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Abstract
Introduction: We previously showed that the rectal mucosal immune environment among men who have sex with men (MSM)
engaging in condomless receptive anal intercourse (CRAI) is immunologically distinct from that of men who do not engage in
anal intercourse (AI). Here, we further examined these differences with quantitative immunohistochemistry to better under-
stand the geographic distribution of immune markers of interest.
Methods: We enrolled a cohort of MSM engaging in CRAI (n = 41) and men who do not engage in AI (n = 21) between
October 2013 and April 2015. Participants were healthy, HIV-negative men aged 18–45 from the metro Atlanta area. We
performed rectal mucosal sampling via rigid sigmoidoscopy during two study visits separated by a median of nine weeks and
timed with sexual activity for MSM engaging in CRAI. We used standardized, automated immunohistochemistry and quan-
titative image analysis to investigate the rectal mucosal distribution of neutrophils (MPO), IL-17-producing cells (IL-17) and
Tregs (FOXP3) in the lamina propria, and cellular proliferation (Ki67) and adherens junction protein (E-cadherin) in the epithe-
lium. We examined associations between biomarker expression and the rectal mucosal microbiota composition by 16s rRNA
sequencing.
Results: Relative to the colonic crypt base, IL-17, FOXP3, and MPO expression increased towards the rectal lumen, while
Ki67 decreased and E-cadherin was more uniformly distributed. Throughout the rectal mucosa distribution examined, MSM
engaging in CRAI had higher mean lamina propria MPO expression (p = 0.04) and epithelial Ki67 (p = 0.04) compared to
controls. There were no significant differences in IL-17, FOXP3 or E-cadherin expression. We found no significant associations
of the five biomarkers with the global rectal microbiota composition or the individual taxa examined.
Conclusions: Understanding the mucosal distribution of inflammatory mediators can enhance our knowledge of the earliest
events in HIV transmission. Neutrophil enrichment and crypt epithelial cell proliferation likely represent sub-clinical inflam-
mation in response to CRAI in the rectal mucosa of MSM, which could increase the risk for HIV acquisition. However, the
contributory role of the microbiota in mucosal inflammation among MSM remains unclear. HIV prevention may be enhanced
by interventions that reduce inflammation or capitalize on the presence of specific inflammatory mechanisms during HIV expo-
sure.
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1 INTRODUCT ION

From 2013 to 2017 in the United States, 72% of new
HIV infections occurred among men who have sex with men

(MSM), with approximately 70% attributed to rectal mucosal
exposure during receptive anal intercourse (AI) [1,2]. HIV
transmission probability per exposure event is 18-fold and 50-
fold higher for rectal compared to vaginal or penile exposure,
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respectively [3]. There are many potential contributors to this
higher transmission risk. The rectal mucosa is composed of
single-layer columnar epithelium, which may be more suscep-
tible to mechanical microtrauma during intercourse than the
stratified squamous epithelium that lines most of the penis
and vagina [4]. The gut, particularly the distal rectum where
HIV transmission is most likely to occur during AI, also con-
tains most of the body’s lymphocytes, many of which are pri-
mary HIV target cells [5,6].

Understanding rectal mucosal HIV transmission biology is
essential for designing biomedical prevention interventions,
including an effective vaccine; however, the rectal mucosa
has been understudied to date. Penile and vaginal neutrophil
activity has been associated with susceptibility to HIV infec-
tion [7–9]. This is thought to be partially due to inflammation-
related epithelial barrier defects [10]. IL-17-producing cells,
including γδ T cells, MAIT, NK cells and NK-T cells, are well-
represented at injury and inflammation sites and expand at
mucosal surfaces to help clear invading pathogens and protect
barrier integrity [11]. IL-17-producing CD4+ T cells (Th17)
are primary HIV targets, and mucosal anti-inflammatory
FOXP3+ T regulatory cells (Treg) suppress inflammation and
tissue damage [12,13]. The intercellular junctions comprising
mucosal epithelial barriers also respond to inflammation,
leading to increased permeability through inflammatory
cytokine release [14]. Epithelial integrity and mucosal immune
cell composition play critical roles in host defence and
pathogen susceptibility and should be examined in the rectal
mucosa, specifically, to better define their role in rectal HIV
transmission.

Our 2017 study was among the first to evaluate human
rectal mucosal immunology in MSM [15]. We found that
the rectal mucosa of MSM engaging in condomless recep-
tive anal intercourse (CRAI) when compared to men who
did not engage in AI was enriched for Th17 cells and pro-
liferating and pro-inflammatory cytokine-expressing CD8+ T
cells and demonstrated higher expression of genes associated
with mucosal injury and repair, especially after recent inter-
course. This is consistent with prior evidence that neutrophils
and IL-17-producing cells are important inflammatory media-
tors within the gastrointestinal (GI) mucosa [16,17]. We also
discovered a microbiome that was enriched for the Prevotel-
laceae over Bacteroidaceae family, and in another study [18],
that repeated rectal hyperosmolar lubricant application was
associated with a microbiome shift favouring Prevotellaceae
over Bacteroidaceae. We hypothesize that this distinct rec-
tal mucosal immune milieu could be attributed to repeated
mucosal immune responses to intercourse with antigenic
mucosal exposure to the gut microbiome during intercourse
and/or semen exposure, and/or rectal product use [19,20].

The flow cytometry methods employed in our prior study
could not be used to examine either the epithelial border or
tissue distributions of specific rectal mucosal cellular subsets.
Thus, in the study presented herein, we used standardized,
automated immunohistochemistry (IHC) and quantitative
image analysis to investigate tissue distributions of two
biomarkers in the rectal mucosal crypt epithelium, E-cadherin
(adherens junction protein) and Ki67 (proliferation marker),
and three cellular markers in the lamina propria, MPO (neu-
trophils), IL-17 (mucosal pro-inflammatory cells) and FOXP3

Table 1. Demographic and clinical characteristics of the study

groups

Characteristica

MSM engaging

in CRAI

(n = 41)

Men not

engaging in AI

(n = 21) p-Valueb

Median age in

years

(25th, 75th)

28.0 (26.0, 34.0) 24.0 (24.0, 30.0) 0.02

Race n (%)

White 33 (80.5) 14 (66.7) –

Black 6 (14.6) 2 (9.5) –

Other 2 (4.9) 5 (23.8) 0.11

Lubricant use

n (%)

39 (95.1) NA –

Enema use n (%) 18 (43.9) NA –

Median CRAI

episodes in

previous month

(25th, 75th)

5.00 (5.00, 8.00) NA –

Abbreviations: AI, anal intercourse; CRAI, condomless receptive anal
intercourse; MSM, men who have sex with men.
aThese variables were measured at study visit 1.
bp-Values represent Wilcoxon rank-sum test for continuous variables
and the Fisher’s exact test for categorical variables.

(Treg), among MSM who engaged in CRAI compared to men
who did not engage in AI. We examined temporal differences
in biomarker expression between study visits to explore
whether CRAI timing influenced biomarker expression, overall
differences in biomarker expression between cases and con-
trols and the spatial relationship of these biomarkers relative
to the rectal lumen. Finally, we examined biomarker associa-
tions with gut microbiota composition to evaluate whether or
how the gut microbiota may influence rectal HIV transmission
in humans engaging in CRAI. Our results provide insight into
the potential mechanisms of rectal mucosal HIV transmission.

2 METHODS

The previously described MSM and control cohorts both com-
prised healthy, HIV-negative men aged 18–45 from the metro
Atlanta area enrolled between October 2013 and April 2015.
The MSM cohort engaged in CRAI with a monogamous, HIV-
negative partner at least four times monthly. The control
cohort had never engaged in AI [15]. Demographic and clini-
cal characteristics are presented in Table 1.

2.1 The clinical cohort

The study entailed three visits. At an initial screening visit,
eligible participants completed informed consent, a brief
medical and sexual history, physical examination, rapid HIV
testing and blood collection. One to six weeks later, partici-
pants underwent peripheral blood collection and rectal biopsy
sampling via rigid sigmoidoscopy. MSM participants were
asked to abstain from CRAI >72 hours before this visit. All
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participants returned for a third visit and again underwent
peripheral blood and rectal biopsy sampling 8–16 weeks
after visit 1. MSM participants were asked to engage in
CRAI <24 hours before this visit and keep a record detailing
each CRAI episode [21], including condom use, if ejaculation
occurred during intercourse and lubricant and/or enema use.
The Institutional Review Board at Emory University approved
this study (#IRB00067782).

2.2 Quantitative immunohistochemistry and
quantitative image analysis

Three rectal biopsies were oriented on a strip of bibulous
paper in normal saline, transferred to 10% normal-buffered
formalin for 24 hours and stored in 70% ethanol prior to
paraffin block embedment. Five slides with three levels of
3 μm-thick biopsy sections taken 40 μm apart were pre-
pared for each biomarker. Antigens were retrieved using
a Lab Vision PT Module in 1:100x pH 6.0 citrate buffer
(ThermoScientific, TH 250-PM1X). Slides were immunohisto-
chemically processed in a DakoCytomation Autostainer Plus
System (Agilent Dako, Santa Clara, CA) using a labelled
streptavidin-biotin kit (Thermo Fisher Scientific UltraVisionKit,
TP-125-HL; Thermo Fisher Scientific, Fremont, CA). The five
biomarker antibodies were anti-IL-17 polyclonal goat anti-
body (R&D Systems, Cat. #AF-317-NA, RRID: AB_354463)
at a 1:100 dilution; anti-FOXP3 mouse monoclonal antibody,
clone (236A/E7) (Abcam, Cat. #ab20034, RRID: AB_445284)
at a 1:300 dilution, anti-myeloperoxidase rabbit polyclonal
antibody (Agilent, Cat. #A039829-2, RRID: AB_2335676) at
a 1:1500 dilution; anti-E-cadherin mouse monoclonal anti-
body, clone (4A2C7) (ThermoFisher, Cat. # 33–4000, RRID:
AB_2533118) at a 1:150 dilution; and anti-Ki67 mouse mon-
oclonal antibody, clone (mib-1) (Agilent, Cat. #M724001-2,
RRID: AB_2631211) at a 1:350 dilution. Each batch included
positive (human tonsil tissue for FOXP3, Ki67 and MPO,
upper GI tissue for IL-17 and human breast cancer tissue for
E-cadherin) and negative controls (non-immune immunoglob-
ulin G). Slides were coverslipped with a Leica CV5000 Cov-
erslipper (Leica Microsystems, Inc., Buffalo Grove, IL) and
imaged using a PanoramicScan 150 whole-slide image scan-
ner (3DHISTECH, Budapest, Hungary). Slides were counter-
stained with haematoxylin.

As illustrated in Figure 1, key structural components of
the rectal mucosa include the crypt epithelium, the crypt
epithelial bases, the lamina propria, which houses a rich array
of innate and adaptive immune cells, and the lumen, which
refers to the centre of the intestine. To quantify biomarker
labelling (“expression”) within the colon crypts or adjacent
lamina propria, a precise image analysis scoring method was
used as previously described [22]. A minimum of three
hemicrypts or inter-crypt lamina propria regions were scored
per patient per visit per biomarker. Samples of blinded, pre-
viously scored slides were rescored to assess scorer reliabil-
ity. Using these procedures, we analysed on average approx-
imately 23 hemicrypts/biomarker/participant yielding a total
of approximately 2396 hemicrypts analysed per biomarker
across all participants. The intra-class correlation coefficients
for all biomarkers were ≥0.92.

Figure 1. Key structural components of the rectal mucosa. Crypts
are glands found in the epithelial lining of the small and large
intestine. The basal portion of the crypt contains multipotent
stem cells that form new epithelium. The lamina propria underlies
the epithelium. The lumen refers to the gut lumen, which is the
centre of the intestine. Adapted from “Rectum epithelium (ente-
rocytes only),” by BioRender.com (2021). Retrieved from https:
//app.biorender.com/biorender-templates.

2.3 Dual-staining immunohistochemistry
experiments

To investigate whether the source of IL-17 and FOXP3 stain-
ing was CD4+ cells, dual-staining IHC was conducted on a
few specimens using a biotin-free polymer system. Full meth-
ods are reported in the Supporting Information.

2.4 Microbiome sequencing

Rectal secretions were collected with a dacron swab during
rigid sigmoidoscopy, and the microbiota was sequenced using
16S rRNA (V1–V2 region) methods as described in our prior
study [15]. An operational taxonomic unit (OTU) table gener-
ated for the prior study was utilized to test associations with
biomarker expression in this study as detailed below. Raw 16S
rRNA sequences were placed in the NCBI Sequence Read
Archive (SRA) under BioProject PRJNA322688.

2.5 Statistical analyses

Study group demographic and clinical characteristics were
compared using the Wilcoxon rank-sum test for continuous
variables and Fisher’s exact test for categorical variables. The
primary outcome for the five biomarkers was the mean opti-
cal density along the scored hemicrypt length or adjacent lam-
ina propria as outlined in Figure 2. The mean optical density
was transformed by the natural logarithm to normalize the
data for further analyses. Univariate correlations of biomarker
expression with age, race, enema use and reported number
of RAI partners in the last month were first examined using
Spearman correlation coefficients. Because almost all MSM
engaging in CRAI reported lubricant use, its use could not
be examined. To assess longitudinal outcomes between MSM

3

http://onlinelibrary.wiley.com/doi/10.1002/jia2.25859/full
https://doi.org/10.1002/jia2.25859
https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates


Kelley CF et al. Journal of the International AIDS Society 2021, 24:e25859
http://onlinelibrary.wiley.com/doi/10.1002/jia2.25859/full | https://doi.org/10.1002/jia2.25859

Figure 2. Representative immunohistochemical staining for rectal crypt epithelium markers E-cadherin and Ki67 and stromal markers
MPO, FOXP3 and IL-17 within human colorectal mucosa. Tissue is from MSM engaging in CRAI. Positive control tissues are breast can-
cer tissue for E-cadherin, tonsillar tissue for Ki67, MPO and FOXP3 and upper GI tissue for IL-17 as described in the Methods section.
Negative control staining was done with non-immune IgG as described in the Methods section. All histologic sections were counter-
stained with haematoxylin. Images also depict aspects of image analyses to measure the optical densities of the biomarkers in colonic
hemicrypts (epithelial markers) and in the areas adjacent to the hemicrypts (lamina propria markers) outlined in green and separated
into 50 equidistant segments from the base of the crypt area to the lumen. A minimum of three regions were scored per biomarker, per
participant visit.

engaging in CRAI and controls, repeated measures analyses
for each of the five biomarkers as the outcome were per-
formed with a linear mixed model in R (Boston, MA) provid-
ing separate estimates of the means by study visit and study
group after adjusting for age and race. Specifically, the ini-
tial model included five predictors: study group, visit number,
interaction between study group and visit number, age and
race. Since neither the interaction nor study visit terms were
initially statistically significant, they were excluded in our final
linear mixed model that produced an overall mean biomarker
estimate for each study group by pooling observations from
visits 1 and 2 as repeated measurements.

To evaluate associations of the microbiome with the five
biomarkers measured using IHC and image analysis, we first
fit a linear decomposition model (LDM) [23], adjusting for
study group effect. LDM provides a single analysis path that
includes global tests of any effect of the microbiome and
tests of the effects of the relative abundance of individual
OTUs while accounting for multiple testing by controlling the

false discovery rate. As a comparison and confirmation, we
applied PERMANOVA based on Bray–Curtis distance, which
also provides a global test of significance, after dichotomiz-
ing biomarker expression levels at the median (i.e. high vs. low
expression) [24]. Since Prevotella and Bacteroides were spe-
cific genera of interest in this study, we additionally fit linear
regression models adjusted for study group to examine the
association of the untransformed relative abundance of Pre-
votella or Bacteroides taxa (both family and genus-level OTU)
with each of the five biomarkers for hypothesis generation
purposes.

2.6 Role of funding source

This study was funded by the National Institutes of Health.
The funder had no role in the study design, collection,
analysis and interpretation of data, report writing or decision
to submit for publication.
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Table 2. Biomarker expression quantification using immunohistochemistry analysis within colonic crypts in MSM engaging in CRAI

and men who never engaged in AI (controls)

Initial model [1] Final model [2]

Biomarkers

and study

groups n

Visit 1a, mean

biomarker

expressionb

(95% CI) n

Visit 2, mean

biomarker

expression

(95% CI)

V2 versus V1

mean biomarker

expression

difference (V2–V1) p-Value

Group overall

mean difference

(95% CI) p-Value

FOXP3

CRAI 32 4.24 (3.96, 4.52) 33 4.30 (4.06, 4.54) 0.06 0.57 0.04 (–0.29, 0.36) 0.83

Control 18 4.17 (3.92, 4.42) 14 4.33 (3.95, 4.70) 0.16 0.32

MPO

CRAI 38 6.14 (5.82, 6.47) 38 6.27 (5.95, 6.58) 0.13 0.29 0.36 (–0.018, 0.69) 0.04

Control 20 5.8 (5.52, 6.07) 16 5.92 (5.58, 6.25) 0.12 0.28

Ki67

CRAI 39 6.04 (5.73, 6.35) 38 6.19 (5.87, 6.52) 0.16 0.22 0.46 (0.031, 0.88) 0.04

Control 19 5.72 (5.35, 6.09) 16 5.58 (5.21, 5.94) –0.14 0.49

IL-17

CRAI 33 5.45 (4.90, 6.00) 33 5.51 (4.91, 6.10) 0.06 0.56 0.001 (–0.68, 0.69) 0.99

Control 18 5.49 (4.93, 6.05) 14 5.46 (4.88, 6.04) –0.03 0.84

E-cadherin

CRAI 32 8.61 (8.47, 8.75) 32 8.51 (8.34, 8.69) –0.11 0.12 0.09 (–0.067, 0.24) 0.26

Control 16 8.58 (8.45, 8.72) 13 8.56 (8.40, 8.72) –0.03 0.66

Note: Bolded items are significant p-values (<0.05).
Abbreviations: CI, confidence interval; CRAI, condomless receptive anal intercourse; E-cadherin, epithelial cadherin; FOXP3, forkhead box P3;
IL-17, interleukin 17; Ki67, antigen Ki67; MPO, myeloperoxidase; V1, visit 1; V2, visit 2.
aMSM did not engage in CRAI for >72 hours prior to visit 1 and did engage in CRAI <24 hours prior to visit 2.
bMean biomarker expression was measured as optical density and log-transformed for analyses.

3 RESULTS

Cohort demographics are presented in Table 1. Figure 2
displays representative images of rectal mucosal histologic
sections immunohistochemically processed for the five
biomarkers. The initial linear mixed model that included
covariates for study visit and the study group*visit interac-
tion demonstrated no substantial or statistically significant
biomarker expression differences between visit 1 and 2 within
either study group (Table 2), so they were excluded from the
final model. The final linear mixed model examined overall dif-
ferences between study groups controlling for race and age.

The rectal mucosal epithelium of MSM engaging in CRAI
had statistically significantly higher levels of proliferation
relative to controls. Full-length rectal hemicrypts of MSM
engaging in CRAI demonstrated significantly higher Ki67
expression relative to controls (Table 2 and Figure 3; p =
0.04). Ki67 expression (calculated from estimates prior to
log transformation) was overall 60% higher among MSM
engaging in CRAI compared to controls. Ki67 and E-cadherin
expression distribution decreased from the base of the rectal
crypts towards the colon lumen (Figure 3). There was no
significant difference between E-cadherin expression between
study groups or significant univariate correlations between
any of the epithelial biomarkers and age, race, enema use
or the number of RAI partners in the last month (data not
shown).

3.1 The rectal mucosal lamina propria of MSM
engaging in CRAI was enriched for neutrophils
relative to controls

We next examined MPO (neutrophils), IL-17 (pro-
inflammatory mucosal cells) and FOXP3 (regulatory T
cells) expression in the lamina propria tissue adjacent to
the rectal crypts (Figure 2). In the final linear mixed model
controlling age and race, MPO expression in the lamina
propria was significantly higher among MSM engaging in
CRAI than among controls (Table 2 and Figure 3; p = 0.04).
Overall, MPO expression (calculated from estimates prior to
log transformation) was 41% higher among MSM engaging
in CRAI than among controls. Expression of all three cellular
biomarkers increased from the crypt base towards the gut
lumen, likely reflecting higher environmental and microbial
exposure at the mucosal surface–lumen interface (Figure 3).
There were no significant IL-17 or FOXP3 expression dif-
ferences between the two study groups and no significant
univariate correlations between the expression of any of the
cellular biomarkers and age, race, enema use or the number
of RAI partners in the last month (data not shown).

Our dual-staining IHC experiments demonstrated that
FOXP3 co-localized with CD4 but IL-17 did not (Figure 4),
suggesting that the FOXP3-positive cells represent Treg cells.
However, the source of cellular IL-17 does not appear to be
Th17 cells but may have been γδ T cells, NK cells and/or NK-
T cells.
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Figure 3. Distribution of lamina propria markers FOXP3, MPO and IL-17, and epithelial markers Ki67 and E-cadherin in the crypts of
normal-appearing rectal mucosa in MSM. Values for graphs were generated using automated immunohistochemistry and quantitative
image analysis. Full-length hemicrypts (crypt epithelium markers) and regions adjacent to full-length hemicrypts (lamina propria mark-
ers) were analysed separately via tracing the region, followed by automated sectioning and quantification of the optical density of the
immunohistochemically labelled biomarker within each section. Each hemicrypt was divided into 50 sub-sections, denoted along the
x-axis, of average colonocyte width within which biomarker expression was quantified. Optical density values (y-axis) were averaged
across study visits for visual representation. MSM engaging in CRAI are represented by red circles and controls are represented by
black circles.

The rectal mucosa microbiota was not clearly associated
with biomarker expression, but further investigations are
warranted, particularly for microbiota associations with E-
cadherin. Global tests of significance for associations between
the microbiome and each of the five evaluated mucosal
biomarkers approached significance only for E-cadherin
expression (LDM p = 0.06, PERMANOVA p = 0.06; Figure 5).
As this is a global test of significance inclusive of the entire
microbiome, there is no directionality associated with the
effect. No individual genera were statistically significantly
associated with E-cadherin expression after adjustment for
multiple comparisons in the LDM models. We also did not find
consistent associations of the Prevotellaceae or Bacteroidaceae
taxa with the five biomarkers in our hypothesis-generating
linear regression model analyses.

4 D ISCUSS ION

These data support and add mechanistic detail to our prior
discovery of a distinct rectal mucosal immune environment
among MSM engaging in CRAI compared to men who do not

engage in AI [15]. Using a new method, automated IHC with
quantitative image analysis, we were able to examine the dis-
tribution of inflammation-related immunologic biomarkers in
the rectal mucosa, a site particularly susceptible to HIV trans-
mission. We were able to conduct a spatial examination of five
biomarkers in the rectal epithelium and lamina propria from
crypt base to gut lumen, where HIV and other pathogens first
encounter the mucosal surface.

We found that MSM engaging in CRAI demonstrated sig-
nificantly higher epithelial cell proliferation and neutrophil
abundance compared to controls independent of CRAI timing
or other examined demographic or risk behaviours. We also
found that pro-inflammatory neutrophils, IL-17-expressing
cells and anti-inflammatory Tregs were enriched towards the
mucosal luminal surface, while proliferating epithelial cells and
the adherens junction protein E-cadherin were enriched in
the epithelial crypt base. These data further underscore our
hypothesis that any combination of subclinical microtrauma
during CRAI, semen exposure or product use during inter-
course (e.g. lubricants and enemas) may be associated with
chronic rectal immunologic changes that could facilitate HIV
or sexually transmitted infection acquisition or affect response
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Figure 4. Representative images of dual immunohistochemical detection of the biomarkers in rectal mucosal tissue. Tissue is from MSM
engaging in CRAI. The biomarkers were CD4 (green) and FOXP3 (red; panels A–D) and CD4 (green) and IL-17 (red; panels E–H). Black
arrows (D) show the colocalization of CD4 and FOXP3 expression. Panels D and H are enlargements of the outlined boxes in panels C
and G, respectively. Scale bars, 100 μm (A–C and E–G) or 50 μm (D and H).

to biomedical prevention interventions, including candidate
HIV vaccines.

The increased rectal mucosal neutrophil abundance in MSM
engaging in CRAI demonstrated in this study and upregulated
rectal expression of genes involved in neutrophil function in
MSM engaging in CRAI demonstrated in our 2017 study
together present convincing evidence of a subclinical inflam-
matory mucosal response to CRAI. Neutrophils have a com-
plex role in intestinal homeostasis. They are the first immune
cells to respond to injured tissue [25] and are responsible for
clearing harmful pathogens. Neutrophils can release elastase,
which disrupts E-cadherin-based cell–cell junctions, resulting
in the loss of epithelial barrier function [26]. Importantly,
these changes may not lead to lower E-cadherin expression
overall but rather uneven marker distribution. Furthermore,
barrier integrity disruption can lead to secondary inflamma-
tion by allowing bacterial movement from the lumen and by
homing large numbers of Th cells, which are potential HIV
targets, into inflamed regions [16,27]. In this context, our dis-
covery of increased rectal mucosal neutrophil abundance and
activity in MSM engaging in CRAI could increase HIV trans-
mission risk in two ways: both by compromising intestinal
epithelial barrier function as a result of heightened mucosal
inflammation and by increasing HIV target cell recruitment to
the area of highest transmission risk.

We did not note a significant difference in E-cadherin
expression between study groups but may have been under-
powered to detect the small difference near the crypt base
seen in our biomarker distribution graphs. It is important
to note, however, that staining for E-cadherin alone does
not provide a complete understanding of barrier integrity. E-
cadherin belongs to a large family of adherens junction pro-
teins that, together with tight junction proteins, play critical
roles in maintaining the colonic crypt architecture and func-

tions [28]. Junction efficacy is crucial for normal intestinal
physiology, and perturbations in these connections can result
in adverse inflammation or gut dysbiosis [29]. Our results
call for further research into rectal mucosal epithelial barrier
integrity and expression and distribution of key adherens and
tight junction proteins among MSM engaging in CRAI.

The intestinal mucosal epithelial layer is also dynamic.
Epithelial cells are continually renewed by pluripotent Lgr5+
crypt base columnar (CBC) stem cells that reside in intestinal
crypt bases [30]. In our study, MSM engaging in CRAI had
significantly higher crypt epithelial cell proliferation (demon-
strated by higher Ki67 expression) than controls. There is
great flexibility in the regenerative capacity of the intestinal
epithelium, and different extrinsic or intrinsic factors can
modify this process of homeostatic epithelial self-renewal.
The physiological response to intestinal mucosal injury is
characterized by an initial phase of inflammation followed by
epithelial migration, restructuring and epithelial cell prolifer-
ation [30]. Through cell division, additional cells are added
to the mucosal milieu to aid in repair. Other studies point to
the importance of the inflammatory cell milieu in regulating
CBC proliferation. In our previous study, genes implicated
in mucosal injury were upregulated in MSM engaging in
CRAI [15]. Therefore, it is likely that the increased epithelial
cell proliferation seen in the current study is the normal,
physiologic response to subclinical CRAI-associated mucosal
inflammation. It is unclear whether increased epithelial cell
proliferation is associated with adverse health outcomes
[31,32] or mucosal pathogen transmission.

Our original intention in staining for IL-17 and FOXP3 was
to evaluate the contributions of Th17 and Treg cells in the lam-
ina propria given our prior flow-cytometry-based finding that
MSM engaging in CRAI demonstrated more rectal mucosal
Th17 cells than did controls. Th17 cells are known targets for
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Figure 5. Principal coordination analysis (PCoA) plots for Bray–Curtis distance, a measure of beta diversity of the microbiome, showing
no separation of the low (blue circles) and high (red triangles) biomarker expression groups, which were dichotomized at median expres-
sion values. p-Values represent PERMANOVA test of significance. PC1, or principal coordinate 1, refers to the direction that captures
the most variation in microbiome beta diversity. PC2, or principal coordinate 2, refers to the direction that captures the second-most
variation in microbiome beta diversity.

HIV infection and promote recruitment of pro-inflammatory
immune cells, including neutrophils, to mucosal tissues dur-
ing early infection, which further supports viral replication
[27,33]. In addition, the ratio of Th17/Treg cells in gut mucosal
tissues may be an important driver of mucosal inflammation
[34,35]. Treg cells modulate the immune response, suppress
mucosal tissue inflammation and may facilitate healing [12,36].
We did not detect a difference between study groups in IL-
17 or Treg expression, but we did find increasing concentra-
tions of these cells towards the rectal lumen where pathogen
exposure, including HIV, is expected to first occur. A multitude
of innate and adaptive immune cells can also produce IL-17,
notably CD8+ T cells, MAIT cells, NK cells, NK-T cells, γδ 17
T cells and innate lymphoid cells [37,38]. These are the likely
source of cellular IL-17 seen in our study as the dual stain-
ing experiments did not show co-localization of CD4 and IL-
17 staining. Given the importance of this cytokine in mucosal
defence maintenance and epithelial barrier function preserva-
tion, it is likely that IL-17-producing cells contributed to our
findings of higher rectal epithelial cell proliferation and neu-
trophil abundance in MSM engaging in CRAI despite not find-
ing a difference between study groups.

A limitation of our study is the inability to link the immuno-
logic data with clinical outcomes, including HIV seroconver-
sion. This would require large, longitudinal cohorts or clin-
ical trials among MSM that incorporate mucosal sampling
and HIV incidence outcomes, which may not be feasible. We
are currently exploring other approaches, including utilizing
novel rectal mucosal HIV explant challenges as a proxy for
HIV transmission and replication [39]. Because we selected
our study biomarkers based on hypotheses generated from
our prior work (e.g. MPO and IL-17) and existing expertise
in our automated IHC/quantitative image analysis laboratory
(e.g. Ki67 and E-cadherin), we could not fully characterize the
rectal mucosal epithelial cell junctions or all cellular popula-
tions of interest. This will require further investigation. Finally,
our study’s modest sample size limited the statistical power to
detect small differences.

5 CONCLUS IONS

Our findings make important contributions to a comprehen-
sive understanding of the ways in which CRAI affects the
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rectal mucosal immune environment, which is essential to the
development of effective biomedical HIV prevention interven-
tions. Increased neutrophil abundance and epithelial cell pro-
liferation in the rectal mucosa of MSM engaging in CRAI, in
addition to our previous findings of immunologic differences,
including increased Th17 cells, proliferating CD8 cells, pro-
inflammatory cytokine production from CD8 cells, gene sig-
natures associated with mucosal inflammation and subclini-
cal injury/repair, and a microbiota enriched for Prevotella over
Bacteroides, suggest a plausible effect on subsequent HIV
transmission risk and response to candidate HIV vaccines.
Also, our data suggest that prevention interventions that
reduce rectal mucosal inflammation or capitalize on the pres-
ence of a specific inflammatory mechanism (e.g. neutrophil
response) at the time of mucosal HIV exposure deserve fur-
ther exploration. Future research must carefully consider the
human, sexual contexts that influence the mucosal immune
environment and their potential impact on HIV outcomes.
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Additional file S1: Methods describing dual staining experi-
ments.
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