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Introduction

The female genital tract (FGT) mucosa is important
in the defense against invasion by pathogenic micro-
organisms (reviewed in'?). The mucosa of the upper
FGT (uterus, fallopian tubes, and endocervical canal)
is covered by a single-layered columnar epithelium.
produce mucus,

The endocervical canal glands
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Problem
Knowledge of the mucosal immune cell composition of the human female
genital tract is important for understanding susceptibility to HIV-1.

Method of study

We developed an optimized procedure for multicolor flow cytometry
analysis of immune cells from human cervix to characterize all major
immune cell subsets in the endocervix and ectocervix.

Results

Half of tissue hematopoietic cells were CD14*, many of which were
macrophages and about a third were CD11c*, most of which were
CD103~ CD11b* CX3CR1* DC-SIGN™ dendritic cells (DCs). The other
dominant population were T cells, with more CD8 than CD4 cells.
T cells (both CD8 and CD4) and B cells were more abundant in the
ectocervix than endocervix of pre-menopausal women; however, CD8"
T cell and B cell numbers declined in the ectocervix after menopause,
while CD4 T cell counts remained higher. B, NK and conventional
myeloid and plasmocytoid DCs each were a few percent of tissue hema-
topoietic cells. Although the ectocervix had more HIV-susceptible CD4"
T cells, polarized endocervical explants supported HIV replication signifi-
cantly better.

Conclusion

Due to their abundance in the genital tract, CX3CR1* DC-SIGN™ DCs
might be important in HIV transmission. Our data also suggest that the
columnar epithelium of the upper genital tract might be a preferential
site for HIV transmission.

which can trap microbial pathogens and prevent
ascending infection. In contrast, the lower genital
tract (ectocervix and vagina) is covered by a strati-
fied squamous non-keratinized epithelium, which
potentially provides a more effective barrier than the
columnar epithelium. Immune cells are recruited to
the mucosa and mediate innate and adaptive
immune responses. Although our knowledge of
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IMMUNE CELLS IN THE HUMAN CERVIX

mucosal immunity at some sites, such as the intesti-
nal tract and lung, has increased recently, less is
known about immunity in the FGT which is the por-
tal of entry for most new HIV infections. A few stud-
ies have looked at resident immune cells in the
human cervical mucosa,” ® where most HIV sexual
transmission is thought to occur. Many of these
studies were performed using immunohistochemistry
and flow cytometry before multicolor analysis
became routine. In the human cervix, as other
mucosal tissues, T lymphocytes are much more
abundant than B cells, CD8" T cells outnumber
CD4" T cells, and most T cells have an effector mem-
ory phenotype.>” Although a few recent studies
have quantified subsets of lymphocytes, no study
has looked at the abundance of all the major
lymphoid and myeloid cell types within the same
sample and studied their localization in different
anatomical regions and associated this with
infectivity.

Current models of HIV sexual transmission are lar-
gely based on studies of SIV transmission in Rhesus
macaques.” '® However, results in the macaque SIV
model might not translate to human HIV transmis-
sion.”™? There is a need to investigate sexual trans-
mission of HIV in human models. An in vivo model
of sexual transmission in ‘humanized” NOD/scid/
IL2R,”’~ mice transplanted with fetal CD34" cells,
liver and thymus, was recently developed.'* !¢
Although all subtypes of human immune cells may
be present in these mice, they may be less abundant
and could traffic differently in response to chemo-
kines produced by mouse epithelial cells. As an
alternative model, human cervical tissue explants
have been used to study ex vivo mucosal transmis-
sion of sexually transmitted infections such as HIV-
1.> An important consideration for judging how well
the rhesus macaque or humanized mouse infection
models might mimic transmission to women is
defining how well the numbers and distribution of
immune cells in the FGT of rhesus macaques or
humanized mice recapitulates what is found in
women. To begin to answer these questions, we
used multicolor flow cytometry and immunohisto-
chemical analysis to better define the human innate
and adaptive immune cells in the endo- and ectocer-
vix of healthy women, using cervical tissue samples
from women undergoing hysterectomy for benign
non-inflammatory conditions. We developed an
optimized protocol to isolate and analyze by flow
cytometry immune cells in the human cervix, which
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enabled us to detect all major immune cells types
simultaneously. We also compared immune cell
representation in the endocervix and ectocervix to
identify differences that might be important for
susceptibility to viral transmission.

We found that CD14" cells were the most abun-
dant hematopoietic cells in the cervix, comprising
about half of all hematopoietic cells. Although most
of these were CDI11c¢ macrophages, about a third
were CD14" CD11c* CD11b" CD103™ cells, most
likely DCs, that also expressed CX3CR1 (the fractal-
kine receptor) and DC-SIGN, both coreceptors for
HIV. T cells (both CD4" and CD8") were more abun-
dant in the ectocervix than endocervix of pre-meno-
pausal women. However, CD8" numbers declined in
the ectocervix after menopause, while CD4" num-
bers remained high. Although the ectocervix had
more HIV-susceptible CD4" T cells, infection of
polarized endocervical explants supported a higher
level of HIV-1 replication than that of ectocervical
explants.

Materials and methods

Human Cervical Tissue

Human cervical tissue was obtained from twenty-six
women without cervical pathology and signs of
cervical infection or inflammation, undergoing
hysterectomy for benign conditions such as fibroids,
at Massachusetts General Hospital with Institutional
Review Board approval. In 13 cases, the tissue con-
tained both ectocervix and endocervix, which were
separated by anatomical localization and were con-
firmed on tissue sections used for immunohisto-
chemistry. For these samples, we also obtained
information on age, menopausal status (as identified
by patient history by the treating gynecologist), hor-
mone use, and parity from the patient medical
records. Seven of these donors were pre-menopausal
(41-52 years old) and six were post-menopausal
women (50-77 years old). Menopausal status was
defined as having no menses in 6 months. Because
of the ages of the study subjects, some of the sub-
jects classified as pre-menopausal could actually be
peri-menopausal. The tissue was stored at 4°C in
RPMI 1640 media (Cellgro, Manassas, VA, USA)
containing 10% human serum (AB) (GemCell, West
Sacramento, CA, USA), 100 U/mL penicillin, and
100 pg/mL streptomycin sulfate (H10 medium) until
processing within 24 hrs of surgery.
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Cervical Tissue Digestion

To prepare a single cell suspension, cervical mucosa,
separated from the underlying stroma by cutting
5 mm below the epithelial surface, was minced into
5 x 5 mm’ pieces, placed in 5 mg/mL Collagenase
IV (Invitrogen, Carlsbad, CA, USA) in H10 media,
and subjected to mechanical dissociation for 1 min
using mouse spleen 01.01 program of the gentle-
MACS Dissociator (MACS Miltenyi Biotec, Auburn,
CA, USA). The sample was incubated for 30 min at
37°C with shaking at 120 rpm, followed by another
cycle of mechanical dissociation. The suspension was
filtered through a 100-um cell strainer (BD Bio-
sciences, San Jose, CA, USA), and cells were
collected by centrifugation at 500 g for 5 min at 4°C.
Liberase TL and Liberase DL enzyme blends (Roche
Applied Science, Indianapolis, IN, USA) were tested
during the optimization of the protocol.

Flow Cytometry

Immune cells were identified by staining with the fol-
lowing antibody cocktails — for T cells, NK cells and B
cells: anti-CD3-APC (cl.OKT3), anti-CD4-PE-Cy7
(c.OKT4), anti-CD56-PE (cl.HCD56), anti-CD16-
AF488 (cl.3G8), anti-CD19-PerCP-Cy5.5 (cl.HIB19),
anti-CD45-Pacific blue (cl.HI30); for phenotyping T
cells: anti-CD3-PerCP-Cy5.5 (cl.UCHT1), anti-CD4-
PE (cl.OKT4), anti-CD8-APC (cl.HIT8a), anti-
CD45RA-PE-Cy7 (cl. HI100), anti-CD27 (cl. 0323),
anti-CCR7-AF488 (cl.TG8/CCR7), anti-CD45-Pacific
blue; for T cells, chemokine receptors: anti-
CD3-PerCP-Cy5.5, anti-CD4-PE-Cy7, anti-CCR5-PE
(c1.T21/8), anti-CXCR4-APC (cl.12G5), anti-CD45-
Pacific blue; for APCs: anti-CD3 (cl.OKT3)/CD20
(cl.2H7)/CD56(cl.LHCD56)/CD16 (cl.3G8) — all AF488
labeled, anti-CD14-APC (cl.HCD14), anti-HLA-DR-
PerCP-Cy5.5 (cl.L243), anti-CD11c-PE-Cy7 (cl.3.9),
anti-CD123-PE  (cl.6H6), anti-CD45-Pacific blue.
In some experiments, anti-CD68-PE (cl. Y1/82A),
anti-DC-SIGN-APC (cl.9E9AS8), anti-CD11b-APC (cl.
ICRF44), anti-CD103-AF488 (cl. Ber-ACT8), anti-
CX3CR1-PE (cl. 2A9-1), and anti-NKp44-APC (cl.
P44-8) were used. All antibodies were from Bioleg-
end (San Diego, CA, USA) except anti-DC-SIGN (R
& D Systems, Minneapolis, MN, USA). The staining
was performed in FACS buffer [Dulbecco’s phos-
phate-buffered saline, 1 mm EDTA, 25 mm HEPES
(all from Invitrogen) with 0.5% BSA (Sigma)]. Dead
cells were excluded using Sytox blue dead stain dye
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(Invitrogen). Data were acquired using a FACSCan-
toll (BD Biosciences) and analyzed using FlowJo
version 9-1.3.1 (Tree Star, Ashland, OR, USA).

Infection of cervical explants with HIV g,y

Polarized cervical explants were prepared as previ-
ously described.'® Briefly, the cervix was cut using
3-mm biopsy punches (Acuderm, Fort Lauderdale,
FL, USA) and embedded with the epithelium facing
up in 3% agarose in the upper chamber of a 24-well
transwell system (Corning, Lowell, MA, USA).
HIVg, (20 ng p24) was applied to the apical surface in
the upper chamber for 48 hrs; following a wash, the
explants were cultured for six additional days with
medium replacement every 48 hrs. The levels of p24
antigen in culture media were measured using the
HIV-1 p24 ELISA Kit (Perkin Elmer, Waltham, MA,
USA). Absorbance was measured with a SpectraMax
190 Microplate Reader (Sunnyvale, CA, USA).
HIVp,. was obtained from the NIH AIDS Reagent
Program, and viral stock was prepared as previously
described.'®

Immunohistochemistry

Cervical cryosections (8 um), fixed in 4% parafor-
maldehyde (Sigma) and blocked with Protein Block
(Biogenex, Fremont, CA, USA) and Biotin/Avidin
Blocking Kit (Vector Laboratories, Burlingame, CA,
USA), were stained with the following antibodies:
anti-CD3 (cl.UCHTI1), anti-CD4 (cl.RPA-T4), anti-
CD14 (cl. M5E2), and anti-DC-SIGN (cl.DCN46) (all
from BD Biosciences). Biotinylated anti-mouse im-
munoglobulins, alkaline phosphatase-conjugated
streptavidin, and fast red substrate (all from Bioge-
nex) were used to develop the reaction. Hematoxy-
lin (Leica Biosystems, Richmond, IL, USA) was used
for nuclear counterstain. Images were acquired using
a Zeiss Axiovert 200m microscope and Slidebook
software (Intelligent Imaging, Denver, CO, USA).

Statistical analysis

Data are presented as median value (the 50th percen-
tile) and interquartile range (IQR). Wilcoxon matched
pairs test was used to compare the percent of immune
cells between ectocervix and endocervix and Mann—
Whitney nonparametric test was used to compare
pre-menopausal and post-menopausal cases. All sta-
tistical analysis was performed using GraphPad Prizm
4 software (GraphPad Software, San Diego, CA, USA).
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Results

Immune cell composition of human ectocervix

To characterize cervical immune cells by flow
cytometry, we first needed to optimize a protocol
for liberating immune cells from cervical tissue,
which is usually accomplished by treating tissue
with collagenase and other proteases.'®'® An opti-
mal protocol needs to balance the opposing consid-
erations of maximizing tissue digestion and
immune cell yield with the danger of proteolytic
digestion of cell surface receptors used to identify
cell subtypes. To accomplish this goal, we com-
pared yields and proportions of different immune
subtypes in cervical tissue samples and peripheral
blood mononuclear cells, the latter with or without
protease digestion. Crude collagenase treatment
interfered with the detection of some immune
receptors, especially CD56, used to identify NK
cells and substantially reduced the staining inten-
sity of others, including CD4 (Figure S1). Treat-
ment with purified enzyme blends Liberase TL or
DL improved CD56 detection in PBMCs; however,
the yield of cells from cervical tissue was unaccept-
ably reduced (data not shown). We therefore
selected an isolation protocol that treated tissue frag-
ments with collagenase IV in 10% serum-containing
medium.?° This protocol did not completely protect
CD56 in PBMCs (data not shown), but incubation of
cervical tissue fragments with 5 mg/mL collagenase
IV for 30 min in combination with gentle mechani-
cal dissociation maintained CD56 staining in the
readily detectable range (Fig. le).

This protocol was used to isolate cervical cells
from twenty-six subjects. Viable immune cells were
identified by gating on cells expressing the pan-
hematopoietic cell marker CD45 (to exclude non-
immune cells, such as epithelial cells and fibroblasts)
that did not stain with Sytox Blue (to exclude dead
cells) (Fig. 1a). On average, we obtained 3.7 x 10°
CD45" cells/gm of tissue (range, 0.8-6.9 x 10°).
Cells were co-stained for CD3, CD4, CD56, CD16,
CD19, CD14, HLA-DR, CDIllc, CD123, DC-SIGN,
CD103, CD11b, and CX3CR1 to identify different
lymphocyte and antigen-presenting cell (APC) popu-
lations (Fig. 1). Neutrophils, which constituted
approximately 10% of all tissue CD45"% cells, were
excluded by forward and side scatter gating
(Fig. 1b). Data for individual ectocervical samples
are compiled in Table S1.
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Lymphocyte subsets in human ectocervix

In the ectocervix, 35% of CD45" mononuclear cells
were CD3™ T cells (interquartile range (IQR) 23-43%,
n = 26), of which on average 41% were CD4" and
59% were CD8" T cells (Fig. 2a). The median CD4/
CD8 ratio was 0.7. However, in 9 of 26 cases, the cer-
vical epithelia contained more CD4" T cells than CD8*
T cells (Table S1). In contrast, in human blood, T cells
are on average 70% of the mononuclear cells*' and
CD4" T cells are about twice as abundant as CD8" T
cells (Fig. 2e). Within the CD4" T cells in the cervix,
70% were of the effector/memory (CD27~ CD45RA™)
or effector phenotype (CD27~ CD45RA™) (n = 4)
(Table S2), which mostly lack expression of CCR7
(data not shown). Within the CD8" T cells, the major-
ity (more than 60%) expressed CD45RA, but not
CD27, indicative of the effector cell phenotype (n = 4)
(Table S2). The expression of the chemokine receptors
CCR5 and CXCR4 varied greatly between donors.
Median CCRS5 expression was 28% in the CD4" T cells
and 16% for CD8" cells (Table S2). CXCR4 was
detected in 51% of CD4" and 44% of CD8" T cells
(n = 6) (Table S2).

CD3-negative lymphocytes (Fig. 1ce,f) in the cer-
vical epithelium included CD56%™ CD16% and
CD56"8" CD16~ NK cells (on average, NK cells
were 2.7% of CD45" mononuclear cells) and CD19*
B cells (median 0.9%, range 0.2-1.8%) (Fig. 2b).
These cell types were underrepresented relative to
their frequencies in the blood, where NK cells and B
cells each constituted as many as 10% of mononu-
clear cells.?’** The relative numbers of ‘cytokine-
producing’ CD56"#" CD16~ and “cytotoxic’ CD564™
CD16" NK cells in the cervix varied between donors
with CD56" 8" CD16~ NK cells ranging between 0.8
and 3% (median 1.7%, n = 18) and CD56"™ CD16"
NK cells ranging between 0.6 and 3% (median 1%,
n = 18) of all CD45" mononuclear cells (Fig. 2b and
Table S1). In contrast, in the circulation, cytotoxic
CD16™ NK cells were the prevalent NK cell subset,??
comprising up to 10% of mononuclear cells (Fig. 2e).

Antigen-presenting cells in human ectocervix

To analyze APC subtypes in the cervix, we co-stained
for CD14 and lymphocyte lineage markers (CD3,
CD20, CD56, and CDI16) (Fig. 1d). Lin-negative
CD14" cells were the largest population of immune
cells in the cervix, ranging between 37 and 55% of
CD45" mononuclear cells (median 42%, n = 10).
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The majority of CD14" cells were CD11c  macro-
phages, which was confirmed by CD68 staining (data
not shown). Macrophages ranged between 23 and
40% (median, 30%) of all CD45" cells (Fig. 2¢ and
Table S1). Approximately one-third of CD14" cells
were also CD11c*. These CD14" CD11c* cells may
represent CD14"% tissue DCs** or possibly recently
migrated monocytes that have not completely differ-
entiated into tissue macrophages (Fig. 2c). The
percentage of CD14" CD11c" cells within tissue
hematopoietic cells was similar to that of peripheral
blood CD14" CD11c¢" monocytes (10-20% of mono-
nuclear cells)?! (Fig. 2e). Most of the CD14* CD11c*

cells in the cervix expressed HIV-attachment receptor
DC-SIGN and were also CD4%™ (Fig. 1i). They also
stained for the fractalkine receptor CX3CR1, which is
another HIV-1 coreceptor (Fig. 1j). Most of the
CD14* CD11c* cells were CD103~ CD11b* CX3CR1*
(60-90%, 1 = 3) (Fig. 1k,1).

Conventional dendritic cell subsets, defined as
lymphocyte lin- and CD147, included CD11c¢" HLA-
DR" myeloid DCs (mDCs) and CD123" HLA-DR*
plasmacytoid DCs (pDCs) (Fig. 1g,h). Myeloid DCs
ranged from 0.3 to 2.3% (median 0.8%, n = 12) and
pDCs ranged from 0.9 to 4% (median 1%, n =11)
of cervical CD45" cells (Fig. 2d). In the tissue, DCs

Fig. 1 Representative flow cytometry of immune cells in the ectocervix. (a) CD45" cells (1) excluding CD45™ (2) and Sytox blue-stained dead cells
(3). (b) Mononuclear cells (5) and granulocytes (4) based on forward and side scatter (c) CD3* CD4" (8) and CD3* CD4~ (9) T cells and CD3™ cells
(6), excluding CcD4%™ CD3~ APCs (7). (d) Lin-CD14~ (11) or lin-CD14" antigen-presenting cells (APCs) (12) excluding CD3/CD20/CD56/CD16*
cells (10). (e) CD56°"€™ CD16™ (13) and CD56%™ CD16" (14) NK cells (f) CD19* B cells (15) () CD11c* HLA-DR* mDCs (16) (h) CD123* HLA-DR* pDCs
(17). Dotted line corresponds to CD11c* cells (i, j). DC-SIGN* CX3CR1* cD4%™ (18) and (k, I) CD103~ CD11b* CX3CR1* cells (19).
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were slightly more abundant than in peripheral
blood where they are normally <1% of mononuclear
cells (Fig. 2e).

Comparison of immune cell subsets in endocervix and
ectocervix

Thirteen of the cervical tissue samples contained both
ectocervix and endocervix. There was no significant
difference in the proportion of CD45" cells in the en-
docervix and ectocervix (data not shown). However,
on average, CD3" T cells were about twice as abun-
dant (P =0.0002) in the ectocervix (IQR 23-43% of
CD45" cells, median 36%) as in the endocervix (IQR
10-27%, median 17%), (Fig. 3a). Patients were clas-
sified as pre-menopausal or post-menopausal based
on their history by their treating gynecologist. The
pre-menopausal ectocervical samples contained sig-
nificantly more of both CD4 and CD8 T cells than
their paired endocervical tissues, but in post-meno-
pausal samples, only CD4" cells were significantly
more abundant in the ectocervix (Fig. 3b). As a con-
sequence, the CD4/CD8 ratio was significantly
(P =10.001) higher in the ectocervix of post-meno-
pausal women (median 1.2, range 0.9-2.2) compared
with pre-menopausal (median 0.66, range 0.6—0.7)
(Fig. 3b).

There were significantly more B cells in the ectocer-
vix (median 0.9%, IQR 0.23-1.75%) than the
endocervix (median 0.4%, IQR 0.2-0.8%) (P = 0.04),
which was predominantly in pre-menopausal women
(Fig. 3c¢). There was no significant difference in either
CD56"™ CD16* or CD56"8" CD16~ NK cells com-
paring the ectocervix versus the endocervix (Fig. 3d).
However, CD56"™ CD16" cells were more abundant
in pre-menopausal tissues, a difference that reached
significance only in the endocervix (P = 0.03)
(Fig. 3d). CD14" macrophages and DC subsets were
similarly abundant in the ectocervix and endocervix
(data not shown). Thus, the ectocervix of pre-meno-
pausal women contained significantly more CD4 T,
CD8 T, and B lymphocytes than the endocervix, but
only CD4 T cells were more abundant in post-meno-
pausal women. Among all subjects, only two pre-
menopausal women reported hormone use (oral or
skin patch contraceptive), and the cell distribution in
these two samples was not significantly different
from the rest of the samples, indicating that hor-
mone use could not explain the observed differ-
ences. There were no significant differences in parity
between the pre- and post-menopausal subjects
(most donors reported two to four childbirths).
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Recent interest has focused on innate lymphoid
cells in mucosal tissues which have similar functions
as corresponding subsets of adaptive immune cells.
In particular, IL-22-secreting NK cells (NK-22 cells)
are a subset of mucosal CD3~ CD56"#" CD16~
unconventional NK cells, which enhance innate
immune responses and inflammation at mucosal
sites and are identified by expression of the NK acti-
vating receptor, NKp44.>* We detected NK-22 cells
both in the endocervix and in the ectocervix, but
they were rare (median, 0.2% and 0.1% of the
CD3~ cells in the lymphocyte gate, respectively,
n =9) (Figure S2).

T-lymphocytes cluster on either side of the basement
membrane, while APCs are mostly in the stroma

To compare the localization within the ectocervix
and endocervix of cells potentially important in HIV
transmission, frozen tissue sections (n =4) were
stained for CD3, CD4, CDI14, and DC-SIGN. As
previously reported,” CD3* T cells, including CD4"
lymphocytes, concentrated close to the basement
membrane in the lamina propria and within the
stratified epithelium of the ectocervix (representa-
tive sections shown in Fig. 4a,b). They were also
found within the columnar epithelium or close to
the basement membrane in the endocervix (Fig. 4a,
b). Lymphocyte aggregates were common in the ec-
tocervix (Fig. 4a,b). CD8" cells had a similar distri-
bution (data not shown). The abundance of APCs
found by flow cytometry was confirmed by CDI14
staining (Fig. 4c). DC-SIGN™ cells were largely found
within the stroma of the ectocervix and endocervix
(Fig. 4d). Most DC-SIGN™ cells were also CD14" as
revealed by co-staining (data not shown).

HIV infection of polarized endocervix and ectocervix

It is unclear whether HIV transmission in humans
occurs primarily at the endocervix or ectocervix.
There are conflicting results from studies in rhesus
macaque and human cervical explants. Here, we
found an increased number of HIV-susceptible CD4
T cells in the ectocervix compared with the endocer-
vix, but endocervical CD4 T cells were abundant
within the epithelium and in the stroma close to
the epithelial basement membrane. To compare the
susceptibility of human endocervix and ectocervix
to HIV-1 applied to the epithelial surface, we pre-
pared polarized cervical explants in a transwell sys-
tem. HIVy, was added to the upper chamber of the
transwell to mimic mucosal infection. Viral replication
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in the tissue was assessed by measuring secretion of
p24 antigen by ELISA into the lower chamber of
the transwell for 1 week post-infection, when the
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tissues remained largely viable. Two to four pieces
of endocervix and ectocervix were polarized for
each of six donors. Despite variations also between
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Ectocervix

Endocervix

CD3

CD4

CD14

DC-SIGN

Fig. 4 Location of HIV-1-susceptible immune cells in the human ectocervix and endocervix by immunostain for T cell markers, CD3 (a) and CD4
(b), for CD14* antigen-presenting cells (APCs) (c) and for the stromal DC marker DC-SIGN (d) using fast red (red) and hematoxylin nuclear

counterstain (blue), scale bar, 100 um.

individual pieces of tissue from the same donor
(Fig. 5a), viral replication on average was consis-
tently higher in the endocervical fragments than in
the ectocervix for each donor (Fig. 5b). The differ-
ence in p24 antigen secreted by endo- and ectocer-
vix was statistically significant (P < 0.05 at each
time point tested). Thus, although the endocervix
has fewer susceptible CD4" T cells than the ectocer-
vix, it is more susceptible to HIV-1 infection in
polarized explant cultures.

Discussion

We present here the first study showing simulta-
neous analysis of all major types of immune cells in
the human cervix, using an optimized way to
retrieve immune cells from the mucosa that balances
the conflicting requirements for efficient liberation
from the tissue to enhance cell yields with the need
to protect cell surface markers used for immunophe-
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notyping from protease digestion. We also compared
immune cell composition in the endocervix and
ectocervix and in pre-menopausal and post-meno-
pausal donors because hormonal status can influ-
ence the immune cell composition in the genital
tract and it changes during menstrual cycle and
pregnancy.' One surprising finding in our study was
the relative abundance of CD14" cells, which repre-
sented on average about half of the hematopoietic
cells in the tissue. Previous studies suggested that
only ~10% of mononuclear cells in the cervix are
macrophages.'® This difference could be due to dif-
ferent methods of tissue digestion and efficiency of
cell retrieval because myeloid cells might be more
difficult to release from the stroma. The abundance
of CD14"% cells was confirmed by immunostaining.
They were mostly found in the lamina propria. Most
CD14" cells were conventional CD11¢™ macrophag-
es, but an unexpectedly large subset (about a third)
were CD11c", which may represent newly recruited
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monocytes and/or monocyte-derived tissue DCs.
Most of these cells in the cervix were CDI103™
CD11b" CX3CR1" and likely correspond to the sub-
set of lamina propria DCs described in the gut that
are monocyte derived and play a role in sampling
luminal antigens.?>?® A recent study shows that
trafficking to the lymph nodes of these CX3CR1*
DCs in the gut is inhibited by microbiota in a
MyD88-dependent manner to restrict responses to
luminal antigens.?’” This subset of DCs had not been
described before in the cervix, which is colonized by
commensal bacteria, and it might play an important
role in the FGT. The abundant population of
CD14" CD11c" cells in the cervix also express the
HIV-binding receptor DC-SIGN. This was confirmed
by immunostaining, and previous studies also dem-
onstrate that DC-SIGN was highly and broadly
expressed on cells in the lamina propria of both the
human endocervix and ectocervix.>® This is impor-
tant for HIV-1 transmission because DC-SIGN™ DCs
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can mediate transfer of the virus to T cells and dis-
semination to lymphoid tissue.?* ' Compared with
the CD14" CD11c¢" cells, there were about 10-fold
fewer lin-CD14~ conventional mDCs and pDCs in
the cervix. The numbers of mDCs and pDCs varied
between samples, but rarely exceeded 1% of the
hematopoietic cells.

The other major population was T cells, which on
average comprised 36% of tissue mononuclear
hematopoietic cells. We found more T cells in the
ectocervix than the endocervix (P < 0.001). While
CD4 T cells greatly outnumber CD8 T cells in the
blood, in the cervix the CD4/CD8 ratio tended to be
close to one or reversed, although there was much
subject variability. An over-representation of tissue
CD8" T cells has also been reported previously.*
However, our results demonstrate that this finding
was mostly limited to the ectocervix of pre-meno-
pausal women. T cells accumulated on both sides of
the basement membrane: many were intra-epithelial
and many were organized in aggregates close to the
epithelial papillae consistent with previous reports.*®
These T cell aggregates might be important sites of
HIV amplification during transmission, because they
probably represent aggregates of previously activated
T cells.>? Most of the T cells in the cervix were of
memory or effector memory phenotype, which did
not express CCR7 and expressed varying levels of
the HIV coreceptors, CCR5 and CXCR4, consistent
with previous studies.”>?

Both ‘cytokine-producing’ CD56"#" CD16~ and
‘cytotoxic’ CD56%™ CD16" NK cells were present at
low numbers. Previous reports suggested that CD16~
NK cells are prevalent in the upper FGT where they
have been associated with maintaining immune tol-
erance toward the developing fetus, while CD16"
NK cells are mainly found in the lower FGT.>* Inter-
estingly, we found slightly more cytotoxic NK cells
in the cervix of pre-menopausal compared with
post-menopausal women, which together with the
decreased CD8 T cell and B cell numbers suggest
reduced immune defense in the cervical mucosa
post-menopause. The presence of NK cells in the
cervix is important as recent studies have demon-
strated a role of NK cells in inhibiting HIV-1 infec-
tion.>>?*® Among the CD16~ NK cells, a variety of
innate lymphocytes that have a cytokine secretion
profile and functional properties corresponding to
different functional subsets of T cells have been
recently described in the gut mucosa.?* We looked
in the cervix at the presence of NK-22 innate

261



TRIFONOVA ET AL.

lymphocytes, which secrete IL-22 and appear to be
important in preventing bacterial invasion in the gut
mucosa.”* We detected NK-22 cells at low frequency
among CD3"~ lymphocytes, but we did not find a dif-
ference between the endocervical compartment,
which is largely free of bacteria, and the ectocervix,
which is colonized by bacterial flora.

Despite the small sample size, we found significant
differences in the distribution of T and B lympho-
cytes and NK cells in the endocervix and ectocervix
based on menopausal status. A limitation of the
study is that the women undergoing hysterectomy
tend to be older and some of the subjects deter-
mined as pre-menopausal might actually be peri-
menopausal. Our data provide new findings that
could be further investigated in a study including a
larger number of samples collecting information on
additional clinical factors, including hormonal status,
sexual activity, sexually transmitted infections,
tobacco use, and use of intra-uterine devices, which
might influence immune cell composition in the
genital tract.

One of our goals in this study was to obtain infor-
mation that would be useful for understanding sex-
ual transmission of HIV. The dominant model of HIV
transmission comes from studies of SIV in non-
human primates. However, results about transmis-
sion of SIV in Rhesus macaques may not translate
into what happens during HIV transmission in
women. One important difference between SIV and
HIV is that HIV is restricted from replicating effi-
ciently in resting T cells, macrophages, monocytes,
and dendritic cells by the host factor SAMHD1,>” but
because the SIV vpx protein causes SAMHD1 degra-
dation, SIV can bypass this restriction and infect
these cells. Thus, the cells involved in the initial
infection and the early innate immune response to
the virus could be different. An unresolved issue in
the mucosal transmission of HIV-1 is the role of
myeloid cells. A recent study suggests that human
intestinal DCs can migrate toward R5 HIV-1 and
capture the virus.’® Our results reveal the abun-
dance of CD103~ CD11b* CX3CR1" DCs in the cer-
vix, which might be important for HIV-1
transmission, because the fractalkine receptor
CX3CR1, which promotes the formation of dendrites
projecting to the lumen,® is also an HIV-1 fusion
coreceptor.’® We also demonstrate that these cells
express the HIV-1-binding receptor DC-SIGN and are
CD4 dim. Thus, these mucosal DCs could be impor-
tant in the human FGT either in sensing HIV and
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inducing an adaptive immune response or in trans-
ferring virus to T cells in the tissue.

Another controversial issue in HIV transmission is
the preferential site of HIV infection in the human
FGT. Although the ectocervix is more subject to
infection and trauma that could disrupt the integ-
rity of the mucosal surface, it has a stratified epi-
thelium that might provide a more effective barrier
to infection than the single layer of epithelial cells
in the endocervix. However, the endocervix is cov-
ered with mucus that could provide a physical bar-
rier to trap pathogens and might also contain
natural antimicrobial agents. In experimental SIV
infection, atraumatic vaginal exposure initially leads
to infection of CD4 T cells in the endocervix, which
is more susceptible to transmission than the lower
FGT.”® A recent study using fluorescently labeled
virus in rhesus macaque and unpolarized human
cervical explants demonstrates, however, that HIV-1
penetrates at a similar frequency both the columnar
epithelium of the endocervix and the squamous
epithelium of the ectocervix and vagina.*' This
study also demonstrated that the virus can be
bound within the mucus coating of the endocervix
to prevent easy penetration of the thin columnar
epithelium in rhesus macaque and in unpolarized
human cervical explants, while it penetrates within
the squamous epithelium to reach susceptible DCs
and T cells.*! Another study that compared HIV
infection of unpolarized ectocervical and endocervi-
cal explants in solution found that the ectocervix
was more susceptible to HIV infection.”> Here,
using polarized explants, which likely better mimic
the in vivo situation, we found that HIV replicated
better in the endocervix than in the ectocervix for
all six donors tested. Our results would suggest that
the nature of the physical barrier, rather than the
numbers of susceptible cells, is the key determi-
nant. In the ectocervix, HIV needs to pass through
many layers of epithelial cells to reach susceptible
cells, while in the endocervix, susceptible cells are
very close to the surface.*> Results obtained in
explant studies, however, need to be interpreted
cautiously, because explants are poor substitutes for
the complex constellation of events that occur dur-
ing in vivo transmission when other factors (includ-
ing semen, vaginal flora, pH) come into play.
Despite the limitations of the ex vivo explant model,
our data clearly suggest that the columnar epithe-
lium of the upper genital tract, including the endo-
metrium, might be more vulnerable to infection
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than the intact squamous epithelium of the lower
genital tract.

Acknowledgments

This study was funded by NIH Grant AI102816 (JL),
the Harvard University CFAR (P30 AI060354) (RT)
and an Internationalizing grant from the University
Medical Center Utrecht (DvB). We thank the staff at

MGH Pathology Research Services

(Mohammad

Miri, Alexandra Bodo and Alexander Brunelle) for
their assistance in collecting cervical tissue samples
for our study.

References

—

[ 8}

w

N

]

(=)

N

e

o

Wira CR, Fahey JV, Sentman CL, Pioli PA, Shen L: Innate and
adaptive immunity in female genital tract: cellular responses and
interactions. Immunol Rev 2005; 206:306-335.

Hickey DK, Patel MV, Fahey JV, Wira CR: Innate and adaptive
immunity at mucosal surfaces of the female reproductive tract:
stratification and integration of immune protection against the
transmission of sexually transmitted infections. J Reprod Immunol
2011; 88:185-194.

Givan AL, White HD, Stern JE, Colby E, Gosselin EJ, Guyre PM,
Wira CR: Flow cytometric analysis of leukocytes in the

human female reproductive tract: comparison of fallopian tube,
uterus, cervix, and vagina. Am J Reprod Immunol 1997; 38:
350-359.

Pudney J, Quayle AJ, Anderson DJ: Immunological
microenvironments in the human vagina and cervix: mediators of
cellular immunity are concentrated in the cervical transformation
zone. Biol Reprod 2005; 73:1253-1263.

Saba E, Grivel JC, Vanpouille C, Brichacek B, Fitzgerald W,
Margolis L, Lisco A: HIV-1 sexual transmission: early events of HIV-
1 infection of human cervico-vaginal tissue in an optimized ex vivo
model. Mucosal Immunol 2010; 3:280-290.

Johansson EL, Rudin A, Wassen L, Holmgren J: Distribution of
lymphocytes and adhesion molecules in human cervix and vagina.
Immunology 1999; 96:272-277.

Zhang Z, Schuler T, Zupancic M, Wietgrefe S, Staskus KA, Reimann
KA, Reinhart TA, Rogan M, Cavert W, Miller CJ, Veazey RS,
Notermans D, Little S, Danner SA, Richman DD, Havlir D, Wong J,
Jordan HL, Schacker TW, Racz P, Tenner-Racz K, Letvin NL,
Wolinsky S, Haase AT: Sexual transmission and propagation of SIV
and HIV in resting and activated CD4" T cells. Science 1999;
286:1353-1357.

Miller CJ, Li Q, Abel K, Kim EY, Ma ZM, Wietgrefe S, La Franco-
Scheuch L, Compton L, Duan L, Shore MD, Zupancic M, Busch M,
Carlis J, Wolinsky S, Haase AT: Propagation and dissemination of
infection after vaginal transmission of simian immunodeficiency
virus. J Virol 2005; 79:9217-9227.

Haase AT: Targeting early infection to prevent HIV-1 mucosal
transmission. Nature 2010; 464:217-223.

Li Q, Estes JD, Schlievert PM, Duan L, Brosnahan AJ, Southern PJ,
Reilly CS, Peterson ML, Schultz-Darken N, Brunner KG, Nephew
KR, Pambuccian S, Lifson JD, Carlis JV, Haase AT: Glycerol

American Journal of Reproductive Immunology 71 (2014) 252-264
© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

1

—

12

13

14

15

16

17

18

19

20

2

—

22

23

24

monolaurate prevents mucosal SIV transmission. Nature 2009;
458:1034-1038.

Hirbod T, Nilsson J, Andersson S, Uberti-Foppa C, Ferrari D,
Manghi M, Andersson J, Lopalco L, Broliden K: Upregulation of
interferon-alpha and RANTES in the cervix of HIV-1-seronegative
women with high-risk behavior. J Acquir Immune Defic Syndr 2006;
43:137-143.

Hirbod T, Broliden K: Mucosal immune responses in the genital
tract of HIV-1-exposed uninfected women. J Intern Med 2007;
262:44-58.

Sharova N, Wu Y, Zhu X, Stranska R, Kaushik R, Sharkey M,
Stevenson M: Primate lentiviral Vpx commandeers DDB1 to
counteract a macrophage restriction. PLoS Pathog 2008; 4:e1000057.
Olesen R, Wahl A, Denton PW, Garcia JV: Immune reconstitution
of the female reproductive tract of humanized BLT mice and their
susceptibility to human immunodeficiency virus infection. J Reprod
Immunol 2011; 88:195-203.

Denton PW, Estes JD, Sun Z, Othieno FA, Wei BL, Wege AK,
Powell DA, Payne D, Haase AT, Garcia J: Antiretroviral pre-
exposure prophylaxis prevents vaginal transmission of HIV-1 in
humanized BLT mice. PLoS Med 2008; 5:el6.

Wheeler LA, Trifonova R, Vrbanac V, Basar E, McKernan S, Xu Z,
Seung E, Deruaz M, Dudek T, Einarsson JI, Yang L, Allen TM,
Luster AD, Tager AM, Dykxhoorn DM, Lieberman J: Inhibition of
HIV transmission in human cervicovaginal explants and humanized
mice using CD4 aptamer-siRNA chimeras. J Clin Invest 2011;
121:2401-2412.

Shacklett BL, Yang O, Hausner MA, Elliott J, Hultin L, Price C,
Fuerst M, Matud J, Hultin P, Cox C, Ibarrondo J, Wong JT, Nixon
DF, Anton PA, Jamieson BD: Optimization of methods to assess
human mucosal T-cell responses to HIV infection. J Immunol
Methods 2003; 279:17-31.

Mehandru S, Poles MA, Tenner-Racz K, Horowitz A, Hurley A,
Hogan C, Boden D, Grivel P, Markowitz M: Primary HIV-1 infection
is associated with preferential depletion of CD4" T lymphocytes
from effector sites in the gastrointestinal tract. J Exp Med 2004;
200:761-770.

Saba E, Origoni M, Taccagni G, Ferrari D, Doglioni C, Nava A, Lisco
A, Grivel JC, Margolis L, Poli G: Productive HIV-1 infection of
human cervical tissue ex vivo is associated with the secretory phase
of the menstrual cycle. Mucosal Immunol 2013; 6:1081-1090.
Mulder WM, Koenen H, van de Muysenberg AJ, Bloemena E,
Wagstaff J, Scheper RJ: Reduced expression of distinct T-cell CD
molecules by collagenase/DNase treatment. Cancer Immunol
Immunother 1994; 38:253-258.

Tollerud DJ, Clark JW, Brown LM, Neuland CY, Pankiw-Trost LK,
Blattner WA, Hoover RN: The influence of age, race, and gender on
peripheral blood mononuclear-cell subsets in healthy nonsmokers.
J Clin Immunol 1989; 9:214-222.

Cooper MA, Fehniger TA, Turner SC, Chen KS, Ghaheri BA,
Ghayur T, Carson WE, Caligiuri M: Human natural killer cells: a
unique innate immunoregulatory role for the CD56(bright) subset.
Blood 2001; 97:3146-3151.

Klechevsky E, Morita R, Liu M, Cao Y, Coquery S, Thompson-
Snipes L, Briere F, Chaussabel D, Zurawski G, Palucka AK, Reiter Y,
Banchereau J, Ueno H: Functional specializations of human
epidermal Langerhans cells and CD14* dermal dendritic cells.
Immunity 2008; 29:497-510.

Cella M, Fuchs A, Vermi W, Facchetti F, Otero K, Lennerz JK,
Doherty JM, Mills JC, Colonna M: A human natural killer cell

263



TRIFONOVA ET AL.

25

26

27

28

29

30

3

32

33

34

35

36

37

38

subset provides an innate source of IL-22 for mucosal immunity.
Nature 2009; 457:722-725.

Bogunovic M, Ginhoux F, Helft J, Shang L, Hashimoto D, Greter
M, Liu K, Jakubzick C, Ingersoll MA, Leboeuf M, Stanley ER,
Nussenzweig M, Lira SA, Randolph GJ, Merad M: Origin of the
lamina propria dendritic cell network. Immunity 2009; 31:513-525.
Merad M, Sathe P, Helft J, Miller J, Mortha A: The dendritic cell
lineage: ontogeny and function of dendritic cells and their subsets
in the steady state and the inflamed setting. Annu Rev Immunol
2013; 31:563-604.

Diehl GE, Longman RS, Zhang JX, Breart B, Galan C, Cuesta A,
Schwab SR, Littman DR: Microbiota restricts trafficking of bacteria
to mesenteric lymph nodes by CX(3)CR1 (hi) cells. Nature 2013;
494:116-120.

Hirbod T, Kaldensjo T, Lopalco L, Klareskog E, Andersson S,
Uberti-Foppa C, Ferrari D, Manghi M, Andersson J, Loré K,
Broliden K: Abundant and superficial expression of C-type lectin
receptors in ectocervix of women at risk of HIV infection. J Acquir
Immune Defic Syndr 2009; 51:239-247.

Geijtenbeek TB, Kwon DS, Torensma R, van Vliet SJ, van
Duijnhoven GC, Middel J, Cornelissen IL, Nottet HS, KewalRamani
VN, Littman DR, Figdor CG, van Kooyk Y: DC-SIGN, a dendritic
cell-specific HIV-1-binding protein that enhances trans-infection of
T cells. Cell 2000; 100:587-597.

Wu L: Biology of HIV mucosal transmission. Curr Opin HIV AIDS
2008; 3:534-540.

Shen R: Smythies LE, Clements RH, Novak L, Smith PD: Dendritic
cells transmit HIV-1 through human small intestinal mucosa.

J Leukoc Biol 2010; 87:663-670.

Gowda SD, Stein BS, Mohagheghpour N, Benike CJ, Engleman EG:
Evidence that T cell activation is required for HIV-1 entry in CD4"
lymphocytes. J Immunol 1989; 142:773-780.

Gupta P, Collins KB, Ratner D, Watkins S, Naus GJ, Landers DV,
Patterson BK: Memory CD4(+) T cells are the earliest detectable
human immunodeficiency virus type 1 (HIV-1)-infected cells in the
female genital mucosal tissue during HIV-1 transmission in an
organ culture system. J Virol 2002; 76:9868-9876.

Mselle TF, Meadows SK, Eriksson M, Smith JM, Shen L, Wira CR,
Sentman CL: Unique characteristics of NK cells throughout the
human female reproductive tract. Clin Immunol 2007; 124:69-76.
Mselle TF, Howell AL, Ghosh M, Wira CR, Sentman CL: Human
uterine natural killer cells but not blood natural killer cells inhibit
human immunodeficiency virus type 1 infection by secretion of
CXCL12. J Virol 2009; 83:11188-11195.

Alter G, Altfeld M: Mutiny or scrutiny: NK cell modulation of

DC function in HIV-1 infection. Trends Immunol 2011; 32:
219-224.

Hrecka K, Hao C, Gierszewska M, Swanson SK, Kesik-Brodacka M,
Srivastava S, Florens L, Washburn MP, Skowronski J: Vpx relieves
inhibition of HIV-1 infection of macrophages mediated by the
SAMHDI1 protein. Nature 2011; 474:658-661.

Cavarelli M, Foglieni C, Rescigno M, Scarlatti G: R5 HIV-1 envelope
attracts dendritic cells to cross the human intestinal epithelium and
sample luminal virions via engagement of the CCR5. EMBO Mol
Med 2013; 5:776-794.

264

39 Niess JH, Brand S, Gu X, Landsman L, Jung S, McCormick BA,
Vyas JM, Boes M, Ploegh HL, Fox JG, Littman DR, Reinecker HC:
CX3CRI1-mediated dendritic cell access to the intestinal lumen and
bacterial clearance. Science 2005; 307:254-258.

40 Combadiere C, Salzwedel K, Smith ED, Tiffany HL, Berger EA,
Murphy PM: Identification of CX3CR1. A chemotactic receptor for
the human CX3C chemokine fractalkine and a fusion coreceptor for
HIV-1. J Biol Chem 1998; 273:23799-23804.

41 Carias A, McCoombe S, McRaven M, Anderson M, Galloway N,
Vandergrift N, Fought AJ, Lurain J, Duplantis M, Veazey RS, Hope
TJ: Defining the Interaction of HIV-1 with the Mucosal Barriers of
the Female Reproductive Tract. J Virol 2013; 87:11388-11400.

42 Greenhead P, Hayes P, Watts PS, Laing KG, Griffin GE, Shattock RJ:
Parameters of human immunodeficiency virus infection of human
cervical tissue and inhibition by vaginal virucides. J Virol 2000;
74:5577-5586.

43 Shacklett BL, Greenblatt RM: Immune responses to HIV in the
female reproductive tract, immunologic parallels with the
gastrointestinal tract, and research implications. Am J Reprod
Immunol 2010; 65:230-241.

Supporting Information

Additional Supporting Information may be found in
the online version of this article:

Figure S1. Analysis of the effect of collagenase
digestion in serum-free medium on cell surface
staining of NK cells in representative human PBMCs
and cervical samples. NK cell subsets were identified
as CD3™ CD4  (left) according to expression of
CD56 and CD16 (right). Samples were from ectocer-
vix (a) and untreated (b) or collagenase-treated (c)
PBMUCs. Collagenase treatment reduced CD4 fluores-
cence and eliminated CD56 staining.

Figure S2. Identification of NK-22 cells in human
cervix. Representative flow cytometry analysis of
NKp44 expression among CD3~ CD56" cells in the
human cervix (a). Graph represents NK-22 cells as a
percentage of CD3™ cells in the endocervix and ecto-
cervix (n =9). The box extends from the 25th to
75th percentiles and the whiskers present the maxi-
mum values (b).

Table S1. Immune cell populations in individual
human ectocervical samples.

Table S2. Phenotype of CD4+ and CD8+ T cells
(n =4) and chemokine receptor expression (n = 6)
in human ectocervix.
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