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Abstract

Mucosal exposure to HIV-1 constitutes its primary mode of transmission. Greater
than 75% of HIV-1 infections worldwide occur through heterosexual intercourse.
Through the use of nonhuman primate models, the early events of mucosal HIV-1
transmission are beginning to be elucidated. Further, only recently have acquired
and innate mucosal defense systems been studied in terms of HIV-1 transmission.
This review will discuss the early events leading to HIV-1 acquisition, those factors
that may affect HIV-1 transmission, and the role the mucosal immune system plays
in modulating HIV-1 transmission.
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Introduction
Heterosexual contact, the predominant mode of

transmission of HIV-1, has caused 75% of the infec-
tions worldwide1. Mucosal surfaces of both the gas-
trointestinal and urogenital tracts provide portals of
e n t ry for pathogens such as HIV-1. Immunity genera-
ted at these mucosal surfaces provides a first line of
defense against HIV-1 infection. Factors which
compromise the integrity of these tissues, such as
physical trauma or damage from a vigorous host im-
mune response, can potentially enhance suscepti-
bility to infection as well as increase the likelihood of
transmission. The host’s defense at mucosal sur-
faces is mediated by 1) acquired immunity (anti-
body production and cytotoxic and helper T-cell re s-
p onses) and 2) innate immunity (epithelial cells and
innate defense factors). Only recently have ac-
quired and innate mucosal defense mechanisms
been studied in terms of HIV-1 transmission. This re-
view will focus on the early events after HIV-1 trans-

mission, the factors influencing HIV-1 transmission
through mucosal exposure, and the mucosal im-
mune response.

Mucosal HIV-1 transmission
Male-to-female heterosexual transmission of HIV-

1 is two to eight times more efficient compared to fe-
male-to-male, with a male-to-female per contact in-
fectivity estimated to be 0.0009 (95% CI 0.0005-
0.001)2,3. Receptive anal intercourse results in an
estimated per contact infectivity of 0.0082 (95% CI
0.0024-0.0276)4. The reason for the increased rate
of infection from penile-anal sex compared to pe-
nile-vaginal sex may be due to the differences in the
architecture of the rectum/colon and vagina/cervix.
The rectum/colon are lined with simple columnar
epithelial cells that are involved in transportation
and adsorption of molecules, secretion, and protec-
tion. These cells form tight junctions that prevent the
free flow of molecules from the lumen into the sub-
strata. Transmission of HIV-1 is thought to occur
through micro-tears of the epithelial lining, allowing
access of the virus to the underlying immune cells in
the intraepithelial spaces and the lamina propria, t h e
a rea directly beneath the epithelial layer (Fig. 1).
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However, it has recently been shown in v i t ro that in
the absence of trauma, infectious HIV-1 can trans-
cytose through intestinal epithelial cell lines in mi-
cro-vesicles5. Moreover, anti-HIV-1 antibody can
neutralize the virus and render it non-infectious as it
passes through these cells6. HIV-1 enters into these
cells, not by using the traditional CD4 and corecep-
tor, but via the interaction between the HIV-1 gp120
and galactosylceramide7,8. However, the apical
side of intestinal epithelial cells is shrouded with a
500 nm-thick layer of integral membrane glycopro-
teins called the glycocalyx that serves as a protec-
tive diffusion barrier, inhibiting the interaction be-
tween gp120 and galactosylceramide9. An alterna-
tive conduit for HIV-1 transmission by penile-anal
sex may be the M cell. M cells lack the glycocalyx,
are specialized for endocytosis, and indicate areas
rich in immune cells (see below). Using explanted
rabbit and mouse mucosa, HIV-1 was shown to ad-
here to and be transcytosed through the M cells10;
however, this has yet to be shown with human mu-
cosa. Other studies have shown that intestinal ep-
ithelial cell lines can be productively infected in vit -
ro7,11; however, there has been no conclusive evi-
dence of HIV-1 infection of intestinal epithelial cells
in vivo. 

Male-to-female HIV-1 transmission occurs more
efficiently relative to female-to-male, possibly be-
cause of extended exposure to seminal fluid or
greater availability of HIV-1 targets. The vagina and
ectocervix are covered by stratified, squamous,
non-keratinized epithelial cells, 150 - 200 nm in
thickness. These epithelial cells do not form tight
junctions like the simple columnar epithelial cells,
but rather consist of several layers, thus forming a
protective barrier. The superficial cells are continu-
ally desquamated into the vaginal lumen providing
an additional protective mechanism. The endocer-
vical epithelium is composed of mucus-secreting,
simple columnar epithelial cells. Polarized ectocerv i-
cal epithelial sheets obtained from tissue explants
have been shown to be refractory to HIV-1 infection
and unable to transcytose HIV-1 after addition of the
virus to the apical side of the tissue12. Further, simi-
an immunodeficiency virus (SIV) inoculations of
Rhesus macaques showed that 10,000 times more
SIV was needed to establish infection through non-
traumatic vaginal challenge compared to intra-
venous challenge, suggesting that the vaginal ep-
ithelial layer is an effective, but not absolute, barrier
for HIV-1/SIV infection13,14. In contrast, cervical ep-
ithelial cell lines have been shown to be infected in

Fig. 1. HIV-1 mucosal transmission: 1) Cell-free HIV-1 is deposited on the luminal side of the mucosal epithelium where virions are
transported into the lamina propria by transcytosis, through microtears in the epithelium, or by local immune cells. 2) Various HIV-1
target cells are located within the intraepithelial spaces or the lamina propria, and include CD4+ T cells (resting and activated),
macrophages, and/or dendritic cells. 3) After local infection, these immune cells travel via the draining lymphatics into the local
lymph nodes where subsequent systemic spread of HIV-1 occurs.
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vitro15, but recent work indicates that primary cervi-
cal epithelial cells and cell lines are refractory to
cell-free and cell-associated HIV-1 infection16. While
female-to-male HIV-1 transmission does readily oc-
cur, little is known about this type of transmission.
The urethra is lined with pseudostratified columnar
epithelium, while the tip of the penis is lined with
stratified squamous epithelium. Studies in primates
suggest that SIV can be transmitted across the in-
tact mucosa of the foreskin and glans of the penis to
infect the local immune cells14.

The lamina propria is typically rich in immune
cells and p rovides a second defensive barrier against
p a t h o - g e n s (as described below); moreover, it also
serves as an area rich in target cells for HIV-1. After
virus has crossed the epithelium, these underlying
immune cells become infected or carry the virus to
the local lymph nodes (Fig. 1). The first infected
cells have been shown to be T cells, macrophages,
and/or dendritic cells depending on the system
studied (Table 1). Studies done using explanted tis-
sues from the female genital tract demonstrated
that the macrophage and dendritic cells were in-
fected within the first week12,17. Other studies using
explanted female genital tract tissues found that
CD4+ T cells and, to a lesser extent, macrophages
were infected with HIV-118. Using primate models
rather than tissue explants, investigators have found
that after non-traumatic vaginal inoculation, either
resting and activated intraepithelial and lamina pro -
pria T cells or dendritic cells within the vaginal ep-
ithelium were infected with SIV19-21. These studies
have also re p o rted rapid dissemination to local lymph
nodes within 2 days post-inoculation. More recently,
Hu et al.22 have shown that a 60-minute non-trau-
matic intravaginal exposure to SIV resulted in the in-
fection of dendritic cells within the vaginal epitheli-
um and dissemination to the draining lymph nodes
within 18 hours. Collectively, these data suggest
that dendritic cells, CD4+ T cells, and macrophages
in the local epithelium are important liaisons be-
tween virus entry and dissemination throughout the
body.

Recent work has shown that immune cells from
the human genital tract have the capacity to be in-
fected with either non-syncytium-inducing (NSI) or
syncytium-inducing (SI) variants12,23. The selection
for the NSI isolate to preferentially replicate may lie
in the presence of a greater percentage of CCR5+

mucosal T cells that produce IL-2, the cytokine rep-
resentative of an activated, memory T helper (Th)1
phenotype23,24. Mucosal T cells with the Th1 pheno-
type appear to be more permissive to HIV-1 infec-

tion compared to those with the Th2 phenotype25.
Moreover, mucosal epithelial cells constitutively ex-
press stromal derived factor-1 (SDF-1), the ligand
for CXCR4 (SI co-receptor)26. This constitutive ex-
pression of SDF-1 down-modulates the CXCR4 co-
receptor on CD4+ intraepithelial and lamina propria
lymphocytes, without affecting CCR5 expression.
The down-modulation of CXCR4 may further explain
the higher percentage of CCR5+ mucosal T cells.
Because HIV-1 targets activated, memory CCR5+/ CD4+

T cells, the gastrointestinal tract, which is rich in this
cell type, is a major site of virus replication and T-
cell depletion27-29.

It has been noted that different HIV-1 genotypes
are isolated from the genital tract and  peripheral
blood. Comparisons of HIV-1 sequences from both
seminal fluid and cervical/vaginal lavage to periph-
eral blood indicate that there are distinct differences
between the HIV-1 genotypes in plasma and genital
tract from men and women30-33. This compartmen-
talization indicates that HIV-1 replicates locally in
the genital tract and is not of peripheral origin. Fur-
ther, the sexually transmitted virus is from the geni-
tal tract reservoir. These data suggest that factors
present in the genital tract, while not affecting virus
in the periphery, may influence sexual HIV-1 trans-
mission.

Factors that influence HIV-1 transmission
The precise mechanisms influencing HIV-1 trans-

mission or susceptibility are not known, but several
factors are associated with an increased risk in
transmission. The prominent factor identified to date
is viral load. There is a strong correlation between
H I V-1 plasma RNA levels and the ability to detect HIV- 1
RNA in cervical/vaginal lavage, semen, and anal-
rectal swabs30,34-39. Both HIV-1 cell-associated DNA
and cell-free RNA have been quantified from these
secretions. Even though HIV-1 genotypes found in
the peripheral blood differ from those found in the
u rogenital secretions, higher viral load in the periphery
is associated with higher viral load in the cerv i c a l / vagi-
nal lavage, seminal plasma, and elutions from anal-
rectal swabs. Two recent studies show that periph-
eral blood viral load was the primary predictor of the
risk for heterosexual transmission40,41. Collectively,
these data suggest that when the viral load is high,
it is generally high in both the blood and mucosal
secretions. Indeed, highly active antiretroviral thera-
py (HAART) has been shown to decrease HIV-1
RNA levels in plasma as well as in these mucosal
compartments. After one month of therapy, signifi-
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Table 1. HIV-1 transmission models

Investigator Model Initial Target Cell

Collins18 HIV-1/Ectocervical explant CD4+ T cells/Macrophage
Greenhead12 HIV-1/Ectocervical explant Macrophage/Dendritic cells
Howell17 HIV-1/Uterine/cervical explant Macrophage/Dendritic cells
Miller14/Hu22 SIV/Rhesus macaque Dendritic cell
Spira19 SIV/Rhesus macaque Dendritic cell
Zhang20 SIV/Rhesus macaque Resting and activated CD4+ T cells
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cant drops in HIV-1 RNA levels were detected in
both plasma and mucosal secretions42-44. While
these results are promising, additional studies have
found that, even though HIV-1 RNA titers drop, cell-
associated HIV-1 appears to be unaffected by
HAART45-47. These data suggest that HAART is ef-
fective in reducing the viral RNA titers, but cells har-
boring HIV-1 provirus still remain and may continue
to produce infectious HIV-1.

Immune activation has long been associated with
inducing HIV-1 replication48. A local inflammatory
response appears to influence HIV-1 replication lo-
cally, but not systemically. For example, anal-rectal
samples taken from men showed higher HIV-1 RNA
levels associated with anal-rectal inflamation com-
pared to controls38. The increase in anal-rectal HIV-
1 RNA levels were not duplicated in the plasma, in-
dicating local HIV-1 production and further suggest-
ing the compartmentalization between the mucosa
and the peripheral blood. Further, Lawn et al.49

showed that women who had undergone surgery
for cervical dysplasia had a 2-log increase in cervi-
cal/vaginal HIV-1 RNA titers, but not in plasma, 2
weeks post surgery. This increase was associated
with local immune activation due to parallel increas-
es in inflammatory cytokines such as tumor necrosis
factor-α and IL-6 in cervical secretions, but not plas-
ma. Sexually transmitted diseases (STDs) are known
to induce a vigorous immune response and have
been implicated in the transmission of HIV- 15 0. A
population-based survey among persons in four
African cities has found that ulcerative pathogens,
such as syphilis and/or herpes simplex virus-2 (HSV-
2), were more predominant in cities that had a high
p revalence of HIV- 15 1. More o v e r, several studies
measuring HIV-1 shedding have re p o rted that both
ulcerative and non-ulcerative STDs can increase the
HIV-1 RNA titers or the ability to detect HIV-1 RNA in
these mucosal secretions52-55. In most of these stud-
ies in which successful STD treatment was given, vi-
ral load concomitantly decreased. These data indi-
rectly suggest that therapy for STDs may decrease
the transmission of HIV-1. Indeed, this was seen in a
STD treatment study in Tanzania, showing that ag-
g ressive STD therapy reduces the transmission of
H I V- 15 6. A second study in Uganda appeared to have
a contradictory conclusion5 7. Several diff e rences be-
tween these studies could explain the disparate out-
comes. These variables include the stages of the
H I V-1 epidemic, the nature of the STD intervention,
and the STD profile58. Collectively, these data indi-
cate that STDs act as immune stimulators and drive
HIV-1 shedding as well as acquisition. When STDs
are successfully treated, viral shedding may be re-
duced, decreasing the risk of HIV-1 transmission.

Another possible factor influencing HIV-1 trans-
mission is use of hormonal contraceptives. Estro-
gen and progesterone regulate humoral and cellu-
lar mucosal immunity in the female reproductive
tr a c t5 9. There is little evidence that hormonal changes
during the menstrual cycle affect HIV-1 RNA shed-
ding60. However, when given as a contraceptive,
progesterone influences the physiology of the vagi-
na, cervix, and endometrium by causing thinning of

the epithelium and thickening of the cervical mucus.
Two macaque studies provide evidence that within
30 days after treatment with progesterone, the vagi-
nal squamous epithelial layer becomes thinner61,62.
Moreover, Marx et al.61 showed an enhanced sus-
ceptibility to SIV challenge and elevated plasma
RNA levels as compared to the control macaques.
Recently, estrogen has been shown to protect
macaques against a vaginal SIV challenge primari-
ly due to thickening of the vaginal epithelium63.
When hormonal contraceptive use has been stud-
ied in human populations, two of three reports sug-
gest that HIV-1-infected women have increased
shedding of infected cells64-66. Several studies ex-
amined the use of hormonal contraceptives and the
incidence of HIV-1 infection. Three studies did not
find a significant association between HIV-1 infec-
tion and oral contraceptive use67-69. Another study
showed lifetime duration of oral contraceptive use
was significantly greater in HIV-1-infected women;
however, this association was found in women with
concurrent genital ulcers70. Martin et al.71 show in-
jectable, but not oral, contraceptive use was signifi-
cantly associated with increased incidence of HIV-1
infection, while Plummer et al.72 found oral contra-
ceptive use was associated with increased risk of
infection. Collectively, these findings imply that hor-
monal contraception affects HIV-1 infection; howev-
er discrepancies remain. Clearly, further research is
needed to elucidate the impact that hormonal con-
traceptive use has on HIV-1 transmission.

Acquired and innate mucosal defense
mechanisms against HIV-1 transmission

The current lack of a preventative vaccine or ef-
fective microbicide is reflective of the limited under-
standing of mucosal immunity which, until recently,
had been overlooked in terms of both acquisition/trans-
mission and pathogenesis of HIV-1. Recent data
suggest that HIV-1 disease is more a disease of the
mucosa than peripheral lymphoid tissues. Given
that HIV-1 is predominantly transmitted via the gen-
ital mucosa, a better understanding of the basic
mechanisms of mucosal immunity is intrinsic to the
development of improved antiviral and preventative
therapies.

Mucosa-associated lymphoid tissues. The mu-
cosa-associated lymphoid tissues (MALTs) consist
of tissues at various mucosal surfaces that have or-
ganizational and functional similarities in their lym-
phoid elements7 3. MALTs serve two arms of mucosal
immunity: 1) the induction and amplification of mu-
cosal immune responses and 2) the effector mech-
anisms of local immunity74. Mucosal immune re-
sponses are initiated primarily in mucosal inductive
sites, such as the Peyer’s patch (PP) in the intestine
and the nasal-associated lymphoid tissues in the
oropharyngeal cavity75. Activated lymphocytes de-
rived from these inductive mucosal surfaces can re-
circulate and specifically localize to mucosal effec-
tor sites such as the salivary gland and the urogen-
ital tract, where immune protection can be mediat-
ed75. With this functional linking of the various mu-
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cosal tissues, immunity initiated at one mucosal sur-
face can potentially protect other mucosal sites74.
Defense against mucosal pathogens through the in-
duction and amplification of a localized specific im-
mune response includes both humoral and cell-me-
diated immunity.

The gut-associated lymphoid tissue (GALT) has
been the most extensively studied of all the  MALTs.
It consists of both organized lymphoid aggregates
characterized by the PP as well as non-organized
lymphoid elements in the epithelium and the lamina
propria74. Most basic features of GALT are also
found in other mucosal tissues, including the genital
tract76. With the exception of the tonsils77 and the
transformation zone of the cervix78, there is general-
ly a lack of lymphoid aggregates in the oral cavity
and urogenital tract. In humans, the best described
mucosal inductive site is the PP (Fig. 2). These lym-
phoid aggregates are found in the distal small intes-
tine (ileum) and colon and extend through the lami -
na propria and submucosa. Unlike typical lymph
nodes, PPs lack afferent lymphatics and thus sam-
ple antigen from the intestinal lumen via the overly-
ing epithelium; however, PPs do have efferent lym-
phatics which drain to the mesenteric lymph nodes
(MLNs)74. Within the PP, a specialized epithelium
overlying the lymphoid follicles efficiently samples
and transports antigen from the intestinal lumen to
the underlying macrophages and lymphocytes79.
This follicle-associated epithelium (FAE) contains
specialized cells (M cells) which have unique mi-
crofolds and increased numbers of cytoplasmic
vesicles that allow efficient transport of particulate
antigen from the apical (lumen) to the basolateral

(follicle) surface80-82. Once antigen is transported
into the lymphoid follicle, macrophages process
and present antigen peptides to the local T cells83

which in turn activate the precursors of IgA-secret-
ing plasma cells84,85. B and T cells activated in the
PP migrate via the efferent lymphatics into the MLNs
and, subsequently, into the thoracic duct and blood8 6-

89. After re c i rculation, these activated lymphocytes
e v e ntually extravasate into mucosal tissues7 3 , 8 4 , 9 0

t h ro u g h specialized postcapillary venules found in
the lamina propria of mucosal tissues such as the
intestine91-93. Having entered the effector sites,
primed B and T cells are equipped to mount a local
immune response which includes the production of
antigen-specific IgA.

Humoral Immunity. In terms of humoral immuni-
ty, much more is known about antibody production
in the female genital tract than in the male genital
tract94. Recent studies indicate that both systemic
(serum-derived IgG) and secretory (secretory IgA
or S-IgA) immunity are present in cervicovaginal se-
cretions94-96. Interestingly, the major isotype in vagi-
nal secretions is IgG, although both serum-derived
and secre t o ry IgA are also pre s e n t9 5. S-IgA, a unique
molecular form of the IgA isotype, is distinct from
serum IgA and present in high concentrations in
mucosal secretions97. Unlike the monomeric IgA
predominating in serum, the S-IgA found in mucos-
al secretions such as saliva is mainly polymeric and
contains an additional polypeptide which is termed
the secre t o ry component (SC)9 7. In the uterus and en-
docervix, the presence of SC on the luminal and
glandular epithelium and IgA plasma cells in the
submucosa suggests that IgA is actively transport e d

Fig. 2. Structural and functional features of a Peyer’s patch. The lymphoid follicle is composed of three parts: follicular area (B-cell
zone and germinal center), interfollicular area beneath villi (T-cell zone), and follicle-associated epithelium. The curved arrows on the
left indicate the influx of lymphocytes across the high endothelial venules which mediate selective immigration of lymphocytes. The
arrows on the right indicate the exit pathway of activated lymphocytes or primed dendritic cells into the submucosal lymphatics.
(Abbreviations: HEV, high endothelial venule; FAE, follicle-associated epithelium; and IEL, intraepithelial lymphocyte).
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by SC through the epithelium94. In the endometrium
and cervicovaginal mucosa, immunoglobulin-con-
taining cells are rare but primarily of the IgG isotype;
however, IgA-containing cells are present and S-
IgA transport can occur98. Studies examining the
presence of albumin in vaginal secretions indicate
that a significant proportion of IgG is derived from
serum transudation through the vaginal epitheli-
um95. However, specificity patterns to proteins from
mucosal pathogens indicate that mucosal IgG dis-
plays antigen specificity which differ from that of
serum IgG, suggesting local IgG production96. In
some instances, greater numbers of IgG plasma
cells have been observed in the vaginal submu-
cosa98,99. These results suggest a significant role for
systemic and local IgG-associated immunity and
imply that IgG may complement S-IgA as an im-
mune barrier to mucosal pathogens96. 

In fact, recent data indicate that total IgG levels in
mucosal fluids (saliva, rectal wash, and cervicov-
aginal secretions) were elevated in HIV-1-infected
individuals100. Local IgG and IgA production was
detected in cervicovaginal secretions100. In all mu-
cosal specimens, the response to HIV-1 was pre-
dominantly IgG, with highest titers detected in the
c e rvicovaginal secre t i o n s1 0 0. The specific IgA re s-
ponse appeared weaker in the mucosa than seru m1 0 0.
In another study, IgG and IgA specific to HIV-1
gp120 were detected in both sera and cervicovagi-
nal secretions from HIV-1-infected women101. A high
specific activity to gp160 was detected in IgG and
IgA from cervicovaginal secretions as compared to
serum, suggesting local synthesis101. Although data
suggest that serum IgA from HIV-1-infected individ-
uals is capable of neutralizing HIV-1102,103, or gener-
ating antibody-dependent cellular cytotoxicity
(ADCC) against HIV-1-infected target cells104, data
demonstrating that S-IgA can neutralize HIV-1105,106

or mediate ADCC activity are limited104. Recently, it
was demonstrated that HIV-1-specific IgA in the ab-
sence of IgG could be detected in the serum of ex-
posed seronegative partners of HIV-seropositive
persons and that sera from these individuals was
capable of generating HIV-1 neutralizing activity107.
Another study demonstrated that neutralizing IgG
directed against HIV-1 envelope glycoprotein could
completely block HIV-1/SIV chimeric virus infection
in pigtailed macaques108. In contrast, studies in
women who are highly exposed but persistently
s e ronegative (HEPS) suggest that IgA in genital se-
cretions may play a role in preventing transmis-
s i o n1 0 7 , 1 0 9 - 1 1 1. These women were more likely to have
HIV-1-specific IgA in vaginal secretions than were
infected women; furthermore, HIV-1-specific IgG
appeared to be lacking in serum and vaginal secre-
tions from HEPS women, but was present in serum
and secretions from infected women107,109,111. Neu-
tralizing activity demonstrated in serum and purified
serum IgA from HEPS women, may also reflect the
ability of mucosal IgA to neutralize HIV-1107. More
recently, protection in HEPS women in the absence
of HIV-1-specific vaginal IgA or IgG with no HIV-1
neutralizing activity in vaginal secretions has been
observed in another cohort of HEPS women, thus

suggesting that resistance is not solely based on
HIV-1-specific humoral immunity112. Though the re-
sults from these studies are promising in terms of
the development of a vaccine capable of generat-
ing neutralizing IgG and IgA antibodies, it remains
unclear if the generation of HIV-1-specific mucosal
antibodies in humans can protect against transmis-
sion of virus.

Cellular Immunity. In addition to IgA plasma
cells, the effector limb of the GALT also includes
n umerous T cells which are distributed in both the
epithelium and the lamina pro p r i a. Although the  ma-
jority of CD4+ T cells resides within the l a m i n a
p ropria (lamina propria lymphocytes or LPLs), the
majority of CD8+ and a small number of CD4+ T
cells cross the basement membrane and distribute
between epithelial cells (hence “intraepithelial” lym-
phocytes or IELs). Memory T cells from inductive
sites such as PPs can be activated by new contact
with relevant antigen by lamina propria dendritic
cells and presumably by enterocytes within the in-
testinal epithelium. CD4+ lamina propria T cells con-
trol local inflammatory responses and contribute to
the final differentiation of IgA plasma cells. Intraep-
ithelial T cells secrete cytokines and are strongly cy-
totoxic. Although the majority of these cells are
CD8+ T cells, the IEL compartment can contain
m a st cells, natural killer (NK) cells,1 1 3 , 1 1 4 and dendrit-
ic cells1 1 5,116. Thus, this population of cells within the
epithelium has the innate cytolytic activity of NK
cells, the classical MHC-restricted cytotoxicity of T
cells, and the antigen-presenting abilities of den-
dritic cells. Although the functions of intraepithelial T
cells are not completely understood, they appear to
play a role in regulating the absorptive and secreto-
ry function of the epithelium74, as well as in the sur-
veillance and repair of damaged epithelial tissue117.

Since no organized inductive sites such as PPs
have been identified in the female genital tract, the
induction of localized immune responses has not
been extensively studied and is thus not well char-
a c t e r i z e d9 4 , 1 1 8. Although macrophages can be found
in the endometrium, cervix, and vagina, an addit i o n-
al class of antigen-presenting cells - Langerh a n s ’
cells - are also found in the ectocervix and vagi-
na78,119. Unlike the M cells in the PP of the intestine,
uptake of antigens across the vaginal epithelium is
thought to be mediated by Langerhans’ cells94.
Once activated, these cells migrate from the genital
epithelium to the draining lymph nodes where anti-
gens can be presented to T lymphocytes, thus initi-
ating an immune response118. In addition, CD8+ T
lymphocytes are numerous within the epithelium of
the ectocervix, vagina, and transformation zone7 8 , 120.
Substantial numbers of CD4+ and CD8+ cells are
also observed in the stroma of the transformation
zone, often in lymphoid aggregates; however, rela-
tively few T cells are found in the stroma of the ecto-
cervix and vagina78. Despite the presence of T cells
in the genital mucosa, their function in STDs such as
HIV-1 is poorly understood121.

Recent studies indicate re c o v e ry of HIV- 1 - s p e c i f i c
CD8+ cytotoxic T lymphocytes (CTLs) from the vagi-
nal epithelium of SIV-infected macaques122 as well
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as recovery of CD4+ and CD8+ CTLs from the cervix
of HIV-1-infected women121; however, it remains to
be determined whether induction of CTL activity
within the genital epithelium is protective a g a i n s t
sexual transmission. Earlier studies indicated that
peripheral blood mononuclear cells (PBMCs) from
seronegative heterosexual partners of HIV-1-infect-
ed  individuals proliferated in response to HIV-1
antigens109,123. More recent studies in HEPS women
who lack the CCR5 HIV-1 coreceptor resistance
phenotype (∆32 mutant allele)124,125 suggest that T
cell immunity may play a role in protection against
mucosal exposure to HIV-1111,126-130. In some HEPS
individuals, systemic Th cell responses specific for
the HIV-1 envelope were demonstrated1 1 1 , 1 2 6. Al-
though the frequency of virus-specific CTL is
thought to play a role in delaying disease progres-
sion, it is unclear whether the presence of HIV-1-
specific CTL protects against sexual transmis-
sion131. Interestingly, HIV-1-specific CTL activity has
been detected in blood from HEPS individua l s1 2 7 - 1 2 9.
M o re re c e n t l y, HIV-1-specific CTL responses were de-
tected in both blood and CD8+ T cells from isolated
cervical mononuclear cells from HEPS women130.
When present, the frequency of CTL activity in HIV-
1-infected women was greater in blood than the
cervix; conversely, in HEPS women, HIV-1-specific
CTL frequency was greater in the cervix than
blood130. Although less is known about cellular im-
munity in the male genital tract, recent studies indi-
cate the presence of SIV-specific CTL in the semen
of chronically-infected macaques132 as well as HIV-
1-specific CTL in the semen of HIV-1-infected
men133. Whether the presence of lentivirus-specific
CTL in the male genital tract is protective is current-
ly unknown. However, these data suggest that both
Th and CTL cellular immunity may play a role in pro-
tecting the genital tract from mucosal HIV-1 infection.

Innate defenses. Innate defense mechanisms of
the mucosa include those derived from the host as
well as the local environment, with which epithelial
cells intimately interact134. Upon injury or infection,
epithelial cells respond by communicating with un-
derlying immune cells through the production of cy-
tokines, including chemokines such as IL-8134, and
antimicrobial products which include humoral fac-
tors (lactoferrin, lysozyme, and peroxidase) and
peptides135,136. Major antimicrobial products pro-
duced by epithelial cells include the human β-de-
fensins (hBD) and secretory leukocyte protease in-
hibitor (SLPI)136. These products are secreted by
epithelial cells in the gastrointestinal tract, genitouri-
nary tract, and the oral cavity, mucosal sites where
exposure to HIV-1 occurs. In addition to the antimi-
crobial activity of humoral factors such as lysozyme
and peroxidase, defensins (β-sheet, 30-40 amino
acid peptides) mediate their activity by permeabiliz-
ing microbial cell membranes136. Consequently, de-
fensins are capable of neutralizing a variety of bac-
teria and enveloped viruses136. Alpha defensins,
produced by neutrophils, demonstrate inhibitory
activity against HIV-1-induced cytopathogenicity in
the CD4+ human T-cell line MT-4137. Since defensins
are structurally and functionally similar to peptides

involved in cell-membrane fusion, they may block
viral and cell membrane fusion during virus en-
try137,138. However, the role that hBD from mucosal
epithelia may play in HIV-1 infection/transmission is
currently unknown.  

On the other hand, studies have also demonstrated
that native and recombinant SLPI, a 12 kDa neu-
trophil elastase inhibitor having antibacterial and
anti-inflammatory properties, is capable of inhibiting
HIV-1 infection of adherent monocytes or PBMCs
with laboratory-adapted strains (BaL and IIIB)139, 140.
Evidence suggests that SLPI targets a host cell mol-
ecule rather than the virus itself and that inhibition
occurs prior to reverse transcription141,142. Interest-
ingly, it was recognized relatively early in the AIDS
pandemic that saliva was capable of inhibiting HIV-
1 (LAV) infection of activated PBMCs143. The pres-
ence of SLPI in saliva, along with other anti-HIV-1
factors such as neutralizing antibody, may explain
the general lack of oral transmission of HIV-1 as well
as the ability of saliva to neutralize HIV-1 infectivity
in vitro141. In contrast to saliva, breast milk contains
levels of SLPI below the in vitro HIV-1 inhibitory con-
centration and appears unable to inhibit HIV-1 in-
fection when tested in vitro139,144. Therefore, it has
been proposed that the difference in SLPI levels be-
tween saliva and breast milk may help explain the
apparent lack of HIV-1 transmission by saliva as
compared to the high incidence of postnatal HIV-1
transmission through breast milk145-147. On the other
hand, SLPI levels in colostrum, the milk produced
during the first few days after parturition, are equiva-
l ent to those in saliva and able to inhibit in vitro HIV-
1 infection, thus suggesting protection against
transmission during early breastfeeding144. Howev-
er, a recent study examining HIV-1-infected, breast-
feeding mothers indicated no diff e rence in SLPI levels
in colostrum and milk between transmitting women
and those who did  not transmit HIV-1 to their in-
fants148. These results suggest that the higher levels
of SLPI in colostrum may not necessarily provide
protective antiviral activity and that other factors in
breast milk (amount of free virus, number of HIV-1-
infected cells, and HIV-1-specific humoral and cel-
lular immunity) may ultimately determine the risk of
HIV-1 transmission via breastfeeding148. Although
significant levels of SLPI occur in semen and cervi-
cal secretions, it is presently unknown what role, if
any, this protease inhibitor may play in sexual HIV-1
transmission149,150.

In addition to innate defenses provided by the
epithelium, the bacterial flora and pH of the local
mucosal microenviroment can provide an additional
protective barrier in sites such as the vagina.  Lac-
tobacilli, gram-positive bacteria found in the healthy
vagina, can mediate protection by competing with
pathogens for adherence to common bacterial re-
ceptors on the vaginal epithelium as well as releas-
ing antimicrobial compounds such as lactic acid
and hydrogen peroxide151. By maintaining an acidic
environment (pH 2.8-4.2) as well as production of
hydrogen peroxide, lactobacilli appear to control
the microbial flora of the healthy vagina152. Interest-
ingly, in cases of bacterial vaginosis where the bac-
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terial flora is abnormal, the levels of hydrogen per-
oxide-producing lactobacilli are lower151,152. In fact,
studies indicate that lactobacilli can inhibit bacteria
associated with bacterial vaginosis152. Even further,
the presence of lactobacilli at high concentrations is
viricidal to HIV-1153. At lower lactobacilli levels, the
addition of peroxidase and a halide restores anti-
HIV-1 activity, suggesting that the survival of HIV-1
in the vagina may be influenced by the lactobacilli -
peroxidase - halide system153. In addition, HIV-1 in-
fection is associated with abnormal flora and bacte-
rial vaginosis, suggesting that loss of lactobacilli
and/or the presence of bacterial vaginosis may in-
crease susceptibility to HIV-1 infection154. In fact, a
more recent study in a population of HIV-1-seroneg-
ative sex workers indicated that the absence of
vaginal lactobacilli was associated with an in-
creased risk of acquiring HIV-1 infection155. Alto-
gether these data suggest that treatment of bacter-
ial vaginosis and promotion of vaginal lactobacilli
colonization could potentially reduce the risk of sex-
ual HIV-1 acquisition155.

Summary
The current lack of a preventative vaccine for

HIV-1 not only points to the complex nature of this
virus, given its ability to mutate in response to pres-
sure from the immune system and antiretroviral ther-
apy, but also to a general lack of knowledge of a
most basic process - the interaction of the virion
with the genital mucosa and the subsequent events
of infection. In fact, until recently, much effort was
focused upon the peripheral immune response
against HIV-1 and the ensuing disease course in
HIV-1-infected individuals. However, studies in hu-
mans and nonhuman primates now suggest that
mucosal sites, the intestine in particular, may play a
formative role in pathogenesis. Further, studies in
HEPS women suggest a protective role for both an-
tibodies and CTLs in the genital tract; however, it is
not clear whether systemic and/or mucosal immu-
nization is capable of inducing protective immunity
in individuals who are not “highly exposed”. Conse-
quently, this fact should be considered during vac-
cine development and interpretation of results in
studies with high risk individuals. On the other hand,
the presence of STD pathogens and innate mucos-
al factors such as SLPI may well alter susceptibility
to HIV-1 infection. Only recently have scientists be-
gun to examine these in terms of sexual HIV-1 trans-
mission. Thus, a further understanding of the mech-
anisms underlying mucosal HIV-1 transmission is
important for discovering new methods for preven-
tion. Even with the advent of HAART, infected per-
sons still shed HIV-1 into their mucosal secretions.
Preliminary studies show that successful treatment
of STDs is clearly effective in reducing HIV-1 trans-
mission in areas that have a low HIV-1 prevalence
rate; however, in regions with non-treatable STDs
and high prevalence rates, STD intervention ap-
pears to be ineffective at reducing transmission. In
terms of new therapeutic strategies, the develop-
ment of a microbicide with anti-HIV-1 properties

may be a more feasible and cost-efficient vaccine
alternative. A product which effectively neutralizes
HIV-1 before it crosses the genital epithelium and is
disseminated should, theore t i c a l l y, protect against a
variety of HIV-1 strains. Consequently, a thorough
knowledge of mucosal transmission and how the
host’s immune system responds to infection is criti-
cal for development of effective vaccines and mi-
crobicides capable of halting the spread of HIV-1.
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