evaluation of lime juice as a topical microbicide
candidate. Retrovirology 2008; 5:3.

Hu Q, Frank I, Williams V, Santos JJ, Watts P, Griffin GE, Moore
JP, Pope M, Shattock RJ: Blockade of attachment and fusion
receptors inhibits HIV-1 infection of human cervical tissue. J Exp
Med 2004; 199:1065-1075.

Hu Q, Younson J, Griffin GE, Kelly C, Shattock RJ: Pertussis toxin
and its binding unit inhibit HIV-1 infection of human cervical tissue
and macrophages involving a CD14 pathway. J Infect Dis 2006;
194:1547-1556.

Rodriguez MA, Ding M, Ratner D, Chen Y, Tripathy SP, Kulkarni
SS, Chatterjee R, Tarwater PM, Gupta P: High replication fitness and
transmission efficiency of HIV-1 subtype C from India: implications
for subtype C predominance. Virology 2009; 385:416-424.

Lisco A, Vanpouille C, Margolis L: War and peace between
microbes: HIV-1 interactions with coinfecting viruses. Cell Host
Microbe 2009; 6:403-408.

Lisco A, Vanpouille C, Margolis L: Coinfecting viruses as
determinants of HIV disease. Curr HIV/AIDS Rep 2009; 6:5-12.
Pease JE, Murphy PM: Microbial corruption of the chemokine
system: an expanding paradigm. Semin Immunol 1998; 10:169-178.
Alfano M, Crotti A, Vicenzi E, Poli G: New players in cytokine
control of HIV infection. Curr HIV/AIDS Rep 2008; 5:27-32.
Modjarrad K, Vermund SH: Effect of treating co-infections on HIV-1
viral load: a systematic review. Lancet Infect Dis 2010; 10:455-463.
Israel N, Hazan U, Alcami J, Munier A, Arenzana-Seisdedos F,
Bachelerie F, Israel A, Virelizier JL: Tumor necrosis factor stimulates
transcription of HIV-1 in human T lymphocytes, independently and
synergistically with mitogens. J Immunol 1989; 143:3956-3960.

de Jong MA, de Witte L, Oudhoff MJ, Gringhuis SI, Gallay P,
Geijtenbeek TB: TNF-alpha and TLR agonists increase susceptibility
to HIV-1 transmission by human Langerhans cells ex vivo. J Clin
Invest 2008; 118:3440-3452.

Mitchell C, Hitti J, Paul K, Agnew K, Cohn SE, Luque AE, Coombs
R: Cervicovaginal shedding of HIV type 1 is related to genital tract
inflammation independent of changes in vaginal microbiota. AIDS
Res Hum Retroviruses 2010; doi: 10.1089/aid.2010.0129. [Epub ahead
of print].

Narimatsu R, Wolday D, Patterson BK: IL-8 increases transmission
of HIV type 1 in cervical explant tissue. AIDS Res Hum Retroviruses
2005; 21:228-233.

277



MERBAH ET AL.

71

72

73

74

75

76

77

78

7

el

80

8

—

Rollenhagen C, Asin SN: IL-8 decreases HIV-1 transcription in
peripheral blood lymphocytes and ectocervical tissue explants.

J Acquir Immune Defic Syndr 2010; 54:463-469.

Van de Perre P, Segondy M, Foulongne V, Ouedraogo A, Konate I,
Huraux JM, Mayaud P, Nagot N: Herpes simplex virus and HIV-1:
deciphering viral synergy. Lancet Infect Dis 2008; 8:490-497.
Lingappa JR, Baeten JM, Wald A, Hughes JP, Thomas KK, Mujugira
A, Mugo N, Bukusi EA, Cohen CR, Katabira E, Ronald A, Kiarie J,
Farquhar C, Stewart GJ, Makhema J, Essex M, Were E, Fife KH, de
Bruyn G, Gray GE, McIntyre JA, Manongi R, Kapiga S, Coetzee D,
Allen S, Inambao M, Kayitenkore K, Karita E, Kanweka W, Delany
S, Rees H, Vwalika B, Magaret AS, Wang RS, Kidoguchi L, Barnes
L, Ridzon R, Corey L, Celum C: Daily acyclovir for HIV-1 disease
progression in people dually infected with HIV-1 and herpes
simplex virus type 2: a randomised placebo-controlled trial. Lancet
2010; 375:824-833.

Abdool Karim Q, Abdool Karim SS, Frohlich JA, Grobler AC, Baxter
C, Mansoor LE, Kharsany AB, Sibeko S, Mlisana KP, Omar Z,
Gengiah TN, Maarschalk S, Arulappan N, Mlotshwa M, Morris L,
Taylor D: Effectiveness and safety of tenofovir gel, an antiretroviral
microbicide, for the prevention of HIV infection in women. Science
2010; 329:1168-1174.

Lurain NS, Robert ES, Xu J, Camarca M, Landay A, Kovacs AA,
Reichelderfer PS: HIV type 1 and cytomegalovirus coinfection in the
female genital tract. J Infect Dis 2004; 190:619-623.

Sheth PM, Danesh A, Sheung A, Rebbapragada A, Shahabi K,
Kovacs C, Halpenny R, Tilley D, Mazzulli T, MacDonald K, Kelvin
D, Kaul R: Disproportionately high semen shedding of HIV is
associated with compartmentalized cytomegalovirus reactivation.

J Infect Dis 2006; 193:45-48.

Fox-Canale AM, Hope TJ, Martinson J, Lurain JR, Rademaker AW,
Bremer JW, Landay A, Spear GT, Lurain NS: Human
cytomegalovirus and human immunodeficiency virus type-1 co-
infection in human cervical tissue. Virology 2007; 369:55-68.

Wira CR, Ghosh M, Smith JM, Shen L, Connor RI, Sundstrom P,
Frechette GM, Hill ET, Fahey JV: Epithelial cell secretions from the
human female reproductive tract inhibit sexually transmitted
pathogens and Candida albicans but not Lactobacillus. Mucosal
Immunol 2010; doi: 10.1038/mi.2010.72 [Epub ahead of print].
Castelletti E, Lo Caputo S, Kuhn L, Borelli M, Gajardo J, Sinkala M,
Trabattoni D, Kankasa C, Lauri E, Clivio A, Piacentini L, Bray DH,
Aldrovandi GM, Thea DM, Veas F, Nebuloni M, Mazzotta F, Clerici
M: The mucosae-associated epithelial chemokine (MEC/CCL28)
modulates immunity in HIV infection. PLoS ONE 2007; 2:¢969.
Kim RH, Yochim JM, Kang MK, Shin KH, Christensen R, Park NH:
HIV-1 Tat enhances replicative potential of human oral
keratinocytes harboring HPV-16 genome. Int J Oncol 2008; 33:777—
782.

Diaz JJ, Dodon MD, Schaerer-Uthurralt N, Simonin D, Kindbeiter
K, Gazzolo L, Madjar JJ: Post-transcriptional transactivation of

278

82

83

84

85

86

87

88

8

O

920

9

—

92

93

94

human retroviral envelope glycoprotein expression by herpes
simplex virus Usl1 protein. Nature 1996; 379:273-277.

Margolis DM, Rabson AB, Straus SE, Ostrove JM: Transactivation of
the HIV-1 LTR by HSV-1 immediate-early genes. Virology 1992;
186:788-791.

Mosca JD, Bednarik DP, Raj NB, Rosen CA, Sodroski JG, Haseltine
WA, Pitha PM: Herpes simplex virus type-1 can reactivate
transcription of latent human immunodeficiency virus. Nature 1987;
325:67-70.

Asin SN, Eszterhas SK, Rollenhagen C, Heimberg AM, Howell AL:
HIV type 1 infection in women: increased transcription of HIV type
1 in ectocervical tissue explants. J Infect Dis 2009; 200:965-972.
Poli G, Bressler P, Kinter A, Duh E, Timmer WC, Rabson A,
Justement JS, Stanley S, Fauci AS: Interleukin 6 induces human
immunodeficiency virus expression in infected monocytic cells
alone and in synergy with tumor necrosis factor alpha by
transcriptional and post-transcriptional mechanisms. J Exp Med
1990; 172:151-158.

Cates Jr W: After CAPRISA 004: time to re-evaluate the HIV
lexicon. Lancet 2010; 376:495-496.

Van Damme L, Govinden R, Mirembe FM, Guedou F, Solomon S,
Becker ML, Pradeep BS, Krishnan AK, Alary M, Pande B, Ramjee
G, Deese J, Crucitti T, Taylor D: Lack of effectiveness of cellulose
sulfate gel for the prevention of vaginal HIV transmission. N Engl J
Med 2008; 359:463-472.

Mesquita PM, Wilson SS, Manlow P, Fischetti L, Keller MJ, Herold
BC, Shattock RJ: Candidate microbicide PPCM blocks human
immunodeficiency virus type 1 infection in cell and tissue cultures
and prevents genital herpes in a murine model. J Virol 2008;
82:6576-6584.

Klasse PJ, Shattock R, Moore JP: Antiretroviral drug-based
microbicides to prevent HIV-1 sexual transmission. Annu Rev Med
2008; 59:455-471.

Keele BF, Derdeyn CA: Genetic and antigenic features of the
transmitted virus. Curr Opin HIV AIDS 2009; 4:352-357.

Keele BF: Identifying and characterizing recently transmitted
viruses. Curr Opin HIV AIDS 2010; 5:327-334.

Margolis L, Shattock R: Selective transmission of CCR5-utilizing
HIV-1: the ‘gatekeeper’ problem resolved? Nat Rev Microbiol 2006;
4:312-317.

Galvin SR, Cohen MS: The role of sexually transmitted diseases in
HIV transmission. Nat Rev Microbiol 2004; 2:33-42.

Ahdieh L, Klein RS, Burk R, Cu-Uvin S, Schuman P, Duerr A,
Safaeian M, Astemborski J, Daniel R, Shah K: Prevalence,
incidence, and type-specific persistence of human papillomavirus in
human immunodeficiency virus (HIV)-positive and HIV-negative
women. J Infect Dis 2001; 184:682—690.

American Journal of Reproductive Immunology 65 (2011) 268-278

This article is a US Government work and is in the public domain in the USA



