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Abstract

HIV susceptibility is heterogeneous, with some HIV-exposed but seronegative (HESN)
individuals remaining uninfected despite repeated exposure. Previous studies in the cervix have
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shown that reduced HIV susceptibility may be mediated by immune alterations in the genital
mucosa. However, immune correlates of HIVV-exposure without infection have not been
investigated in the foreskin. We collected sub-preputial swabs and foreskin tissue from HESN
(n=20) and unexposed control (n=57) men undergoing elective circumcision. Swabs were assayed
for HIV-neutralizing IgA, innate antimicrobial peptides, and cytokine levels. Functional T cell
subsets from foreskin tissue were assessed by flow cytometry. HESN foreskins had elevated a-
defensins (3027 vs. 1795 pg/ml, p=0.011) and HIV-neutralizing IgA (50.0 vs. 13.5% of men,
p=0.019). Foreskin tissue from HESN men contained a higher density of CD3 T cells (151.9 vs.
69.9 cellssmm?, p=0.018), but a lower proportion of these were Th17 cells (6.12 vs. 8.04% of CD4
T cells, p=0.007), and fewer produced TNFa (34.3 vs. 41.8% of CD4 T cells, p=0.037; 36.9 vs.
45.7% of CD8 T cells, p=0.004). A decrease in the relative abundance of susceptible CD4 T cells
and local TNFa production, in combination with HIV-neutralizing 1gA and a-defensins, may
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represent a protective immune milieu at a site of HIV exposure.

INTRODUCTION

HIV-1 (HIV) is primarily transmitted through unprotected sex. Despite the high global
prevalence of HIV, transmission of the virus during insertive vaginal sex is both relatively
inefficient and heterogeneous, with the estimated per-contact risk of female-to-male
transmission ranging from 1/200 to 1/2000%. To rationally design new tools to prevent HIV
transmission we need to understand the mucosal determinants of transmission. Individuals
who are regularly HIV exposed but seronegative (HESN) may provide important insights
into the mucosal immune correlates of resistance to HIV infection.

A number of previous studies have examined these immune parameters in HESN individuals
exposed to HIV through sero-discordant sexual relationships or commercial sex work
(CSW). Mucosal secretions (cervical and salivary) from HESN individuals contain higher
levels of several antimicrobial peptides and C-C chemokines that have been shown to have
antiviral or HIV-neutralizing capacity in vitro. Upregulated antimicrobial proteins include
the cathelicidin LL-3723, a-defensins (human neutrophil peptides 1-3, HNP1-3)23, p-
defensins (hBD2) 45, protease inhibitors®—8 (SLPI and trappin-2/elafin), and interferon-a
(IFNa)®. Upregulated C-C chemokines include macrophage inflammatory protein-1a
(MIP-1a)10, monocyte chemoattractant protein-1 (MCP-1)10, and regulated upon activation
normal T cell expressed and secreted (RANTES)®11, Furthermore, cervico-vaginal
secretions and saliva from HESN individuals may contain HIV-neutralizing 1gA1213, which
was associated with a reduced risk of HIV acquisition in a prospective study!#.

These data suggest that higher mucosal levels of certain innate/adaptive immune molecules
may provide protection against HIV acquisition. However, some mucosal immune factors
that neutralize HIV in vitro also activate or recruit HIV target cells, thereby negating any
protective neutralizing effect of the peptide, or even increasing HIV susceptibility in vivo, as
appears to be the case for LL-37 and a-defensins®1516, Indeed, there is evidence to suggest
that reduced immune activation at the site of HIV exposure may correlate with resistance to
infection. Cervical secretions from HESN women in Nairobi contain lower levels of C-X-C
chemokines and the pro-inflammatory cytokine IL-1a as compared to new (non-HESN)
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CSWs®. Furthermore, T cells from the blood and genital tract of HESN women have
increased regulatory T cells (Tregs)!7:18, lower CD4 T cell expression of the activation
markers HLA-DR19:20 and CD3820:21 and reduced production of the inflammatory
cytokines IL-17, IL-22, IL-1f, IL-6 and TNFa 2223, Taken together, these studies suggest
that relative resistance to HIV infection may require a delicate balance between the levels of
antimicrobial peptides in genital secretions and of activated/highly susceptible target cells
the mucosa.

Randomized trials of male circumcision have demonstrated that the foreskin is the main site
of HIV acquisition in heterosexual men24-26 underlining the need to better characterize the
immune correlates of HIV susceptibility in this anatomic site. Compared to blood, T cells in
the foreskin produce more cytokines, express more CCRS5, and are enriched for highly HIV-
susceptible Th17 cells?”. Additionally, foreskin tissue has been shown to produce several
soluble peptides that have in vitro antiviral activityl6. Therefore, we performed an
investigator- blinded study to define the immune correlates of reduced HIV susceptibility in
the foreskins of HESN men from Rakai, Uganda.

Participant characteristics

Participants were recruited from a longstanding community cohort in Rakai, Uganda28.
HESN men (n=20; see Methods for definition) had been in a primary sexual relationship
with an HIV-infected woman for a median of 5 years (range, 1-10 years; see Table 1).
HESN men reported using condoms either “sometimes” (30%) or “never” (70%), and the
median plasma viral load of the HIV-seropositive female partner was 3.74 log;g RNA
copies/ml (range 1.62 — 5.22; Table 1). All HESN participants were HIV PCR negative at
the time of the study. HESN men and HIV-unexposed control men did not differ in terms of
age, condom use or the number of sexual partners in the last year. However, HESN men had
a higher HSV-2 seroprevalence than unexposed controls (70 vs. 31.5%, p=0.004) and were
more likely to report concurrent sexual relationships (3/20 vs. 0/57, p=0.016); therefore
multivariate linear regression was used to control for HSV-2 status and concurrent sexual
relationships in all subsequent analyses, and only adjusted p-values are reported. Of note,
while concurrent sexual relationships were not associated (p<0.1) with any of the
immunological parameters investigated in this study, a larger analysis of the effect of HSV-2
infection on foreskin T cell populations3® (which included a subset of the men described in
the present work) previously found that HSV-2 was associated with increased CCR5
expression on foreskin CD4 T cells, but not with any other immune parameters investigated.

HIV neutralization by foreskin-derived IgA

The ability of purified sub-preputial IgA to neutralize infection of activated PBMCs by a
primary clade C HIV isolate was then assessed by research personnel blinded to participant
study group. Using a predefined cut-off of 267% neutralization compared to the reference
sample, 1gA purified from sub-preputial swabs of 9/18 (50%) HESN men was able to inhibit
HIV infection of activated PBMC, while IgA from only 4/37 (10.8%) unexposed controls
had this neutralizing capacity (Figure 2; prevalence risk ratio: 4.63; 95% CI: 3.00-6.26%;
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Fisher exact p=0.002). The absolute quantity of IgA in HESN samples was similar to that in
controls (2146 pg/ml in controls vs. 1649 pg/ml in HESN, p=0.9), and a sensitivity analysis
using an increased cut-off of 290% neutralization yielded similar results (neutralization seen
in 9/18 HESN men vs. 2/37 control men, p<0.001). Within the HESN group, IgA
neutralization capacity did not correlate with the quantity of IgA, female partner viral load,
length of time of HIV exposure, or the presence of HIV-specific CD8 T cells in his blood or
foreskin. Presence of HIV-neutralizing IgA also did not correlate with HSV-2 status or
concurrent extramarital relationships (data not shown).

Preputial levels of soluble innate immune factors and cytokines

Levels of innate anti-microbial peptides were quantified in the IgA-depleted fraction of sub-
preputial swab eluate. Levels of the innate antimicrobial peptides Trappin2/Elafin, HNP-1—
3, HBD-2 and SLPI are shown in Figure 1. The a-defensins HNP 1-3 was present at a
significantly higher level in swabs taken from the sub-preputial space of HESN men
compared to controls (3027 pg/ml vs. 1795 pg/ml; adjusted p=0.011); which among HESN
men correlated with the presence of neutralizing IgA (correlation coefficient 0.503,
p=0.033) but not partner viral load or length of HIV exposure. To ensure that IgA
neutralization was not a result of HNP-1-3, IgA fractions were also analyzed for presence of
HNP-1-3: no HNP-1-3 was detected in any IgA fractions (data not shown). Levels of
Trappin2/Elafin, HBD-2 and SLPI were similar between HESN men and unexposed
controls.

Additionally, levels of cytokines and chemokines were assaying in a separate aliquot of
undiluted sub-preputial swab samples (Table 2). IL-8 was present at a level that could be
quantified in the majority of men; however, the median IL-8 levels did not differ
significantly between HESN and control men (33.7 vs. 29.8pg/ml in HESN vs. control men,
p=0.40). MCP-1, MIG, and RANTES were present in <50% of HESN men, and therefore
the frequency of detection of these cytokines, as opposed to the concentration of analyte,
was compared between groups. There were no HESN-associated differences in the
frequency of detection of MCP-1, (42.1 vs. 50.9% of HESN vs. control men, p=0.6), MIG
(47.4 vs. 54.5%, p=0.6), or RANTES (21.1 vs. 10.5%, p=0.3). IL-1a, MDC and MIP-3a
were not detected in sub-preputial swabs. No HSV-2 associated differences in levels of
cytokines, chemokines, and soluble innate factors were observed.

T cell subset density and relative proportions in the foreskin

The proportions of T cell subsets in the blood and foreskin were assessed by flow cytometry,
and the average tissue density of foreskin T cell subsets was calculated by combining these
proportions with immunohistochemical determination of CD3 T cell density/mm? of tissue.
The proportion of T cells expressing CD4 or CD8 did not differ between HESN men and
unexposed controls (54.1 vs. 51.3% and 32.7 vs. 34.8% of T cells, respectively; ns).
However, HESN men had a significantly higher density of CD3 T cells/mm? of tissue after
controlling for HSV-2 serostatus (151.9 vs. 69.9 cells/mm?, adjusted p=0.018, Figure 3C),
and therefore had higher absolute numbers of both CD4 and CD8 T cells/mm? of foreskin
tissue (84.6 vs. 31.3 cellssmm?, p=0.022; 45.6 vs. 22.7 cellssmm?, p=0.013; Figure 3C).
Density of foreskin T cells did not correlate with partner viral load.
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Phenotype and function of foreskin T cell subsets

HIV-specific

Flow cytometry was used to further characterize the proportion of CD4 T cells classified as
Th17 cells (production of IL-17a upon stimulation), T-regulatory cells (Tregs; co-expression
of CD25 and FoxP3), and expressing the HIV co-receptor CCR5 (representative plots of
foreskin staining shown in Figure 4A and D). Compared to unexposed controls, HESN men
had a decreased proportion of Th17 cells in both the blood and the foreskin (2.6 vs. 3.8% of
blood CD4 T cells, p=0.042; 6.1 vs. 8.0% of foreskin CD4 T cells, p=0.007; Figure 4E, but a
similar proportion of Tregs (4.1 vs. 3.7% of blood CD4 T cells, ns; 2.9 vs. 3.7% of foreskin
CD4 T cells, ns) and of CCR5" CD4 T cells (7.8 vs. 8.7% of blood CD4 T cells, ns; 44.3 vs.
40.0% of foreskin CD4 T cells, ns; Figure 4B). This decreased relative abundance of Th17
cells did not correlate with partner viral load. Given the higher overall tissue density of T
cells in the HESN foreskin, this translated into a similar absolute number of Th17 cells/mm?
in HESN men (4.9 vs. 2.7 cells/mm2, ns; Figure 4F, and an increased absolute number of
CCR5* CD4 T cells/mm? (41.5 vs. 12.5, p=0.023; Figure 4C).

Production of the cytokines IFNy and TNFa by foreskin and blood T cells after PMA-
ionomycin stimulation was assessed by intracellular cytokine production (representative
plots of foreskin staining shown in Figure 5A and F), with CD8™ T cells used as a proxy for
CDA T cells. A decreased proportion of HESN CD8 and CD4 T cells produced TNFa in
both the blood (CD8 T cells, 29.4% vs. 38.8%, p=0.032; CD4 T cells, 31.4% vs. 43.2%,
p=0.007) and foreskin (CD8 T cells, 36.9% vs. 45.7%, p=0.004; CD4 T cells, 34.3% vs.
41.8%, p=0.037; Figures 5D and I). This decrease did not correlate with partner viral load.
The absolute number of TNFa-producing CD8 or CD4 T cells was not statistically different
in HESN and unexposed control foreskin tissue (15.9 vs. 9.1 CD8 T cells/mm?, Figure 5E,
ns; 18.3 vs. 12.7, Figure 5J, ns). The proportion of CD8 and CD4 T cells producing IFNy
was similar between groups (38.1 vs. 41.5% PBMC CDS8, ns; 43.2vs. 47.6% foreskin CD8,
ns, Figure 5B; 12.8 vs. 16.5% PBMC CD4, ns; 17.5 vs. 23.7% foreskin CD4, ns, Figure 5G,
ns), and so the increased overall T cell density in the HESN foreskin translated into a higher
absolute number of IFNy-producing CD8 T cells (19.7 vs. 8.3 cellssmm?, p=0.011; Figure
5C), but not CD4 T cells (11.7 vs. 6.94cells/mm?, ns; Figure 5H).

T cell responses in the foreskin

Blood and foreskin cell suspensions were stimulated with a pool of pre-defined, optimized
CD8 T cell peptide epitopes (see Methods, above). To be considered a positive HIV-specific
response: (1) =0.3% of CD8 T cells had to produce either TNFa or IFNy in response to
peptide stimulation (background subtracted), and (2) cytokine production in response to
peptides had to exceed background cytokine production by at least threefold. HIV-specific
CD8 T cell responses were observed in both the blood and the foreskin of a minority of
participants (representative plot, Figure 6A), but there was no significant difference in the
frequency of an HIV-specific response between HESN men and unexposed controls (blood,
3/20 (25.0%) vs. 7/57 (12.3%); foreskin, 2/20 (20.0%) vs. 8/57 (14.0%); both p>0.2, Figure
6B). Among participants with an HIV-specific response, the magnitude of that response was
also similar in HESN men and controls for both the blood (mean % CD8 T cells producing
TNFa amongst responding HESN men = 1.51% vs. 1.47% in unexposed controls, ns; mean
% producing IFNy = 0.71% vs. 0.37%, ns) and the foreskin, where only IFNy responses
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were observed (0.37% vs. 1.02%, ns). The presence of HIV-specific responses in HESN
men did not correlate with partner viral load or length of time of exposure to HIV, and did
not correlate with other immune parameters found to be associated with HESN status (data
not shown).

DISCUSSION

Natural susceptibility to HIV is heterogeneous, and elucidation of the mucosal immune
correlates of reduced HIV susceptibility at sites of sexual exposure may provide important
lessons for the HIV vaccine and microbicide fields. We combined epidemiological data
collected through the Rakai Community Cohort Study with blinded immune studies of sub-
preputial swabs and foreskin tissues to explore the immune correlates of HIV exposure
without infection in the foreskin. We found secretions from the HESN foreskin to be
enriched for a-defensins and HIV-neutralizing IgA. HESN foreskin tissue had an increased
overall density of CD3+ T cells, but these T cells contained disproportionately fewer Th17
cells and produced less of the pro-inflammatory cytokine TNFa. We did not find that HIV-
specific T cell responses were associated with the HESN phenotype.

Our observation that HESN men were more likely to have IgA with the capacity to
neutralize HIV is consistent with numerous previous reports, including studies in diverse
HESN populations examining several mucosal sites12-14:31-35 \While the presence of IgA
with the ability to neutralize HIV in HESN populations is well established, the specificity of
this 1gA remains unknown38. Detection of HIV-specific IgA by a binding assay such as an
ELISA or Western blot is rare37:38, and it is of note that the presence of HIV-neutralizing
IgA did not correlate with foreskin HIV-specific CD8 T cells in this study. It may be that the
target of this IgA is not HIV itself, but a host factor involved in HIV binding, such as CCR5,
a lectin receptor3?, or the integrin a4B7%°. Determining the target, mechanism of action, and
source of this frequently observed neutralizing IgA should be a research priority.

While the sub-preputial space contained significant levels of several innate immune factors
and cytokines, only the a-defensins HNP-1-3 were enriched in HESN sub-preputial swabs.
Our group previously found that both HNP-1-3 and IgA in female genital secretions of
Kenyan sex workers were correlated with in vitro HIV neutralization3. However, while
HIV-neutralizing IgA was prospectively associated with HIV protection, increased a-
defensins were associated with the presence of other genital co-infections as well as with an
unexpected increase in the risk of HIV acquisition3. The latter finding may reflect the T cell
chemoattractant properties of some antiviral innate factors and cytokines, as demonstrated
by the association of vaginal RANTES levels with increased mucosal CD4* target cells in
vivoll, and emphasizes that ex vivo antiviral activity does not always predict in vivo
protection against HIV.

We found that HESN men had an increased density of CD3* T cells/mm? in their foreskin
tissue, independently of their HSV-2 serostatus. While this was unexpected, increased
numbers of cervical T cells have been observed previously in HESN female CSWs1,
Despite having an increased overall number of CD3" T cells/mm? of foreskin tissue, a
smaller proportion of these T cells were Th17 cells or had the capacity to produce the pro-
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inflammatory cytokine TNFa. Studies in an SIV-rhesus macaque model have shown that
initial infection in the FGT begins with a small founder population of infected T cells which
grows through the recruitment of new, activated target cells driven by local inflammation®1.
Levels of susceptible target cells and local inflammation may therefore be a determinant in
individual susceptibility to HIV. Th17 cells have been shown to be highly HIV-susceptible
in vitro*2:43 and to be selectively depleted during early HIV infection*2, while TNFa
increases HIV replication in a paracrine fashion and is produced by activated T cells that are
more permissive to HIV infection* and replication?>. TNFa has also been shown to recruit
CD4 T cells to foreskin tissue ex vivo*®, and to activate dendritic cells, which may pass HIV
to susceptible CD4 T cells through viral synapses347. Therefore, decreased production of
TNFa and decreased proportion of Th17 cells in the HESN foreskin may inhibit the
establishment of a founder population of infected cells after HIV exposure.

A decreased relative abundance of highly susceptible cell populations in conjunction with an
increased overall number of T cells implies that there is an increased abundance of other T
cell subsets. Further elucidation of these T cell populations in the HESN foreskin using
multiparameter flow cytometry, as opposed to the 4-colour flow system available at our field
site, should be a priority in future studies. This would also allow for characterization of other
cell types that have been newly identified as important in HIV susceptibility, such as Th22
cells*® or cells expressing the gp120-binding integrin asB74°. Furthermore, the position of
susceptible target cells within the foreskin may also be very relevant to HIV susceptibility,
particularly their depth below the epithelial surface and/or proximity to other immune cell
subsets. Ideally, future studies should identify exclusive surface markers for relevant T cell
subsets, which would permit immunohistochemical analysis of these parameters.

It is important to note that the sexual behaviour of HESN individuals is, by definition,
different to that of low risk men. Therefore cross-sectional studies of HESN genital
immunology cannot distinguish which unique immune characteristics (if any) are protective
against HIV, and which are related to increased sexual risk and may actually enhance
susceptibility. Furthermore, while prospective studies of HIV acquisition would seem to be a
way to address this issue, a drawback of using tissues obtained during male circumcision is
that prospective studies of HIV acquisition in the foreskin then become impossible (as the
foreskin is absent in future sexual exposures). Therefore animal models and/or improved ex
vivo explant models of foreskin HIV infection may be useful ways to further characterize the
direction of causation of the HESN immune associations that we have described.

In summary, we have combined epidemiology and mucosal immunology to define the
unique immunological features of foreskins from men from Rakai, Uganda who are
regularly exposed to HIV but have remained uninfected. We find that the foreskin of HESN
men is characterized by increased overall T cell density in the context of reduced Th17
frequencies and reduced pro-inflammatory cytokine production, and by the presence of
HIV-neutralizing IgA and elevated a-defensin levels in foreskin secretions. The ability of
these immune parameters, either separately or in combination, to protect against HIV
acquisition in the foreskin merits investigation in future research studies.
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MATERIALS AND METHODS

Study participants

Participants consisted of 77 heterosexual couples enrolled in a broader study of foreskin
immunology?7:30. Participants were recruited from an established community cohort in
Rakai, Uganda28, in which the HIV-seronegative male partner had elected to undergo adult
male circumcision for HIV prevention. HESN men were HIV-seronegative and in a stable
relationship with an ART-naive, HIV-seropositive female who had a detectable HIV plasma
viral load, and reported inconsistent or no condom use with this female partner despite risk-
reduction counseling and the provision of free condoms. Unexposed control men were HIV-
seronegative and in a monogamous relationship with an HIVV-seronegative woman. All
participants provided written informed consent, and formal ethical approval was obtained at
the University of Toronto, the Uganda Virus Research Institute’s Scientific and Ethical
Committee, Karolinska Institutet and Western IRB (Olympia, WA).

Sample collection and diagnostic testing

Each partner within the couple completed a behavioral questionnaire before sample
collection/surgery. Women provided 8ml of venous blood. Men underwent a physical
examination prior to surgery, and circumcision was deferred until after treatment if urethral
discharge or clinically apparent genital ulceration was present; 16ml of whole blood and a
swab from the sub-preputial space were then collected prior to surgery. A single sub-
preputial swab was collected from each participant immediately prior to surgery using a
FLOQswab (COPAN Diagnostics, Murrieta, CA USA) pre-moistened in sterile PBS and
rolled once around the coronal sulcus and once down the frenulum. Swabs were collected by
the same medical officers throughout the study, and care was taken to collect each swab in a
consistent manner. Swabs were then resuspended in ImL of AMPLICOR® STD Specimen
Transport Kit medium (Roche Diagnostic Systems, Branchburg, NJ, USA) and stored at 4°C
until division into two aliquots (one for cytokine detection and one for IgA/innate factor
analysis), which were stored at —80°C. Foreskin tissue was processed immediately upon
surgical excision in a room adjoining the surgical suite, with two sections snap-frozen into
cryomolds in Optimal Cutting Temperature (OCT) compound (Fisher Scientific, Toronto,
Canada) for immunohistochemistry (IHC), and one large section collected for T cell
isolation. All foreskin tissues were labeled with a unique identifier and provided to research
personnel blinded to participant study group for subsequent processing and immune
analysis.

The HIV infection status of both partners was confirmed using two HIV ELISAs (Murex
HIV-1.2.0, Abbott, Abbott Park, Illinois, USA; and Vironistika HI\V Uni-Form 11 plus O
Mircoelisa System, bioMerieux; Marcy I'Etoile, France). Discordant results were confirmed
by Western blot (GS HIV-1 Western Blot, BioRad; Hercules, CA, USA). All participants
were also screened for acute HIV infection using real time PCR. RNA was extracted from
plasma samples using the Abbott Sample Preparation System, and amplification was
performed using the Real Time HIV-1 Amplification Reagent Kit (Abbott) and run on the
M2000rt (Abbott) with a lower limit of detection of 40 cps/mL. CD4 counts were performed
using Tritest Reagent in combination with Trucount Tubes and were analyzed on a
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FACSCalibur platform (BD Biosciences, San Jose, CA, USA). HSV-2 infection status was
determined by ELISA (Herpes Simplex Type 2 1gG ELISA, Kalon Biological Ltd.,
Guildford, UK), as previously validated in Rakai4®.

T cell isolation from the foreskin and blood

T cell isolation from foreskin tissues and blood was initiated within 15 minutes of surgery,
as previously described?’. Briefly, tissue was disrupted by a combination of mechanical and
enzymatic digestion with 1.0mL of 500U/mL Collagenase Type I (Gibco, Invitrogen;
Carlsbad, CA, USA) and 42.5U/mL of DNAse (Invitrogen). The resulting cell suspension
was filtered through a 100um cell strainer (BD Biosciences; Franklin Lakes, NJ USA) to
remove any remaining undigested tissue. Filtered cells were allowed to rest under normal
growth conditions (37°C, 5% CO,, humidified atmosphere) for 3—7 hours. PBMCs were
isolated by density gradient centrifugation (Ficoll-Paque Plus; Amersham Biosciences;
Uppsala, Sweden).

Characterization of T cell subsets

Both PBMC and foreskin cell counts were determined by trypan blue exclusion. 1x108
PBMCs and 10-20x10° foreskin cells (depending on yield) were plated in 500ul culture
medium and stimulated for 9 hours at 37°C in the presence of 5ug/ml Brefeldin A
(GolgiPlug, BD Biosciences), with either: 1ng/ml phorbol-12-myristate-13-acetate (PMA)
and 1pg/ml ionomycin (both from Sigma; St. Lousi, MO, USA); or 102ug/ml of a pool of 51
HIV peptide epitopes (9-11 amino acids long, JPT Peptide Technologies, Berlin, Germany)
previously found by our group to be highly antigenic in an East African population®?; or
vehicle (0.1% DMSOQ). After stimulation, samples were washed with cold 2% Fetal Bovine
Serum (FBS) in PBS and stained with fluorochrome-labeled monoclonal antibodies specific
for CD3 (UCHT1), CD4 (RPA-T4), CD8 (SK1), CCR5 (2D7/CCRS5), and CD25 (M-A251;
all BD Biosciences). Samples for intracellular staining were permeabilized using either the
eBioscience fixation/permeabilization solution for Treg identification (eBiosciences; San
Diego, CA, USA) or the BD Cytofix/Cytoperm solution (BD Biosciences) for other assays.
Cells were then stained with fluorochrome-labeled monoclonal antibodies specific for
combinations of the following intracellular cytokines/transcription factors: TNFa (MADb11,;
BD Biosciences), IFNy (B27; BD Biosciences), IL17a (eBio64DEC17; eBioscience), IL22
(22URTI; eBioscience), and FoxP3 (PCH101; eBioscience). Samples were acquired using a
FACSCalibur flow cytometer (BD Systems). Gating was performed as previously
described?”.

Measuring CD3 density by immunohistochemistry

In order to translate flow-derived cell proportions into an absolute tissue density of foreskin
T cells, two sections of foreskin where collected from each participant and
immunohistochemistry (IHC) was performed. OCT cryopreserved tissues were sectioned to
8um, fixed in 2% formaldehyde, and frozen for batch staining. For CD3 staining, frozen
sections were thawed and air-dried at room temperature. Endogenous peroxidase and biotin
activities were blocked using 0.3% hydrogen peroxide and avidin/biotin blocking kit (Vector
Labs), respectively, followed by 10% normal goat serum. Sections were then incubated with
rabbit anti-human CD3 antibody (DAKO, Vector Labs), followed by biotin-labeled goat
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anti-rabbit secondary and Alkaline Phosphatase Streptavidin Labeling Reagent (all Vector
Labs). Colour development was performed with freshly prepared Alkaline Phosphatase
Substrate Kit Vector Red (Vector Labs). Finally, sections were counterstained lightly with
Mayer’s Hematoxylin, dehydrated in alcohols, cleared in xylene, and mounted in Permount
(Fisher Scientific). The number of CD3* T cells per mm? of tissue for each patient was
derived from the average of two tissue sections taken from distal locations on the foreskin.
A median of 6.10mm? of foreskin tissue was analyzed by IHC per patient. Whole sections
were scanned at 0.5um/pixel using the TissueScope 4000 (Huron Technologies, Waterloo,
Canada). Image analysis software (Definiens, Minchen, Germany) was used to delineate the
apical edge of the epidermis and create fields of view (FOV) of the entire length of each
section to a depth of 300um (excluding artifacts or folds, see supplementary data). CD3 cells
in each FOV were manually counted by an investigator blinded to group status. A CD3
positive cell was defined as nuclear hematoxylin staining overlapping with, or directly
adjacent to, Vector Red staining.

IgA purification and PBMC neutralization assays

Neutralizing 1gA activity was assessed in a subset of samples (18 HESN men and 37
unexposed controls) where samples were available. One aliquot of sub-preputial swab
(500uL) was thawed and centrifuged at 1500 rpm (5 min, 4°C) to remove cellular debris.
IgA was purified as previously described33. Briefly, 400uL undiluted swab solution was
added to 200uL jacalin/agarose beads (Vector Labs, Burlingame, CA, USA), mixed for 2
hours at 4°C, and centrifuged to separate the IgA-depleted fraction (stored at —80°C for
innate factor analysis). Jacalin/agarose beads were thoroughly washed with PBS pH 7.4, and
bound IgA was eluted overnight at room temperature by adding 500uL 0.8 M D-galactose
pH 7.5. The supernatant (purified IgA) was collected, diluted 1:2 with RMPI 1640 medium
(Invitrogen AB, Liding6, Sweden) and stored at —80°C. HIV neutralization assays were
performed according to a predefined protocol and neutralization cut-off14. R5 tropic primary
isolates (clade C: ZA009, obtained through the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH) were collected from PBMC stimulated with
phytohemagglutinin (PHA-P) and interleukin-2 (IL-2) (both Sigma-Aldrich Sweden AB,
Stockholm, Sweden). The TCID50 was determined and supernatants were aliquoted and
stored at —80°C. Since the TCID50 may differ between PBMC donors, three viral dilutions
were used in each assay. IgA fractions were diluted 1:2 with RMPI 1640 medium
(Invitrogen AB, Liding®, Sweden) and 75uL of this diluted sample was incubated with 75uL
of each virus dilution (in duplicate) for 1 hour at 37°C to allow for viral neutralization. Virus
was mixed with 1x10° PHA-P-stimulated mixed PBMCs from 2-3 donors; after 24h
incubation at 37°C, PBMCs were washed and cultured for 6 days in 200uL of fresh RMPI
1640 medium supplemented with bovine serum albumin and IL-2, with half the medium
replaced on day 3. Supernatants were collected on day 6 for analysis of virus production
with a p24 antigen ELISA (Vironostika HIV-1 Antigen; Electra-Box Diagnostica AB,
Stockhom, Sweden). Percent neutralization was defined as the reduction in p24 production
compared to a reference sample (created by pooling IgA from 5 unexposed control men).
However, there is significant inter-assay variability in the quantity of p24 antigen produced
as a result of PBMC donor variability. We therefore treated IgA neutralization as a binary
outcome, where successful neutralization was defined as a =267% percent neutralization. A
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cut-off of >67% provides robust reproducibility of successful neutralization13, has been
shown to correlate prospectively with protection from infection4. Positive control samples
(HIV 1gG positive serum) were included in each assay. Samples that did not have consistent
absence/presence of neutralization in all three viral dilutions were re-tested until a consensus
was achieved.

Innate factor analysis

Trappin/Elafin, Human Neutrophil Peptides 1-3 (HNP-1-3), human B-defensin 2 (HBD-2)
and Secretory leukocyte protease inhibitor (SLPI) were quantified in IgA depleted fractions
of sub-preputial swabs. Commercial ELISA Kits were used according to the manufacturers
protocols as follows (additional dilutions in parentheses): Trappin/Elafin (1:10), a-defensins
HNP-1-3 (1:10) (all from HyCult Biotechnology, Uden, The Netherlands), f-defensins
HBD-2 (1:10-1:100) (Phoenix Pharmaceuticals, Burlingame, CA, USA) and SLPI (1:5-
1:100) (RD Systems Europe, Abingdon Oxon, UK).

Cytokine and Chemokine analysis of sub-preputial swabs

The second 500uL aliquot of sub-preputial swab was assayed for cytokine levels using an
electrochemiluminescent detection system. A custom Human Ultra-Sensitive 7-spot kit from
Meso Scale Discovery (Rockville, MD, USA) was utilized to assay the following cytokines
and chemokines in the undiluted sub-preputial swabs: IL-1a (interleukin-1a), IL-8, MCP-1
(monocyte chemotactic protein-1), MDC (macrophage-derived chemokine), MIG (monokine
induced by y-interferron), MIP-3a (Macrophage inflammatory protein-3a) and RANTES
(Regulated on Activation, Normal T cell Expressed and Secreted). Plates were imaged using
the Sector Imager 2400A platform (Meso Scale Discovery). The manufacturer suggests
determining the lower limit of quantification (LLOQ) for each analyte on a per-plate basis.
However, due to the large number of samples analyzed in this study multiples were required
and as a result of inter-run variability slightly different LLOQ values were obtained. For the
purposes of this study, we set an overall study LLOQ at 75! quartile of all plate LLOQs.
Sample measurements below the study LLOQ were imputed as the value of the LLOQ:
IL-1a=10.3pg/ml; IL-8= 1.5pg/ml; MCP-1= 0.6pg/ml; MDC= 1250.0pg/ml; MIG=
0.3pg/ml; MIP-3a= 46.2pg/ml; RANTES= 3.0pg/ml. However, due to the low chemokine
concentrations in sub-preputial swabs, only levels of IL-8 were quantifiable in >50% of men
in both groups, and as a result cytokines other than IL-8 were treated as a binary outcome of
either “detectable” or “undetectable”.

Statistical analysis

All immune assays were performed by research personnel blinded to participant study
group; immune data files were cleaned and finalized prior to study group linkage. Innate
factors, chemokines, cytokines, and T cell populations were compared between HESN and
unexposed controls by Mann-Whitney U test. Associations between demographic factors
and immunological parameters were tested by Spearman’s correlation coefficient.
Demographic variables found to be associated with HESN status (HSV-2 status and
concurrent sexual partners) were controlled for by multivariate general linear regression and
adjusted p-values are reported. Proportions of men with HIV-specific IgA and CD8 T cell
responses were compared by Fisher’s exact test. Statistical tests were run using SPSS v.19.0
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for Mac (IBM; New York, NY, USA). Flow cytometry data was analyzed in FlowJo v.9.5.2

(T

reestar; Ashland, OR, USA) and Excel (Microsoft; Redmond, WA, USA) prior to

statistical testing.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Levels of soluble innate immune proteins in foreskin secretions
HESN (hatched bars) and unexposed control men (open bars). Sub-preputial swabs collected

before surgery were assayed for levels of soluble innate immune proteins by ELISA. Median
concentration (with range) of innate peptide in ImL collection volume is displayed (HESN

n=18;

Controls n=37).
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Figure 2. The ability of IgA isolated from the foreskin to neutralize HIV
IgA was purified from foreskin secretions and incubated with a primary clade C viral isolate,

which was subsequently challenged with PBMCs. The ability of IgA-treated virus to infect
PBMCs was measured through p24 production. Capacity to neutralization HIV was defined
as 67% less p24 production compared to reference sample. The proportion of men in each
group with HIV-neutralizing 1gA is shown (HESN n=18; Controls n=37).
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Figure 3. T cell subsets in the blood and foreskin
HESN (hatched bars) and unexposed control men (open bars). The proportion of CD3+ T

cells expressing either CD4 or CD8 was measured on PBMCs and foreskin cells using flow
cytometry (B); representative flow cytometry plots showing the gating strategy for foreskin
cells are shown in A. Proportions of T cells subsets were normalized to the number of CD3
T cells per mm? of foreskin tissue (obtained using IHC) to obtain absolute numbers of each
cell type (C) (HESN n=20, Controls n=57).
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Figure 4. CD4 T cell subsets in the blood and foreskin
HESN (hatched bars) and unexposed control men (open bars). CCR5 expression was

measured on PBMCs and foreskin CD4 T cells using flow cytometry (representative
foreskin plot in A). Th17 cells were identified by production of IL17a by CD4 T cells in
response to stimulation with PMA and ionomycin (representative foreskin plot in D).
Summary data of the proportion of CCR5+ CD4 T cells and Th17 cells in the blood and
foreskin are shown in B and E. Absolute numbers of cells, obtained by IHC of CD3, are
shown in C and F (HESN n=20, Controls n=57).
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Figure 5. Inflammatory cytokine production by CD8 (A-E) and CD4 (F-J) T cells
HESN (hatched bars) and unexposed control men (open bars). T cells isolated from foreskin

tissue were challenged with PMA and ionomycin and subsequent TNFa and IFNy
production by either CD8+ T cells or CD8- T cells (a proxy for CD4 T cells) was measured
by flow cytometry (representative plots shown for CD8 (A) and CD4 T cells (F). Summary
data of the proportion of CD8 T cells producing TNFa or IFNy shown in B and D,
respectively. Absolute numbers of each cell type, obtained through CD3 IHC, are shown in
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C and E. Similarly, proportions of CD4 T cells producing TNFa or IFNy shown in G and I,
and absolute numbers of each cell type are shown in H and J (HESN n=20, Controls n=57).
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Figure 6. HIV-specific CD8 T cells responses in the foreskin
CD8 T cells isolated from foreskin tissue were challenged with a pool of cross-clade HIV

peptides previously shown to be highly antigenic in an East African population. (A) TNFa
and IFNy production by CD8 T cells was measured by flow cytometry. (B) Frequency of

response for HESN and unexposed control men. An HIV-specific response was defined as
cytokine production 3 times greater than observed in unstimulated cells and a minimum of
0.3% (HESN n=20, Controls n=57).
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Table 1

Behavioral and demographic characteristics of participants.
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HESN (n=20) Unexposed (n=57) sig.

man 33 (23-53) 34 (22-51)  0.419
Age (yrs)

woman 29 (20-41) 29 (19-49) 0.819
HSV-2 serology 14/20 (70.0% 17/54 (31.5%) 0.004
Partner viral load (copies/ml) 5,589 (42-165,288) n/a
Partner CD4 count (cells/mm?3) 5563 (295-1,592) 1,152 (492-2,019) <0.001
Length of HIV exposure (yrs) 5 (0.5-15) n/a

always 1/20 (5.0%) 0/57 (0.0%)
Condom use (%)  sometimes 5/20 (25.0%) 9/57 (15.8%) 0.114

not using 14/20 (70.0%) 48/57 (84.2%)
Sexual partnersin  single 15/20 (75.0%) 49/57 (86.0%) 0.304
past year .

multiple 5/20 (25.0%) 8/57 (14.0%)
Concurrent sexual partners (%) 3/20 (15.0%) 0/57 (0.0%) 0.016
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