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STRUCTURED ABSTRACT:

Objective: To determine how body mass index (BMI) affects the follicular fluid cytokine milieu
and investigate how this inflammatory environment impacts cumulus signaling.

Design: Experimental study
Setting: Tertiary hospital based research laboratory

Patient(s): Women with normal (18.5 to 24.9 kg/m?2) and obese (35 to 42 kg/m2) BMI
undergoing controlled ovarian stimulation for intracytoplasmic sperm injection (ICSI).

Intervention(s): Cumulus cell treatment with obese follicular fluid, interleukin (IL) 10, and
IL-1B

Main outcome measure(s): Follicular fluid cytokine concentrations between normal and
obese women were compared using multiplex bead assay. Differential cumulus cell gene
expression of GREM1, HASZ, PTGSZ2, and VCAN were measured using quantitative reverse
polymerase chain reaction (RT-gPCR) while protein levels were determined by flow cytometry and
confocal microscopy.

Results: Compared to women with normal BMI, women with BMI =35 kg/m? undergoing ICSI
had higher follicular concentrations of 1L-10 (9.46 pg/mL [0.59-19.16] vs 53.39 pg/mL [14.97—
236.37], p=0.004) and IL-1p (1.92 pg/mL [1.92-5.18] vs 5.18 pg/mL [1.92-16.33], p=0.017), as
well as decreased relative cumulus cell expression of GREMI (1.01 [0.66-1.40] vs 0.51 [0.38—
0.74], p=0.03), a surrogate marker of positive ICSI outcomes. Furthermore, elevated IL-10 and
IL-1p appear to be responsible for decreasing GREM!J expression in women with BM1 =35 kg/m2.

Conclusion: Our findings suggest that follicular inflammation associated with obesity impacts
cumulus cell signaling. At a molecular level, derangements to the immune system resulting in
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decreased GREMI expression may be a partial explanation for the suboptimal ICSI outcomes
observed with obesity.

Capsule:

Cytokines IL-10 and IL-1p, present at high concentrations in the follicular fluid of obese women,
decrease GREM1 expression in cumulus cells.
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Introduction:

Intracytoplasmic sperm injection (ICSI) is the most common form of assisted reproductive
technology (ART) used to help infertile couples conceive a biological child (1). However,
suboptimal outcomes in obese women have been recognized. Retrospective studies report
lower pregnancy rates and higher miscarriage risks in overweight and obese women
compared to women with normal body mass index (BMI) undergoing ART (2-5).
Additionally, a recent meta-analysis found the probability of live birth after ART was lower
in obese women with BMI =30 kg/m? compared to women with normal BMI (6). The
etiology for these outcomes is likely multifactorial; however, follicular impairment due to
obesity related chronic inflammation is a mechanism gaining recognition (7, 8).

Obesity associated intracellular lipid accumulation in adipose tissue can result in oxidative
stress and increased systemic inflammation (7). The oxidative stress is the result of
adipocyte hypertrophy causing increase in cytokine production. Similar to adipose tissue,
evidence suggests that lipid accumulation can also occur in the ovary (9). Murine studies
have demonstrated lipid accumulation and induction of stress markers in the cumulus oocyte
complex of mice fed a high-fat diet (10). Additionally, evaluation of inflammatory markers
in the follicular fluid of obese women has found increased levels of C-Reactive protein and
other pro-inflammatory cytokines, suggesting obesity related follicular inflammation (11,
12). Elevated free fatty acid levels in the follicular fluid results in poor morphology of the
cumulus oocyte complex (13). Therefore, derangements to cumulus cell function and oocyte
metabolism may arise from the culmination of lipid build up in the follicular fluid, resulting
in lipotoxicity and inflammation (7, 8). Such changes to the humoral response can lead to
disturbances in folliculogenesis and fertility (14, 15). As the follicular fluid provides the
microenvironment for the oocyte, cytokines may negatively influence the developing oocyte
and potentially affect embryo development; however, how the inflammation in the follicular
fluid of obese women affects signaling within the cumulus oocyte complex has yet to be
explored.

Oocyte development and maturation occurs in a highly coordinated process involving
communication through gap junctions and paracrine signaling between the maturing oocyte
and the surrounding cumulus cells (16, 17). Thus, cumulus cells may help identify
biomarkers related to oocyte competence (18, 19). Oocyte secreted growth differentiation
factor 9 (GDF9) and bone morphogenic protein 15 (BMP15) help regulate cumulus cell
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differentiation and ovarian folliculogenesis (16, 20, 21). Absence of GDF9 or mutations in
BMP15 results in sterility, proving the importance of these signaling molecules for normal
folliculogenesis (22, 23).

As cumulus cells share an intimate relationship with the oocyte and are discarded following
oocyte retrievals, they can potentially serve as an ideal surrogate marker for embryo quality.
Cumulus cell expression of genes downstream of GDF9, including gremlin 1 (GREMYI),
hyaluronan synthase 2 (HAS2), and prostaglandin-endoperoxide synthase 2 (PTGSZ2 or
COX2) were found to be over-expressed in cumulus cells surrounding oocytes that
subsequently developed into high grade embryos compared to low grade embryos following
ICSI (18). Additionally, versican (VCAN) and PTGS2 expression were higher in cumulus
cells surrounding oocytes that resulted in live birth (24). Several other studies have reported
similar associations between these markers and positive ICSI outcomes (25-28). With
limited information available on obesity related inflammatory changes in women undergoing
controlled ovarian stimulation, we sought to explore how BMI affects the cytokine milieu of
the follicular fluid. Additionally, GREM1, HASZ2, PTGSZ, and VCAN, as surrogate markers
of positive ICSI outcomes, were measured to identify how obesity induced inflammation
impacts cumulus cells.

Materials and Methods:

Patient selection

Recruitment took place at Mayo Clinic in Rochester, Minnesota from July 2018 to June
2019 following Institutional Review Board approval (protocol 18—-004771). Written consent
forms were obtained from women between the ages of 18 to 45 years who were undergoing
controlled ovarian stimulation and planning to utilize ICSI. Women were excluded from the
study if their cycle was cancelled prior to the oocyte retrieval or if ICSI was not planned.

Controlled ovarian stimulation

The controlled ovarian stimulation protocol was individualized based on ovarian reserve and
patient history. The stimulation was started either randomly or following a course of
combination oral contraceptive, progesterone only pill, or oral estradiol priming. Women
were stimulated with gonadotropin releasing hormone (GnRH) antagonist, GnRH agonist
down-regulation, or GnRH agonist flare protocol. Recombinant follicle stimulating hormone
(Gonal-F or Follistim AQ) and menotropins (Menopur) were administered until at least 2
lead follicles were 18 mm in size and at least half of the follicles were above 15 mm by
transvaginal ultrasound. The women then self-administered either 10,000 IU of urine-
derived human chorionic gonadotropin (hCG, Pregnyl or Novarel) or a combination of
leuprolide 4 mg (Lupron) with 1,500 IU of urine-derived hCG for trigger. Transvaginal
oocyte retrieval was performed 36 hours following the trigger injection.

Patient and cycle variables collected

Patient demographics, cycle characteristics, and cycle outcomes were collected on women
with normal BMI (18.5 to 24.9 kg/m?) and BMI =35 kg/m? (35 to 42 kg/m?). Demographic
information included female age at retrieval, race, parity, ovarian reserve measures, and
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etiology for treatment. For those who had embryos created, number of pronuclear and
blastocyst embryos were recorded. If an embryo transfer was performed, cycle outcomes
following the transfer were obtained. For those who did not have a fresh transfer, cycle
outcomes were collected on the first frozen embryo transfer following the retrieval. Clinical
pregnancy was defined as the presence of a gestational sac on transvaginal ultrasound at
approximately 7 weeks gestation. Biochemical loss was defined as positive beta hCG
without evidence of a clinical pregnancy on transvaginal ultrasound. Miscarriage was
defined as a first trimester pregnancy loss. Live birth was defined as delivery of a viable
infant. Cycle outcomes are reported per transfer.

Follicular fluid and cumulus cell collection

The transvaginal oocyte retrieval was performed under ultrasound guidance utilizing a 16-
gauge single lumen aspiration needle. Follicular fluid from the single most accessible
follicle was aspirated first to minimize blood contamination and stored at —80°C for future
use. Approximately 4 hours after the retrieval, the cumulus cells were denuded from the
oocytes with 40 U/mL recombinant human hyaluronidase (ICSI Cumulase, Origio,
Denmark) at 37°C. The cumulus cells from individual women were collected and washed
with 1:1 Dulbecco Modified Eagle Medium (DMEM)/F12, transferred to freezing media
containing 92% fetal bovine serum (FBS) with 8% dimethylsulfoxide (DMSO), and stored
in liquid nitrogen for future use.

Follicular fluid cytokine measurement

Follicular fluid cytokines from 46 women were measured in duplicate using a 25-plex
multiplex magnetic bead assay per manufacturer’s instruction (EMD Millipore, Temecula,
CA). Measured cytokines included: interleukin (IL)-17F, granulocyte-macrophage colony
stimulating factor (GM-CSF), interferon (IFN)-y, IL-10, chemokine ligand 20/macrophage
inflammatory protein-3 (CCL20/MIP-3a), IL-12, IL-13, IL-15, IL-17A, 1L-22, IL-9, IL-1B,
IL-33, IL-2, IL-21, IL-4, IL-23, IL-5, IL-6, IL-17E/IL-25, IL-27, IL-31, tumor necrosis
factor (TNF)-a,, TNF-B, and IL-28A. Briefly, follicular fluid was incubated with antibody
coated magnetic beads overnight at 4°C. The beads were washed with buffer and incubated
with detection antibodies for 30 minutes at room temperature, followed by 30 minutes with
streptavidin-phycoerythrin. Cytokine concentrations were determined by Luminex 200
(Luminex Corporation, Austin, TX) using a 7-point standard curve. Concentrations were
confirmed using enzyme-linked immunosorbent assays (ELISA) from R&D Systems
(Minneapolis, MN).

Cumulus cell culture

Cumulus cells from women with normal BMI and BMI =35 kg/m? were utilized for
comparison. The cells were thawed and cultured overnight in cumulus cell media containing
DMEM/F12 supplemented with 10% FBS, 1x penicillin and streptomycin, 5ug/mL bovine
insulin, 5 ug/mL transferrin, 5 ng/mL sodium selenite, and 1.2 uM 4-androstene-3, 17-dione
(Sigma-Aldrich, St. Louis, MO). The average number of cumulus cells collected per woman
was 1.4 million and approximately 350,000 cells were plated in a 24-well plate for each
experiment.
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For quantitative reverse transcription polymerase chain reaction (RT-gPCR) experiments, 6
women with normal BMI and 6 women with BMI =35 kg/m? were cultured in either
cumulus cell media alone (untreated group), media plus 10 ng/mL of 1L-10 (R&D Systems),
or media plus 1 ng/mL of IL-1p (EMD Millipore) at 37°C with 5% CO,, for 4 hours.
Conditioned media cultures were performed with cumulus cells from 7 women with normal
BMI by treating the cells with either cumulus cell media alone (untreated group) or with
media plus 5% obese follicular fluid. Three different obese follicular fluid samples were
used for the conditioned media experiments which included the following BMI: 35.6 kg/m?,
41.7 kg/mZ2, and 42.0 kg/m2. Cumulus cells were incubated for 4 hours following
conditioned media treatment or media alone (control) at 37°C with 5% CO,, prior to RT-
qPCR.

For the flow cytometry experiments, the same conditioned media culture treatments were
performed on cumulus cells from 5 different women with normal BMI. This time, protein
levels were measured and compared between the untreated and obese follicular fluid treated
groups following incubation for 24 hours. The conditioned media culture treatments were
similarly performed for the confocal microscopy experiments utilizing cumulus cells from 3
different women with normal BMI.

RNA isolation and RT-gPCR

Total RNA was extracted from cumulus cells using RNeasy Micro Kit (Qiagen, Germany).
After extraction, complementary DNA (cDNA) was synthesized using High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Nucleic acids were
quantified by NanoDrop (Thermo Fisher Scientific, Waltham, MA) and 250 ng/uL was used
for RT-qPCR. Forward and reverse oligonucleotide primers for GREM1, HASZ, PTGSZ,
VCAN, and GAPDH were used (Integrated DNA Technologies, Coralville, 1A;
Supplemental Table 1). In each reaction, 1 uL of cDNA, 5 uL of SYBR Green master mix
(Applied Biosystems), 0.5 puL forward and reverse primers, and 3.5 pL of nuclease free
water were added for a final volume of 10 pL. PCR cycling conditions were 50°C for 2
minutes and 95°C for 2 minutes, followed by 40 amplification cycles at 95°C for 15
seconds, 55°C for 15 seconds, and 72°C for 1 minute. Samples without cDNA were added
as negative controls. All samples were run in duplicate and gene expression profiles were
determined by using the AACt method. GAPDH was used as a control. For each gene of
interest, melt curves were generated after each RT-gPCR run. Amplification was validated
by melt curves and confirmed by running PCR products on a 1.2% agarose gel.

Flow cytometry

Following treatment with media or 5% obese follicular fluid for 24 hours, cumulus cells
were fixed with 2% paraformaldehyde in a 96-well plate and washed with flow buffer
containing phosphate-buffered saline (PBS), 0.1% bovine serum albumin, and 0.5% sodium
azide. Saponin was used for cell permeabilization and immunostaining was performed with
25 pg/mL goat anti-human/mouse gremlin antibody (R&D Systems). Incubation with
secondary antibody was performed using 4 pg/mL Alexa Fluor-647 conjugated rabbit anti-
goat antibody (Invitrogen, Carlsbad, CA). Incubations were performed at 4°C for 30 minutes
and cells were washed two times. Controls included negative and isotype matched
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antibodies. Samples and analyses were performed using the Guava easyCyte HT cytometer
(EMD Millipore). The flow cytometry gating strategy is demonstrated in Supplemental
Figure 1.

Immunofluorescence cell staining and confocal microscopy

Following treatment with media alone or 5% obese follicular fluid, cumulus cells were
plated on coverslips and incubated overnight at 37°C. The cells were fixed with 4%
paraformaldehyde for 15 minutes and incubated with 1 pg/mL Alexa Fluor-488 conjugated
wheat germ agglutinin (WGA, Thermo Fisher Scientific) to stain the plasma membrane for
30 minutes at 37°C. Cell permeabilization was performed with 0.1% Triton X-100 for 15
minutes. After washing the cells with Dulbecco PBS (DPBS, Corning, Corning, NY),
immunostaining for GREM1 was performed with 25 pg/mL goat anti-human/mouse gremlin
antibody (R&D Systems) overnight at 4°C. The cells were washed with DPBS and incubated
with secondary antibody using 4 pg/mL Alexa Fluor-647 conjugated rabbit anti-goat
antibody (Invitrogen) at room temperature for one hour. Following another wash with DPBS,
the cells were mounted on ProLong Gold Antifade Mountant with 4’°,6-diamidino-2-
phenylindole (DAPI, Thermo Fisher Scientific). Imaging was performed with an upright
resonant laser scanning confocal microscope (Nikon Fast A1R+, 60x objective). For each
woman, we obtained 9-12 images per treatment group. Fluorescence intensity of GREM1
per cell was measured by Icy image processing software.

Statistical analyses

Results:

Patient demographics, cycle characteristics, and cycle outcomes were compared using
Wilcoxon rank sum and Fisher exact test for continuous and categorical variables,
respectively. Relative gene expression was compared between normal BMI and BMI =35
kg/m?2 using Mann Whitney U'test. Cytokine concentrations in the follicular fluid were also
compared between the BMI groups in a similar manner. Values are reported as medians with
first and third interquartile ranges. Changes in gene and protein expression between the
untreated and treated groups were analyzed by paired t tests and are reported as means with
standard deviations. Two sided alpha was set at 0.05. Clinical outcomes with missing data
were not included in the analyses. Statistical analyses were performed using GraphPad
Prism 8 (GraphPad Software Inc., San Diego, CA) and JMP Pro 14.1.0 (SAS Institute, Cary,
NC).

Patient demographics, cycle characteristics, and cycle outcomes between normal BMI and
BMI =35 kg/m? women

Baseline demographics and cycle characteristics between women with normal BMI and BMI
>35 kg/m? are demonstrated in Table 1. The age at retrieval was similar between the groups,
with the median age being 32 years in the normal BMI group and 34 years in the BMI =35
kg/m?2 group. However, compared to women with a normal BMI, women with BMI 35
kg/m2 were more likely to be nulliparous (17.1% vs 54.6%, p=0.02) and have lower anti-
mullerian hormone levels (4.5 ng/mL [2.6-7.6] vs 2.0 ng/mL [0.9-3.0], p=0.02). Other
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measures of ovarian reserve and reason for undergoing ICSI were similar between the
groups. Additionally, there were no significant differences in cycle characteristics.

A total of 27 women with normal BMI and 9 women with BMI =35 kg/m? underwent an
embryo transfer (Table 2). The clinical pregnancy rate was approximately 15% lower for
obese women, although this difference was not significant (37.0% vs 22.2%, p=0.69).
Additionally, the live birth rate was 34.6% in the normal BMI group while none had a live
birth in the BMI =35 kg/m? group (p=0.07).

GREM1 gene expression is decreased in women with BMI =35 kg/m?

To investigate differential gene expression between cumulus cells from women with normal
BMI versus women with BMI =35 kg/m?, relative mMRNA levels were measured by RT-
gPCR following culture of cumulus cells with media alone. Compared to women with
normal BMI, the relative expression of GREM1 was significantly lower in women with BMI
>35 kg/m? (1.01 [0.66-1.40] vs 0.51 [0.38-0.74], p=0.03: Figure 1A). There was no
difference in the relative expression of HAS2(1.06 [0.65-1.78] vs 0.73 [0.49-1.17], p=0.39;
Figure 1B), PTGS2(0.58 [0.47-4.19] vs 1.54 [1.09-3.11], p=0.22; Figure 1C), or VCAN
(0.93 [0.63-1.56] vs 0.88 [0.61-1.56], p=0.82; Figure 1D) in the normal BMI group
compared to the BMI =35 kg/m? group. These results indicate that compared to women with
normal BMI, GREM1 expression is significantly decreased in women with BMI =35 kg/m?
undergoing controlled ovarian stimulation.

GREM1 gene expression decreases following conditioned media treatment

To examine how cumulus cell expression may be affected when exposed to an obese
follicular fluid environment, conditioned media cultures were performed by treating
cumulus cells isolated from normal BMI women with follicular fluid from women with BMI
>35 kg/m?2. The relative gene expression cultured with or without treatment was measured
with RT-qPCR and compared. Following treatment, the relative expression of GREMI from
cumulus cells of normal BMI women significantly decreased (1.11+0.62 vs 0.51+0.22,
p=0.014; Figure 2A). The relative expression of HAS2(1.11+0.47 vs 1.57+0.81, p=0.08;
Figure 2B), PTGS2 (1.64+1.75 vs 3.40£3.75, p=0.10; Figure 2C), and VCAN (1.14+0.72 vs
1.32+1.35, p=0.53; Figure 2D) did not change consistently with and without treatment of
obese follicular fluid. From this experiment, we demonstrated that GREMI gene expression
in women with normal BMI can be suppressed when exposed to an obese follicular
environment. This suggests that factors present in the follicular fluid of obese women may
be responsible for the differential expression of GREMI observed between women with
normal BMI and BMI =35 kg/m?2.

GREML1 protein levels decrease following conditioned media treatment

To explore whether the observed decrease in GREMI transcripts following conditioned
media treatment also implied decreased translation, GREM1 protein levels were measured
from cumulus cells of women with a normal BMI following treatment with obese follicular
fluid. GREML1 protein levels were measured utilizing flow cytometry. Following treatment,
GREML1 protein levels significantly decreased in women with a normal BMI. This was
evident by the decrease in mean fluorescence intensity (MFI) of GREM1 when comparing
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untreated to treated groups (12.5 103+0.77 103 vs 10.7 103+0.51 103, p<0.001; Figure 3A)
and a decrease in GREM1 percent positivity (0.68+0.05 vs 0.52+0.09, p=0.002; Figure 3B).
The decrease in GREML1 signal intensity can be appreciated in the representative flow
cytometry histogram (Figure 3C). Immunofluorescent staining further validated changes in
GREML1 following treatment with obese follicular fluid. Figure 4A depicts a representative
confocal microscopy image demonstrating visualization of the GREM1 decrease at a cellular
level. Figure 4B demonstrates the difference in normalized MFI of GREM1 between the
untreated and obese follicular fluid treated groups (1.0+0.16 vs 0.25+0.26, p<0.001). These
results indicate that factors present in the follicular fluid of obese women are capable of
decreasing both GREML1 transcription and translation.

Women with BMI 235 kg/m? have higher IL-10 and IL-1p in the follicular fluid

To identify which inflammatory markers in the follicular fluid may be contributing to
decreased GREML levels in the BMI =35 kg/m? group, cytokine concentrations were
measured with multiplex bead assay. When cytokine concentrations were compared between
normal BMI and BMI =35 kg/m2, we found 1L-10 and IL-1p to be significantly elevated
with higher BMI (Table 3). Compared to women with normal BMI, women with BMI =35
kg/m? had significantly higher levels of 1L-10 (9.46 pg/mL [0.59-19.16] vs 53.39 pg/mL
[14.97-236.37], p=0.004) and IL-1p (1.92 pg/mL [1.92-5.18] vs 5.18 pg/mL [1.92-16.33],
p=0.017). Based on these results, we focused on the potential role of inflammatory cytokines
IL-10 and IL-1B on cumulus cell signaling through GREM1, HASZ, PTGSZ, and VCAN
expression.

IL-10 and IL-1B decrease GREM1 gene expression in women with normal BMI

To investigate whether IL-10 or IL-1f in the follicular fluid influences gene expression of
GREM1, HAS2, PTGSZ2, or VCAN in women with BMI =35 kg/m?2, cumulus cells from
women with normal BMI were treated with either IL-10 or IL-18 and compared to cultured,
untreated controls. Following IL-10 treatment, the relative gene expression of GREM1
significantly decreased (1.09£0.50 vs 0.70£0.31, p=0.04). The relative expression of HAS2
(1.15+0.61 vs 1.34+1.01, p=0.74), PTGS2 (1.76+1.96 vs 1.46+1.46, p=0.75), and VCAN
(1.15+0.73 vs 0.95+0.57, p=0.07) did not significantly change between untreated and IL-10
treated cumulus cells (Figure 5A).

When cumulus cells were treated with IL-14, the relative gene expression of GREM!1
similarly decreased (1.09+0.50 vs 0.56+0.41, p=0.001). The relative expression of VCAN
was also significantly lower following IL-1p treatment (1.15+0.73 vs 0.92+0.69, p=0.04).
HAS2(1.15+0.61 vs 1.43+0.82, p=0.36) and PTGS2 (1.76+1.96 vs 3.23+2.16, p=0.06) did
not change significantly between the untreated and treated samples (Figure 5B). These
results imply that cytokines IL-10 and IL-1p, which are present at high concentrations in the
follicular fluid of women with BMI =35 kg/m?, have a role in suppressing GREM!I gene
expression. Additionally, elevated IL-1f levels may be involved in regulating VCAN gene
expression as well. Interestingly, when cumulus cells from women with BMI =35 kg/m?
were treated with either IL-10 or IL-1, we did not see significant changes in gene
expression (Supplemental Figure 2A and 2B, respectively). These results suggest that
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additional exposure to either 1L-10 or IL-1p cannot further suppress GREM1 expression in
women with BMI =35 kg/m?2.

Discussion:

Obese women have suboptimal outcomes following ART compared to women with normal
BMI (2-6). Despite increasing trends in both ART and obesity in reproductive aged women,
very little is known regarding what molecular alterations are responsible for the differences
in clinical outcomes observed in obese women undergoing assisted reproduction. The
etiology is likely multifactorial, but many hypothesize that aberrations to the immune system
in the obese population is a partial explanation for this complex pathophysiology (7, 8). We
found higher follicular fluid levels of IL-10 and IL-1p as well as decreased expression of
GREM!1, a surrogate molecule associated with better quality embryos and higher pregnancy
rates following ICSI, in women with BMI =35 kg/m2. Furthermore, we demonstrate that
exposure to high levels of IL-10 and IL-1p can decrease cumulus cell expression of GREM1
in women with normal BMI. This suggests that inflammation in the follicular fluid of obese
women is affecting the cumulus oocyte complex, and this change to the microenvironment
significantly impacts GREM!I gene expression. Therefore, these cytokines may play a
critical role in cumulus cell signaling and may modulate ICSI outcomes in obese women.

GDF9 is vital to normal oocyte development because it regulates follicular maturation and
cumulus expansion (20, 29). Given the integral role of GDF9, dysregulation of its
downstream targets may represent an underlying deficiency of the oocyte (18). GREM1 is a
BMP antagonist and has been shown to be involved in several different processes including
regulating embryonic development (30, 31). The function of GREML1 in the ovary is not well
understood, but selective inhibition of BMP signaling may direct GDF9 towards cumulus
expansion during ovulation (29). When comparing GREM1, HASZ, and PTGSZ, McKenzie
et al. found GREM!I to be the single best predictor of oocyte maturity, fertility, and embryo
quality (18). Other studies similarly found higher levels of GREM! transcripts in cumulus
cells surrounding oocytes that developed into high quality embryos compared to low quality
embryos or oocytes that failed to fertilize (25, 27). Higher expression of GREM!1 has also
been associated with successful pregnancies following ICSI (26). We found significantly
lower levels of GREM1 in women with BMI =35 kg/m? compared to women with normal
BMI. Our findings corroborate available literature regarding suboptimal clinical outcomes
observed with obesity and with decreased GREM1 expression.

Our study found an association between higher levels of pro-inflammatory cytokine IL-1
and obesity. Additionally, when cumulus cells from women with a normal BMI were treated
with high concentrations of IL-1p, the relative gene expression of GREMI significantly
decreased. Interestingly, VCAN expression also significantly decreased following treatment
with IL-1p, which could be due to shared signaling pathways with GREM1. IL-1p is
essential for mediating ovulation; however, derangements to IL-1p and other inflammatory
factors can be detrimental (32, 33). Significantly lower levels of IL-1p have been reported in
women with tubal factor infertility, suggesting that irregular IL-1f concentrations may
indicate abnormal folliculogenesis (14). Although BMI was not specifically compared,
Mendoza et al. found higher follicular fluid IL-1 levels were associated with lower
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pregnancy success (34). Another study found elevated levels of follicular fluid 1L-18
concentrations with increasing BMI (35). Although we did not specifically measure 1L-18,
this pro-inflammatory cytokine is closely related to IL-1p and shares similar functions (36).

We found high levels of 1L-10 also decrease GREMI expression in cumulus cells. IL-10 is
classically considered an anti-inflammatory cytokine, but its role in reproductive processes is
not well understood (37). As a potent immunosuppressant molecule, IL-10 can inhibit the
synthesis of various pro-inflammatory cytokines including that of IL-1p, TNF-a., and IL-6
(38). One possible explanation for IL-10 increase in obese women may be compensation for
inflated pro-inflammatory responses, such as IL-1p release. However, our results suggest
excess I1L-10 in the follicular fluid is also negatively impacting to GREMZI expression.
Contrary to our study, La Vignera et al. included women with BMI up to 39.9 kg/m?2 and did
not find elevated IL-10 levels in follicular fluid of obese women (12). La Vignera et a/
included women having a BMI up to 39.9 kg/m? with a total 6 women having a BMI
between 35.0 to 39.9 kg/m?2. Our study included women with BMI up to 42.0 kg/m? with 6
women having BMI between 35.0 to 39.9 kg/m? and 5 women having BMI between 40.0 to
42.0 kg/m2. Our data demonstrates continuing elevation of IL-10 levels with BMI into the
40’s (39.55 pg/mL [13.76-103.67] in BMI 35.0 to 39.9 kg/m? vs 236.37 pg/mL [22.81-
420.38] in BMI 40.0 to 42.0 kg/m?2). Thus, the nearly double increase in sample size and the
inclusion of women with BMI beyond 39.9 kg/m? in our study may explain this difference.

A separate study looking at the association of both 1L-10 and IL-1p found that women with
significantly higher levels of both cytokines in the follicular fluid were less likely to get
pregnant compared to women who had lower levels (39). This study complements our theory
that perhaps decreased GREML1, as a result of elevated IL-10 and IL-1p, is partly responsible
for the worse clinical outcomes in obese women undergoing ICSI. Although we cannot
conclude that elevation of these cytokines is associated with suboptimal pregnancy outcomes
given our small sample size, a trend towards worse cycle outcomes following embryo
transfer was observed in our obese cohort of women. Importantly, when cumulus cells from
women with BMI =35 kg/m?2 were treated with high levels of either IL-10 or IL-1pB, no
change to GREM!1 gene expression was observed. We hypothesize that the follicular
environment in the setting of obesity is already chronically inflamed; therefore, treatment
with additional 1L-10 or IL-1p may not provoke significant changes to GREMI expression.

Our study is not without limitations. As human samples were utilized, the cumulus cells are
heterogeneous due to inherent patient differences. Therefore, we utilized paired sampling to
compare changes before and after treatment for each woman. Another limitation is that the
follicular fluid was collected from only the first follicle and may not be representative of the
entire oocyte microenvironment in the ovary. However, this strategy limited blood
contamination during the collection. Additionally, cumulus cells were collected from all
retrieved oocytes in a given patient including both mature and immature oocytes. The
rationale for this collection method was to limit deviation from the embryologists’ current
clinical protocol at our institution. A limitation of the conditioned media experiments is the
exclusion of an additional control group in which cumulus cells from normal BMI women
were treated with normal BMI follicular fluid. Due to a limited number of total cumulus cell
available per patient, we were unable to perform these experiments. We hypothesize that no
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change would be observed as cumulus cells from normal BMI women are exposed to normal
BMI follicular fluid in vivo as this is the environment these cells are accustom to. Future
experiments will address this and include non-biased proteomic analyses which may identify
other factors influencing gene expression. Finally, due to the small sample size, we were
unable to adjust for possible confounding factors such as nulliparity and AMH. With the
small sample size, effects on embryo quality and clinical correlations cannot be concluded.
However, given the infancy of our current understanding on the pathophysiology of the
immune system and ART outcomes, our findings remain an important addition to the
scientific literature.

Conclusions:

With the paucity of data on how inflammation affects ART outcomes, specifically in the
obese population, our study aids in characterizing the interaction between the immune and
reproductive systems. Specifically, BMI =35 kg/m? is associated with high levels of
cytokines IL-10 and IL-1p in the follicular fluid which alters GREM1 expression in cumulus
cells. To our knowledge, this is the first study connecting follicular fluid cytokine levels to
cumulus cell gene expression in the obese population. At a molecular level, derangements to
the immune system resulting in decreased GREM1 may help explain the suboptimal
pregnancy outcomes observed in obese women.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Relative gene expression of cumulus cells isolated from women with normal BMI and

BMI =35 kg/m?.

Gene expression levels of A) GREM1, B) HASZ, C) PTGSZ, and D) VCAN in each cohort.
The graphs represent the median value with first and third interquartile ranges. Data were

compared by Mann Whitney Utest (N=6 women/group). * indi
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Figure 2. Relative gene expression of cumulus cells isolated from women with normal BMI

following treatment with obese follicular fluid.

Gene expression levels of A) GREM1, B) HASZ, C) PTGSZ, and D) VCAN in untreated
compared to treated samples. Data were compared by paired t test (N=7 women). * indicates

p<0.05.
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Figure 3. GREML1 protein levels in cumulus cells isolated from women with normal BMI
following treatment with obese follicular fluid.

A) MFI of GREML1. B) Percentage of GREM1 positive cells. C) Representative flow
cytometry histogram of GREM1. Dark gray peak represents treatment with obese follicular
fluid, light gray peak represents no treatment, and black outline represents isotype. Data
were compared by paired t test (N=5 women). ** indicates p<0.01. *** indicates p<0.001.

F S Sci. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

A)

Page 17

Untreated

Treated

B) LA A
-
Z o
& [ .
S oA _:l’_'
s > °
d 'Y e
= .
= 0.54
b= .
b
2 s
.
0.0 T D
.-.\\'“b .‘s“b
» .\\\&.. <&

Figure 4. Confocal microscopy of GREML1 in cumulus cells isolated from women with normal
BMI following treatment with obese follicular fluid.

A) Representative image depicting GREM1 intensity in cumulus cells following treatment
with obese follicular fluid. Nucleus was stained with DAPI (blue). Glycocalyx on the plasma
membrane was stained with Alexa Fluor-488 conjugated wheat germ agglutinin (green).
GREML1 was stained with Alexa Fluor-647 (purple). The bar indicates 10 um. B)
Comparison of normalized MFI of GREM1 between untreated and obese follicular fluid
treated cumulus cells. Data were compared by paired t test (N=3 women with 9-12 images
per treatment condition). *** indicates p<0.001.
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Figure 5. Relative gene expression of cumulus cells isolated from women with normal BMI
following treatment with IL-10 or I1L-1p.

A) Gene expression following IL-10 treatment of cumulus cells from women with a normal
BMI. B) Gene expression following IL-1p treatment of cumulus cells from women with a

normal BMI. Data were compared by paired t test (N=6 women). * indicates p<0.05. **

indicates p<0.01.
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Table 1.

Patient demographics and cycle characteristics”

Normal BMI BMI =35 kg/m?  P-value
N=35 N=11
Patient demographics
Age, years 32 (29-35) 34 (32-41) 1.00
White race, n (%) 26 (74.3) 10 (90.9) 0.41
Nulliparous, n (%) 6(17.1) 6 (54.6) 0.02
Follicle stimulating hormone, 1U/L 7.0 (6.0-8.8) 6.5 (5.8-7.4) 0.24
Missing, n 2 1
Anti-millerian hormone, ng/mL 4.5 (2.6-7.6) 2.0 (0.9-3.0) 0.02
Missing, n 1 0
Antral follicle count, n 21 (11-29) 18 (10-23) 0.72
Diminished ovarian reserve, n (%) 2(5.7) 2(18.2) 0.24
Endometriosis, n (%) 1(2.9) 0 1.00
Polycystic ovarian syndrome, n (%) 6 (17.1) 1(9.1) 1.00
Unexplained, n (%) 11 (31.4) 3(27.3) 1.00
Male factor, n (%) 11 (31.4) 6 (54.6) 0.28
Preimplantation genetic testing, n (%) 8 (22.9) 4(36.4) 0.44
Cycle characteristics
Combination oral contraceptive priming, n (%) 32 (91.4) 10 (90.9) 1.00
Antagonist protocol, n (%) 33(94.3) 11 (100.0) 1.00
Total stimulation days, n 11 (10-13) 11 (10-12) 0.99
Total gonadotropin dose, units 2325 (2200-3900) 3075 (2250-4500) 0.06
hCG trigger, n (%) 29 (82.9) 11 (100.0) 0.31
Estradiol on day of trigger, pg/mL 1993 (1468-3097) 2080 (1289-3312) 0.78
Total oocytes retrieved, n 15 (10-21) 16 (7-28) 0.99
Mature oocytes retrieved, n 11 (9-14) 13 (7-19) 0.57
Oocyte maturity rate, % 78.6 (66.7-87.5) 82.1 (66.7-92.9) 0.47
Pronuclear embryos, n 7 (6-10) 6 (1-15) 0.71
Missing, n 3 0
Fertilization rate, % 61.3 (51.0-80.8) 66.7 (25.0-88.2) 0.97
Missing, n 3 0
Blastocyst embryos, n 3(2.0-4.8) 2 (0-5.0) 0.40
Missing, n 3 0
Blastulation rate, % 41.4 (26.8-65.6) 33.3(0-53.3) 0.32
Missing, n 3 0

Page 19

a\/alues are reported as medians with first and third interquartile ranges unless otherwise specified. Data were compared by Wilcoxon rank sum test
and Fisher exact test for continuous and categorical variables, respectively.
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Table 2.

Cycle outcomes following fresh or frozen embryo transfer’

Normal BMI  BMI 235 kg/m?  P-value
N=27 N=9
Cycle outcomes
Fresh embryo transfer, n (%) 15 (55.6) 5 (55.6) 1.00
Frozen embryo transfer, n (%) 12 (44.4) 4 (44.4) 1.00
Positive beta hCG, n (%) 13 (48.1) 3(33.3) 0.70
Clinical pregnancy, n (%) 10 (37.0) 2(22.2) 0.69
Biochemical loss, n (%) 3(11.1) 1(12.5) 1.00
Missing, n 0 1
Miscarriage, n (%) 0 0 -
Ectopic pregnancy, n (%) 0 1(12.5) 0.23
Missing, n 0 1
Live birth, n (%) 10 (34.6) 0 0.07
Missing, n 0 1

a .
Cycle outcomes are reported per transfer. Data were compared by Fisher exact test.
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Comparison of follicular

Table 3.

fluid cytokines in women with normal BMI and BMI =35 kg/m?

Normal BMI BMI =35 P-value
N=35 N=11
Cytokine
a 9.46 53.39 0.004
IL-10, pg/mL™ (059 19.16)  (14.97-236.37)
a 1.92 5.18 0.017
IL-1B, pg/mL™  (1927518)  (1.92-16.33)

a\/alues are reported as medians with first and third interquartile ranges. Data were compared by Mann Whitney Utest.

F S Sci. Author manuscript; available in PMC 2021 August 01.



	STRUCTURED ABSTRACT:
	Capsule:
	Introduction:
	Materials and Methods:
	Patient selection
	Controlled ovarian stimulation
	Patient and cycle variables collected
	Follicular fluid and cumulus cell collection
	Follicular fluid cytokine measurement
	Cumulus cell culture
	RNA isolation and RT-qPCR
	Flow cytometry
	Immunofluorescence cell staining and confocal microscopy
	Statistical analyses

	Results:
	Patient demographics, cycle characteristics, and cycle outcomes between normal BMI and BMI ≥35 kg/m2 women
	GREM1 gene expression is decreased in women with BMI ≥35 kg/m2
	GREM1 gene expression decreases following conditioned media treatment
	GREM1 protein levels decrease following conditioned media treatment
	Women with BMI ≥35 kg/m2 have higher IL-10 and IL-1β in the follicular fluid
	IL-10 and IL-1β decrease GREM1 gene expression in women with normal BMI

	Discussion:
	Conclusions:
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.
	Table 2.
	Table 3.

