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Abstract

Problem—New HIV infections in women are predominantly spread through sexual intercourse.
Recent non-human primate studies demonstrated that SIV deposited in the vagina infected
immune cells in the ovary. Whether immune cells in the human ovary are susceptible to HIV
infection is unknown.

Method of study—Immune cells were isolated from ovaries and characterized by flow
cytometry. Cells were exposed to HIV for 2hr. HIV infection was measured by flow cytometry and
p24 secretion following 6 days in culture.

Results—CD4* T cells and CD14* cells are present in the ovary and susceptible to infection by
HIV-BaL. Among the CD45* cells present, 30% were CD3* T cells (with similar proportions of
CD4" or CD8* T cells), and 7-10% were CD14* cells. Both CD4* T cells and CD14" cells were
productively infected and supported replication.

Conclusion—Immune cells in the ovary are potential targets for HIV infection.
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Introduction

As of 2015, 36.7 million people were living with HIV, approximately half of which are
women.! The majority of women diagnosed with HIV worldwide contract the virus through
genital intercourse with an infected partner.2 Previous studies and trials have focused on the
lower female reproductive tract (FRT) as the initial site of infection based on intravaginal
simian immunodeficiency virus (SIV) infections in non-human primates.2 These studies
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presented evidence that CD4* T cells in the endocervix and ectocervix were the first cells
infected.® 5

More recently, analysis of the FRT in its entirety after vaginal inoculation of non-human
primates demonstrated that multiple portals of entry exist.5 In studies designed to identify
early events of viral transmission; Hope and colleagues demonstrated that vaginally
deposited SIV rapidly disseminates throughout the lower and upper FRT. Using a dual
reporter system, these studies unexpectedly demonstrated that the ovary was the second most
frequent site of viral detection, after vagina and ectocervix.5: 7 In addition to the detection of
viral RNA in the ovary following vaginal inoculation of macaques, studies by Barouch and
colleagues characterized the immune responses to the virus throughout the FRT.8 Their
studies demonstrated that vaginal inoculation with SIVmac251 triggers proinflammatory
responses including the expression of NLRX1, which inhibits antiviral responses, and
activation of the TGFB pathway.®12 These specific host mechanisms suppress the
generation of antiviral innate and adaptive immune responses at multiple sites, including the
FRT, within the first few days of infection.8

While non-human primate studies are extremely informative, what remains to be determined
is whether immune cells present in the human ovary are capable of being infected by HIV.
Previous studies have shown that the number of potential HIV-target cells in the ovary, such
as CD4* T cells and macrophages, varies with anatomical location within the ovary and
stage of ovarian cycle,13-16

However, to the best of our knowledge, nothing is known about the susceptibility of these
cells to HIV infection. In previous studies, we observed that immune cells display
differential susceptibility to HIV infection between FRT sites and within each tissue.1’ For
example, we found that CD4* T cells from the ectocervix were very susceptible to infection
by CCRS5 strains of HIV, while CD4* T cells from the endometrium were resistant to
infection /n vitro. When CD4* T cell phenotype from each site was analyzed, we found that
CD4" T helper 17 (Th17) cells expressed the highest levels of CCR5 and were the most
susceptible to /in vitro infection. Importantly, Th17 cells were very low or absent in the
endometrium compared with the cervix and ectocervix in premenopausal women.1’ Overall,
these studies demonstrate that FRT immune cells are differentially susceptible to HIV
infection depending upon their anatomical location and menstrual status.

In this study, we evaluated the immune cell populations in the human ovary and determined
if these cells were susceptible to HIV infection /n vitro. We show that populations of CD4*
T cells and CD14* cells are present in the human ovary and susceptible to infection by
CCR5- tropic HIV. These findings demonstrate that the human ovary, as suggested form
non-human primate studies, is a site for potential transmission of HIV into women.

Materials and Methods

Study Subjects

Ovarian tissues were obtained from 8 women undergoing hysterectomy surgery at
Dartmouth-Hitchcock Medical Center (Lebanon, NH). Indications for surgery were benign
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conditions and all tissues used were distal from the sites of pathology and were determined
to be unaffected with disease upon inspection by a pathologist. Menopausal status was
determined by a pathologist based on the histological evaluation of sections of the
endometrial dating. Postmenopausal status was characterized by an atrophic endometrium.
Age, menstrual stage and surgical indication of each patient are shown in Table 1. All
investigations were conducted according to the principles expressed in the Declaration of
Helsinki and carried out with the approval from the Committee for the Protection of Human
Subjects (CPHS), Dartmouth Hitchcock Medical Center, and with written informed consent
obtained from the patients before surgery.

Tissue processing

Ovarian tissues were processed to obtain a mixed cell suspension as described previously,’
using 0.05% collagenase type IV (Sigma-Aldrich, St. Louis, MO) and 0.01% DNAse
(Worthington Biochemical, Lakewood, NJ). Average tissue weight obtained was 1.6+1.0g.
After tissue digestion, cells were filtered through a 20pum mesh screen (Small Parts) to
separate stromal cells from debris. Stromal cells were washed, erythrocytes lysed, and dead
cells removed using the Dead cell removal kit (Miltenyi Biotec, San Diego, CA) according
to manufacturer instructions. The resulting mixed cell suspension, consisting of immune
cells and stromal fibroblasts, was used for all analysis.

Flow cytometry

Prior to HIV infection, mixed cell suspensions were stained for surface markers with
combinations of the following mouse anti-human antibodies: CD45-VioletFluor450, CD8-
FITC (Tonbo, San Diego, CA), CD3-APC (BioLegend, San Diego, CA), CD4-PE, CD14-
e780 (eBiosciences, San Diego, CA). After infection (6 days), cells were stained for surface
markers by using same antibody panel above excluded CD8-FITC. Analysis was performed
on MACSQuant flow cytometer (Miltenyi Biotec) using MACSQuantify software and data
were analyzed with FlowJo software (Tree Star, Inc., Ashland, OR). Expression of surface
markers was measured by the percentage of positive cells.

Leukocyte Contamination

Potential leukocyte contamination from peripheral blood of ovarian tissues was assessed as
described before.18 Briefly, erythrocytes and non-erythrocytes present in the mixed cell
suspension were counted in a hemocytometer chamber prior to lysing red blood cells. After
lysis, we then determined via appropriate flow cytometric gating procedure what proportion
of the total number of dispersed non-erythrocytes were leukocytes (CD45%). Given that
erythrocytes outnumber leukocytes by a factor of 1000 in an average sample of peripheral
blood, we were able to estimate what proportion of the total number of leukocytes in our
mixed cell suspensions might have been derived from peripheral blood contamination of the
tissues being studied. We determined that in n=8 donor tissue preparations, contaminating
peripheral blood leukocytes represented only approximately 1.92+0.75% in ovarian cell
samples (data not shown). Every tissue was used in HIV infection experiments, levels of
blood leukocytes contamination were lower than the infection levels measured.
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The replication-competent GFP-encoding infectious molecular clone (IMC), pNLENG1i-
BaL.ecto, 19 was derived from pNLENG1-ires?0 to express heterologous BalL envgene
sequences in an isogenic backbone following the strategy previously described.?1: 22 Such
reporter viruses, collectively referred to as Env-IMC-GFP, expresses GFP upon infection of
HIV-1 susceptible target cells.1% 23 Throughout the text we refer to this GFP-reporter virus
as “HIV-GFP-BalL”.

HIV-infection

Statistics

Results

Mixed cells suspensions were exposed to HIV-GFP-BaL for 2hr at a MOI=1 in Xvivo 15
without Phenol Red (Invitrogen, Grand Island, NY) supplemented with 10% charcoral
dextran-stripped human serum (Valley Biomedical, Winchester, VA), and then washed to
remove residual virus. Uninfected controls were incubated with medium without virus for
the same amount of time. After incubation, cells were plated in round bottom ultra-low
attachment 96-well plates (Corning, Corning, NY) at 200,000cells/well. Cell cultures were
maintained for 6 days, with half of the media in each collected and replaced with fresh
media on days 2 and 4. At the end of the infection time, cells were washed, stained for
surface markers as indicated, and levels of GFP expression measured by flow cytometry.
Additionally, p24 released into the culture media was measured by p24 enzyme-linked
immunosorbent assay (Advanced Bioscience Laboratories, Rockville, MD) following the
manufacturer’s recommendations. Sensitivity of this assay is 3.1pg/ml.

As a control to prove that p24 corresponds to de novo infection and not residual viral
inoculum, control cells from each patient were incubated with Zidovudine (AZT; 10uM)
(AIDS Research and Reference Reagent program, Division of AIDS, NIAID, NIH) for 15
min prior to HIV challenge, AZT was present throughout the post-infection period. In
previous studies of primary immune cells,23 we established that AZT was not cytotoxic at
this concentration by Trypan blue exclusion (Trypan Blue Solution, HyClone, Inc; Logan,
UT) at the end of the infection period.

Data analysis was performed using GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA).
A two-sided P value <0.05 was considered statistically significant. Comparison of two
groups was performed using the non-parametric Wilcoxon matched-pairs signed rank test.
Comparison of three groups was performed using Kruskal-Wallis, followed by Dunns post-
test to correct for multiple comparisons. Comparison of HIV infections in the absence vs.
presence of AZT overtime was analyzed using two-way ANOVA with Bonferroni post-test
for multiple comparison correction.

CD4* T cells and CD14" cells are present in the ovary

Stromal cells in the ovary consist of a heterogeneous population of immune and non-
immune cells that contribute to the cyclic changes that control ovulation and prepare the
female reproductive tract for fertilization, implantation and pregnancy.?* To characterize
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tissue resident immune cells in the ovary, as detailed in Methods, mixed cell suspensions
from digested ovarian tissues were analyzed by flow cytometry. The gating strategy is shown
in Fig. 1 for a representative donor. CD45" immune cells can be detected (Fig. 1a), with
CD3* T cells (Fig. 1b) and CD14" cells (Fig. 1c) present in significant numbers. Within
CD3™ T cells, both CD4* T cells (Fig. 1d) and CD8" T cells (Fig. 1e) were readily
measurable.

The yield of CD45* cells in mixed cell suspensions derived from ovaries of 8 women ranged
from 2-20% of the total cells present, with a mean value of 12% (Fig. 2a). As seen in Fig.
2b, this proportion corresponded to an average number of 2.9x10° CD45* cells per gram of
tissue.

We further defined the relative distribution of immune cells in ovarian tissues by flow
cytometry and measured the percentage of CD3* and CD14™ cells after gating on CD45*
cells. As shown in Fig. 3a, the number of CD3" T cells in ovarian tissues was significantly
greater (P<0.05) than the number of CD14* cells. Among CD3* cells, CD4* and CD8* T
cells were equally distributed (Fig. 3b)

HIV infects immune cells from the ovary

To determine whether immune cells from the ovary are susceptible to HIV infection and
replication, mixed cell suspensions prepared from ovaries from 4 donors were incubated
with HIV-GFP-BaL (MOI=1) for 2hr, after which cells were thoroughly washed to remove
free virus and incubated for 6 days. De novo produced, released p24 was measured at days 2,
4 and 6 by ELISA (Fig. 4), and productive infection also assessed at the end of the infection
period by GFP expression (Fig. 5). As seen in Fig. 4a, relative to 2 days post infection, the
amount of secreted p24 increased significantly both at days 4 and 6. We interpret this to be
the result of active viral replication since Zidovudine (AZT; 10uM), a known inhibitor of
HIV’s reverse transcriptase, blocked the increase of p24 in the culture medium above the
residual input over the course of the culture (Fig. 4a). As seen in Fig. 4b, HIV productively
infected and replicated in mixed cell suspensions in 4 out of 4 cell preparations analyzed,
and in all cases, AZT addition kept p24 levels at background over the course of the
incubation.

Ovarian CD4"* T cells and CD14* cells are susceptible to HIV-infection

We next tested the hypothesis that both CD4* T cells and CD14* cells from the ovary are
susceptible to R5-tropic HIV-infection. The same mixed cell suspensions infected /n vitro
with HIV-GFP-BaL reporter virus in the presence or absence of AZT and described above
(Fig. 4), were assessed by flow cytometry for GFP expression, which occurs from integrated
provirus after productive infection. As seen in Fig. 5a, HIV infected both CD4* T cells and
CD14" cells. In contrast, no evidence of infection was observed when cells were pre-treated
with AZT. Moreover, analysis of CD8* T cells, as an internal control, failed to provide any
evidence of infection. Interestingly, as seen in Fig. 5b, in mixed cell suspensions from the
ovaries of all 4 donors, CD4" T cells became infected at approximately 2-3 times the rate of
CD14" cells; while we were only able to conduct the experiments with one HIV-1 strain,

Am J Reprod Immunol. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shen et al.

Page 6

encoding the Env of R5 reference strain, BaL, this may indicate that ovarian tissue CD4* T
cells are more susceptible to infection than CD14" cells.

In summary, our studies extend the non-human primate findings® 7 by demonstrating that
human ovarian tissues from pre- and post-menopausal women contain both T cells and
CD14" cells that are susceptible to infection by, and support replication of, prototypic R5
virus.

Discussion

The presence of HIV-1 target cells in the human ovary and their possible roles in sexual
acquisition of HIV takes on new importance with the recognition that SIV infects ovarian
immune cells in the non-human primate.® 8 In the present study we examined the presence,
abundance, and susceptibility to HIV-infection of CD4* T cells and CD14" cells from the
ovaries of pre- and postmenopausal women. We found in 8 out of 8 patients that irrespective
of menopausal status, CD4" T cells in general were more prominent than CD14" cells in
individual tissues. Additionally, we found that when mixed cell suspensions were exposed to
R5 tropic, GFP-encoding replication competent reporter virus, HIV-GFP-BaL, both CD4* T
cells and CD14" cells were susceptible to HIV infection /n vitro, as measured by flow
cytometry and de novo p24 secretion. This study extends the findings in non-human
primates by demonstrating that immune cells in the human ovary are potential targets for
HIV infection, and that microbicide and vaccine studies designed to prevent the sexual
transmission of HIV need to include the entire FRT.

A common concern when working with ovarian tissues is possible contamination with blood
leukocytes. In this study, we determined possible blood contamination for each tissue
studied. For each sample, the calculated proportion of blood contaminating leukocytes was
lower than the percentages of infected cells obtained. In addition, our calculations measured
total leukocytes, which includes neutrophils, CD8* T cells, B cells and NK cells, therefore
the actual percentage of contaminating HIV-target cells (CD4* T cells and monocytes)
would be much lower than our calculated numbers. Furthermore, it is well known that
resting blood CD4* T cells are very resistant to infection. Overall, this argues against blood
contaminating cells as the main source of infected cells.

Due to the small number of cells available, further characterization of the CD14* population
was not possible. We recently demonstrated that CD14* cells in the endometrium,
endocervix and ectocervix represent a mixed of classical DC (CD1c*CD14%) and monocyte-
derived cells25 with the ability to rapidly capture HIV. In addition, CD14 is also a marker for
tissue macrophages2®: 27 and endometrial macrophages were shown to be the main source of
p24 after 11 days in culture.28 Therefore, identification of the populations of DCs and
macrophages present in the ovary and whether they each is a major source for viral
replication at later stages of the infection remains to be determined.

Early studies in non-human primates reported that the cervix is the first site of detectable
SIV-infection.* ® More recently, detailed analyses following intravaginal deposition of SIV
have extended these findings to demonstrate that in the non-human primate, the entire tract
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including the ovary are potential sites of viral infection.® Our results demonstrate that
immune cells in the human ovary can be productively infected by HIV. Moreover, we
demonstrate that both ovarian CD4* T cells and CD14* cells are susceptible to HIV
infection.

Just how infection levels detected in human ovarian tissues compare to other sites in the FRT
remains to be determined. Due to the difficulty in obtaining ovarian tissues, we were not
able to perform side by side comparisons with other FRT tissues to discern possible
differences. However, based on our previous studies on HIV infection of immune cells from
endometrial, endocervical and ectocervical tissues, our findings with ovarian tissues suggest
that they are more susceptible to infection than cells from the endometrium, but less
susceptible than the endocervix and ectocervix. However, different between sites cannot
exclude the reality that HIV infection conditions used in the present study were different
from our previous study.1” Nevertheless, similar differential distribution was also observed
in non-human primates.®

Common misconception is that the upper tract (uterus and Fallopian tubes) is sterile and
protected from pathogens that enter the lower FRT (ectocervix and vagina). In reality, the
upper FRT is continuously exposed to commensals and pathogens, present in the lower
FRT.28-30 Others have shown that labeled-albumin microspheres and dyes as well as sperm
enter the uterus and Fallopian tubes within minutes of placement in the vagina.31-34 Because
HIV in the FRT can be cell-free, cell-associated, and attached to sperm,35 36 HIV is likely
disseminated throughout the entire human FRT within minutes of deposition in the vagina.
The recent studies® 8 demonstrating that SIV placed in the vagina reaches the ovaries within
1-2 days post exposure strongly suggest that the same is true for the human FRT. Our
studies extend these important findings to the human by demonstrating that ovaries of pre-
and post-menopausal women contain immune cells that can be infected by HIV.

Less clear is the pathway through which ovarian cells become infected. One likely pathway
is through the reproductive tract, similar to the pathway through which sperm reach the
Fallopian tubes. However, given that the ovary is encapsulated, then direct exposure of
immune cells to virus would be restricted to a short time interval when ovulation occurs and
underlying cells are exposed. Whether alternative pathways for infection of ovarian immune
cells exist (e.g. through blood or lymphatic vessels) remains to be determined.

Our findings have important implications for the development of anti-HIV strategies to
prevent infection. The recognition that immune cells in the human ovary, distant from the
site of viral deposition in the vagina, are vulnerable to HIV-infection, suggests that a detailed
analysis of antiretroviral (ARV) dissemination throughout the FRT, including the ovary, is
needed for the development of intravaginal microbicides as Pre-exposure Prophylaxis
(PrEP), to ensure that protective levels are reached and sustained. Beyond the protective
effects of ARVs, the recognition that the human ovary is a target site for HIV infection also
has implications for studies designed to test the effectiveness of vaccines as well as
antibodies, which need to ensure protection of the entire FRT to prevent HIV acquisition in
women.
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Fig. 1. Representative flow cytometry of CD3" T cellsand CD14™ cellsin the ovary
Dot plots showing the gating strategy to select cell populations. (a) CD45* cells; (b) CD3*

cells; (c) CD14* T cells; (d) CD3*CD4* and CD3*CD4~ T cells; (e) CD3*CD8* T cells.
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Fig. 2. Yield of CD45" cellsfrom the ovary
Flow cytometric analysis of CD45* cells in mixed cells suspension from ovarian tissue

(n=8). Data are expressed as (a) % CD45™ cells in the mixed cell population and (b) CD45*
cells per g of tissue. Each dot represents a single patient. Horizontal lines represent the mean
+ SEM. Average weight of tissue received was 1.6+1.0g.
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Fig. 3. Distribution of CD3* T cellsand CD14" cellsin the ovary
(a) Flow cytometric analysis of the percentage of CD3* or CD14" cells after gating on

CD45" cells and (b) CD4" or CD8* T cells after gating on CD3* cells in ovarian tissues
(n=8). Each dot represents a single patient. Horizontal lines represent the mean £ SEM. *,
p<0.05.
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Fig. 4. Susceptibility of ovarian immune cellsto HIV infection
Isolated mixed cell suspensions from ovarian tissues were inoculated with HIV-GFP-BaL in

the presence or absence of Zidovudine (AZT; 10uM). Levels of p24 released into the culture
media at 2, 4 and 6 days following infection were measured by p24 enzyme-linked
immunosorbent assay. “Infected/AZT” indicated background from viral input control. (a)
Representative example of released p24 levels in the culture media. The bar represents the
mean and Standard Error from triplicate cultures. *, p<0.05. One-way ANOVA (Kruskal-
Wallis with Dunns post-test) for infection without AZT. (b) Released p24 levels in the
culture media from 4 individual patients. Horizontal lines represent the mean + SEM. ***
p<0.001. Two-way ANOVA for infection with AZT absence vs. presence.
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Fig. 5. Susceptibility of CD4* T cellsand CD14" cellsfrom ovarian tissueto HIV infection
Mixed cells suspensions from ovarian tissues (n=4) were incubated with HIV-GFP-BaL

either alone or in the presence of Zidovudine (AZT; 10uM). “Infected/AZT” indicated
background from viral input control. (a) Representative experiment showing percent of GFP
positive cells after 6 days of infection with HIV-GFP-BaL in CD4* T cells, CD8* T cells
and CD14"* cells. (b) Percentage of GFP positive cells in CD4* T cells, CD8* T cells and
CD14" cells 6 days after /in vitro HIV infection (n=4). Each dark circle represents a different
patient. The mean and SEM are shown.
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Table 1

Characteristics of the patients of the study

Premenopausal  Postmenopausal

Number of donors
Age average (range)
Menstrual stage
Secretory

Atrophic

Surgical indication
Adenomysis
Fibroids

Prolapse

1 7
31 54.6 (45-71)
100% (1/1)
100% (7/7)
100% (1/1)
28.6% (2/7)
71.4% (5/7)
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