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TRANSMISSION

Highly Human Immunodeficiency Virus-Exposed
Seronegative Men Have Lower Mucosal

Innate Immune Reactivity

Jennifer A. Fulcher,1 Laura Romas,2,3 Jennifer C. Hoffman,1 Julie Elliott,4 Terry Saunders,4

Adam D. Burgener,2,3,5 Peter A. Anton,4 and Otto O. Yang1

Abstract

Risk of HIV acquisition varies, and some individuals are highly HIV-1-exposed, yet, persistently seronegative
(HESN). The immunologic mechanisms contributing to this phenomenon are an area of intense interest. As
immune activation and inflammation facilitate disease progression in HIV-1-infected persons and gastrointestinal-
associated lymphoid tissue is a highly susceptible site for transmission, we hypothesized that reduced gut mucosal
immune reactivity may contribute to reduced HIV-1 susceptibility in HESN men with a history of numerous rectal
sexual exposures. To test this, we used ex vivo mucosal explants from freshly acquired colorectal biopsies from
healthy control and HESN subjects who were stimulated with specific innate immune ligands and inactivated
whole pathogens. Immune reactivity was then assessed via cytokine arrays and proteomic analysis. Mucosal
immune cell compositions were quantified via immunohistochemistry. We found that explants from HESN
subjects produced less proinflammatory cytokines compared with controls following innate immune stimulation;
while noninflammatory cytokines were similar between groups. Proteomic analysis identified several immune
response proteins to be differentially expressed between HIV-1-stimulated HESN and control explants. Im-
munohistochemical examination of colorectal mucosa showed similar amounts of T cells, macrophages, and
dendritic cells between groups. The results of this pilot study suggest that mucosal innate immune reactivity is
dampened in HESN versus control groups, despite presence of similar densities of immune cells in the colorectal
mucosa. This observed modulation of the rectal mucosal immune response may contribute to lower risk of
mucosal HIV-1 transmission in these individuals.

Keywords: mucosal immunology, HIV transmission, innate immune response, HIV seronegativity

Introduction

While some individuals are readily infected by HIV-1,
others remain uninfected despite repeated exposures

and are defined as HIV-1-exposed seronegative (HESN). Re-
ported HESN subjects include female commercial sex workers,
discordant couples, intravenous drug abusers, hemophiliacs,
and infants born to HIV-1-infected mothers (reviewed in
Horton et al.1) offer the potential to inform our understanding
of HIV-1 transmission.

The most common sites of HIV-1 transmission are mu-
cosal. Rectal mucosa is uniquely susceptible, with per-sexual

exposure transmission rates 10 to 100-fold higher than vag-
inal mucosa.2 To date, most HESN mucosal studies have
focused on vaginal mucosa, with less known about rectal
transmission. The mucosa houses many cells of the innate
immune system, which utilize pathogen recognition recep-
tors (PRRs) against specific pathogen-associated molecular
patterns, leading to cell activation and production of cyto-
kines that can then activate the adaptive immune response.

Mucosal inflammation appears to facilitate HIV-1 trans-
mission. Mucosal infections that trigger PRRs (e.g., Herpes
Simplex Virus) have been associated with increased ac-
quisition risk.3,4 Clinical trials of mucosal microbicides
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inadvertently causing inflammation have actually increased
acquisition risk.5,6 Furthermore, direct Toll-like receptor
(TLR) stimulation or blocking mucosal inflammation increases
or decreases vaginal transmission of simian immunodeficiency
virus (SIV) in rhesus macaques, respectively.7,8 Presumably,
inflammatory activation of CD4+ T lymphocytes increases
target cell susceptibility, since HIV-1 replication depends on
transcription factors induced by activation. Thus, it is reason-
able to hypothesize that predisposition to inflammation and
immune activation at mucosal surfaces affects susceptibility
to HIV-1.

In this pilot study, we examine innate immune reactivity in
rectal mucosa of HESN men who have sex with men (MSM)
versus age-matched control MSM, quantifying innate im-
mune responsiveness, secreted proteins, and immune cell
composition in the rectal mucosa. We found lower proin-
flammatory mucosal cytokine responsiveness and differential
secreted protein expression in HESN, but similar immune
cell composition of the mucosa. To our knowledge, this is the
first description of an immune quiescent phenotype in the
rectal mucosa of HESN men.

Materials and Methods

Study participants and samples

All subjects were enrolled after providing informed con-
sent under a UCLA Institutional Review Board approved
protocol. The HESN group included MSM recruited from the
original Multicenter AIDS Cohort Study (MACS) and were
designated HESN based on history of unprotected receptive
anal intercourse (RAI) during a time of high HIV-1 preva-
lence. This group was defined by the top 10th percentile of
unprotected anal receptive sexual exposures in the previous
2.5 years at MACS enrollment (1984–1985) and has been the
subject of numerous other HESN studies.9–12 All HESN have
been tested and negative for CCR5D32 mutation. The control
group included age-matched MSM who denied history of
multiple high-risk sexual exposures and were recruited from
the UCLA Center for AIDS Research Mucosal Immunology
Core Laboratory Registry. Before enrollment, all subjects
were confirmed HIV-1 seronegative and screened for absence
of active Neisseria gonorrhoeae or Chlamydia trachomatis
infection via urine and rectal nucleic acid amplification test.
Enrolled subjects then participated in two study visits spaced
4–6 weeks apart for collection of colorectal mucosal biopsies
via sigmoidoscopy (30 biopsies collected from rectum up to
30 cm from the anal verge).

Ex vivo mucosal explant immune stimulations

Gut mucosal biopsies were immediately processed as
previously described13,14 and cultured in triplicate in stan-
dard tissue culture plates using RPMI 1640 medium with
2.5 mg/ml amphotericin B and 0.1 mg/ml piperacillin–
tazobactam in a 37� humidified incubator. Whole biopsy
explants were exposed in triplicate overnight to innate im-
mune receptor ligands (InvivoGen) or inactivated pathogens
at concentrations previously confirmed to induce inflamma-
tory response in control peripheral blood mononuclear cells:
lipopolysaccharide 10,000 EU/ml (TLR-4), imiquimod 5 lg/
ml (TLR-7), CpG oligodeoxynucleotides 25 lg/ml (TLR-9),

muramyldipeptide 10 lg/ml (NOD-2), HIV-1BaL (3 · 103

tissue culture infectious dose50 [TCID50]), C. trachomatis
(5 · 108 inclusion forming units [IFU]/ml), and HSV-2
(3 · 107 plaque forming unit [PFU]). HIV-1BaL was prepared
via standard transfection methods and then heat inactivated.
Whole inactivated C. trachomatis was kindly provided by Dr.
Kathleen Kelly (UCLA) and whole inactivated HSV-2 was
kindly provided by Dr. Ren Sun (UCLA).

Cytokine quantification

Supernatants were collected from stimulated explants after
18 h and immediately stored at -80�C. Cytokines were
quantified using multiplex high-sensitivity Luminex arrays
(R&D Systems). All samples were batched and run together
to minimize interassay variability. Data were then normal-
ized to the untreated condition for each subject and expressed
as Fold Change.

Mass spectrometry and proteomics analysis

Explant supernatants were purified of debris via ultracen-
trifugation, followed by trypsin digestion using the filter aided
sample preparation (FASP) method15 and requantification at
the peptide level before label-free mass spectrometry (MS)
analysis. Preparation of rectal biopsy tissue and rectal sponge
samples is described in ‘‘Supplementary Methods’’ (Supple-
mentary Data are available online at www.liebertpub.com/aid).
MS spectra were acquired with an Orbitrap mass spectrometer
(Thermo Scientific) and analyzed as described previously.16 In
brief, spectra were aligned and normalized using Progenesis
QI-P (v4.0; Nonlinear Dynamics) and processed using Mascot
Daemon (v2.4; Matrix Science) to identify proteins using the
UniProtKB/SwissProt database for human proteins (2012; v3.
87). Mascot results were imported into Scaffold (v4.4.1.1;
Proteome Software, Inc.) for identification restriction and ex-
ported for differential expression analysis. Protein expression
data were median-centered across all samples and log2 nor-
malized. Independent sample t-tests were used to evaluate
protein expression differences between HESN and control
groups after correction for multiple hypotheses testing (5%
false discovery rate [FDR]). Differentially abundant factors
were annotated for biological functions using DAVID Bioin-
formatics Resources (v6.7; NIAID).

Immunohistochemistry and quantitative analysis

Gut mucosal biopsies were collected as described above,
then immediately embedded in OCT medium, and snap-
frozen in liquid nitrogen. Tissue was sectioned into 4 lm
cryostat sections and stained following heat-induced antigen
retrieval with the following: CD3 (polyclonal; Dako), CD4
(4B12; ThermoFisher), CD8 (C8/144B; Dako), CD68 (PG-
M1; Dako), and CD209 (DCN46; BD Biosciences). Signal
was detected using Envision+ HRP (Dako), then slides were
digitized at 20 · magnification using Aperio ScanScope AT
(Leica Biosystems), and morphometric analysis performed
using Tissue Studio (Definiens, Inc.).

Statistical analyses

Study population demographic characteristics were com-
pared using unpaired t-tests for numerical data and Fisher’s
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exact test for nominal data (Table 1). Cytokine data were
analyzed with nonparametric Wilcoxon matched-pairs test for
each cytokine pairing each unique stimulus and corrected for
multiple comparisons using Benjamini–Hochberg procedure
(FDR 0.1). Immunohistochemistry quantitative analyses were
compared using unpaired t-tests. All statistical analyses were
performed using GraphPad Prism 7 (GraphPad Software).

Results

Subjects

HESN MSM (n = 4) were MACS participants within the
upper 10th percentile for self-reported RAI partners in the 2.5
years before MACS enrollment in 1984–1985.9,17 Age-
matched control MSM (n = 12) without reported high-risk
sexual exposure history were recruited from the UCLA Mu-
cosal Immunology Core Registry. The HESN group is dis-
tinguished based on history of frequent unprotected RAI
during a time of high HIV-1 prevalence, while the control
group denied similar history. At the time of this study, most
HESN individuals had recent sexual exposures compared with
the control individuals. Routine laboratory examinations, in-
cluding prevalence of chronic viral and sexually transmitted
infections, were similar between the two groups (Table 1).

Rectal mucosal explants from HESN produced minimal
proinflammatory cytokines following innate immune
stimulation

Cytokines are critical regulators of immune homeostasis in
the mucosa, and even small changes in magnitude or timing
of expression can alter the inflammatory balance.18 To
characterize colorectal mucosal innate immune reactivity,
cytokine production from freshly acquired colorectal biopsy

explants was quantified 18 h after ex vivo stimulation with
selected innate immune ligands or whole inactivated patho-
gens. HESN explants produced fewer cytokines overall
compared with controls, in particular, in response to stimu-
lation with TLR-4, TLR-7, TLR-9, and NOD-2 (Fig. 1). We
further subclassified cytokines as proinflammatory versus
noninflammatory and noted that most observed differences
between HESN and control explants were in cytokines
classically involved in proinflammatory response. Among the
cytokines with significant differences were interleukin (IL)-6
(light blue bars) and IL-1b (purple bars), both of which have
well-known roles in mucosal inflammation.19 All explants
produced similar amounts of noninflammatory cytokines
IL-10, IL-4, and IL-5. As cytokines are innate immune sig-
naling molecules, even small changes in expression may have
significant downstream functional implications.

Differential protein expression in colorectal mucosal
explants from HESN compared with controls

Mucosal fluid contains numerous soluble innate immune
factors, such as chemokines and defensins, many of which
have been correlated with protection against HIV-1 infection
in HESN subjects.20–22 While these factors have been well
described in other mucosal sites such as the female genital
tract, the soluble innate immune factor environment in rectal
fluid has only recently been detailed.15 We used proteomic
analysis by MS of explant supernatants following ex vivo
stimulation with inactivated HIV-1 as another assessment of
innate immune reactivity. Of the 176 human proteins observed,
8% (n = 14) were differentially expressed between groups; five
were overabundant, and nine were underabundant in HESNs
(Fig. 2). While these differences were not statistically signifi-
cant after correction for multiple comparisons, functional

Table 1. Study Participant Demographics and Laboratory Values

HESN N = 4 Control N = 12 P-value

Age (years), mean – SD 68 – 7.8 59 – 7 .06
Race

Asian 0 0
African American 0 4 (33%) .52
Caucasian 3 (75%) 6 (50%) .59
Hispanic 1 (25%) 2 (17%) >.99
Other 0 0

Sexual partners in past year, median (range)a 3.5 (2–50) 1 (1–4) .06
Receptive anal intercourse (RAI) frequency median/month (range)a 1.5 (0–3) 0 (0–8) .50
Historical unprotected RAI partners, median (range)b 66 (51–100) NA
White blood cells (103 cells/mL), mean – SD 5.18 – 0.67 5.62 – 1.48 .58
Absolute neutrophil count (103 cells/ml), mean – SD 2.83 – 0.22 3.33 – 1.14 .40
Hepatitis B surface antigen % positive 0 (0/4) 0 (0/12)
Hepatitis C antibody % positive 0 (0/4) 17 (2/12) >.99
Cytomegalovirus (CMV) antibody % positive 100 (4/4) 92 (11/12) >.99
Epstein Barr virus (EBV) antibody % positive 75 (3/4) 100 (12/12) .25
Herpes simplex virus 1 (HSV-1) antibody % positive 100 (4/4) 75 (9/12) .53
Herpes simplex virus 2 (HSV-2) antibody % positive 75 (3/4) 50 (6/12) .58
Rapid plasma reagin (RPR) % reactive 25 (1/4) 8 (1/12) .45
Urine Neisseria gonorrhoeae and Chlamydia trachomatis % positive 0 (0/4) 0 (0/12)
Rectal N. gonorrhoeae and C. trachomatis % positive 0 (0/4) 0 (0/12)

aNumber of sexual partners and frequency in year preceding enrollment in current study.
bNumber of unprotected RAI partners in the 2 years preceding enrollment in MACS. This data were used to determine HESN

designation.
SD, standard deviation; NA, not available; MACS, Multicenter AIDS Cohort Study; HESN, HIV-1-exposed seronegative.
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FIG. 1. Reduced cytokine production in HESN rectal mucosa following innate immune stimulation. Freshly acquired
explants from control versus HESN subjects were cultured with various innate immune stimuli (x-axis) overnight and
cytokine release assessed with Luminex arrays. HESN explants produced significantly less proinflammatory cytokines IFN-c
(P = .015, adjusted .039), IL-1b (P = .02, adjusted .039), IL-12p70 (P = .02, adjusted .039), and IL-6 (P = .031, adjusted .062).
Other cytokines TNF-a (P = .195) and IL-8 (P = .468) were decreased, but did not reach significance. Similar amounts of
noninflammatory cytokines IL-10 (P = .0716), IL-4 (P = .078), and IL-5 (P = 0.687) were produced by all explants. Data
graphed as mean (colored bars) – standard deviation. Fold Change calculated based on untreated condition for each par-
ticipant. HESN, HIV-1-exposed seronegative; IFN-c, interferon-gamma; IL, interleukin; TNF-a, tumor necrosis factor-alpha.
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annotation of these proteins was consistent with lower immune
activation in HESN mucosa, with relative reduction of several
downstream inflammatory and antimicrobial proteins, includ-
ing complement component C4, lactotransferrin, and intelectin
(Fig. 2B). Among the overabundant proteins, some proteins
were involved in inflammation, fibrinogen, and cathepsin B.
These proteins were uniquely expressed in HESN and, in
conjunction with the reduction in other inflammatory proteins,
again suggest an altered inflammatory response in HESN. Of
note, the MS methods are not optimized to detect cytokines,
and such proteins do not pass data filtering.

We also examined the baseline proteomic profile of the
rectal mucosa in HESN and control MSM by performing
similar proteomic analysis on rectal fluid and unstimulated
whole rectal biopsy tissue. The proteomic signature of HESN

rectal tissue and secretions is distinct from that of control
rectal tissue, as shown by hierarchical clustering (Supple-
mentary Figs. S1A and S2A). Functional annotation did not
reveal any significant differences in immune/inflammatory
pathways, although notably one of the most significant de-
creased proteins was lactotransferrin (Supplementary
Figs. S1B and S2B), which was also decreased in HESN
following HIV-1 stimulation (Fig. 2B). The implication of
these observed differences is the focus of a separate study.

Densities of immune cells are similar between HESN
and control colorectal mucosa

To determine if the observed differences between HESN
and controls were due to differing mucosal immune cell

FIG. 2. Proteomics analy-
sis of secreted mucosal pro-
teins in HESN and control
MSM. (A) Heatmap and hi-
erarchical clustering showing
differential protein expres-
sion between HIV-1-
stimulated HESN and se-
lected age-matched control
explants. Freshly acquired
explants were cultured with
heat-inactivated HIV-1BaL in
triplicate overnight, and then
supernatants were used for
proteomics analysis. Labels
with C designate control and
H designate HESN explants.
The numbers denote indi-
vidual subjects, and replicate
explants are further denoted
by (A–C). (B) Volcano plot
showing most significant
differentially expressed pro-
teins between HESN and
control explants. Functional
annotation showed that
among the most significant
(P < .05, not corrected for
multiple comparisons) dif-
ferentially expressed proteins
are the following immune/
inflammation-related pro-
teins: CATB, FIBB, TRFL,
CO4A, PDIA3, ITLN1,
IGHM, and LEG4. Proteins
colored with blue and green
dots were also identified in
whole biopsy tissue and rec-
tal fluid proteomics (Supple-
mentary Figs. S1B and S2B).
MSM, men who have sex
with men; CATB, cathepsin
B; FIBB, fibrinogen; TRFL,
lactotransferrin; CO4A,
complement C4a; PDIA3,
protein disulfide-isomerase
A3; ITNL1, intelectin-1;
IGHM, Ig mu chain; and
LEG4, galectin-4.
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populations, quantitative immunohistochemistry was per-
formed on colorectal mucosal samples. Both total T cells
(CD3+) and CD4+ and CD8+ subsets were present at com-
parable densities between groups (Fig. 3 and data not shown).
To examine the antigen presenting cell (APC), we selected a
general macrophage marker (CD68) and used CD209 as a
dendritic cell marker because of its known role in HIV-1
infection. Overall populations of macrophages (CD68+) and
dendritic cells (CD209+) were also comparable (Fig. 3),
suggesting relative normal densities of innate immune cells
and adaptive immune targets of HIV-1 infection in HESN.

Discussion

Several HESN studies have suggested the seemingly para-
doxical ‘‘immune quiescence’’ hypothesis, in which low im-
mune reactivity (rather than effective antiviral immunity)
mediates protection. Most have shown lower T cell activation
and cytokine production in blood,23–27 while data on mucosal
immunity are fewer and limited to vaginal mucosa.28,29 Sug-
gested mediators include increased regulatory T cells,25

antiproteases,20–22 and alterations in interferon regulatory
factor-1 expression.30 The totality of these findings suggest that
HESN exhibit lowered immune reactivity, reducing the pool of
activated target cells susceptible for HIV-1 infection and
spread,31,32 although this hypothesis remains controversial,
and others have suggested that ongoing exposure can mediate
protection through maintaining cellular immunity against
HIV-1, therefore, with increased immune activation.33–35

In this pilot study, we show dampening of rectal mucosal
innate immune responsiveness in HESN MSM, as evidenced
by low proinflammatory cytokine production and a unique
proteomic profile, which is unrelated to gross differences in
mucosal densities of T lymphocytes or antigen-presenting
cells. While our MS methods were not optimized to detect
cytokine proteins, we were able to quantify unique changes in
other immunomodulatory proteins, including those previ-

ously identified in other HESN and transmission studies.36,37

Collectively these data suggest an overall reduced mucosal
inflammatory response following ex vivo challenge. The re-
duced proinflammatory cytokine production agrees with
prior studies,27,29 although this is the first description in the
rectal mucosa and the first in HESN persons without ongoing
high levels of sexual exposure. These points suggest that
cytokines may modulate risk of HIV-1 transmission, be it via
direct influence on viral permissiveness of resident target
cells or chemoattraction of suitable target cells.38,39 As our
cohort did not report unusual or repeated infections or on-
going frequent risky exposures to HIV-1, this likely repre-
sents intrinsic mucosal immune quiescence without global
immunodeficiency.

The mechanism underlying the dampened immune re-
sponsiveness in HESN remains unclear. Prior studies have
identified alterations in T cell signaling and activation, che-
mokine/cytokine signaling, including interferon, and PRR
expression as the drivers of this phenotype; however, the
causal factors triggering these changes in HESN are not
known.27,29,40,41 Ongoing sexual exposure may mediate im-
mune activation independent of infections. Camara et al.
suggested that a cohort of HESN were protected by higher
condom use, and lower immune activation was simply a
marker of reduced unprotected sexual exposure.24 This
would not explain our findings in HESN men with a distant
history of high levels of unprotected exposure and minimal
ongoing exposure. More recent data show that sexual expo-
sures alter the microbiome, in turn, influencing immune re-
activity.42 Without ongoing high-risk exposures, the data
suggest that our HESN (1) have an intrinsic difference in
innate immunity or (2) exhibit a persisting difference re-
sulting from cumulative exposures. An analysis of the effects
of repeated RAI on rectal mucosal immune response is the
subject of ongoing investigation.

Our study is subject to caveats. The number of subjects in
our pilot study was limited due to stringency of HESN criteria

FIG. 3. Immune cell den-
sities in rectal mucosa from
HESN and control MSM.
Quantitative immunohisto-
chemistry shows similar
densities of immune cell
populations in rectal tissue
between HESN and selected
age-matched control sub-
jects. Freshly acquired rectal
mucosal biopsies were snap
frozen, then stained for (A,
B) T cells (CD4+ or CD8+),
(C) macrophages (CD68+) or
(D) dendritic cells (CD209+)
using immunohistochemis-
try, and analyzed with Defi-
niens’ Tissue Studio.
Multiple regions within a
minimum of two tissue sec-
tions were analyzed for each
subject. Box shows mean
with error bars indicating the
standard deviation.
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and loss to follow-up of MACS participants since 1985. Si-
milarly, the ethnic diversity in our HESN group was limited
largely by the homogenous makeup of the MACS cohort, and
thus, we cannot exclude the potential confounding influence
of ethnicity differences between the two groups. Although
general differences in cytokine production and proteomics
were statistically significant, the small number of subjects
precluded statistical power to identify specific biomarkers or
direct pathways. The analysis of mucosal immune cells was
limited to broad categories and did not break down specific
subtypes (e.g., dendritic cell subtypes) or examine the acti-
vation status of cells. Further definition of mucosal immune
cell composition is ongoing. Despite these caveats, this study
provides some of the first data on immune activation and
proteomics in the rectal compartment of HESN MSM.
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