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Abstract

Ex vivo mucosal explants have become a mainstay of HIV-1 studies using human tissue. In this study, we
examine the baseline phenotypic and virologic differences between biopsies derived from the small intestine
(SI) and large intestine (LI) for use in ex vivo explant studies. To do this, we collected endoscopic mucosal
biopsies from both SI and LI from the same healthy, HIV-seronegative participants. Mucosal mononuclear
cell phenotypes and quantity were compared using flow cytometry. Comparative HIV-1 infectibility of the
explants was assessed using an ex vivo explant HIV-1 infection assay. We found that all biopsies had similar
numbers of T cells per biopsy. While the percentage of CD4" T cells from SI biopsies expressed significantly
more activation markers (CD38, HLA-DR) and HIV coreceptors (CXCR4, CCRS), the absolute numbers of
activated CD4" T cells were similar between both sites. LI explants, however, supported more efficient HIV-1
infection, as evidenced by earlier rise in p24 accumulation and greater percent of infected explants at limiting
infectious doses. These results suggest that explants from LI biopsies support more efficient HIV-1 infection
than SI biopsies, despite similar numbers of available, activated HIV-1 target cells. These findings highlight
important differences in LI and SI explants, which must be considered in designing and interpreting ex vivo
HIV-1 infection studies, and suggest that factors within the tissue other than target cell number and activation

state may play a role in regulating HIV-1 infection.
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Introduction

UCOSAL SURFACES OF the genital and gastrointestinal
(GD) tract are the predominant sites of HIV-1 trans-
mission. Among sexual exposures, anal receptive intercourse
is associated with the highest incidence of transmission,
highlighting the unique susceptibility of the rectal mucosa.'
While the large intestine (LI) is the most commonly exposed
site, the small intestine (SI) may be involved in vertical
transmission via ingestion of infected amniotic fluid, blood,
cervical secretions, or breast milk, as well as by secondary
systemic spread following sexual exposure. Regardless of
mode of transmission, the GI mucosa serves a primary site
of HIV-1 replication in early infection.>™
The human GI tract is in constant contact with antigens
from both commensal and pathogenic organisms. The mu-

cosal immune system must, therefore, be able to regulate
a mounting, rapid, effective, immune response with toler-
ance. Regions of the GI tract can be classified based on the
different absorptive and immune functions. The SI, which
comprises the duodenum, the jejunum, and the ileum, en-
gages in both secretory and absorptive functions within the
digestive system. The LI, also referred to as the colon (in-
cluding the ascending, transverse, descending, rectosigmoid,
and rectal regions), houses the majority of the microbiome and
performs a predominantly absorptive role in terms of di-
gestion. The ST is lined with active immune cells in both the
subepithelial and intraepithelial compartments, and the
more distal SI contains numerous organized lymphoid re-
gions termed Peyer’s Patches (PP). Both SI and LIs have
large numbers of activated, primarily memory lymphoid
cells scattered throughout the lamina propria.
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A practical consequence of this regional heterogeneity in
structure and function is that translational observations
concerning immunopathogenesis made in one region of the
GI tract may not be valid for a more distant region. Indeed, a
comparison of gene expression data throughout the intestine
in HIV-infected persons showed regional differences be-
tween the SI and LI, with the SI more associated with in-
flammatory genes and LI more associated with changes in
microbiome.’ Similarly, microbial communities differ
among anatomic sites and are thought to, in part, influence
the differential function.’

Given that the GI mucosa serves as a primary portal of
entry for HIV-1, and is the major site of viral replication
during primary infection regardless of mode of transmission,
it is important to develop effective models to examine
the role of the different mucosal regions in the early events
of HIV-1 infection. Ex vivo explant models have become a
primary model for studies of HIV-1 pathogenesis and early
testing of therapeutics using human tissues.> ' In this report,
we present a comparative analysis of explants from the dif-
ferent mucosal regions (LI vs. SI) in terms of T cell com-
position, HIV-1 susceptibility, and sustained infection.

Materials and Methods
Ethics statement

This study was approved by the UCLA Office of the Hu-
man Research Protection Program Institutional Review
Board (IRB) and all subjects signed written informed consent
at the time of biopsy collection.

Study participants and tissue samples

HIV-seronegative participants (n="7) were recruited from
the UCLA Mucosal Immunology Core Laboratory registry
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(UCLA IRB No. 10-000528). Biopsy specimens were ob-
tained endoscopically using a flexible sigmoidoscope and
large cup radial jaw forceps (Microvasive Radial Jaw No.
1589, outside diameter 3.3 mm). The rectosigmoid colon
was routinely sampled between 10 and 30 cm from the anal
verge, whereas the SI was sampled in the second portion of
the duodenum just above the ampulla of Vater. At each
procedure, 16—18 biopsies were obtained from each site.
Biopsies were placed immediately into 25mL of RPMI
1640 medium supplemented with 10% fetal bovine serum,
2.5mg/mL amphotericin B, and 0.1 mg/mL piperacillin—
tazobactam and then transported to the laboratory within 1-2h
of collection.

Mucosal mononuclear cell phenotyping

Mucosal mononuclear cells (MMCs) were isolated from
three to four pooled endoscopic biopsies for each individual
participant using collagenase digestion as previously de-
scribed."! MMCs were stained with the following antibody
panels (BD Biosciences, San Jose, CA) and then analyzed
using flow cytometry. To enumerate total T cells, CD3-FITC
(clone UCHT1), CD4-PE (clone SK3), CD45-PerCP (clone
2D1), and CD8-APC (cone SK1) were used; to enumerate
activated T cells HLA-DR-FITC (clone L243), CD38-PE
(clone HB7), CD4-PerCP (clone SK3), and CDS-APC (clone
SK1) were used; to enumerate coreceptor expressing cells
CD4-FITC (clone SK3), CCR5-PE (clone 2D7), CD45-
PerCP (clone 2D1), and CXCR4-APC (clone 12G5) were
used. All samples were acquired using a BD FACSCalibur
flow cytometer (BD Biosciences). A minimum of 10,000
events were collected, and if this was not possible due to
limited cell quantities then that data were excluded from
further analysis. Analysis was performed using FlowJo (v10;
FlowJo LLC). Cells were gated on live cells using forward-
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and side-scatter parameters, and then, lymphocytes were
gated using CD45 and side-scatter parameters. Gating strat-
egy is shown in Supplementary Figure S1 (Supplementary
Data are available online at www.liebertpub.com/aid). For
absolute cell number quantitation, MMC suspensions were
stained with Trucount reagents as per the manufacturer’s
instructions (BD Biosciences).

HIV-1 virus expansion

The following reagent was obtained from the NIH AIDS
Reagent Program, Division of AIDS, National Institute of
Allergy and Infectious Diseases (NIAID), NIH: HIV-1g,
from Dr. Suzanne Gartner, Dr. Mikulas Popovic, and Dr.
Robert Gallo. Stocks of HIV-1g,;, were prepared by infection
using PM1 cells. TCIDso was determined by titration using
pooled peripheral blood mononuclear cells. The same viral
stock was used throughout the study.

HIV-1 infection of explants

Gut mucosal explants from both LI and ST were processed
as previously described.” Briefly, biopsies were collected and
cultured using RPMI 1640 medium with 2.5 mg/mL am-
photericin B and 0.1 mg/mL piperacillin—tazobactam in a
37°C humidified incubator. Triplicate biopsies were infected
with HIV-1g,; for 2 h, thoroughly washed, and replaced with
fresh media on absorbable gelatin sponge in separate wells of
standard tissue culture plates. Cultures were maintained for a
total of 14 days. Supernatant was collected on designated
days and used for p24 quantification by ELISA (SAIC-
Fredrick, Inc., NCI Frederick, MA).

Statistical analyses

Phenotypic data (Figs. 1 and 2) were compared using
nonparametric Wilcoxon signed-rank tests. To compare
p24 replication (Fig. 4), the cumulative p24 values were
log-transformed, and then, linear regression was used
to determine slope of time versus log-p24 (Fig. 5). This
analysis was not performed for the dose 10° TCIDs due to
insufficient nonzero data points. Slopes and intercepts
were compared using analysis of covariance. All statistical
analyses were performed using GraphPad Prism 7 (v7.0d;
GraphPad Software).

Results

LI and Sl have similar numbers of potential
HIV-1 target cells

Biopsies were collected from HIV-seronegative partici-
pants with endoscopically normal appearing intestinal mu-
cosa. SI samples were collected in the second portion of the
duodenum (above the ampulla of Vater) and LI samples were
collected between 10 and 30cm from the anal verge. To
assess the number of potential HIV-1 target cells, MMCs
were isolated from both LI and SI samples and T lymphocyte
quantity and phenotype were assessed by flow cytometry.
The percent of total T cells (CD45" CD3") did not differ
between LI and SI (data not shown). The percent of CD4* T
cells was greater in LI than SI (Fig. 1A), however, this dif-
ference diminished when examining the absolute number of
CD4* T cells per biopsy (Fig. 2A). Mucosal CD8* T cells
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FIG. 2. Absolute T cell counts per biopsy. Cell numbers
were quantified using flow cytometry counting beads. (A)
Comfarative numbers of total T cells (CD3%) and CD4" and
CDS8™ T cell subsets in LI and SI biopsies. (B) Comparative
numbers of potential HIV-1 target cells, including activated
(HLA-DR, CD38) CD4" T cells and coreceptor (CCRS,
CXCR4) expressing CD4" T cells. The box represents the
interquartile range and the whiskers extend to the minimum
and maximum. The /ine in the box indicates the median. All
differences between SI and LI biopsies were not significant
using Wilcoxon signed-rank tests.

were greater in SI than LI when quantifying total percentages
(Fig. 1A), but again these differences were not appreciated
when the absolute number of CD8" T cells was quantified per
biopsy (Fig. 2A).

HIV-1 requires activated CD4" T lymphocytes for effi-
cient replication, and access to such regulates systemic
dissemination.'>™"* Therefore, we examined the phenotype
of isolated T cells from both SI and LI compartments. The
proportion of both activated CD4" and CD8" T lymphocytes
(HLA-DR* CD38%) was higher in the SI (Fig. 1B, C). When
quantifying HIV-1 coreceptors CCR5 and/or CXCR4, nearly
all (>90%) of CD4" T lymphocytes in the ST expressed either
or both coreceptors compared with only 60% in the LI
(Fig. 1D). We next determined the calculated absolute cell
count number for each activated subset based on the Trucount
data for the CD4 populations (Fig. 2A). In doing so, we found
that the number of activated CD4" T lymphocytes was more
similar between LI and SI (Fig. 2B). In addition, the calcu-
lated absolute numbers of CD4" T lymphocytes expressing
HIV-1 coreceptors CCRS and/or CXCR4 were also similar
between the compartments (Fig. 2B). This suggests that LI
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FIG. 3. HIV-1 infection efficiency in LI and SI explants.
Triplicate explants from (A) LI and (B) SI biopsies from all
participants were infected with indicated doses of HIV-1g,; .
Explants were considered ““infected” if supernatant collected
from designated day contained detectable p24 above a
100ng/mL threshold. Data shown as the mean of the per-
centages of triplicate explants that met criteria for ““infected”
from all participants and error bars represent standard error.

% explants infected
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and SI explants contain similar numbers of potential HIV-1
target cells.

LI explants are more infectible than S| explants

Based on the phenotypic data for CD4" T cells (Figs. 1 and
2), we hypothesized that explants from LI and SI would have
similar HIV-1 infectivity and replication. Ex vivo explants
were prepared using biopsies from SI and LI and then in-
fected using limiting dilution titers (103, 10%, 10, and 10°
TCIDsq). Viral replication was quantified by the accumula-
tion of p24 in the culture media. To assess infectivity, we
used a p24 threshold value to determine infected (>100ng)
versus uninfected (<100ng) explants."> At the majorit?l of
titers, including clinically relevant low titers such as 10", LI
explants are more easily infected as evidenced by a greater
progortion of infected explants (Fig. 3A). The lowest dilution
(10”) data are limited by overall low infection (one LI explant
vs. two SI explants).

LI explants exhibited earlier and greater p24
accumulation

With the greater percent infected with LI explants
(Fig. 3A), we also examined the HIV-1 replication over time
as this could be one potential mechanism allowing for ap-
parent increased infectivity in these explants. As shown in
Figure 4, the LI explants produced greater cumulative p24
antigen than SI explants (Fig. 4), which is a standard metric
for comparative analyses of HIV-1 ex vivo infection.' ! The
LI explants consistently produced approximately threefold
more p24 antigen than ST explants at the end of the measured
infection period. We examined the slopes of p24 accumulation
using linear regression of semilog-transformed p24 accumu-
lation plots (Fig. 5). The slopes were not significantly different
between LI and SI explants for all TCIDs,. However, at all
TCIDs, doses, the LI explants exhibited a significantly earlier
rise in detectable p24 based on calculated x-intercept from the
linear regression model (3.2 days vs. 6.6 days for 10°, p=.05;
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FIG. 5. Semilog-transformed HIV-1 replication following
infection with standardized doses of HIV-1. Cumulative p24
data from Figure 4 were log- transformed and then plotted
versus time since 1nfect1on using (A) 10° TCIDsg, (B) 10°
TCIDsqy, and (C) 10! TCIDsy of HIV-1g,. Lines show
linear regression models for each data set (LI or SI).
Semilog transformation was not performed for 10° TCIDs,
due to insufficient nonzero data points. Data shown as mean
of all infected explants per dose from all subjects and error
bars represent standard error.

4.5 days vs. 7 days for 10%, p=.03; 6.8 days vs. 11 days for 10",
p=.006). All explants (both LI and SI) had earlier detectable
p24 with higher TCIDs( doses.

Discussion

In this study, we compared the HIV-1 target cell avail-
ability and ex vivo susceptibility of tissue biopsies obtained
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from different anatomical compartments of the human in-
testine: SI and the LI. We showed that although the LI had a
high proportion of CD4* T lymphocytes, the ST had greater
relative proportion of activated CD4" T cells, which are the
primary target for HIV-1 infection. The absolute number of
cells quantified per biopsy, however, was similar between SI
and LI. When tested in ex vivo assays, the explants from the
LI more efficiently established a productive infection than the
SI explants.

The availability of target cells is a key determining factor
during acute HIV-1 infection. Since the GI mucosa is a
physiologically inflamed tissue with abundant activated
CD4" T cells expressing CCR5 and CXCR4, it is an attractive
target site for virus replication. Indeed, we found that both LI
and SI contain a large proportion of potential HIV-1 target
cells (Figs. 1 and 2). While differences in percentages of
CD4*, CD8", and activated T cell subsets were appreciated
between LI and SI samples, the absolute numbers of activated
CD4" T lymphocytes were statistically similar between the
two anatomic locations. Therefore, differences in target cell
number may not be sufficient to explain the observed dif-
ferences in explant susceptibility and infection efficiency.
Another possible consideration is the distribution of target
cells. While we quantified cell numbers, we did not assess the
proximity of target cells within the tissue using our methods.
As cell/cell spread has been shown to be an important factor
in early HIV-1 infection,”?">* it is possible that the LI had
larger organized pools of activated CD4"™ T lymphocytes that
could sustain infection, whereas SI had more disperse pop-
ulations. These findings also raise the possibility that other
factors beyond target cell availability may mediate infection.
One such factor could be other innate immune cells, in-
cluding dendritic cells and macrophages. While these cells
have been shown to facilitate HIV-1 infection of CD4™ T
lymphocytes in the rectal mucosa,”>*® macrophages in the SI
do not express HIV coreceptors CCRS5 or CXCR4 and are
therefore not permissive to HIV-1 infection.””*® Further
studies to examine these questions in relevant tissue are
warranted to better understand the determinants mediating
mucosal HIV-1 infection.

Our study examined the efficiency of viral infection as
determined by the ability of explants to establish an infection
at limiting virus concentrations, which may be a better
physiologic representation. The LI explants were overall
more easily infectible (Fig. 3), but of note, biopsies derived
from either tissue source were ultimately capable of estab-
lishing an infection at the lowest dose of virus (100 TCIDs).
The physiological relevance of these findings remains to be
seen, but they suggest that even the escape of a small amount
of virus from the bounds of founder populations may be all
that is required to establish sustained infection.

This study is subject to caveats. While flow cytometry
allows for quantification of multiple simultaneous cellular
subsets, it is limited in its efficiency for absolute quantifica-
tion.?® Explant infections are prone to sampling error, as the
location and size of the biopsy relative to a lymphoid ag-
gregate or Peyer’s patch could potentially influence infection.
In an attempt to control this, all infections are performed in at
least triplicate. The phenotypic studies are subject to the same
error, but again biologic replicates are included to reduce this
bias. A strength of our study is the within-subject comparison
between the LI and SI, which reduces the influence of donor
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to donor variation in our comparative analysis. However, we
cannot fully exclude the possibility that donor variation
contributed to the observed differences in infectivity.

To our knowledge, this is the first report comparing sus-
ceptibility to HIV-1 infection in different regions of human
GI mucosa. We found that both compartments contained
statistically similar potential target cells, however, the LI
biopsies supported more efficient HIV-1 replication. This
difference is important not only for ex vivo study design but
also for further investigation of the mechanisms that mediate
HIV-1 mucosal infection.
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