
Acting locally: innate mucosal immunity in
resistance to HIV-1 infection in Kenyan commercial
sex workers
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Cohort studiesof female commercial sexworkers (CSWs) inKenyawereamong the first to identify highlyHIV-1-exposed

seronegative (HESN) individuals. As natural resistance is usually mediated by innate immunemechanisms, we focused

on determiningwhether expression and function of innate signaling pathwayswere altered locally in the genital mucosa

of HESN CSWs. Our results demonstrated that selected pattern-recognition receptors (PRRs) were significantly

reduced in expression in cervical mononuclear cells (CMCs) from HESN compared with the new HIV-negative (HIV-N)

and HIV-positive (HIV-P) groups. Although baseline levels of secreted cytokines were reduced in CMCs of HESN, they

were highly stimulated following exposure to ssRNA40 in vitro. Importantly, cervical epithelial cells from HESN also

expressed reduced levels of PRRs, but Toll-like receptor 3 (TLR3) and TLR7 as well as nuclear factor-jB and activator

protein 1 were highly expressed and activated. Lastly, inflammatory cytokines interleukin (IL)-1b, IL-8, and RANTES

(regulated and normal T cell expressed and secreted) were detected at lower levels in cervicovaginal lavage of HESN

comparedwith the HIV-N and HIV-P groups. Overall, our study reveals a local microenvironment of HIV resistance in the

genital mucosa consisting of a finely controlled balance of basal immune quiescence with a focused and potent innate

anti-viral response critical to resistance to sexual transmission of HIV-1.

INTRODUCTION

Cohort studies of commercial sex workers (CSWs) in Nairobi,
Kenya were among the first to identify a subgroup of women
whowere highly exposed toHIV-1 formany years but remained
uninfected.1 Such highly HIV-1-exposed seronegative (HESN)
populations have also been identified among discordant couples,2

intravenous drug users,3 and children born to HIV-infected
mothers.4,5 Studies of HESN individuals have revealed a
number of correlates associated with HIV resistance, including
genetic, viral, immunological, and sociobehavioral factors.
Nevertheless, the precise mechanisms of protection against
HIV in such individuals remain to be determined.

Early studies in HESN CSWs in Nairobi indicated that local
mucosal factors in the cervicovaginal compartment had a key
role in resistance.6,7 Indeed, it was shown that HESN woman
had specific anti-HIV-1 immunoglobulin A in genital washes

compared with HIV-negative (HIV-N). HESN CSWs have also
been shown to have significantly elevated T-cell counts
(CD3þ , CD4þ , and CD8þ ) in the genital tract that
specifically responded to HIV-1 peptides in vitro compared
with either uninfected susceptible CSWs (HIV-N) or infected
women (HIV-positive (HIV-P)).8 Further, chemokine-expressing
patterns and HIV-1 coreceptor levels were altered in HESN
CSWs.8,9 More recently, findings of lower basal T-cell gene
expression and reduced T-cell activation in HESN peripheral
blood mononuclear cells (PBMCs) led to the ‘‘immune
quiescence’’ hypothesis of HIV resistance.10–12 Furthermore,
screening of cervicovaginal lavage (CVL) identified trappin-2/
elafin as biomarkers of resistance in HESN,13 and proteomic
studies identified other antiproteases in HESN CVL.14

Natural resistance to most infections is mediated by the
innate immune system. Pattern-recognition receptors (PRRs)
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have a central role in initiating innate immune activation and
bridging the gap to adaptive immunity. To date, numerous
PRRs have been identified in humans, including Toll-like
receptors (TLRs), retinoic acid-inducible gene-1 (RIG-I)-like
receptors (RLRs), C-type lectin receptors, Nod-like receptors,
and DNA-dependent activator of interferon (IFN)-regulatory
factors, a cytosolic DNA sensor. These receptors are part of
first-line molecules critical to host defense against invading
pathogenic microorganisms and are also potent sensors to be
activated for inflammatory reactions.

In recent years, increasing evidence supports the hypothesis
that immune activation enhances HIV-1 infection and chronic
disease progression15 and that TLR–pathogen interactionsmay
have an indirect role in regulating HIV-associated disease.16 In
addition,HIV itselfmay directly induce immune activation and
dysfunction by stimulating TLR7, thereby contributing to
progressive immunodeficiency.17–19 In a previous study, we
showed that chronic, untreated HIV-1 infection was signifi-
cantly associated with increased mRNA expression of TLR6,
TLR7, and TLR8 in PBMCs, and in advanced disease states
TLR2, TLR3, and TLR4 were additionally elevated.20 Further,
expression of TLR6 and TLR7 was significantly correlated with
plasma HIV-RNA load. Importantly, TLR expression was
normalized following treatment with HAART (highly active
antiretroviral therapy).20 PBMCs of HIV-infected subjects
demonstrated profoundly increased pro-inflammatory
responses to TLR ligands, suggesting sensitization of TLR
signaling inHIV. Therefore, chronic untreatedHIV-1 infection
was associated with increased TLR expression and respon-
siveness, which may perpetuate innate immune activation and
dysfunction.9

Geneticmechanisms, e.g., CCR5D32, do not fully account for
resistance to HIV-1 infection in Kenyan HESN CSWs.13,14

Therefore, HIV-1-specific protective immune responses may
exist that help to explain this phenomenon. Our more recent
observations reveal that HESN CSWs contain significantly
higher amounts of serine antiprotease trappin-2 (Tr) and its
processed form, elafin (E), in CVL fluid, compared withHIV-N
CSWs.21 Analysis of the cytokines in the serum of HESN
women revealed hypo-expression of cytokine interleukin (IL)-4.22

The genital mucosa is a point of vulnerability as well as a
location that is crucial for the success of HIV-1 in transmission
and establishing a persistent infection.23 In this study, we
assessed innate immune PRR expression and responses in
different cellular compartments of the genital mucosa of
Kenyan female HESN compared with HIV-N and HIV-P
CSWs. HESN CSWs were enrolled in our study cohort
following 47 years in commercial sex work. HIV-N CSWs
were newly enrolled seronegative CSWs with o3 years of sex
work. These women were presumed to be susceptible to HIV-1
infection but had a shorter history in sex work. Clearly, we
cannot exclude the possibility that some of the HIV-N may
become HESN with time in sex work. We also utilized historic
specimens from a HESN cohort from 2005. At that time,
women who were engaged in sex work for 43 years were
consideredHESN.We hypothesize that innate immunity in the

local genital microenvironment will display differences
between HESN, HIV-N, and HIV-P CSWs. Overall, we
identified a unique mucosal microenvironment that favors
local HIV resistance in the female genital tract, and this
environment involves immune quiescence with a potent
antiviral response.

RESULTS

Significantly reducedexpressionof selectedPRRs inHESN
cervical mononuclear cells (CMCs)

Initially, we attempted to assess the expression of various PRRs,
including TLRs, and RLRs, including RIG-I, and melanoma-
differentiation-associated gene 5 (Mda-5). CMCs were col-
lected and isolated from the ectocervix and endocervix of the
CSWs, and the purified RNA samples were quantified using
quantitative reverse transcriptase–PCR. ThemRNA expression
of TLR2, RIG-I, and Mda-5 was significantly reduced in CMCs
of theHESNgroup comparedwith theHIV-Ngroup andhighly
significantly reduced expression compared with the HIV-P
group (Figure 1a). Similarly, UNC93B, a protein involved in
intracellular trafficking of TLRs from the endoplasmic
reticulum to endosomes,24 was also expressed at highly
significantly decreased levels in CMCs of HESN compared
with the HIV-N and HIV-P groups. Although no significant
differences between HESN and HIV-N were observed in the
mRNA expression levels of TLR4 and TLR6 and the down-
stream signaling genes Janus-activated kinase 2 (JAK2) and
IFNg, these genes were expressed at significantly lower levels in
HESN compared with HIV-P (Figure 1b). TLR6 and JAK2
were also expressed at significantly reduced levels in HIV-N
compared with the HIV-P group. Overall, these data indicate
that selected PRRs involved in innate sensing and signaling
pathways were significantly reduced in expression in CMCs
from HESN compared with HIV-N and HIV-infected CSWs.

HESN women maintain decreased TLR7 and TLR8
expression in CMCs over time

Although the data shown above was determined using CMCs
collected at one time point, from the 35th resurvey of the CSW
cohort in 2009, CMCs from this cohort had been collected by
our group since 2005. Here, we compared the mRNA
expression of TLR7 and TLR8 in CMCs from 2009
(Figure 2a), as well as historic CMC specimens from 2007
(Figure 2b) and 2005 (Figure 2c). These studies were
conducted separately. In 2005, women were considered
HESN if they were engaged in commercial sex work for
43 years and remained uninfected. At this time, there was a
high prevalence of HIV-1 in the population.1 Whereas in 2007
and 2009, women engaged in sex work for 47 years without
infection were considered HESN. The definition of HIV-N
remained the same,o3 years in CSW while remaining HIV-1
seronegative. Data from 2005 and 2007 assessments showed
significantly or a trend of reduced expression of TLR7 and
TLR8 in CMCs of HESN compared with the HIV-N or HIV-P
group (Figure 2b,c). Results (Figure 2a) from2009 showed that
TLR8 was expressed at significantly reduced levels compared
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with HIV-N and HIV-P, but expression of TLR7 was not
significantly different. Overall, expression of TLR7 andTLR8 in
the various groups maintained similar patterns over a number
of years of assessment. These results support a previous finding
that HIV replication requires TLR8-mediated signaling in
dendritic cells.25

In downstream signaling pathways, IL-6 mRNA expression
levels in CMCs sampled in 2005 were also significantly reduced
in HESN compared with HIV-P (Supplementary Figure S1
online). Our finding of lower inflammatory IL-6 may be

associated with lower levels of PRR expression and reflect
reduced innate immune activation of genital CMCs fromHESN
CSWs. Indeed, functional studies of adaptive immune
responses and genomic studies of the HESN CSWs have
been reported to display an ‘‘immune quiescent’’ state.11,26

Significantly increased response of CMCs from HESN
CSWs to stimulation with HIV-1 ssRNA

Observing markedly reduced expression of numerous PRRs in
CMCs of HESN, we sought to determine whether these CMCs

Figure 1 Significantly reduced expression of selected pattern-recognition receptors in cervical mononuclear cells of HIV-1-exposed seronegative
(HESN). (a) HESN samples had significantly decreased mRNA expression of Toll-like receptor 2 (TLR2), UNC93B, retinoic acid-inducible gene-1
(RIG-I), and melanoma-differentiation-associated gene 5 (Mda-5) compared with HIV-negative (HIV-N), and very significantly decreased levels
compared with HIV-positive (HIV-P). (b) Significantly decreased mRNA expression of TLR4, TLR6, TLR8, interferon-g (IFNg), and Janus-activated
kinase 2 (JAK2) were demonstrated in HESN vs. HIV-P. Relative expression was determined by normalizing detection quantity with 18S rRNA.
Significantly statistic P-values o0.05 are shown in the plots.
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were dysfunctional and to compare the responsiveness of these
cells with pathogen stimulation. CMCs are a group of immune
cells, including mucosal macrophages, T cells, NK cells, B cells,
and dendritic cells. We evaluated the overall cytokine
production of these cells by culturing isolated CMCs and
treating with TLR4 ligand, lipopolysaccharide (LPS), or TLR7/8
ligand, ssRNA40, or TLR7-specific ligand, imiquimod, using
multiplex cytometric bead arrays. Of the six cytokines assessed,
including IL-2, IL-4, IL-6, IL-10, TNF-a, and IFNg, only the
levels of TNF-a and IL-10 in culture supernatants were
significantly different. The basal levels of TNF-a and IL-10
secreted by CMC in vitro were significantly lower in HESN
compared with the HIV-N group (Figure 3). By contrast,
production of both cytokines was significantly elevated in
HESN compared with both the HIV-N and HIV-P groups
following exposure of CMCs to ssRNA40 (Figure 3). However,
production of the cytokines by CMCs in the presence of LPS
and imiquimod was detected to similar extent among all the
groups. The lower basal levels of cytokine production in CMCs

of HESN women provide additional evidence supporting the
concept that a lower state of immune activation or quiescent
phenotype of immune cells may be linked with preventing
inflammation locally in genital mucosa and protection of this
group of women against HIV infection. Notably, though, once
in the presence of ssRNA40, a uridine-rich ssRNA that is
analogous toHIV-1 ssRNA,CMCs ofHESNactively responded
to TLR7 and TLR8 stimulation by producing a greater amount
of both pro- and anti-inflammatory cytokines.

Significantly reduced levels of indoleamine-2,3-
dioxygenase 1 (IDO1) in CMCs of HESN compared with
HIV-infected CSWs

The products of IDO, tryptophan catabolites including
kynurenines, can induce the generation of FoxP3þ regulatory
T cells and inhibit T helper type 17 (Th17) generation.27 More
recent studies28 have shown that progressive HIV disease was
associated with loss of Th17 cells and an increase in
immunosuppressive regulatory T cells in blood and gut

Figure 2 Reduced expression of Toll-like receptor 7 (TLR7) and TLR8 in cervical mononuclear cells (CMCs) of HIV-1-exposed seronegative
(HESN) commercial sex workers (CSWs) collected in different years. (a) Relative levels of gene expression to 18S rRNA were measured in
current CMC samples from year 2009. CSWs were considered HESN if they had been in sex work for 47 years. (b) CMC samples were from
year 2005 and women in sex work for43 years were considered HESN. Relative expression was normalized to 18S rRNA. (c) Data were from CMC
samples collected in year 2007. CSWs who remained uninfected for 47 years were considered HESN. Relative expression was normalized to L32.
P-values with less or around 0.05 are shown in the plots. HIV-N, HIV-negative; HIV-P, HIV-positive.
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mucosa, and this was associated with induction of IDO1.
Chronic stimulation of IDO1 in HIV infection would lead to
increased activation of the tryptophan oxidation pathway,
disrupted mucosal integrity with increased microbial translo-
cation, and chronic inflammation. Indeed in contrast to
pathogenic simian immunodeficiency virus (SIV) infection,
IDO1 activity returned to baseline levels in non-pathogenic SIV
infection.29 In support of these findings, our data confirmed
significantly higher levels of IDO1 expressed in genital CMCs of
HIV-P. Importantly, IDO1 expression was significantly
reduced in CMCs of HESN CSWs (Figure 4), which might
reflect more stable genital mucosa.

Cervical epithelial cells (CECs) from HESN express
significantly higher levels of TLR3 and TLR7

Next we isolated CECs from the CSWs and compared the
mRNA expression levels of various PRRs in the three groups of
women. As shown in Figure 5a, mRNA expression levels of
TLR2, TLR4, and UNC93B were significantly decreased in
CECs of HESN compared with both the HIV-N and HIV-P
groups. Mda-5 also showed significantly reduced expression in
CECs of HESN compared with HIV-P. TLR6 and RIG-I
expression in HESN CECs showed a trend of lower mRNA
levels compared with the other two groups. The reduced
expression of most PRRs in CECs was similar to the expression
pattern previously observed in CMCs from HESN. Importantly,
expressionofTLR3andTLR7were remarkably enhanced inCECs
from HESN compared with HIV-P, as well as a trend of higher
levels in HESN vs. HIV-N (TLR3: P¼ 0.0643, TLR7: P¼ 0.0868),
although quantitative values varied widely among the samples
(Figure 5a). Though not significant, TLR8 in CECs displayed a
similar expression pattern to TLR3 and TLR7. Correlation
analysis showed that TLR3 levels correlated very strongly to

TLR7 levels in all the three groups (Figure 5b), while TLR7
expression levels also significantly correlated to TLR8 in the
HESN and HIV-P groups (Figure 5b). These results
demonstrate that intracellularly located endosomal PRRs,
TLR3, TLR7, and TLR8, specific for sensing dsRNA or
ssRNA, were highly expressed in CECs, the first line of
mucosal defense in the genital tract, and may be key factors in
local resistance to infection in HESN CSWs.

Nuclear factor (NF)-jB and activator protein 1 (AP-1) are
highly expressed and activated in CECs from HESN, while
ISG15 is markedly reduced in expression

As PRRs converge on a few downstream transcription factors
that serve as molecular hubs to connect multiple signaling
pathways in different cells, we next attempted to examinewhich

Figure 3 Reduced basal expression of cytokines and significantly increased responses to ssRNA40 by HIV-1-exposed seronegative (HESN)
cervical mononuclear cells (CMCs) in vitro. Tumor necrosis factor (TNF)-a and interleukin (IL)-10 were measured in the supernatants of cultured
CMCs. Cytokine concentration in CMCs treated with Toll-like receptor ligands, lipopolysaccharide (LPS), ssRNA40, and imiquimod were normalized
to untreated CMCs. Concentrations of TNF-a and IL-10 (pgml� 1) were plotted in the untreated samples, and cytokine fold changes were plotted
in the ligand-treated samples. *Po0.05. HIV-N, HIV-negative; HIV-P, HIV-positive.

Figure 4 Significantly increased indoleamine-2,3-dioxygenase 1 (IDO1)
expression in cervical mononuclear cells (CMCs) of HIV-P compared with
HIV-1-exposed seronegative (HESN) and HIV-negative (HIV-N) groups.
Relative expression of IDO1 was determined in CMCs from the three
groups and normalized to 18S rRNA with quantitative reverse
transcriptase–PCR. Significant P-values (o0.05) are indicated on the
plot. HIV-P, HIV-positive.
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transcription factors were involved and activated. Expression
levels of NF-kB subunits p65 and phosphorylated inhibitor
kBa (IkBa), AP-1 subunit c-Jun, and its active form,
phosphorylated c-Jun, were detected in CECs using western
blot. As shown in Figure 6a, the normalized quantity of

p65 was greatly increased in CECs from the HESN group
compared with the other two groups. Phosphorylation of
another subunit of NF-kB, IkBa, demonstrated higher
levels in HESN and HIV-P compared with HIV-N, in
which phosphorylation of serine 32/36 is a strong marker of

Figure 5 Differential expression and correlation of selected pattern-recognition receptors in cervical epithelial cells (CECs). (a) Toll-like
receptor 2 (TLR2), TLR3, TLR6, TLR7, TLR8, UNC93B, retinoic acid-inducible gene-1 (RIG-I) and melanoma-differentiation-associated gene 5
(Mda-5) were measured with quantitative reverse transcriptase–PCR and relative quantity was normalized to 18S rRNA. Po0.05 is shown.
(b) TLR3 expression positively correlated with TLR7 and TLR8 from HIV-1-exposed seronegative (HESN), HIV-negative (HIV-N), and HIV-positive
(HIV-P) CECs. Expression of TLR7 and TLR8 was positively correlated in the HESN and HIV-P groups. Spearman r and P-values are shown in
the plots.
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NF-kB activation.30–32 c-Jun was also highly expressed in
HESN and HIV-P compared with HIV-N, and active c-Jun
showed the same patterns. Enhanced expression and activation
of both NF-kB and AP-1 might be relative to highly expressed
TLR3 and TLR7 in HESN CECs. Figure 6b showed no obvious
change of interferon regulatory factor 3 (IRF3) protein levels in
CECs among the three groups, but ISG15, one of the IRF3-
regulated genes, was expressed at markedly lower levels in
HESN compared with the HIV-N and HIV-P groups
(Figure 6c).

Inflammatory cytokine concentrations are reduced in CVL
from HESN

Inflammatory cytokines IL-1b, IL8, RANTES (regulated and
normal T cell expressed and secreted; i.e., C-Cmotif chemokine
ligand 5 (CCL5)), and TNF-a were measured in CVL from all
CSWs. Despite repeated attempts, TNF-a was too low to be
detected. However, other inflammatory cytokines IL-1b, IL-8,
and RANTES were all detectable and indicated lower levels in
CVL of HESN compared with the HIV-N and HIV-P groups
(Figure 7). The lower levels of these inflammatory cytokines in

Figure 6 Increased expression and activation of transcription factors nuclear factor (NF)-kB and activator protein 1 (AP-1) in HIV-1-exposed
seronegative (HESN) and HIV-positive (HIV-P) cervical epithelial cells. (a) Proteins NF-kB p65 and phosphorylated inhibitor kBa (IkBa), AP-1
components c-Jun and phosphorylated c-Jun from cervical mononuclear cells were detected with SDS-10% PAGE (sodium dodecyl sulfate-10%
polyacrylamide gel electrophoresis) western blotting (WB). b-Actin protein was used as loading control. Optical densitometry of selected bands were
normalized relative to b-actin and plotted. (b) Interferon regulatory factor 3 (IRF3) protein bands and relative quantity to �-actin were shown with WB.
Optical densitometry of IRF-3 bands were normalized relative to b-actin and indicated no significant difference between the groups. (c) Relative
expression of IRF3-regulated gene, ISG15, was measured in HESN using quantitative reverse transcriptase–PCR. HESN expressed significantly lower
levels of ISG15 compared with the HIV-negative (HIV-N) and HIV-P groups. P-values o0.05 are shown in the plots.

Figure 7 Reduced proinflammatory cytokines in cervicovaginal lavage (CVL) of HIV-resistant (HIV-R) commercial sex workers. Cytokines
interleukin (IL)-1b, IL-8 and RANTES (regulated and normal T cell expressed and secreted) were measured in CVL with enzyme-linked immunosorbent
assay. RANTES was significantly reduced in HIV-R compared with the HIV-negative (HIV-N) and HIV-positive (HIV-P) groups, while IL-1b and
IL-8 were slightly reduced in CVL from HIV-1-exposed seronegative (HESN). *Po0.05 and trend P-values o0.2 are shown in the plots.
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CVL of HESN CSWs may serve to maintain genital mucosa
integrity by protecting against inflammation, maintaining tight
junctions and HIV-1 invasion.

DISCUSSION

Given that natural resistance to infection is primarily mediated
by innate immune mechanisms and numerous studies
suggesting that HESN women have novel immune responses
in the cervicovaginal compartment associated with protection,
the main objective of this study was to determine whether
expression and function of innate sensing and signaling
pathways were altered locally in the genital mucosa of
HIV-1-resistant women in a well-characterized cohort of
Kenyan CSWs. Our results demonstrate that CMCs and CECs
isolated from HESN differentially expressed innate PRRs
compared with HIV-1 positive and/or new negative susceptible
CSWs. Notably, expression of numerous PRRs were signifi-
cantly reduced in CMCs of HESN compared with HIV-P and/
or HIV-N. Importantly, TLR7 exhibited reduced expression
over multiple years of assessment, despite more stringent
criteria defining HIV-R over the years. These results are
consistent with genomic analysis of blood and lymph nodes
from naturally SIV-infected non-human primates (NHPs),
namely sooty mangabeys, during chronic infection, which
displayed significantly lower levels of innate immune

activation, including PRRs RIG-I and Mda-5, compared with
pathogenic SIV infection of rhesus macaques.33 Additionally, a
more recent report of decreased immune activation determined
by microarray analysis of gene expression signature patterns in
whole blood of the same HESN cohort was demonstrated.12

UNC93B is essential for TLR3, TLR7, TLR8, and TLR9
signaling and function, as it is required for intracellular
trafficking from the endoplasmic reticulum to endolysosomes
in both mice and humans.24 Interestingly, significantly lower
levels of UNC93B in CMCs of HESN women may effectively
limit amounts of these TLRs in endosomes to, in turn,minimize
signaling-induced cellular activation.

The established phenomenon of low levels of immune
activation during the chronic phase of infection with high virus
replication without progression to AIDS-like illness has been
highlighted in recent years in SIV-infected natural hosts.34,35 A
number of investigators have demonstrated that natural NHP
hosts of SIV lack aberrant immune activation by at least five
mechanisms,36 including: (1) Nef-mediated CD3 downmodu-
lation to block the activation and apoptosis of infected T cells;
(2) maintenance of intact mucosal barrier to prevent microbial
translocation thereby reducing immune activation; (3) effective
regulatory T-cell responses for anti-inflammation; (4) differ-
ential signaling and type I IFN production to avoid deleterious
effects on T-cell function; and (5) reduced levels of CCR5

Figure 8 Proposed model and summary of factors contributing to local mucosal resistance to HIV-1 infection. Mucosa of the female genital tract
consist of the lumen, epithelial cell layer, and lamina propria in which the main cells types include epithelial (cervical epithelial cells) and various
mononuclear cells (cervical mononuclear cells (CMCs)), including T cells, B cells, macrophages, and dendritic cells. The genital mucosa is bathed in
cervicovaginal lavage (CVL). Selected innate signaling proteins were downregulated in HIV-1-exposed seronegative (HESN) CMCs (black down
arrow), generating low levels of cytokines to maintain quiescent innate immunity (blue arrows and rectangle). However, Toll-like receptor 7
(TLR7) and/or TLR8 were significantly stimulated by HIV-1 ssRNA, producing higher levels of cytokines to promote immune defense in HESN
CMCs (pink arrows and rectangle). In light of our findings, we propose that the mucosal epithelium (light blue cells) limit HIV entry and infection by
activation of endosomal nucleic acid–sensing TLRs (black up arrow) and innate transcription regulators, while other innate receptors are downregulated
to reduce innate immune activation/inflammation (black down arrow). Total secreted proinflammatory cytokines in CVL are maintained at low
levels (black down arrow), while innate defense and antiprotease factors, including trappin-2/elafin, are highly secreted in CVL, participating in pathogen
defense. Thus, a delicate balance in the local innate genital mucosal microenvironment of HESN women serves to maintain an immune quiescent state
reducing inflammation and immune activation (blue arrow and rectangle), while enhanced expression of endosomal TLRs provide rapid
and potent activation of anti-viral defense (pink arrows and rectangle) in the HESN epithelium. AP-1, activator protein 1; IDO, indoleamine-2,
3-dioxygenase; IFN, interferon; IL, interleukin; Mda-5, melanoma-differentiation-associated gene 5; NF, nuclear factor; PRR, pattern-recognition
receptor; RANTES, regulated and normal T cell expressed and secreted; RIG-I, retinoic acid-inducible gene-1; TNF, tumor necrosis factor.
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expression on CD4þ T cells. Natural NHP hosts for SIV seem
to rely less on adaptive immune responses to control disease
progression; however, they actively employ regulatorymechan-
isms to abort sustained immune activation due to associated
detrimental effects.37 Thus, a key to lack of pathogenesis
in naturally infected NHPs or resistance to infection appears to
be related to decreased or controlled immune activation, which
is consistent with the immune quiescence theory in HESN
CSWs.

Our current evidence that unstimulated HESN CMCs
expressed low levels of PRRs and reduced pro-inflammatory
and anti-inflammatory cytokines in vitro is in sharp contrast
with the significant response following in vitro stimulationwith
TLR7/TLR8 ligands. Maintenance of innate immune quies-
cence, especially in the genital tract, may be critically important
for control of excessive immune activation and inflammation
that would increase susceptibility to HIV-1 infection.

This evidence supports the currently accepted idea that
immune activation is primarily disadvantageous to the host and
a major driving force of HIV infection and pathogenesis.38 In
addition, we determined that PRR-mediated signaling path-
ways are less activated in local immune cells in the genital
mucosa of HESN CSWs, which potentially limits triggering
activation of CD4þ T cells, macrophages, and dendritic cells
and, in turn, suppressing mucosal inflammation that enhances
the risk of HIV transmission. Moreover, these cells have a
greater capacity to highly functionally respond upon stimula-
tion with viral ssRNA40. Our findings are partially consistent
with a report that PBMCs fromHESN individuals from another
cohort showed significantly increased production of IL-6,
TNF-a, and IFNg following in vitro treatment with LPS and
ssRNA40.39 In chronic HIV-1-infected patients immune
activation occurs and concurrently drives the recruitment of
new CD4þ T-cell targets for viral replication and elicits an
immunosuppressive Treg response that blunts host defense
against ongoing mucosal infection.23

Genital mucosal epithelium is a major portal of entry for
HIV-1 sexual transmission. CECs provide a mechanical,
chemical, and biological barrier to HIV-1 infection40 and
are exposed to infectious and non-infectious HIV-1.41 Here we
report for the first time altered PRR expression patterns in
human CECs from the three groups of CSWs. Similar to the
observation in CMCs, CECs from HESN CSWs expressed
significantly reduced levels of TLR2, TLR4,UNC93B, andMda-
5 compared with HIV-P. However, unlike CMCs, CECs of
HESN expressed significantly increased levels of TLR3 and
TLR7 compared with the HIV-N and HIV-P groups.
Furthermore, TLR3 and TLR7, which sense endolysosome
dsRNA and ssRNA, were highly expressed in CECs of HESN in
a correlative manner. This may reflect a mechanism of focused
antiviral innate responses in genital ECs of HESN that is one of
the keys to their protection against HIV. Previous reports
showed that following HIV exposure in seronegative indivi-
duals, TLR7/8 engagement in blood induced enhanced innate
and adaptive immune responses through robust release of
immunological factors, which in turn interfere with HIV

replication before viral integration.8 By contrast, two other
dsRNA sensors, RIG-I and Mda-5, displayed reduced expres-
sion in CECs of HESN compared with HIV-P. The observation
that expression ofUNC93Bwas significantly decreased inCECs
of HESN appears contradictory when comparing the increased
expression levels of TLR3 and TLR7 in this group. This result
may indicate that low amounts of UNC93B are sufficient to
transport and initiate endosomal TLRs for signaling. Alter-
natively, it is possible that frequent exposure to HIV through
sex work maintains elevated levels of these anti-virus-sensing
TLRs in endosomal compartments, which depletes the
endogenous levels of UNC93B in CECs. Indeed, it has been
shown that HESN CSWs who take a break from sex work
occasionally get infected following a return to sex work.42,43

These findings also raise the question whether continued
exposure maintains altered levels of expression of innate PRRs
in HESN or whether this innate phenotype is genetically
determined.

Activation of innate immunity is a double-edged sword, as
triggering of key transcription factors is an important step in
PRR signaling cascade pathways and NF-kB is required for
HIV-1 gene expression via binding of the viral LTR.44,45

Therefore, it is not surprising that we observed activatedNF-kB
in CECs of HIV-P. Additionally, protein expression levels and
activation of AP-1 exhibited the same pattern as NF-kB. Our
finding is consistent with reports of activation of NF-kB and
AP-1 in CD4þ T cells and U937 cells by viral Tat and Nef.46–48

Importantly, though, expression and activation of NF-kB and
AP-1 were also strongly increased in CECs of HESN compared
with HIV-N. This may be due to higher levels of TLR3 and
TLR7 in CECs of HESN. We speculate that the genital
epithelium of HESN possesses innate mechanisms to eliminate
invading HIV-1 before it can establish infectious replication.
Highly expressed TLR3, TLR7, and downstream NF-kB and
AP-1 might be critically involved in innate antiviral responses
in CECs of HESN.

In general, IRF3 is constitutively expressed, thusmaintaining
a constant level in the cytoplasm of cells. Strength and duration
of IRF3 activity is regulated by post-translational modification,
including phosphorylation, ubiquitination, ISGalytion, and
S-glutathionylation.47 ISGalytion of IRF3 with ISG15 can
stabilize the activated form of IRF3 and thereby enhance host
innate antiviral responses.49 In our studies, IRF3 protein levels
were observed to similar extents among the three groups, butwe
did not attempt to distinguish the forms of IRF3 here.
Interestingly, one of the genes downstream of IRF3, expression
of ISG15, was significantly decreased in HESN compared with
the HIV-N and HIV-P groups. By contrast, HIV-P expressed
elevated ISG15 which agrees with previous literature that
indicated activated IRF3 in human monocytes treated with
myristoylated recombinant HIV-1 Nef.50 However, the
decreased expression of ISG15 most likely implies that IRF3
is not as active in HESN as in HIV-P CECs.

A recent study21 has shown that exposure of primary human
genital epithelial cells in vitro to HIV gp120 altered tight
junctions permitting virus to penetrate into the tissue. More
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recently, we demonstrated significantly increased HIV infec-
tion and integration, as well as increased proinflammatory
cytokine production in cells expressing TLR2 (Henrick et al.,
submitted). Thus, lower expression of TLR2 in HESN CECs
may provide a mechanism for decreased activation as well as
reduced recruitment of HIV-susceptible cells.

Overall, our study reveals a local microenvironment of HIV
resistance in the genital mucosa of HESN CSWs. This
environment is characterized by significant differences in
innate immune sensing and responsiveness locally in the genital
mucosa of Kenyan HESN CSWs. Indeed, these women have
multiple layers of innate defense against HIV in their genital
tracts. Thus, there are barriers to HIV infection in the CVL, as
well as at the level of genital ECs and mononuclear cells. In
Figure 8, we have attempted to provide an overview and
proposed model for local resistance to HIV-1 infection in the
female genital mucosa reflecting the local resistant mucosal
microenvironment. Our data indicate that expression of a
number of PRRs was significantly reduced in CMCs of HESN
women and basal cytokine secretion fromHESNCMCs in vitro
was significantly lower, yet greatly stimulated in the presence of
ssRNA40. The same set of PRRs expressed at reduced levels in
CMCs were expressed at low levels in CECs of HESN, but
endosomal TLR3, TLR7, and TLR8 were expressed at
correlatively and markedly elevated levels in HESN CECs,
which may be a key contributor to resistance. Further, our
results demonstrated that downstream transcription factors,
NF-kB and AP-1, were strongly enhanced in both protein
expression and activation in HESN CECs compared with HIV-
N. Finally, inflammatory cytokines, IL-1b, IL-8, and RANTES,
were expressed at lower levels in CVL of HESN. Our data
partially supports the ‘‘immune quiescence’’ theory but extends
to show heightened anti-HIV-specific responses in genital ECs
and CMCs of HESN CSWs. Thus, endosomal viral RNA
sensors in HESN genital epithelia and CMCs responded
strongly when alerted to defense against HIV-1, while other
PRRs maintained low expression, restricting mucosal
inflammation, resulting in immune quiescence with a
potent anti-viral knock-out punch. It still remains to be
determined how expression of PRRs is differentially regulated
in the epithelia of HESN. For example, whether these
alterations are genetic or sustained by exposure to HIV-1
through sex work. Further understanding of the precise
mechanisms of local PRR signaling and innate immunity in
the genital mucosa of HESN individuals may provide clues for
the development of novel prophylactic strategies to protect
against sexual transmission of HIV-1 and inform HIV vaccine
development.

METHODS

Ethics statement. This study was guided by the Helsinki Declaration
on ethical principles for medical research involving human subjects.
All studies were approved by University of Nairobi/Kenyatta National
Hospital Ethical Review Board and the University of Manitoba Health
Research Ethics Board. All patients providedwritten informed consent
for collection of samples and subsequent analysis.

Human subjects. The women included in this study were comprised
of CSWs who voluntarily enrolled themselves into the Pumwani Sex
Worker cohort, as described elsewhere,1 and completed their 6-month
re-evaluation between 26 June and 31 July, 2009. This observational
cohort was established in 1985. The women enrolled in this cohort
were re-evaluated for both sexual behavior as well as HIV
seropositivity. During these re-evaluations, women were asked to
complete a voluntary questionnaire regarding their duration in sex
work, condom use, and number of sex clients per day. Despite
behavioral counseling and condom promotion, it was estimated that
these women have a yearly minimum of 64 unprotected sexual
exposures.51 Additionally, women completed a physical examination
in which endocervical swabs and blood were collected for testing.
Additionally, a recent report from the same cohort indicated that no
significant differences were reported for condom use, sexually
transmitted infection, or demographic variables (including age and
menopause) between HESN and negative controls from the same
area.52

Participants from the Pumwani CSWs cohort were enrolled in the
June–August resurvey of 2009 for this study. Participants were divided
into three groups: HESN, HIV-N, and HIV-P, based on their HIV
seroconversion status at the time of collection and the years of
commercial sex work as described in detail previously.20 Although 64
participants were initially enrolled, only 52 subjects had adequate
yields of RNA valid for testing gene expression in CMCs and/or CECs.
In this study, there were 43 CMC samples (HESN 11; HIV-N 16;
HIV-P 16) and 44 CEC samples (12 HESN, 16 HIV-N, and 16 HIV-P)
evaluated.

Isolation of mucosal samples. The following genital tract specimens
were collected:

1. CVL was collected by flushing the ectocervix with 2ml of sterile
phosphate-buffered saline (PBS) and collecting fluid from the
posterior fornix region. Samples were kept cool for transport and
frozen at � 80 1C after removal of cellular fraction.

2. CMC: First the cervix was scraped to remove freshly sloughed off
cells and placed in 10ml PBS in a Facol tube. Next, the endocervical
cytobrush was inserted into the endocervical os, rotated 3601,
immediately placed into 1mLPBS, and added to the same tube. The
samples were then briefly vortexed for 20–30 s to loosen the cells
and 10ml of RPMI was added. Later, cells were separated using a
Ficoll gradient in which cells that remained suspended on the
gradient were considered CMCs, while pelleted cells were
consideredCECs. CMCswere resuspended in 1mLRPMI, counted,
and separated for use in cell culture assays or mRNA analysis after
TRIzol treatment.

3. CECs: Following Ficoll gradient separation, CECs were washed
with 12ml of cold PBS and centrifuged at 1,700 r.p.m. for 10min
and dissolved in 0.8ml of TRIzol. Purity of CECs were assessed by
measuring T- and B-cell markers, CD3 and CD19, respectively. A
ribosomal protein gene, L32, was used to normalize quantification.
PBMC and a vaginal epithelial cell line, VK2, were used as positive
and negative controls for cellular contamination, respectively.
Based on these comparisons, we estimate approximately 90% of the
cells in the preparation are CECs.

Qunatitative reverse transcriptase–PCR. RNA extraction and
quantitative reverse transcriptase–PCR are described previously.
Briefly, total RNA was extracted from the CMC and CE samples in
TRIzol as per the manufacturer’s instructions (Invitrogen, Burlington,
ON, Canada), followed by DNA-free treatment (Ambion, Burlington,
ON, Canada). In all, 0.5 mg RNA was converted into cDNA with
Superscript reverse transcriptase III (Invitrogen) in 40 ml of reaction
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mixture. Real-time quantitative PCR was performed in 25 ml volume
containing 6 ng cDNA with TaqMan or SYBR Green (Applied
Biosystems, Burlington, ON, Canada). 18S rRNA was quantified and
used for normalizing all of gene expression quantity. The oligoun-
cleotide primers and probes labeled with 6FAM at 50-end and a non-
florescent quencher at 30-end are listed in Supplementary Table S1
online. PCRwas runwith the standard program: at 95 1C for 10min, 40
times of cycling at 95 1C for 15 s, and at 60 1C for 1min in duplicate in a
96-well plate with a Sequencing Detection System 7900HT (Applied
Systems, Burlington, ON, Canada).

In vitro stimulation of CMCs and response to pathogen-associated

molecular patterns. Freshly isolated CMCs were suspended in HyQ
RPMI 1640 (Invitrogen), 0.5% penicillin and amphotericin B, and 10%
fetal bovine serum (Invitrogen) and then incubated in a 96-well
round-bottomed culture plate (105 CMCs per 200 ul per well) at 5%
CO2 at 37 1C. TLR agonists were added to the CMC cell suspensions as
follows: 0.01 mgml� 1 LPS (Invivogen, Cedarlane, Burlington, ON,
Canada), 1mM ssRNA40/LyoVec40 (Invivogen), 1mM imiquimod
(Invivogen), or untreated complete RPMI 1640 media, and cultured
overnight. The harvested supernatants were assayed for cytokines
(IL-2, IL-4, IL-6, IL-10, TNF-a, and IFNg) using cytometric bead array
(BD Biosystems, Mississauga, ON, Canada) on a FACScan flow cyto-
meter (BD,Mississauga, ON, Canada), and the analysis was completed
using BD CBA Software (BD Biosciences, Mississauga, ON, Canada).

Western blot. Protein isolation was completed after RNA extraction
from TRIzol-stored CEC, as per the manufacturer’s instruction
(Invitrogen). Protein was dissolved in 1% sodium dodecyl sulfate
(SDS) and quantified with dendritic cell Protein Assay (Bio-Rad,
Mississauga, ON, Canada). In all, 10mg protein samples were loaded
on SDS-PAGE (polyacrylamide gel electrophoresis) and transferred to
PVDFmembrane. Themembranes were individually boundwith anti-
p65 (Santa Cruz, Santa Cruz, CA), IRF3 (IBL, Takasakishi, Gunma,
Japan), pho IkBa, c-Jun, pho c-Jun, and b-actin (Cell Signaling, New
England Biolabs Ltd., Whitby, ON, Canada) primary antibodies.
Secondary antibodies included anti-rabbit immunoglobulin G-HRP
(Bio-Rad) or anti-mouse immunoglobulin G–horseradish peroxidase
(Santa Cruz).Membranes were developedwith Super SignalWest Pico
or Femto Chemiluminescent Substrates (Thermo, Burlington, ON,
Canada) and exposed to CL-X films. Protein band density was
quantified by scanning and analyzed with ImageJ (http://imagej.en.
softonic.com).

Enzyme-linked immunosorbent assay. Cytokine levels, including
IL-1b, IL-8, and RANTES (CCL5), were determined using
DouSet ELISA as per the manufacturer’s instructions (R&D,
Minneapolis, MN).

Statistics. All data were analyzed with Mann–Whitney t-test between
the two groups, and two-tailed P-values were calculated using the
GraphPad Prism, version 4 (San Diego, CA).

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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