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Introduction
.... s sure design'd, by fraud or force: trust not their presents, nor admit the horse.
Virgil, Aeneid

Human immunodeficiency virus type 1 (HIV-1), the lymphotropic virus that causes AIDS,
has infected more than 60 million people worldwide since its clinical appearance in 1981.
Despite intensive prevention efforts, the HIVV/AIDS epidemic continues to spread,
particularly in developing countries in sub-Saharan Africa, southeast Asia and the
Caribbean, as well as the developed world [1]. Although HIV can be transmitted very
efficiently parenterally, the advent of routine blood screening prior to transfusion and harm
reduction programs for injection drug users, have made this mode of transmission much less
common than mucosal transmission. Most new HIV infections are attributable to mucosal
transmission: through genital and rectal mucosae in the case of sexual transmission and
through oral or gastrointestinal mucosae in the case of mother-to-child transmission [2].
Much has been learned about HIV pathogenesis and infection mechanisms at the molecular
level, but the scientific community has yet to develop an effective vaccine or microbicide for
HIV prevention. Many unanswered questions remain concerning HIV-1 sexual transmission.

In 1983, barely 2 years into the AIDS epidemic, we hypothesized that the agent that was
subsequently identified as HIV-1 may be sexually transmitted by infected ‘Trojan Horse’
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leukocytes in semen [3]. This hypothesis was based on our knowledge at the time that
human semen contains substantial numbers of T lymphocytes and macrophages, which
could host a T-cell tropic virus, and the following assumptions: intracellular virus would be
better protected than free virus from adverse effects of antiviral factors in the genital
environment such as antiviral antibodies likely to be present in genital secretions of the
virus-infected transmitter, as well as antimicrobial peptides that play an important role in
genital innate immune defense; and virus-infected allogeneic cells could also escape early
detection by major histocompatibility complex (MHC)-restricted cytotoxic T cells in a new
host. Over the intervening 25+ years, others have also championed this cause [4,5], and
convincing evidence has emerged from clinical research as well as in-vitro and animal
studies that infected leukocytes indeed play a role in HIV transmission. Yet, most recent
research on sexual HIV transmission has focused on cell-free HIV in genital secretions
because of the wide availability of HIV RNA quantification assays. Furthermore, the
majority of HIV vaccines and microbicides have been designed to block transmission of
cell-free virus and have been tested in animal and in-vitro models that use cell-free virus as
the only infectious inoculum. As the molecular events underlying cell-associated HIV
transmission differ from those underlying cell-free virus transmission, many of the current
vaccine and microbicide candidates might not be expected to protect against cell-associated
HIV transmission. The failure of several recent vaccine and microbicide clinical trials may
be due in part to this oversight. It should be possible to design strategies that block cell-
associated HIV transmission as well as cell-free HIV transmission.

In this article, we present an overview of research that has been conducted on cell-associated
HIV mucosal transmission and recommendations for future research. We focus on sexual
HIV transmission, but this review also has relevance for mother-to-child HIV transmission,
which may occur through mucosal transmission of cell-associated HIV from maternal
genital or mammary gland secretions [6-8]. We review published reports that describe and
enumerate HIV-infected cells in genital secretions, and compelling evidence from clinical,
animal and in-vitro studies demonstrating that such cells can transmit HIV across genital
tract epithelial surfaces; potential molecular mechanisms underlying cell-associated HIV
transmission that could be specifically targeted by future HIV prevention strategies; and in-
vitro and animal cell-associated HIV transmission models currently used for studies on cell-
associated HIV transmission mechanisms and for testing vaccine and microbicide
candidates. Using this information as a foundation, we discuss the evidence and probability
that various current microbicide and vaccine approaches prevent cell-associated HIV
transmission, and suggest additional microbicide and vaccine concepts and experiments that
will move this field forward.

Putative cellular vectors of HIV mucosal transmission

Seminal leukocytes

Cell populations—The principal cell types in human semen are spermatozoa, immature
germ cells, and white blood cells (WBCs) (Fig. 1). WBCs enter semen from various sites
along the reproductive tract, including the rete testis, epididymis, prostate, and urethra,
where they play an immunosurveillance role [9]. WBCs in semen have been enumerated and
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characterized by immunohistology and FACS analysis. Most of these studies indicate that
semen from healthy non-HIV-infected men contains on the order of 10 WBCs/ml, the
majority of which are polymorphonuclear leukocytes, although substantial numbers of
macrophages and CD4" T cells are also present [10- 14]. Macrophages usually outnumber
CD4* T cells in semen. This is especially the case in HIV-infected men in whom seminal
CD4" lymphocytes are depleted; in one study of 98 antiretroviral therapy (ART)-naive HIV-
positive men, the median ratio of macrophages to CD4* lymphocytes in semen was 22:1
[15] (Table 1). These data indicate that macrophages are the most abundant HIV-susceptible
host cell in semen and a likely principal mediator of cell-associated HIV transmission.

Concentrations of WBCs in semen are highly variable. Leukocytospermia, an asymptomatic
genital inflammatory condition characterized by more than 108 WBCs/ml semen [16,17]
occurs in approximately 5-10% of healthy non-HIV-infected men [18-20] and as many as
24% of HIV-infected men [21]. Leukocytospermic semen contains substantially elevated
concentrations of macrophages and CD4* T cells [22]. In some HIV-positive
leukocytospermic men, the seminal macrophage cell count has exceeded 107 cells/ml and
the CD4 T-cell count exceeded 2 x 10 cells/ml (these cases are described in more detail
below). HIV-infected cells have also been detected in pre-ejaculatory fluid, a urethral
secretion secreted from the glands of Littre and Cowper glands during sexual stimulation,
and these may also facilitate the sexual transmission of HIV [23,24].

Other important HIV-susceptible host cells such as dendritic and Langerhans cells have not
been detected in semen, although it is possible that some viable HIV-infected Langerhans
cells from penile skin, especially the inner foreskin [25-27], are shed in the vagina or rectum
during intercourse.

Prevalence and quantity of HIV-infected leukocytes in semen—Most quantitative
studies of HIV in semen have used commercially available HIV RNA assays to measure
copy numbers of cell-free virions in seminal plasma; only a few have used HIV DNA PCR
assays to assess the prevalence or number of HIV-infected cells in semen. In these studies,
the prevalence of HIV proviral DNA in semen samples has ranged from 21 to 65% and the
amount of HIV DNA has ranged from not detectable to 80 000 copies/ml (Table 2) [28-38].
Interestingly, in two of the larger studies that assessed both HIV RNA and DNA copy
numbers in semen, these two parameters were not correlated [34,35]. Elevated proviral HIV
DNA levels in semen have been associated with reduced peripheral CD4" cell counts [32],
acute HIV infection [39], leukocytospermia and recent sexually transmitted infection (STI)
[32,40], and vasectomy [34]. After initiation of HAART, levels of both HIV RNA and DNA
are reduced in semen, although HIV proviral DNA-bearing cells can persist in semen for
several months [35,37] and have been shown to be infectious in vitro [33].

The percentage of HIV-infected WBCs in semen has not been previously determined. To
perform this calculation, we returned to a database that was used in a publication on factors
associated with elevated HIV proviral DNA levels in semen [32]. Semen from 38 HIV-
positive men from this study had measurable levels of both HIV DNA and HIV-susceptible
host cells (macrophages and CD4* T cells, quantified by immunohistology); making
assumptions that only a single HIV DNA copy was present in each infected cell and that
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only macrophages and CD4* T cells were infected, the median infection rate of this seminal
HIV-susceptible host cell population was 0.2% (range 0.002-16%).

Infectiousness of semen cells—Since the pioneering discovery in 1983 that HIV-1
could be cultured from seminal cells [41], a number of laboratories have cultured HIV from
both seminal cells and cell-free seminal plasma (Table 3) [42-53]. Overall, the recovery rate
of infectious HIV from seminal cells has been much higher (median 20%, range 4-55%)
than that from seminal plasma (median 5.9%, range 3-11%, P < 0.0001). The relatively low
HIV recovery rate from seminal plasma contrasts with quantitative PCR data indicating that
HIV prevalence rates and viral copy numbers are higher in seminal plasma than in the semen
cell fraction [14,34-36]. This discrepancy suggests that much of the cell-free HIV in semen
is replication incompetent or inactivated. A number of factors have been identified in
seminal plasma that may inactivate HIV, including anti-HIV antibodies [54,55], X4/R5
chemokines [20], SLPI, lactoferrin, and defensins [56]. The low culture rate could also
reflect the toxicity of seminal plasma to peripheral blood mononuclear cell (PBMC) target
cells used for culturing HIV [57-61].

Factors that affect the abundance and infectiousness of HIV-infected
leukocytes in semen—Although WBCs can be detected in semen from virtually all men,
several factors may affect the types, abundance, and infectiousness of WBCs in semen.
Symptomatic bacterial genital tract infections and inflammation are often associated with
increased urethral/seminal WBC numbers [62,63]. However, chronic asymptomatic genital
viral infections do not generally produce elevated seminal WBC counts [64,65], and as
mentioned above, HIV infection appears to deplete CD4* and CD8* lymphocytes in semen
[15,66], an effect partially reversed by antiretroviral therapy [15].

Epidemiologic studies indicate that STIs substantially enhance HIV transmission [67,68].
Urethritis caused by Neisseria gonorrhoeae was associated with a 10-fold increase in HIV
RNA copy numbers in semen, which declined following successful antibiotic treatment [69].
Other studies have demonstrated increased HIV RNA shedding from genital ulcers caused
by various STI pathogens [70— 72]. Most of these studies have only measured cell-free HIV
RNA, but because symptomatic infections and inflammation are associated with elevated
WBC levels in semen, it is probable that the number of HIV-infected cells in semen is also
increased. One study to date has shown that both HIV RNA and proviral DNA levels were
elevated in semen from men with a recent STI [40]. Elevated polymorphonuclear leukocyte
(PMN) counts and leukocytospermia have also been associated with increased levels of both
cell-free and cell-associated HIV in semen [32,45,73], as well as increased levels of IL-1f,
TNF-a, IL-6, and other proinflammatory cytokines that could activate HIV replication in
infected cells [20,65,74].

Some men may be particularly contagious due to abnormally elevated seminal leukocyte
counts. In one study from our laboratory, semen samples from two HIV-positive persons
without STI symptoms contained 15-25 million macrophages and 2-6 million CD4* T cells
per ml (the average human ejaculate comprises 2.5 million per ml). In addition, their semen
was highly infectious when cultured with PBMC target cells [15]. Both of these men had
advanced HIV disease in the pre-HAART era and had high peripheral blood viral loads.
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Cases such as these may play an important role in the HIV epidemic. Men with acute HIV
infection also have high levels of HIV RNA in semen, and epidemiologic studies indicate
that they are highly infectious [75,76]. Only one study thus far has measured HIV proviral
DNA levels in semen of acutely infected men; 10 out of 13 samples from three HIV-infected
men within 80 days of initial infection tested positive for HIV DNA [39]. More research is
needed to determine whether HIV-infected WBCs in semen contribute to the highly
contagious profile of this group.

HIV transmission by spermatozoa

The question of whether spermatozoa transmit HIV infection has been controversial for
several years [77-79]. HIV and simian immunodeficiency viruses (SIV) apparently infect
testicular germ cells [80-82], and early electron microscopy and in-situ hybridization studies
provided evidence that human spermatozoa may contain HIV viral particles or RNA [83-
85]. However, these findings have not been confirmed [78,86], and most recent studies using
PCR techniques have not detected HIV infection of viable spermatozoa [79,87].

Viable, motile spermatozoa from HIV-infected men, separated from other cell types in
semen by density gradient centrifugation and/or swim-up techniques, rarely contain
detectable amounts of HIVV DNA or RNA [31,36,79,86,88-96]. Occasional positive results
may be due to contamination of the sperm pellet with infected leukocytes or false-positive
PCR reactions, or could indicate that HIV infection of sperm occurs but is exceedingly rare.
We measured HIV DNA in isolated cell populations from semen of HIV-infected men and
detected HIV DNA in immunobead-purified macrophage and CD4* T-cell populations, but
not in motile sperm [31]. In the same study, we also compared the relative infectiousness of
cell populations from semen of HIV-positive men and found that isolated CD4* T cells and
macrophages were highly infectious when cultured with PBMC target cells in vitro, whereas
motile sperm from the same participants were not infectious [31]. Reports from Assisted
Reproduction Clinics that have used isolated motile sperm from HIV-infected men to
inseminate HIV-uninfected partners provide further evidence that motile sperm are not
infectious. Over 4500 inseminations have been performed with processed sperm from HIV-
infected men without infection of the seronegative partners [96—-105]. However, even in
light of substantial data to the contrary, one cannot conclude that sperm never transmit HIV
following natural intercourse. As mentioned above, occasional detection of HIV DNA in
purified sperm preparations could indicate rare HIV infection of sperm. Furthermore, several
groups have reported that HIV virions can bind to sperm through mannose or glycolipid
receptors [85,106-111]. This interaction may be missed with processed sperm, as loosely-
attached HIV may be stripped-off by gradient separation protocols, but this association
could be relevant following normal intercourse as sperm could transport HIV to host cells in
the lower as well as upper urogenital tract. In a recent study [112], abnormal/immotile
ejaculated sperm from HIV-infected men were found to contain HIV DNA, suggesting that
HIV-infected testicular germ cells produce immotile/nonviable sperm. These defective
sperm could potentially introduce HIV to phagocytic macrophages or other cells in the
female genital tract after intercourse [105,113].
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Leukocytes in female genital secretions

Cell populations—Several studies have documented HIV-susceptible host cells in vaginal
and cervical tissue (described below), but few have quantified or characterized these cell
populations in human vaginal and cervical secretions. Macrophages and CD4* T cells are
often detectable but not numerous in cervicovaginal secretions from healthy uninfected
[114,115] or HIV-infected women [116] (Table 4) [117]. The viability of lymphocytes in
vaginal secretions from healthy women is usually poor, probably due to the toxic effects of
low pH conditions commonly found in the human vagina [118].

Leukocyte counts are elevated in cervicovaginal secretions of women with certain STIs.
Neisseria gonorrhoeae and Chlamydia trachomatis infections can induce massive
inflammatory infiltrates [119]. In contrast, bacterial vaginosis appears to have little or no
effect on vaginal leukocyte counts [119-121], but these cells could have improved viability
and higher infectiousness due to near neutral pH associated with this condition.

Prevalence and quantity of HIV-infected leukocytes in female genital
secretions—Several studies on HIV in vaginal secretions have used qualitative HIV DNA
assessment as an endpoint. An increased prevalence of HIV DNA in vaginal secretions has
been associated with cervicitis, candidiasis, and STls [122-133], hormonal contraception
[129,134], and vitamin A or selenium deficiency [129,135-137]. The prevalence of HIV-
infected cells in vaginal secretions is reduced in women on antiretroviral therapy [138,139].

Only a few studies have quantified HIV DNA in cells from cervicovaginal secretions
[7,131,140-145] (Table 5). In these studies, maximum HIV proviral copies were on the
order of 104 per lavage (103 copies/ml lavage fluid). Our laboratory quantified HIV RNA
and DNA in cervicovaginal secretions from women in the WITS cohort during the third
trimester of pregnancy; levels of HIV DNA, but not RNA, and proviral heterogeneity were
positively associated with perinatal HIV transmission [7,140].

Infectiousness of cervicovaginal leukocytes—Early studies on HIV isolation from
cervical swabs did not separate cells from cell-free fractions; the culture rate averaged 43%
[140,147-150]. Due to heavy contamination of vaginal lavages with endogenous bacteria
and fungus, HIV culture is now usually conducted with filtered cell-free fractions, yielding
culture rates ranging from 11 to 22% [147,151,152]. Only one study to date has compared
the HIV culture rate from cell-free vs. cell-associated fractions of cervicovaginal lavage
samples: HIV was cultured from 12 of 55 (22%) cell-free supernatants and five of 22 (23%)
cell lysates [147]. Although correlates of HIV culture from cervicovaginal cell pellets have
not been studied, it is possible that HIV-infected leukocytes from reproductive aged women
with normal vaginal flora are inactivated by lactic acid produced by lactobacilli and are,
therefore, less infectious [118]. We predict that HIV-infected genital leukocytes from
women with neutral vaginal pH due to conditions such as bacterial vaginosis and low
estrogen states [153] are more infectious than those from reproductive aged women with
vaginal pH in the 3.5-5.0 range and are more capable of cell-associated HIV transmission.

Recently a sensitive short-term MAGI culture assay was used to improve the detection rate
of infectious HIV in filtered female genital secretions. Although the overall culture rate was
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51%, there was only a weak correlation between MAGI plaque (infectious virus) numbers
and HIV RNA viral load. In addition, 10 out of 32 women with more than 10 000 HIV RNA
copies/lavage had undetectable levels of infectious HIV in the MAGI plaque assay. The
investigators speculated that the discrepancy may indicate inactivation of cell-free virus in
genital secretions, possibly by neutralizing antibodies, low pH or innate immune mediators
[152]. These data support the potential importance of cell-associated HIV transmission.

HIV target cells in genital mucosae

Following vaginal intercourse, HIV from an infectious partner enters an environment that
contains a multitude of factors contributed from both male and female genital secretions.
(The rectal environment is not as well studied but would be expected to contain many of the
same components.) As discussed above, several factors in semen and cervicovaginal
secretions (antimicrobial peptides, X4/R5 chemokines, anti-HIV antibodies) can inactivate
cell-free HIV, but may not affect HIV-infected cells. Factors in this environment that have
been determined to potentially affect cell-associated HIV transmission are mucins, large
hydrophilic molecules that lubricate and protect genital mucosal epithelia, and endogenous
vaginal lactobacilli that produce lactic acid to maintain a low pH [56]. In an in-vitro model
system, lymphocytes and activated seminal leukocytes were able to traverse midcycle
cervical mucus, although they failed to penetrate thicker substrates representing the viscosity
of mucus present during the luteal phase of the menstrual cycle and pregnancy [154].
Macrophages and T cells were immobilized and eventually killed by low pH conditions
commonly found in the human vagina [118]. However, after intercourse, the pH of
cervicovaginal secretions is neutralized for several hours by the mild alkalinity of seminal
plasma [155,156], providing seminal and cervicovaginal leukocytes a window of
opportunity to reach the target genital epithelium. Furthermore, bacterial vaginosis and low-
estrogen conditions underlying pre-menarchal, postpartum and postmenopausal states are
also associated with elevated vaginal pH levels [153]. Thus, it appears probable that infected
leukocytes in genital secretions can remain viable at least for several hours after intercourse
in healthy reproductive aged women and longer in women with bacterial vaginosis and other
conditions associated with elevated vaginal pH, and are capable of shuttling HIV through
genital secretions to the epithelium.

Stratified squamous epithelial surfaces, such as those covering vaginal, ectocervical, rectal,
and foreskin tissues, are comprised of a thick multicellular epithelial layer, whereas
columnar epithelia such as those covering endocervical, penile urethra, and anal mucosae
consist of a polarized monolayer of epithelial cells. In either case, unless the epithelial layer
is compromised, infectious organisms such as HIV must traverse or find target cells within
the epithelial layer. Transmission electron microscopy studies have demonstrated that HIV-
infected T cells and monocytes readily bind to mucosal epithelial cells, and that their
attachment induces directional budding of HIV toward the epithelial surface where virions
can accumulate within intersynaptic clefts and enter endo-somal-like structures within
epithelial cells (Fig. 2) [157,158]. Infectious virions may be sequestered by epithelial cells to
await an opportunity to infect an appropriate target cell [159-161], which could be recruited
to the site through release of chemokines or other proinflammatory signals by the infecting
cell and/or affected epithelial cell [162], or virions may be transcytosed across columnar
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epithelial cells to infect cells in the lamina propria [163,164]. We and others have also
shown that macrophages and T cells can infiltrate columnar and stratified epithelial layers
(described in more detail below) and, therefore may, if infected with HIV, directly infect
cells within or below the epithelium.

There is considerable regional, as well as interindividual and intraindividual variation in the
density of the leukocyte cell populations that may serve as HIV target cells in genital
mucosae [165,166]. There are usually few CD4" T cells within the squamous epithelial
layer, although they can be abundant under inflammatory conditions. However,
macrophages and Langerhans cells are normally abundant within stratified squamous
epithelia and can potentially be infected by HIV and/or transport virus to target cells in
regional lymph nodes. The lamina propria that lies under the epithelial layer and dermal
papillae that protrude into the stratified squamous epithelium, contain numerous HIV-
susceptible host cells (CD4* lymphocytes, macrophages, and dendritic cells).
Transformation zones delineating the transition from stratified squamous to columnar
epithelium (e.g., cervical os, rectal/anal junction, fossa navicularis at the opening of the
penile urethra) contain an especially enriched population of HIV target cells [166]. HIVV may
also infect target cells in the uterine endometrium and fallopian tubes [167].

Concentrations of intraepithelial HIV target/host cells in the genital mucosa are substantially
increased during infection/inflammation [166]. In addition, use of irritating compounds such
as the spermicide Nonoxynol-9 (N-9) can damage the genital and rectal epithelium, resulting
in inflammation and recruitment of lymphocytes, macrophages, PMNSs, and other cells into
the epithelial layer and secretions [168-171]. After intercourse, numbers of HIV-susceptible
host cells are increased in cervicovaginal tissue and secretions, and potentially in rectal
tissues and secretions, due to chemokines and other chemoattractants in semen and pro-
inflammatory effects of semen on mucosal epithelial cells [172,173]. These conditions
would be expected to enhance cell-associated HIV transmission.

Evidence for cell-associated HIV transmission

Clinical studies

The sexual transmission of HIV is a rare event: estimates for the probability of HIV
transmission per unprotected coital act range from 1 in 200-2000 for male-to-female
transmission, 1 in 200-10 000 for female-to-male transmission, and 1 in 10-1600 for male-
to-male transmission [174]. Studies on the genetic composition of HIV recovered from
blood of individuals newly infected with HIV-1 indicate that in the majority of cases,
regardless of the transmission route, a single R5 tropic, CD4-dependent virus from an
infected partner is responsible for productive clinical infections [175— 183]. This suggests
that HIV is usually transmitted via a single HIV virion or infected cell. A different
transmission pattern has been observed in studies of sex workers and STI patients, where
multiple genetic variants can establish an infection in the recipient, probably due to
compromise of the mucosal barrier and/or increased numbers of HIV target cells at the
infection site [183- 186].
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HIV quasispecies in semen often differ genetically from those in peripheral blood [187-
191], and at least two studies provide evidence that genetic sequences of cell-free HIV differ
from those of cell-associated HIV in semen [189,192]. It, therefore, should be possible to
determine whether the initial transmission event is mediated by a cell-free virion or an HIV-
infected cell. Investigators set out to distinguish between these possibilities in acute
seroconverters and found that the genotype of the infecting virus matched that of HIV in
semen cells of the transmitter in three out of five cases (one heterosexual and two male
homosexual couples) [189]. More studies of this kind are needed to determine the
prevalence and risk factors of cell-associated HIV transmission.

Other evidence that seminal leukocytes can cross the vaginal epithelium in humans is
provided by a study that showed that unprotected heterosexual intercourse induces an
allogeneic response in women that is specific for their sexual partner's human leukocyte
antigen (HLA) [193]. This reaction was not observed in couples that always used condoms
and is likely induced by exposure to seminal leukocytes because sperm do not express
classical HLA antigens [194]. As the human vagina is a poor antigen induction site for
systemic immune responses [195] and the allogeneic response was detected in peripheral
blood, it is probable that the partners' leukocytes crossed the mucosal epithelium to stimulate
an immune response in draining lymph nodes. Aweak but significant alloimmune response
was also observed in the male partners and could be attributed to exposure to partner's
vaginal leukocytes. In this study, PBMCs from women with allogeneic immunity inhibited
HIV-1 infection of activated T cells from their partners, providing evidence that allogeneic
immunity could protect against cell-associated HIV transmission.

Animal studies

Feline immunodeficiency virus model—The first animal model of cell-associated
retroviral transmission across vaginal and rectal mucosal epithelia was the feline
immunodeficiency virus (FIV) infection model. FIV, a lentivirus with characteristics similar
to HIV, primarily infects T cells and causes an AIDS-like immunodeficiency disease in cats.
FIV was one of the first animal models used to deduce mechanisms of HIV transmission and
pathogenesis [196-198]. FIV can be transmitted via atraumatic instillation of infected T
cells or cell-free virus onto vaginal or rectal mucosa [199,200], and this model was used to
evaluate the efficacy of early topical microbicide candidates against vaginal and rectal
transmission of cell-associated FIV [199,201]. The FIV model has also been used
extensively for vaccine development; despite facing the numerous challenges of developing
a vaccine to protect against a T-cell tropic retrovirus (genetic diversity, CD4* T-cell
depletion, immune-mediated enhancement of viral infection), two FIV vaccines based on
inactivated virus and virus-infected cells are effective and commercially available [202,203].
More could be learned from these FIV vaccine models about immunological correlates of
protection against cell-free and cell-associated retroviral transmission across mucosal
surfaces.

Humanized mouse models—In 1997, two laboratories reported the intriguing
observation that labeled mouse spleen mononuclear cells could cross the mouse vaginal
epithelium following atraumatic instillation in the vaginal lumen; the cells were later

AIDS Author manuscript; available in PMC 2014 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Anderson et al.

Page 10

detected within vaginal tissue and the draining lymph nodes [204,205]. Shortly thereafter, it
was reported that HIV-infected human PBMCs could cross the intact vaginal epithelium in
humanized severe combined immunodeficient (hu-SCID) mice to produce a systemic HIV
infection [206,207], thus establishing a mouse model for studies on vaginal cell-associated
HIV transmission. In the hu-SCID mouse model, cell-associated but not cell-free virus
accomplished infection due to transepithelial migration of HIV-positive cells [207]. The hu-
SCID model requires progesterone treatment of the animals to thin the vaginal epithelium,
and infection is less reliable when HIV-infected cells are suspended in human seminal
plasma before their introduction into the vaginal lumen [208]. Other immunodeficient
mouse models have been reconstituted with human hematopoetic stem cells [i.e., bone
marrow- liver-thymus (BLT), Rag2~/~ gammac™~ (Rag-hu)]. Mucosal tissues of these mice
are populated with Langerhans cells and other appropriate cell populations [209,210] and
they are highly susceptible to infection following vaginal administration of cell-free HIV
without any prior hormonal conditioning or mucosal abrasion [209,210]. However, one
recent study failed to achieve HIV infection following rectal administration of cell-free and
cell-associated HIV in Rag-hu mice [211]; no studies have been reported to date on vaginal
cell-associated HIV transmission in the BLT and Rag-hu models. Thus, the hu-SCID model
is the only proven mouse model to date for cell-associated HIV transmission studies and is
appropriate for testing approaches to block binding of infected cells and their migration
across a progesterone-thinned (columnar-like) vaginal epithelium.

Nonhuman primates—Higher apes can be infected with both HIV and SIV but are rarely
used for HIV transmission research due to their endangered status. A study on HIV
transmission in chimpanzees conducted in 1998 demonstrated that both HIV-1-infected cells
and high titers of cell-free HIV-1 were independently capable of transmitting infection after
atraumatic insertion into the vaginal cavity near the cervical os [212].

The most common model used for studies on mechanisms of HIV-1 sexual transmission has
been the SIV/rhesus macaque model. Although most studies on vaginal transmission in
macaques have used cell-free SIV recent studies have underscored the importance of cell-
associated SIV transmission. An early study was unsuccessful at infecting female macaques
with vaginal administration of cryopreserved SIV-infected PBMCs [213], but investigators
at the Wisconsin National Primate Research Center achieved transvaginal infection using
fresh SIV-infected macaque PBMCs. Infection was observed in animals with chemically
induced vaginal ulcers and in intact animals following multiple low-dose exposures (7—2048
infectious cells/innoculum) [214,215]. Donor cells were detected in vaginal tissue and
draining lymph nodes; viral RNA was detected in draining lymph nodes within one day of
inoculation, and throughout lymphatic tissues within 5 days, which is faster than systemic
spread of transvaginal cell-free SIV infection [216]. French investigators [217] recently
reported that SIV-infected spleen cells (an enriched population of macrophages and memory
T cells), harvested from acutely infected monkeys at the peak of viremia, also efficiently
transmit HIV when placed in vaginas of DepoProvera-treated adult female macaques.
Persistent systemic infection was achieved following atraumatic vaginal insemination with
107 cells containing 6.69 X 10° viral DNA copies. They found labeled infected cells in the
vaginal lamina propria and draining lymph nodes 21 h after vaginal exposure.

AIDS Author manuscript; available in PMC 2014 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Anderson et al.

Page 11

These studies are significant because the amount of virus in the cell-associated viral
inoculum is on the same order of magnitude as HIV introduced through natural seminal cell-
associated HIV exposure (~10° HIV proviral DNA copies have been detected in human
semen). Cell-free vaginal SIV challenge studies use super-physiological doses of SIV (108-
10° viral particles) that are several orders of magnitude higher than the median (102-103)
and maximum (10°) seminal HIV viral loads found in most large studies of ART-naive HIV-
infected men [218]. These macaque cell-associated SIV models would be useful for
preclinical testing of microbicide and vaccine candidates for efficacy against cell-associated
HIV transmission.

In-vitro models

Various polarized primary epithelial cell monolayers have been used to study HIV
transmission. HIV from infected cells can pass thorough monolayers of primary or
transformed gastrointestinal columnar epithelial cells through a process called transcytosis
to infect target cells below the epithelium [167,219]. Efficient cell-associated HIV
transcytosis also occurs across polarized monolayers of transformed cervical epithelial cells
[220,221]. In both of these models, HIV-infected leukocytes were much more efficient than
cell-free virus in producing infection of subepithelial target cells. However, cell-associated
HIV transcytosis was not observed in a stratified vaginal epithelial model [222] and was
inefficient when infected cells were added to the apical surface of polarized primary cultures
of human ectocervical and endocervical epithelia [223,224] or ectocervical and endocervical
epithelial sheets [223], so the physiological relevance of this cell-associated HIV
transmission mechanism is unclear. HIV-infected PM-1 T cells and TZM-bl (HeLa cervical
carcinoma-derived) reporter cells are currently being used to test topical microbicides for
efficacy against cell-associated HIV transmission [225]. However, as the TZM-bl cells,
unlike normal genital epithelial cells, are engineered to express high levels of HIV receptors
(CD4, CCR5, and CXCR4), they may be directly infected with free virions secreted from
infected leukocytes.

Tissue explants have also been used for studies of cell-associated HIV transmission. In one
study [226], cell-free or cell-associated HIV were placed on the luminal side of ectocervical
explant tissue sealed in agarose, and viral transmission was detected by measuring HIV in
the lower chamber at different time points. The addition of cell-associated and cell-free T-
cell-tropic HIV and cell-free R5 virus resulted in transmission of the virus across the
mucosa. In another study [160], labeled viable cells from semen were shown to bind to and
penetrate the ectocervical epithelium, but failed to bind to endocervi-cal explants due to
their entrapment in mucus secreted by these cells. We have used transmission and scanning
electron microscopy to study interactions between macrophages and human endocervical
tissue. When macrophages were added to the lumenal side of fresh human endocervical
explant tissue, they attached to the surface and penetrated between epithelial cells (Fig. 3).
We have also observed their penetration of an intact human vaginal epithelium model [227].

Thus, in-vitro models are available for testing the efficacy of topical microbicides and
vaccine-induced antibodies and cytotoxic T cells against several mechanisms underlying
cell-associated HIV transmission including: viability and migration of infected cells through

AIDS Author manuscript; available in PMC 2014 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Anderson et al.

Page 12

mucus, binding of infected cells to the epithelium, transcytosis of HIV across columnar
epithelia, migration of infected cells through the epithelium, and cell-to-cell transfer of HIV.

Molecular events underlying cell-associated HIV transmission

The Trojan Horse HIV transmission hypothesis predicts that HIV-infected cells, deposited in
the genital tract or rectal lumen during sexual intercourse, protect and transport virus to
susceptible cells within or below the mucosal epithelium to infect a new host. The studies
described above provide evidence that HIV-infected leukocytes are present in genital
secretions and that they can indeed attach to the lumenal mucosal surface, infiltrate through
the epithelium, and establish systemic infection.

On the basis of this information, HIV-infected cells from genital secretions may transmit
virus across the genital mucosa of uninfected partners through at least three mechanisms. In
the first mechanism, the genital epithelial cell plays a central role. HIVV-infected leukocytes
attach to the apical surface of epithelial cells and shed nascent virions toward the epithelial
cell plasma membrane. These highly infectious viral particles may be sequestered by
epithelial cells for subsequent transfer to HIV-susceptible host cells within the epithelium or
transferred through the epithelial cell layer(s) by transcytosis to target cells in the lamina
propria. The second mechanism entails direct transfer of virus from infected leukocytes to
target cells within the epithelium, possibly through the formation of an infectious synapse; it
is possible that target cells are attracted to infected leukocytes by chemokines released either
by the infected cell or by epithelial cells that are activated by contact with the infected cell.
Third, infected leukocytes may migrate through the epithelium to infect target cells in the
lamina propria or draining lymph nodes (Fig. 4).

Although recruitment and migration of immune cells from blood across the endothelium into
the epithelium is well established, the reverse mechanism of apical-to-basal transepithelial
migration that enables leukocytes to travel from the surface back into the body has yet to be
fully elucidated [228]. Monoclonal antibody blocking studies have established a role for a
number of adhesion molecules and their corresponding ligands in intracellular epithelial
migration. In addition, much work has been done to understand the role of chemokines in
cell trafficking and activation. This system is tightly regulated, but may be perturbed by
inflammation and infection. Understanding the role of these components in leukocyte
attachment and transepithelial migration is essential to understanding the mechanisms of
cell-associated HIV transmission.

Adhesion to the epithelium

Scanning and transmission electron microscopy studies conducted in the early 1990s showed
that HIV-infected monocytic cells attach to epithelial cells and directionally release viral
particles toward the surface of epithelial cells, which appear to endocytose them [157]. HIV-
infected monocytes were also observed to migrate between cervix-derived epithelial cells
and release virions from pseudopods [158]. Sulfated polysaccharides, among the first topical
microbicide candidates to have been studied in humans, inhibit these interactions between
monocytes and epithelial cells [229].
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Genital macrophages and T cells express a variety of adhesion molecules that enable their
adherence to epithelial cells and HIV-susceptible host cells within the epithelium (Table 6).
The B2 integrins LFA-1 o, (CD11a), ITGAM apB, (CD11b), and ITGAX axf, (CD11c)
belong to a class of adhesion molecules present on the surface of macrophages and T cells.
The presence of one or more of these receptors enables the cell to participate in a variety of
immune-specific processes, such as migration and phagocytosis. LFA-1 has been recently
implicated as the chief molecule involved in the trafficking of immune cells and the
subsequent establishment of cell-cell contacts [230]. Its activation is tightly regulated:;
LFA-1 is not constitutively active but can be activated by inflammatory stimuli. The
chemokine SDF-a is known to activate LFA-1 [231]; interestingly, this chemokine is present
in high concentrations in semen and could activate LFA-1 on seminal leukocytes [20]. Upon
activation, the LFA-1 receptor opens out in a ‘switchblade’ like manner into an extended
conformation that allows it to bind intercellular adhesion molecules (ICAM-1, ICAM-2, and
ICAM-3) [230].

Inflammatory stimuli affect the activation state of p2 integrins, resulting in an increased
affinity for ligand. Furthermore, inflammation is known to positively affect the availability
of its receptors, particularly ICAMs. For example, interferon-y (IFN-v), produced by
resident T and natural killer (NK) cells within the mucosal epithelium, upregulates ICAM-1
expression at the site of adhesion. It has been hypothesized that this upregulation is involved
in IFN-y-mediated recruitment of leukocytes following a local inflammatory stimulus [232].

The interaction between B2 integrins and ICAMSs appears to play an important role in the
establishment of HIV infection. In an endometrial cell line (HEC-1) model system, Carreno
et al. [233] showed that trans-epithelial migration of HIV-infected monocytes is dependent
on an initial interaction between LFA-1 and ICAM-2/3. Preincubation with anti-CD11a
(LFA-1 a-chain) monoclonal antibodies blocked transmigration across the epithelium.
However, transmigration was enhanced by first treating the HEC-1 cells with pro-
inflammatory cytokines TNFa and IL-1p, causing an upregulation of both ICAM-2 and
ICAM-3. It was also recently reported that interrupting the LFA-1/ICAM-1 interaction
between CD4* T cells and dendritic cells with anti-ICAM and LFA-1 monoclonal antibodies
inhibited HIV transmission [234,235]. Several peptides derived from 2 subunits of LFA-1
and from the D1 region of ICAM-1 have been shown to block ICAM-1/LFA interactions.
These peptides mimic the endogenous ligands and block the receptor, making it unavailable
for binding. Of note, many of these peptides are internalized by T cells following binding to
the receptor and are thus being investigated as potential vehicles to target drugs to cells
[236].

Junctional adhesion molecules (JAMS) are also counter-receptors for $2 integrins. JAM-A is
found exclusively in tight junctions and binds LFA-1 (CD11a) [237], whereas JAM-C is an
important desmosomal component capable of binding Mac-1 (CD11c) [238]. We have
detected the expression of both JAM-A and JAM-C by epithelial cells in normal vaginal and
cervical tissue, suggesting that these counter-receptors may also play a role in macrophage
infiltration of genital mucosa [227].
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Not all leukocyte adhesion molecules belong to the 2 integrin family. Lymphocyte
endothelial-epithelial cell adhesion molecules (LEEP-CAMSs) are expressed in the vaginal
mucosae and bind T cells, and, therefore, could play a crucial role in cell trafficking as well
as the maintenance of intraepithelial lymphocytes (IELS) at this site [228]. Genital tract IELs
also express the integrin agf7, which enables them to specifically adhere to epithelial-
cadherin (E-cadherin) [165,228,239,240]. E-cadherin is present in epithelial cell junctions in
the vaginal/ectocervical mucosa and has an important role in maintaining the integrity of the
epithelium. Recently, it was shown that e-cadherin may also play a role in lymphocyte
adhesion and transmigration; the integrin agf7, expressed on intraepithelial T cells, has a
high specificity for E-cadherin and the affinity for this interaction is increased with antigenic
stimulation [241]. Thus, pathogens that activate mucosal T cells via Toll-like receptor (TLR)
or other receptors induce these cells to remain at the infection site where they may play a
role in pathogen immune defense or, in the case of a lymphotropic virus such as HIV, serve
as target cells for infection. The T-cell integrin a4B7 has recently been implicated in CD4*
T-cell depletion in the gut after HIV infection. a4B7 mediates the mucosal homing of T
lymphocytes to the gut and when activated can bind the HIV protein gp120. This initiates a
series of signaling events, including the activation of LFA-1, which increases HIV
infectivity through intracellular viral synapses [242]. The T-cell a4B7 integrin is also
expressed on T cells in the male and female genital tract and recent evidence shows that
these T-cell populations are depleted following HIV infection, possibly through the same
mechanism [15,243].

Apical-to-basal transepithelial migration

An important function of macrophages in mucosal tissues such as the lung and gut is to
sample potential pathogens and other antigens in the lumenal cavity and report back to T
cells within and below the epithelium [244,245]. They use adhesion molecules to stay
attached to epithelial cells as they perform their surveillance function, and once activated,
utilize cell junctions to migrate back into the tissue. Evidence presented above from animal
and in-vitro studies suggest that SIV-infected and HIV-infected leukocytes are capable of
apical-to-basal transepithelial migration in genital tissues. Once within or below the
epithelial layer, they would encounter Langerhans and other dendritic cells, macrophages
and CD4* T cells, which could serve as the first targets of HIV infection within the host.
Studies of SIV/HIV vaginal transmission in animal and in-vitro models using cell-free virus
indicate that intraepithelial Langerhans cells, memory T cells, and macrophages are early
viral targets [160,235- 249].

Infected leukocytes may be induced to migrate into the mucosal epithelium by a chemokine
gradient. A number of chemokines have been documented in genital tract secretions
[20,117]; some are produced by epithelial cells [172,250], whereas others are secreted by
leukocytes residing in the epithelium [251]. The cervical and vaginal epithelia produce
moderate levels of the granulocyte chemokine I1L-8 and the CXCR4 ligand SDF-1a (a
competitive inhibitor for X4 HIV cell entry) under normal conditions; under inflammatory
conditions, levels of these chemokines are increased and secretion of other chemokines such
as RANTES, MIP-1a, and MIP-1p are induced [250]. All three of these chemokines attract
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T cells and macrophages to sites of inflammation and have been implicated in chemotaxis of
immune cells through endocervical tissues [252].

Leukocyte infiltration is potentially augmented by genital inflammation or infection. For
example, TNFa produced in response to viral infection increases macrophage transmigration
in the epithelial environment [253]. In addition, chemokines released by epithelial cells and
resident leukocytes during an infection attract additional leukocytes to the infection site.
Chlamydial infection of cervical and colonic epithelial cells induces upregulated secretion of
the leukocyte chemokines IL-8 and GROa in addition to various cytokines [254]. It is,
therefore, likely that cell-associated HIV transmission is enhanced under inflammatory
conditions. Hormonal conditions may also affect cell migration through the epithelium and
the composition and activation state of target cells within the epithelium [255].

Cell-to-cell HIV transfer

The immune system uses intercellular conduits to convey messages between cells without
their having to cross the plasma membrane. Short-range connections take the form of gap
junctions and synapses, whereas long-range connections are composed of nanotubules and
filopodial bridges [256]. Pathogens including HIV have hijacked these structures to undergo
cell-to-cell spread. Cell-to-cell HIV transmission is dependent on the formation of a
structure between cells, termed the “virological synapse’ [257,258]. This mechanism of
intercellular infection is very efficient and allows the virus to bypass a host immune
response [4,259]. The initial events of virological synapse formation rely on the recruitment
of B2 integrins to lipid rafts at the location of the forming synaptic cleft [260]. The integrins
are responsible for positioning and binding at the point of intercellular contact. In the case of
HIV-1 virological synapse formation, this recruitment is dependent on viral surface
envelope glycoprotein (Env) and gp120 contact with target cell CD4 receptors [259].
Following the initial connection, other components of the recruited lipid raft microdomain,
such as viral coreceptors (CCR5, CXCR4) and ICAMs, interact with Env, activated LFA-1,
and other 2 integrins to ensure a firm connection. The actin cytoskeleton reorganization
that accompanies this intercellular adherence determines the type of synapse created [261].
Formation can proceed with the fusion of cell membranes and the direct transfer of viral
materials, or alternatively, with the maintenance of close contact and the establishment of a
junction through which the virus can be passed by directional budding and endocytosis
[154,262]. Corecruitment of viral transcripts and viral receptors to the intercellular junction,
by effector and target cells, respectively, enables fast and efficient cell-to-cell transmission,
as visualized by immunoelectron microscopy [259,263]. These synapses have been
identified as a mode of virus transmission for monocyte-derived macrophages (MDMCs)
and dendritic cells (MDDCs) as well as T lymphocytes [263]. Cell-to-cell HIV transmission
may also occur via filopodial bridges [264] and nanotubules [265].

Clinical approaches to blocking cell-associated HIV transmission

The data reviewed above suggest that topical microbicides and vaccines should be
developed that are effective against cell-associated HIV, as well as cell-free virus. There are
several mechanisms by which this can be accomplished, and some of the microbicide and
vaccine candidates undergoing preclinical and clinical assessments may be effective against
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this residual challenge in biomedical HIV prevention. Below is a summary of the preclinical
studies that have been conducted to date with microbicide and vaccine candidates in cell-
associated HIV transmission assays. It must be emphasized that this is an understudied area
and that these data are preliminary. In the following section we predict, based on these data
and theoretical considerations, which approaches will be effective against various events
underlying cell-associated HIV transmission.

Preclinical trials conducted in cell-associated HIV transmission models

Table 7 summarizes animal and in-vitro models that can be used for cell-associated HIV
transmission research. Several topical microbicide candidates have been tested in small
animal cell-associated virus sexual transmission models. Nonoxynol-9 and WHI-07 blocked
mucosal transmission of infected T cells in the FIVV model [199,201]. Sulfated
polysaccharides, in particular carrageenan, prevented macrophage trafficking from the
vaginal cavity in mice [266] and several microbicide candidates have effectively blocked
vaginal cell-associated HIV transmission in hu-SCID mice, including BufferGel [118], -
cyclodextrin [207], ICAM blockers [220], and the NNRTI TMCI-20 [267]. However,
PRO2000 was ineffective in the hu-SCID rectal cell-associated HIV transmission model
[221]. The only relevant vaccine trial was conducted in the FIV model. FIV vaccines based
on whole inactivated virus or viral protein extracts suppressed viremia levels following
vaginal challenge with FIV-infected cells but not following IV challenge with cell-free virus
[268].

A few topical microbicides and passive immunization approaches have also been tested in
in-vitro cell-associated HIV transmission models. Low doses of synthetic polymers (e.g.,
PVP, PEG) modified the fiber structure and mechanical properties of human cervical mucus
and blocked the migration of monocytes through mucus [269]. In cervical and rectal
epithelial monolayer models, which primarily measure HIV transcytosis, ICAM blockers
[220], nonnucleoside reverse transcriptase inhibitors (NNRTIs) [221], and antibodies to HIV
envelope proteins [222,270-273] were effective, whereas polyionic entry inhibitors
(PRO2000, cellulose sulfate, polystyrene sulfate), the fusion inhibitor T-20 [221], and a
panel of neutralizing monoclonal antibodies [274] were ineffective.

Potential topical microbicides and vaccine-induced protective mechanisms that could be
effective at different stages of cell-associated HIV transmission

Microbicides of the surfactant class could disrupt the membranes of infectious cells in
genital secretions and block cell-associated HIV transmission. An early topical microbicide
candidate in the surfactant class, Nonoxynol-9 (N-9), lysed genital leukocytes in vitro [115]
and blocked cell-associated FIV vaginal transmission [199]. However, it was found to be
ineffective in an efficacy trial, with concerns raised that women who used the product most
frequently, that is, those engaging in transactional sex for livelihood, were more likely to
become infected when they used the product. Evidence now indicates that N-9 inactivates
infected cells and cell-free HIV when present in optimal concentrations in vaginal
secretions, but that it also induces an inflammatory reaction that recruits HIV target cells to
the genital epithelium, which can enhance HIV transmission if HIV is introduced after N-9
levels decline to the point that they are no longer effective [169,275]. Other compounds in
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this class, such as C31G, have not completed efficacy trials [276,277], but it is conceivable
that selective surfactants could be developed in the future, if potential safety concerns could
be addressed in preclinical and animal studies.

Buffering agents are being developed as microbicides to maintain a protective low vaginal
pH after intercourse and in women with other conditions such as bacterial vaginosis
associated with neutral vaginal pH. This approach may be effective against both cell-free
and cell-associated HIV transmission as HIV virions are rapidly inactivated and HIV-
infected cells may be immobilized and killed by low pH. The first microbicide in this class
to be tested in a clinical HIV efficacy trial, BufferGel, was ineffective [278], although
adherence issues may have compromised the study. Other more potent acidifying agents in
this class are under investigation and may be more effective. If so, acidifying agents could
become important components of a combination agent topical microbicide. An alternative
approach is to develop lactobacilli that overproduce lactic acid, maintaining a low vaginal
pH in women with bacterial vaginosis and estrogen-deficient states, and after intercourse
despite the buffering effect of semen [279]. In addition to enhancing the protective
acidifying activity of lactobacilli, the organisms could be bioengineered to express fusion
inhibitors [280] or soluble CD4* molecules to prevent HIV binding [281].

Antibodies can trap cells in cervical mucus. This was first demonstrated in the infertility
field with the finding that women with antisperm antibodies had immabilized (‘shaking’)
sperm in their cervical mucus [282]. Therefore, it is possible that antibodies directed against
surface antigens on HIV-infected cells in genital secretions could impede the migration of
these cells through mucus. Monoclonal antibodies could be administered passively as a
component of topical microbicide formulations [283]; candidate antigens include CD68,
CCR5, LFA-1, Mac-1, and CD52g, a seminal plasma antigen that coats all cells in semen
[284].

Antibodies and peptides that block LFA/ICAM and MAC-1/JAM C interactions and sulfated
polysaccharides inhibit attachment of leukocytes to epithelial cells and, therefore, could
inhibit cell-associated HIV transmission [285-287]. ICAMs are also important components
of viral synapses; therefore, ICAM blockers could also block this cell-associated HIV
transmission mechanism.

The directional shedding of HIV from infected leukocytes toward target cells in the
epithelium provides another opportunity for intervention. Numerous approaches to blocking
nascent HIV attachment are being studied, targeting each step of the viral binding process.
The compounds under study range from monoclonal antibodies to aptimers and dendrimers
to small molecule congeners [288-291]. Combinations of small molecules that specifically
blocked HIV entry, BMS806/378806 and CMPD 167, showed synergistic activity in
blocking cell-free SIV transmission in macaques [292]. Other compounds that may act
against HIV binding or entry include cyanovirin-N and sulfonamide derivatives [225].
However, the entry inhibitor that has undergone the greatest level of clinical evaluation is
PRO2000, a highly sulfated polyanion [293-295] that was associated with a modest 30%
reduction in HIV transmission in HPTN 035 [278] and is being studied in a larger efficacy
trial conducted by the UK Medical Research Council in east Africa. If the study findings
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corroborate HPTN 035, it will be the first demonstration of topical microbicide efficacy for
HIV prevention.

Research teams are developing compounds that are congeners of RANTES and other
HIVentry inhibitors to competitively inhibit HIV binding and fusion to target cells [296—
298]. Such molecules could also block transepithelial migration of infected leukocytes if
they can downregulate or block chemokine receptors either before the infected cells reach
the epithelial surface or if they sufficiently penetrate the tissues to affect chemokine-
mediated epithelial transmigration. They could also block the recruitment of target cells to
sites of infection. Glycerol monolaurate (GML), an anti-inflammatory compound that
inhibits immune activation and chemokine and cytokine production by human vaginal
epithelial cells, was recently shown to prevent mucosal transmission of cell-free SIV by
preventing attraction of HIV target cells to SIV infection foci in the cervical epithelium
[162]. GML could also inhibit the transmigration of infected cells and target cells that
mediate cell-associated HIV transmission. Other approaches to block intraepithelial
migration of infected leukocytes include blocking leukocyte attachment to molecules
constituting epithelial intracellular tight and desmesomal junctions, and fortifying these
junctions.

Vaccine-generated HIV-specific cytotoxic T cells and antibody-dependent cellular
cytotoxicity (ADCC) mediators could eliminate HIV-infected cells as they penetrate the
genital epithelium [299,300]. Allogeneic immunization has also been considered for
protection against both cell-free and cell-associated HIV transmission [301]. Topical
application of TLR agonists induce type 1 interferons in the vaginal mucosa, which could
protect against cell-associated HIV transmission; however, vaginal transmission of cell-free
SIV was not inhibited by this approach possibly because the treatment also induced an
inflammatory infiltrate that introduced more HIV-infectable host cells to the vaginal mucosa
[302].

Animal studies have shown that HIV infection can be prevented when animals are given
either topical or systemic chemoprophylaxis with antiretroviral drugs [303]. The most
extensively studied compound thus far has been tenofovir, a nucleotide inhibitor of reverse
transcriptase. Recent data suggest that tenofovir gel with or without emtricitabine (FTC) is
highly effective in preventing retroviral vaginal and rectal transmission in macaque models
[304-306]. Now that studies have demonstrated the safety of topical tenofovir and
significant genital tract concentrations [307], large-scale efficacy trials of tenofovir gel as
well as oral chemopro-phylaxis to prevent HIV transmission are currently underway [308].
Other reverse transcriptase agents are also being studied for their role in topical chemopro-
phylaxis, including dapivirine (TMC-120), a nonnucleoside agent [267,309,310], and
UC-781, a poorly absorbable reverse transcriptase agent [311-314]. Although reverse
transcriptase inhibitors will only act after HIV has already entered cells, they act before
proviral integration, and if they are highly bioavailable in genital secretions, it is feasible
that they could be effective in limiting cell-associated viral infection of target cells in the
genital mucosa, thereby limiting the likelihood of intracellular HIV replication resulting in
productive HIV infection. Combinations of topical antiretrovirals could potentially be
particularly effective in preventing cell-associated HIV transmission [315-317]. Topical
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microbicide candidates and mechanisms that could block cell-associated transmission are
summarized in Table 8.

Conclusion

Mounting evidence from clinical, animal and in-vitro studies indicates that infected cells
(‘“Trojan Horse’ leukocytes) may be important vectors of HIV-1 mucosal transmission. This
is an understudied topic in the field of HIV research, and a number of fundamental questions
remain unanswered (see below).

1. What is the prevalence of cell-associated HIV transmission vs. cell-free HIV
transmission, and what risk factors are associated with cell-associated HIV
transmission?

2.  What types of infected cells transmit HIV across mucosal surfaces?

3. What and where are the target cells of cell-associated HIV transmission; how does
HIV reach them?

4. What is the survival time of infected leukocytes in the genital tract; how long does
cell-associated HIV transmission take?

5. What are the molecular events underlying cell-associated HIV transmission that
can be targeted by HIV-prevention strategies?

Preliminary studies using molecular sequencing of founder viruses in newly infected
individuals have differentiated between cell-associated and cell-free HIV transmission.
These studies should be expanded to determine the prevalence and risk factors associated
with cell-associated HIV transmission in different populations. Animal and in-vitro models
for studies of cell-associated HIV transmission have been introduced but require further
optimization and standardization. These models could reveal critical information concerning
molecular events underlying various stages of cell-associated HIV transmission: migration
of HIV-infected cells through mucus and epithelial layers, their attachment to epithelial
cells, directional HIV shedding and transcytosis, and cell-to-cell virus transfer. Insight into
adhesion molecules, chemokines, and other factors that play a role in cell-associated HIV
transmission could suggest new strategies for HIV prevention. To explore these
mechanisms, the models should reflect natural physiological conditions as closely as
possible and incorporate: mature HIV-infected macrophages, which are the predominant
HIV-susceptible host cell in semen and cervicovaginal secretions; endogenous flora and
low-pH conditions, which could suppress cell-associated HIV infection; inflammatory
conditions or infections that could enhance cell-associated HIV infection; and different types
of mucins found in genital and rectal secretions (including seminal plasma and cervical
mucus), which can influence cell adhesion, migration, and HIV infectivity. Authentic
physiologically relevant cell-associated HIV transmission models are needed for testing the
efficacy of HIV vaccine and topical microbicide candidates during their pre-clinical trial
assessment.
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Fig. 1. Leukocytesin human genital secretions, identified by immunohistochemistry
(a) CD4* T cell in semen. (b) CD68* macrophages in semen. (c) CD45* leukocytes in

semen from a man with leukocytospermia. (d) CD68* macrophages in cervicovaginal
secretions. Magnification x 400.

AIDS Author manuscript; available in PMC 2014 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Anderson et al. Page 39

Fig. 2. HIV-infected leukocyte interaction with epithelial cells: attachment and directional viral
shedding
(a) Scanning electron micrograph showing HIV-infected lymphocytes adhering to the

surface of an epithelial cell (magnification x 10000). (b) Transmission electron micrograph
of HIV-infected macrophage from semen releasing virus after contact with a genital tract
epithelial cell (magnification x 15 000). Original photographs provided by David M. Phillips
with permission from the Population Council, New York. Part (a) reproduced from [4].
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Fig. 3. Macrophage interactions with human endocervical tissue explants
Scanning electron micrograph (a) and transmission electron micrograph (b) of human

peripheral blood monocyte attached to epithelial intracellular junction. Scanning electron
micrograph (c) and transmission electron micrograph (d) of human peripheral blood
monocyte apparently infiltrating between two epithelial cells. Magnification: scanning
electron micrograph, x 10000; transmission electron micrograph, x 15000.
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Fig. 4. Mechanisms underlying cell-associated HIV transmission
(a) Columnar epithelium: (1) Infected cell migrates between epithelial cells to infect

susceptible host cells in the lamina propria or draining lymph nodes. (2) HIV trancytosis
through epithelial cells to infect susceptible target cells in lamina propria. (b) Stratified
squamous epithelium: (3) Transfer of HIV from infected leukocyte to epithelial cell, which
transfers virus to intraepithelial or subepithelial target cells through (a) transcytosis or (b)
attraction via release of chemokines. (4) Direct cell-to-cell transfer of HIV from infected
leukocyte to intraepithelial target cell via viral synapses. (5) Transepithelial migration of

esident macrophage
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infected leukocyte to infect intraepithelial target cells within the epithelium. (6)
Transepithelial migration of infected cell to infect target cells in the subepithelium or
draining lymph nodes.

AIDS Author manuscript; available in PMC 2014 July 15.

Page 42



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Anderson et al.

Table 1
White blood cell concentrationsin semen

WBC variable HIV-negative® (n =17)  HIV-positive? (n = 98)
Total WBCs 170000€ (9000-20520000) 104000 (0-55380000)
Monocytes/macrophages 52 000 (300-998000) 22000 (0-24349000)
CD4* T cells 4000 (0-52000) 0 (0-6187000)
CD8* T cells 2000 (0-57000) 0 (0-1547000)

aWoIff and Anderson [10].
bPolitch et al. [15].

CMedian and (range) per ml.
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Table 2
Studieson HIV DNA in semen
HIV DNA in semen
Copies/ml
Study Prevalence Median Range
Van Voorhis et al. [28] 1/25 (4%)2 NA NA
Mermin et al. [29] 17/23 (74%)2 NA NA
Hamed et al. [30] 38/52 (73%)&0 NA NA
Quayle et al. [31] 6/13 (46%)d NA ND to >1000
Xuetal. [32] 4874 (65%)2 36 ND to 16667
Zhang et al. [33] 47 (57%)C NA ND to 90€
Krieger et al. [34] 9/79 (11%)d NA NA
58/117 (50%)  NA NA
Mayer et al. [35] 4119 (21%)P 0 ND to 80000
4118 (22%)C 0 ND to 3000
Tachet et al. [36] 28/49 57%)0  NA  NDto >1008
Ball etal. [14] 15/32 (47%)P <68  NDto2171€
Vernazza et al. [37] 21/55 (38%)@ NA NA
11/67 (16%)C  NA NA
Ghosn et al. [38] 3/5(60%)2  40%  NDto401®
5/15 (33%)¢  ND ND to 416€

NA, not available; ND, not detectable.

@No ART.
BART.
CHAART.

dTherapy unknown.

e
Per 100 nonspermatozoal cells.

fAfter vasectomy.
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Table 3

HIV culturerate from semen fractions?

Study Semen cells  Seminal plasma
O'Shea et al. [42] 2/18 (11%) -
Krieger et al. [43] 13/55 (24%) 6/55 (11%)
Krieger et al. [44] 15/53 (28%) 6/53 (11%)
Van Voorhis et al. [28] 2/25 (8%) 2/25 (8%)
Anderson et al. [45] 4/95 (4%) 5/95 (5%)
Vernazza et al. [46] 18/33 (55%) 1/33 (3%)
Krieger et al. [47] 22/114 (19%) 9/114 (8%)
Dyer et al. [48] 22/65 (34%) -
Vernazza et al. [49] 29/98 (30%) -
Vernazza et al. [50] 16/43 (37%) -
Coombs et al. [51] 30/251 (12%) 8/249 (3%)
Dulioust et al. [52] 4120 (20%) -
Tachet et al. [36] 9/35 (26%) -
Nunnari et al. [53] 5/28 (18%) -
Overall culturerate 191/933(20.5%)  37/624 (5.9%)
Median culture rate 21.8% 7.9%
Mean culturerate 23.2% 7.1%

aStudies with >10 participants.

*
P < 0.0001.
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Table 4

WBC concentrationsin cervicovaginal secretions

WBC variable HIV-negative (n=25) HIV-positive (n =156)
Total WBCs 08 (0-7000000)P 0 (0~76800000)
Monocytes/macrophages 0 (0-3500000) 0 (0-25867000)

CD4* T cells 0(0) 0(0-1126000)

CD8* T cells 0 (0-8000) 0 (0-3273000)

From Anderson et al. [117].
a., . .
Median concentration.

b ’ .
Range per cervicovaginal lavage.
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Table 5

Studieson HIV DNA in cervicovaginal secretions

HIV DNA
Copy numberd
Study Prevalence Median Range
Iverson et al. [142] 20/28 (71%)&b.C NA  NDto 95
Panther et al. [140] 7/7 (100%)2:9°  3000€°  ND to 240008
917 (53%)PM* 300€°  ND to 600008
Debiaggi et al. [143] 41/128 (32%)P:C 28 NDto 500
Spinillo et al. [131] 61/122 (50%)&D.C 48  ND to 1500
Andreoletti et al. [145] 20/30 (67%)2 7 NDto 925
Tuomala et al. [7] 18125 (72%)2D.g* 208 ND to 102028
22/51 (43%)@b,1* ND*  ND to 400748
Zara et al. [146] 46/60 (77%)6Lb,c gof NDto500
Benki et al. [144] 16/26 (62%)a,i 40 ND to 2220
6126 (239%)2] ND  ND to 340

NA, not available; ND, not detectable.

®No ART.

bART.

“HAART.

dPer 105 cells or ug DNA unless noted.

ePer lavage.

fMean.

gPregnant women who transmitted HIV to their infants.
hPregnant women who did not transmit HIV to their infants.
iEndocervical secretions.

J-Vaginal secretions.

Significantly different, P <0.05.
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Integrin and chemokine ligand/receptor pairs potentially involved in cell-associated HI'V
transmission

Integrins

Integrin counter -receptors

CD11a (LFA-)M@T

CD11b (MAC-1)M®

ICAM-1IM?TE jam-AE

ICAM-1IM@TE jaMm-cE

aEb7T E-cadherinE
Chemokines Chemokine receptors
RANTES (CCL5)E  cCRsM&T
MIP-1a (CCL3)E CCRsM2T
MIP-1p (CCL4)E CCRsM@T
MCP-1 (CCL2)E CCR2M?
McCP-2 (CCL8)E CCR2M¢
SDF-1aE CXCR4T
SDF-1pE CXCR4T
MIFE CXCR4T

Eepithelial cell;

M@macrophage;

Tt T cell
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Table 7
Cell-associated HIV transmission models

Cervicovaginal  Rectal

Animal models

FIV/feline + +
HIV/hu-SCID mice + +
SIV/macaque + -

In-vitro models
Polarized epithelial monolayers  + -
Tissue explants + -

Organotypic cultures + -
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Topical microbicide candidatesthat could prevent cell-associated HIV transmission by
genital leukocytes

Class

Examples

Potential mechanisms

Membrane disrupters

Acidifying agents

Entry inhibitors

Anionic polymers

CCRS5 blockers

Fusion inhibitors

Reverse transcriptase inhibitors

C31 (Savvy)©
Sodium lauryl sulfate (Invisible Condom)

Nonoxynol-9¢
Ethanol in emollient gel

Carbopol 974PC (BufferGel)
AcidForm (Amphora)

Naphthalene sulfonate (PRO2000)
Carrageenan&C (Carraguard)

Cellulose sulfate® (Ushercell))
Cellulose acetate phthalate (CAP)
Dendrimers [SPL7013 (Vivagel)]

PSC-RANTES

CMPD167

Maraviroc

Anti-CCR5 monoclonal antibodies

Cyanovirin-N

Tenofovir (PMPA)P Dapivirine (TMC 120) UC781
TMC120

MIV-1502

Kill infected leukocytes, inactivate nascent HIV.
However, nonspecific cytotoxicity could induce
inflammation and enhance HIV transmission.

Kill/immobilize infected leukocytes; inactivate
nascent HIV.

Negative charge could interfere with infected
leukocyte: target cell interactions, entry of nascent
HIV.

Block chemotaxis of infected leukocytes and of
target cells toward infected leukocytes; block
binding of nascent HIV to target cells.

May interfere with infected leukocyte: target cell
interactions, entry of nascent HIV.

Inhibit HIV replication in infected leukocytes and
target cells.

Alliances for Microbicide Development (www.microbicide.org). Cutler and Justman [317].

aPC815 is co-formulation of Carrageenan and MIV-150.

bCo—formulanted with emtricitabine (FTC) in preclinical studies.

c . . L L
Not being studied at the present time in HIV prevention trials.
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