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Chapter 1: Introduction

Growth and Development of the Ovulatory Follicle

The follicle is the structural unit within the ovary where endocrine-acting sex
steroids and hormones are synthesized and the development of a mature oocyte capable of
being fertilized occurs. It is comprised of the oocyte and the surrounding somatic cells,
which includes primarily granulosa cells (GCs) and theca cells (TCs). The formation of a
mature oocyte requires interactions with these somatic cells, either through direct or
indirect means. Follicles initially appear in primates at mid-gestation, when there are
approximately 7 million oocytes present in the fetal ovary, of which only 15-20% survive
at the time of birth®3. At this stage of development, oocytes reside in large nests of germ
cells that are devoid of somatic cells. Each oocyte is subsequently enclosed by a flattened
layer of GCs during the third trimester of pregnancy in primates, resulting in the formation
of a primordial follicle. At birth, there is a fixed number of primordial follicles that defines
the ovarian reserve and reproductive lifespan of an individual*®. Thus, the primordial
follicle pool serves as the source of all subsequent mature ovulatory follicles.

After puberty, the growth and development of primordial follicles commences and
occurs in both gonadotropin independent and gonadotropin dependent phases.
Gonadotropin independent folliculogenesis is a continuous process whereby a cohort of
quiescent primordial follicles become activated, with the GCs transitioning to proliferative
cuboidal epithelial cells. A single layer of cuboidal GCs surrounding the oocyte is
classified as a primary follicle. Initiation of GC proliferation occurs in parallel with the

formation of a basement membrane that separates the GCs from the newly formed outer
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their continued growth. Specifically, follicle stimulating hormone (FSH), which is
produced by the pituitary and is under the control of signals originating from the
hypothalamus, is the major trophic hormone that promotes further follicular development’-
10 Although there are approximately twenty antral follicles that form following the
activation and growth of a cohort of primordial follicles in primates, only one eventually
develops into a dominant follicle!! that ovulates to release an oocyte. From the time
primordial follicles become activated and transition to primary follicles, to the point at
which a preovulatory follicle forms, is around 120 days'!'? (Fig. 1.1).

After a single follicle in the primate ovary is selected from the cohort of growing
small antral follicles to become the preovulatory follicle, its antral cavity size and FF
volume increases dramatically over the span of several days. At this stage of follicle

development, the GCs secrete factors that are important for synergizing with FSH to
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promote follicle growth. For example, the transforming growth factor-f (TGFp)
superfamily members activin and inhibin!?® are secreted into the FF and play various roles
in follicle growth and development. Activins directly promote GC proliferation!* and FSH
receptor (FSHR) expression!>. Another set of growth factors, insulin like growth factor
(IGF)-I and IGF-II, are critical for the selection and continued growth of the dominant
follicle!®!7, IGF action is regulated at multiple levels in the follicle, including through their
synthesis, the presence of binding proteins (IGFBPs) that prevent interaction of IGFs with
their receptor, and the action of proteases that degrade IGFBPs, allowing for IGF receptor
binding and activation!6-?’, IGF-I is the predominant IGF in the rodent follicle, whereas
IGF-II is primarily found in domesticated animal species and primates. IGF action includes
promoting follicle growth by inducing GC proliferation and regulating
steroidogenesis!718:19:21.22,

In parallel with the enlargement of the antrum and the development of the
preovulatory follicle, the GCs differentiate into two distinct populations that include
cumulus granulosa cells (CCs) surrounding the oocyte, forming the cumulus-oocyte
complex (COC), and mural GCs (mGCs) that line the wall of the follicle?’. Within the
COC, the immature germinal vesicle (GV) oocyte is itself enclosed in a glycoprotein coat
called the zona pellucida. Secreted factors diffuse through the FF, allowing for
communication between the TCs, mGCs, CCs, and oocyte** (Fig. 1.2). FF is rich in growth

factors, extracellular vesicles, metabolites, and microRNAs secreted by the mGCs and
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not traverse the
basement membrane.

Through their close proximity and physical connection to one another, bidirectional
communication occurs between the oocyte and the CCs. This direct cell-to-cell
communication occurs through transzonal projections (TZPs) originating from the CCs and
serves to keep the oocyte arrested at the GV stage. Gap junctions are formed at the site

where TZPs make contact with the oocyte?6-3-37

, allowing the transfer of nutrients and
signaling intermediates to the oocyte for its continued development and sustaining meiotic

arrest!?-26-3033:34 TZPg allow transport of cyclic AMP (cAMP) and cyclic GMP (cGMP)

into the oocyte®>3¢

and the presence of cAMP inhibits maturation promoting factor (MPF),
whereas high ¢cGMP impedes cAMP hydrolysis by inhibiting phosphodiesterase

(PDE)3A%. C-type natriuretic peptide (CNP) secreted by mGCs binds to its receptor,
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natriuretic peptide receptor 2 (NPR2), located on CCs to increase production of cGMP,
which further contributes to maintaining meiotic arrest*’*. ¢cAMP also activates the
cAMP-dependent protein kinase A (PKA) that, in turn, inactivates the phosphatase
(cdc25/cde25b) required for activation of the cyclin dependent kinases (CDKs)* involved
in meiosis. Together, cCAMP and cGMP function to inhibit the resumption of meiosis,
thereby ensuring that the oocyte remains arrested at the immature GV stage until an
ovulatory stimulus is initiated*!.

As the antral follicle increases in size, it produces increasing amounts of estradiol (E2).
Increased circulating levels of follicle derived E2 leads to the proliferation of uterine
endometrial cells and the release of luteinizing hormone (LH) from the pituitary, with the
latter being the key event responsible for initiating ovulatory processes'#*2. Therefore,
while FSH is critical for antral follicle growth and development, the pituitary-derived
midcycle surge of LH* is responsible for initiation of events necessary for ovulation*’-
49_In the preovulatory follicle, cholesterol is converted to androstenedione by the TCs and
CYP19A1 (aromatase) present within mGCs>° then converts the available androstenedione
to E2. Although E2 supports proliferation and survival of mGCs and maintains oocyte

arrest in mice>!-2

, it still remains unclear whether it plays a similar role within the primate
follicle®*4, Despite these potential species-specific differences in the role that E2 plays in
follicle development, a conserved critical function in promoting ovulation is mediated
through the induction of the midcycle LH surge. Sustained exposure of high concentrations
of E2 in the preovulatory phase initiates a positive feedback loop, wherein E2 induces the

release of gonadotropin-releasing hormone (GnRH) from the hypothalamus!##?. In rodents,

E2 is thought to act on the kisspeptin neurons in the anteroventral periventricular (AVPV)
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regions of the brain, inducing continuous GnRH release from the hypothalamus into the
hypophyseal portal system. In other species including guinea pig, sheep, and rhesus
macaques, the arcuate nucleus appears to be involved in E2-dependent positive feedback
regulation of GnRH neurons®. The released GnRH binds to GnRH receptors on the
gonadotropes in the anterior pituitary, which stimulates the release of LH”*?°°, In addition

1436 also serve to

to follicle-derived E2, the activins and inhibins produced by mGCs
regulate the hypothalamo-pituitary-ovarian (HPO) axis and the LH surge. Activins and
inhibins serve as positive and negative feedback regulators, respectively, of gonadotropin
release at different stages of follicular development. At the LH surge, the mGCs produce
more inhibin A than inhibin B or activin. Inhibin A acts on the pituitary gland in a negative
feedback loop to inhibit FSH production and further growth of follicles'*>’. Within the
follicle, inhibins can also act in a paracrine manner on the TCs to increase the androgen
production, further increasing the E2 production by aromatization!>-8,

The above-noted steroidal and non-steroidal hormones/growth factors prepare the follicle
for the upcoming events initiated by LH surge. This resulting LH surge itself directly

affects the cells of the follicle, leading to initiation of a cascade of autocrine and paracrine

signaling events that promotes ovulation as described in the sections below.
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LH and the Initiation of Events Leading to Ovulation

LH binds to the luteinizing hormone-chorionic gonadotropin receptor (LHCGR), a G

protein couple receptor, on mGCs and TCs*. In addition to altering cellular function

directly, LHCGR activation also results in the synthesis of paracrine or autocrine acting

factors, including
steroids,  growth
factors, cytokines,
and lipid-derived
inflammatory

intermediates that
play unique roles in
events involved in
ovulation (Fig.
1.3). The direct and
indirect effects of
LH on the follicle
result in four major

processes that

o>

LH-induced events necessary for ovulation:
v Resumption of oocyte meiosis and maturation

1
1

1

: v Cumulus-oocyte expansion

1 v Follicle rupture

: v' Luteinization and initiation of progesterone synthesis
1

1

Blood vessel
growth and
formation

EGF like
ligands

Basement membrane

Figure 1.3. Schematic of the direct and indirect actions of LH

on the periovulatory follicle.

collectively comprise ovulation, including re-initiation of oocyte meiosis, expansion of the

cumulus cells surrounding the oocyte (cumulus-oocyte expansion; C-OE), follicle rupture,

and differentiation (i.e., luteinization) of the remaining GCs and TCs into the corpus luteum

(CL). If fertilization occurs, the CL is responsible for sustaining pregnancy through the

large amounts of progesterone (P4) it produces.
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Direct effects of LH on the Periovulatory Follicle

LH binding to LHCGR in the mGCs activates the G proteins, Gais (Gs) and Gog (Gg).
G;s is reponsible for stimulating adenylate cyclase to increase cAMP levels, whereas Gq
activates phospholipase C (PLC), leading to diacylglycerol and calcium release. Although
the importance of cAMP signaling is well studied in the context of the ovulatory follicle,
the role that the G4 pathway plays is less understood®>%°. The elevated cAMP levels activate
the cAMP-dependent protein kinase, PKA. LHCGR signaling also leads to the activation
of the mitogen activated protein kinase (MAPK) pathway, specifically ERK1/25%6162, Both
these pathways converge independently to phosphorylate and activate the transcription
factor, cAMP response element binding protein (CREB)%. In rodents, PKA activation was
demonstrated to induce AKT phosphorylation of CREB in GCs®, whereas the MAPK
pathway was able to activate CREB independent of PKA®. CREB phosphorylation leads
to its dimerization and binding to CREB binding factor (CBP). Through its ability to
regulate transcription, CREB-CBP controls proliferation, growth, survival, and
differentiation of mGCs®?.

Direct action of the LH surge induces cessation of mGC proliferation in primates and

non-primates>!:62:65-68

. The main drivers of mGC proliferation are the cyclins and the
CDKs, which are further regulated through the action of CDK inhibitor proteins. LH
directly downregulates cyclin D2 and cyclin E whilst upregulating the CDK inhibitors, p27
and p21 in mGCs, thus inhibiting the G1-S phase transition in mitosis and proliferation®?.

Although the direct actions of LH on mGCs and TCs, as noted above, are important for

ovulation, it is the regulation of paracrine or autocrine acting factors that allows for the
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coordination of critical events across distinct cells types. The tight regulation of this
cascade of effectors is necessary for regulating critical ovulatory events including
steroidogenesis, angiogenesis, COC expansion, and oocyte maturation leading to release

of the mature oocyte.

Indirect Effects of LH on the Periovulatory Follicle
LH effects on steroid synthesis and action

LHCGR signaling leads to dramatic changes in steroid, bioactive lipid, and protein
content in the periovulatory follicle, with the periovulatory interval being defined as the
period from the peak of the LH surge to follicle rupture and the release of the oocyte. LH-
dependent autocrine-paracrine acting factors consequently alter mGC, CC, and oocyte
function, leading to oocyte maturation and ovulation of a fertilizable oocyte. Changes that
are known to occur in the follicle in response to an ovulatory stimulus include a shift in the
types of steroids that are produced (P4, cortisol), increased synthesis of lipid-derived
biologically active factors (prostaglandins; PGs), and production of an array of growth

factors and cytokines®!->%:62

. The following section highlights how such LH-inducible
factors are critical for coordinating the events necessary for ovulation.

LH signaling in the follicle leads to a switch from E2 to P4 synthesis. A key event
in this change includes increased cholesterol uptake in the mGCs to account for the large
amount of P4 that is eventually produced by the fully developed CL that forms from the
antecedent ovulatory follicle. The LH surge causes the mGCs to undergo hypertrophy due

to an increase in their lipid content, leading to the formation of the granulosa-lutein cells®-

"1, Circulating low density lipoproteins (LDL) are the key source of cholesterol for
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steroidogenesis in primates, whereas rodents derive most of their cholesterol form high
density lipoproteins (HDL)’2. Increased expression of steroidogenic acute regulatory
protein (StAR) mobilizes cholesterol transport from the outer mitochondrial membrane to
the inner mitochondrial membrane, where the first step in steroidogenesis occurs. The LH
surge, via cAMP, induces the expression of mitochondrial P450scc (CYP11A1) in the
mGCs’?, the enzyme responsible for converting cholesterol to pregnenolone.
Pregnenolone, the upstream precursor for all steroid hormones, is then converted by 3f3-
hydroxysteroid dehydrogenase-2 (HSD3B2) to P47%74, HSD3B2 gene expression is also
upregulated in mGCs in response to LH action’®.

The P4 that is produced within the follicle through the periovulatory interval binds
to and regulates gene transcription through a classical progesterone nuclear receptor (PGR)
expressed in mGCs. P4 binding and activation of PGR results in its translocation to the
nucleus where it regulates the expression of target genes that control processes critical for
ovulation in non-primate and primate species’>!. In addition to increasing P4 synthesis,
the LH surge induces PGR mRNA levels in the follicle of all mammalian species studied,
where it plays an essential role in ovulation®>®3, In PGR knockout (PRKO) mice
undergoing a simulated estrous cycle (i.e., a superovulation protocol), administration of
human chorionic gonadotropin administration (hCG; acts like LH by also binding to the
LHCGR) failed to induce ovulation as was observed in wild type mice®48¢. After hCG
stimulation, PRKO mice possessed only unruptured follicles with entrapped oocytes’®’.
Thus, in the absence of PGR, follicles were able to mature, but unable to undergo ovulation.
Studies using rhesus macaques also demonstrated that P4 is involved in primate

ovulation”. Blocking P4 action by administering trilostane, a HSD3B inhibitor, in

10
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gonadotropin-stimulated rhesus macaque females prior to receiving an ovulatory bolus of
hCG prevented follicle rupture and led to the presence of trapped oocytes. Administration
of a synthetic PGR agonist that initiates a physiological response when combined with the
PGR, to rhesus macaques receiving trilostane restored ovulation. To define the downstream
factors important for ovulation that were regulated by PGR, the expression of genes in wild
type and PRKO mouse ovaries were identified by differential display PCR. From these
studies, it was determined that a disintegrin and metalloproteinase with thrombospondin
motifs 1 (ADAMTS]) is a P4-dependent metalloproteinase that is necessary for follicle
rupture®’. It is important to note that in addition to the nuclear PGR, P4 can also act through
membrane associated receptors, including P4 receptor membrane component proteins
(PGRMCI1 and PGRMC2), both of which were reported to be involved in P4 mediated
signaling post-LH surge. Both PGRMCI1 and PGRMC2 are associated with cell survival
and have anti-apoptotic properties®, with PGRMC1 being reported in cattle as essential
for mGC proliferation and meiotic maturation of the oocyte®*-%°,

The LH surge also leads to a significant increase in intrafollicular levels of the
biologically active glucocorticoid, cortisol, by altering the expression of key glucocorticoid
metabolizing enzymes. Cortisol and cortisone, the active and inactive forms of
glucocorticoids, respectively, are interconvertible through the action of two 11[3-
hydroxysteroid dehydrogenase (HSD11B) enzymes; HSDI1IB1 and HSDI11B2°.
HSDI11B1 converts cortisone to cortisol, which binds to and activates glucocorticoid
receptor (GR), whereas HSD11B2 coverts cortisol to cortisone, a compound that has low

to minimal affinity for GR?>%*, Increased HSD11B1 expression and a concomitant decrease

in HSD11B2 expression was observed in rat GCs in vitro and in rhesus macaque GCs both

11



494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

in vivo and in vitro®*®. In response to hCG administration, it was also shown that
HSD11B1 mRNA expression increased, while HSD11B2 mRNA expression decreased, in
rhesus macaque periovulatory follicles as early as 12 hr post-hCG injection and stayed at
low levels through the subsequent 36 hrs’®. An increase in the ratio of HSD11B1 to
HSD11B2 expression has been observed in the rhesus macaque periovulatory follicle® and
bovine COCs’’. CCs obtained just prior to ovulation in women undergoing infertility

198

treatment predominantly express mRNA for HSD11B1°°, which may also contribute to the

increase in intrafollicular cortisol levels after an ovulatory stimulus®-1%,

The increased conversion of cortisone to cortisol after the LH surge would lead to
an increased potential for GR activation, with GR being detected in various cells of the
ovarian follicle throughout its development and ovulation, as well as in the CL**!°!, In
bovine follicles, GR mRNA levels are greatest in TCs, but also notable in GCs'”?. GR
expression was also in bovine and rat GCs obtained from periovulatory follicles, as well as

94103104 Recently, GR expression was also demonstrated

in rodent and human luteal cells
in pig and mouse CCs and oocytes!’>. Nuclear GR protein was localized by
immunohistochemistry to human CLs, luteinized GCs, stromal fibroblasts, pericytes,

194 In bovine oocytes undergoing in vitro maturation

macrophages and endothelial cells
(IVM) and in vitro fertilization (IVF), HSD11Blexpression and cortisol concentration
increased during IVM and remained increased through IVF. Cortisol levels and HSD11B1
expression were associated with increased bovine oocyte maturation and fertilization®’.
Increased intrafollicular levels of cortisol in rhesus macaque FF after an ovulatory stimulus

was also observed in the studies included in this dissertation (see Chapter 2 below). Cortisol

in human FF was hypothesized to influence human follicular development and oocyte

12



517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

maturation!®, Higher cortisol, presumably resulting in GR activation, was associated with
lower HSD11B2 activity and oocyte maturation in women undergoing IVF cycles!?’.
Blocking cortisol synthesis in zebrafish also resulted in reduced GV breakdown (GVBD)
and oocyte maturation!®®. In contrast, other studies reported that glucocorticoids may
mediate an inhibitory effect on meiotic maturation of oocytes'®. Due to these conflicting
studies and incomplete analyses of GR, further experiments are warranted to understand

the function and potential role GR signaling plays in ovulation.

LH induction of prostaglandin synthesis

In parallel with the rise in P4 and cortisol, there is a concomitant increase in
intrafollicular production of PGs. LH induces phospholipase A2 activity in mGCs that
leads to arachidonic acid release from membrane associated phospholipid stores!'!%-112,
Prostaglandin synthase 2 (PTGS2) expression increases dramatically in mGCs in response
to LHCGR activation and serves to convert arachidonic acid to PGH2, which is then further
converted into different PG isoforms by specific enzymes'!’. PGE2 and PGF2a are the
predominant PGs in the follicle; their concentration rises several fold after the LH surge in
the periovulatory follicle of rodents, domesticated animal species, and rhesus

macaques'!H114,

PGE2 is regarded as the primary PG involved in ovulation!!>!1¢

and acts through
one of four receptors PGE2 receptors (PTGER1-4)!17:118 whose activation is necessary for
follicle rupture!'*!!°, PTGS2 or PTGER2!2° null mutant mice fail to ovulate in response to

an ovulatory stimulus. The administration of a PTGS2 inhibitor'?! in rats was also shown

to impair ovulation. Similarly, inhibiting PG synthesis in the primate follicle prevented

13
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follicle rupture from occurring!??. In addition, administration of a selective PTGER2
antagonist into the rhesus macaque follicle inhibited C-OE. Signaling via PTGER2 in
primate COCs leads to hyaluronic acid production, an event critical for C-OE and release
of the COC from the follicle wall'!®. Moreover, oral administration of the PTGER2
antagonist significantly reduced pregnancy rates in a contraceptive trial using cynomolgus
macaques''®. PGR signaling pathway inhibitors reduced the production of PGs post-LH

surge, demonstrating a role for P4 in also regulating PG production'?.

LH-induced synthesis of growth factors and cytokines

LH also stimulates mGCs and TCs to secrete a number of growth factors and
cytokines, the best studied of which includes members of the EGF family.
Amphiregulin (AREG), betacellulin (BTC), and epiregulin (EREG) synthesis increase in
the follicle after an ovulatory stimulus and bind to EGF receptors (EGFRs) on CCs and
oocytes>”124134 'EGFR signaling triggers phosphorylation and activation of MAPK family
members, ERK1/2, which in turn regulates the ability of the transcription factors,
CCAAT/enhancer-binding proteins (CEBP)-A and -B*7!%, to control events necessary for
C-OE and re-initiation of oocyte meiosis*’!*¢. EGFR activation directly inactivates
connexin 43 within gap junctions of the TZP**137:138 by phosphorylating key serine
residues!®®2!. Gap junction closure prevents the transfer of cAMP from the CCs to the
oocyte. AREG also causes a reduction in CNP production, leading to lower cGMP38%°
levels and maximum cAMP hydrolysis within the oocyte’’. The net effect of EGF ligand
action is the reduction in cAMP leading to activation of the CDKs required for re-initiating

meiosis?*-137-138 Additionally, activation of ERK1 and ERK2 through EGFR signaling also

14
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increase P4 and reduce E2 production in mouse mGCs in vitro'*°, demonstrating that the
EGF ligands participate in follicle luteinization.

More recently, members of the interleukin (IL) cytokine superfamily, including
leukemia inhibitory factor (LIF) and IL-6 were discovered in the FF of the periovulatory
follicle in rodents and humans!4!!142, LIF was demonstrated to directly induce C-OE in
mouse and human COCs and promoted the first cleavage division in mouse embryos'43.
Delivery of a LIF-specific antagonist directly to the rhesus macaque follicle blocked
ovulation without impacting subsequent luteal development'#*. Along with IL-6 family
members, other cytokines including IL-8 and IL-1, were detected in FF obtained from
women undergoing ovarian stimulations for IVF!#42, TL-8 is purported to increase the
proteolytic enzymes needed for follicle rupture, is secreted by human mGCs in vitro'®,
and increases in FF after an ovulatory stimulus'#>!4¢, TL-1 has been predicted to mediate
and/or assist in gonadotropin action on C-OE'#!. Inflammatory mediators such as
bradykinin is involved in promoting angiogenesis, maintaining a positive intrafollicular
pressure, and inducing a breakdown of the periovulatory follicle wall'47148  leading to
ovulation!®,

The LH surge causes a dramatic increase in new blood vessels that coincides with the
breakdown of the basement membrane separating the mGCs and the TCs. Nascent blood
vessels come into contact with the hypertrophying mGCs, thereby increasing the diffusion
of nutrients and gonadotropins into the cells and the progesterone they synthesize into the
circulation'>®, Two major angiogenic factors induced by LH, vascular endothelial growth
factor (VEGF) and angiopoietins (ANGPTSs), play a critical role in ovulation!!6:151-157,

VEGF synthesis by the mGCs increases through the periovulatory interval and is found in

15
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high concentrations in the FF post-LH surge!>!. Among the various isoforms of VEGF,
VEGF-A promotes blood vessel development by stimulating endothelial cell proliferation.
Two isoforms of ANGPT are involved in the process of vascularization. ANGPT1
promotes blood vessel maturation, whereas ANGPT2 destabilizes the vessels, thus
allowing VEGF to form additional blood vessels'>'. ANGPT]1 is expressed and produced
in primate mGCs in response to an ovulatory stimulus. Blocking VEGF in the periovulatory
follicle by intrafollicular delivery of a VEGF antagonist inhibits ovulation and P4
synthesis!>®15 TIntrafollicular injection of ANGPT?2 into the primate periovulatory follicle,
which is effectively a functional ANGPT1 antagonist, blocked ovulation and a subsequent
rise in circulating P4 levels!>*1¢0, Collectively, these studies demonstrate that LH induction
of angiogenesis and new blood vessel formation is tightly linked with processes necessary

for ovulation.

Paracrine factors direct ovulatory events in cells that do not express LHCGR

The LH responsive cells of the follicle, primarily the mGCs, communicate with LH
nonresponsive cells (e.g., the CCs and the oocyte) through paracrine factors, including the
examples detailed above. A prominent example of indirect LH actions includes changes in
CC function that leads to PKA and protein kinase C (PKC) activation in the oocyte, which
are essential for the resumption of meiosis'®'. PKA activity within the oocyte decreases
after the LH surge, leading to the activation of cyclin and CDKs, such as cyclin B and
CDK1, that triggers MPF activity and progression through metaphase 1'2%162-164 Tn mouse
oocytes, PKC activation accelerates GVBD and possible activation of the MAPK

pathway!'%5. GVBD and chromosome condensation results in the formation of metaphase I

16



609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

(MI) oocyte. After completing the first meiotic division and the release of the polar body,
the oocyte arrests at the metaphase IT (MII) stage!®® until fertilization occurs.

The direct actions of LH on the cells of the follicles, coupled with LH-inducible
autocrine and paracrine factors, allows for the complex and highly orchestrated events that
are required for the re-initiation of meiosis, C-OE, follicle rupture and luteinization.
Although the aforementioned secreted factors induced by LH are known to be important
for ovulation, including P4, PGs, EGF family members, as well as select cytokines and

angiogenic factors’-3-167-173

, the entire complement of LH-dependent intrafollicular
autocrine or paracrine acting substances have yet to be identified’-26:117:144174-179 " Thyg,
identifying and characterizing LH-induced intrafollicular factors and their
autocrine/paracrine activities will help us understand the processes that are critical for the
release of an oocyte that can undergo successful fertilization and preimplantation
development.

Apart from the direct and indirect signalling pathways mediated by LH surge, there
are external or environmental factors (i.e., exogenous hormones, diet) that also have a
negative impact on the ovarian follicular environment and oocyte competency. By looking
at how these factors influence the intrafollicular environment and the resident oocyte, we
will be able to better understand how these different processes are integrated to ensure
proper ovarian function. Importantly, such studies will also yield insight into novel

therapies for the treatment of reproductive dysfunction that results in subfertility or

infertility.
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The Effect of Endocrine, Metabolic, and Nutritional Disruptions on the Ovulatory
Follicle

It is known that certain metabolic and endocrine disorders, external factors such as diet,
as well as gonadotropin stimulation as part of current infertility treatments can lead to
ovulatory dysfunction. Under current clinical practice, exogenous gonadotropins are
administered for 7 or more consecutive days to promote the growth and development of
multiple follicles from which oocytes are obtained for IVF. Although this approach can
allow for the collection of large numbers of oocytes, sometimes up to 50 or more, there is
also a concomitant increase in oocyte heterogeneity due to the continued growth of follicles
that would normally undergo atresia during the natural selection process!8%-183. Qocyte
heterogeneity occurs wherein, not all oocytes are competent to undergo fertilization,
cleavage divisions, and successful preimplantation stage blastocyst formation, either due
to their varying stages of maturity or even within the same stage of maturity due to
unknown reasons. This phenomenon manifests in a significant number of collected oocytes
that, after fertilization, arrest prior to blastocyst formation or yield blastocysts that have
reduced potential to yield a pregnancy.

The consumption of high fat diet Western-style diet (WSD) can lead to both endocrine
and metabolic disruption and, in turn, negatively affect female fertility!341%, Maternal
obesity associated with WSD consumption can give rise to intrafollicular changes that
results in reduced fertility and oocyte competency!8#!87. In mice, maternal obesity is
associated with higher numbers of degraded oocytes, chromosomal abnormalities, and
mitochondrial dysfunction!8>-188:189 " A prolonged exposure to WSD in primates can lead to

increased metabolic dysregulation in addition to an inflammatory intrafollicular
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environment!¥®1°° Understanding how WSD consumption by itself or through the
subsequent development of obesity impacts events in the follicle that are necessary for
ovulation has important clinical ramifications as the incidence of obesity continues to
increase globally'®!.

Genetic, environmental, endocrine, and metabolic dysfunction also contribute to
the disease, polycystic ovarian syndrome (PCOS). PCOS is common endocrine disorder in
women'*?, with symptoms commonly appearing in adolescent or peripubertal teenage girls
and young women of reproductive age!®*. Diagnosis of PCOS is based on the presence of
at least two out of the following three features: hyperandrogenism (elevated circulating
levels of testosterone; T), oligo-anovulation (infrequent or irregular ovulation) or
anovulation, and polycystic ovaries (the presence of multiple persistent small antral
follicles)!”4. It has been associated with increased incidence of insulin resistance, type II
diabetes!*>1°¢, and infertility. Though there are correlations between disease progression
and severity with changes in the intrafollicular factors and oocyte competency, the
individual and combined effects of diet, metabolic disorders, and hyperandrogenemia on
periovulatory events is not well understood.

Female macaques share numerous biological similarities with women, including
their menstrual cycle duration (~28 days on average), development and ovulation of a
single oocyte per menstrual cycle, similar timing of key developmental events such as
embryonic genome activation (occurs 2-3 days post fertilization), and an analogous
percentage (~30-50%) of embryos that will successfully reach the blastocyst stage!®’. By
studying these processes in a clinically relevant animal model such as the rhesus macaque,

insight can be gained on how disruptions in the intrafollicular processes can impact oocyte
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Abstract

Exogenous gonadotropin administration during infertility treatment stimulates the
growth and development of multiple ovarian follicles, yielding heterogeneous oocytes with
variable capacity for fertilization, cleavage, and blastocyst formation. To determine how
the intrafollicular environment affects oocyte competency, 74 individual rhesus macaque
follicles were aspirated and the corresponding oocytes classified as failed to cleave, cleaved
but arrested prior to blastulation, or those that formed blastocysts following in vitro
fertilization. Metabolomics analysis of the follicular fluid (FF) identified 60 unique
metabolites that were significantly different between embryo classifications, of which a
notable increase in the intrafollicular ratio of cortisol to cortisone was observed in the
blastocyst group. Immunolocalization of the glucocorticoid receptor (GR) revealed
translocation from the cytoplasm to nucleus with oocyte maturation in vivo and correlation
to intrafollicular expression of the 11-hydroxy steroid dehydrogenases that interconvert
these glucocorticoids was detected upon an ovulatory stimulus in vivo. While GR
knockdown in oocytes had no effect on their maturation or fertilization, expansion of the
associated cumulus granulosa cells was inhibited. Our findings indicate an important role
for GR in the regulation of follicular processes via paracrine signaling. Further studies are
required to define the means through which the FF cortisol:cortisone ratio determines

oocyte competency.
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Introduction

Since the advent of human in vitro fertilization (IVF) in 1978, the resultant live-
birth rates have remained relatively constant at ~35%, although the demand has been
steadily growing (cdc.gov/art). IVF requires the use of controlled ovarian stimulation
(COS) to obtain sufficient quantities of eggs by administering pharmacological levels of
exogeneous hormones to stimulate the development of multiple follicles. However, this
causes a concomitant increase in oocyte heterogeneity due to the continued growth of
follicles that would normally undergo atresia during the natural selection process!80-183,
This oocyte heterogeneity, as well as the certainty that less than half of cultured human
embryos will form blastocysts capable of implantation, contributes to the consistently low
birth rate following IVF. Thus, it is essential to accurately and non-invasively identify those
oocytes that possess the greatest potential to fertilize, undergo cleavage divisions, and
reach the blastocyst stage in development to improve IVF success and pregnancy
outcomes.

Ovarian follicle maturation leading to the ovulation of a fertilizable oocyte involves
complex intracellular interactions between the oocyte itself, surrounding somatic cells,
and the follicular fluid (FF)®!198-200 The mid-cycle surge of luteinizing hormone (LH), the
master regulator of ovulation, triggers direct LH/chorionic gonadotropin receptor signaling
and the production of autocrine or paracrine factors responsible for the resumption of
meiosis and the transition from an immature germinal vesicle (GV) to a mature metaphase
II (MII) oocyte*’. This includes the synthesis and secretion of certain fatty acid-derived
and steroid-based hormones, cytokines, chemokines, as well as growth factors by the cells

comprising the periovulatory follicle, which in turn, regulate oocyte maturation and
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fertilization potential. Due to species-specific differences in follicle size, processes
involved in selection, and growth rates, there is limited information defining the optimal

follicular microenvironment that can be extrapolated to women!®’

. Therefore, assessing the
ovarian follicular microenvironment in rhesus macaques, an animal model that is more
similar to humans in terms of ovarian physiology, as well as response to COS protocols
based on the number of oocytes produced and percentage of fertilized oocytes that typically
reach the blastocyst stage, is likely to be more clinically relevant.

Although IVF success depends on multiple factors, much of the research has
focused on the correlation between IVF outcomes and somewhat subjective assessments
of embryo quality for selection and transfer?°!?2, Non-invasive technologies, including
time-lapse imaging of embryo development and analysis of spent culture media, as well as
more invasive techniques such as pre-implantation genetic screening (PGS), have been
implemented into clinical practice for this purpose, but not without limitations and
controversy3*293-20° More recently, studies have concentrated on the cellular and molecular
processes occurring in the ovarian follicle at the time of aspiration and oocyte collection.
Reports detailing the use of genomic, transcriptomic, and metabolomics approaches to
non-invasively assess the intrafollicular microenvironment have begun to emerge and have
yielded insight into oocyte competency within the naturally selected follicle and following
environmental or pathological insults?!%-2!>, Most of the metabolomics studies, however,
used methods that were only capable of identifying a select number of metabolites involved
in known cellular processes. Because the metabolome constitutes inputs from genomic,

transcriptomic, and proteomic processes, it is essential that metabolomics analyses be as

thorough as possible for the discovery of important, but yet to be characterized, metabolic
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pathways. Thus, non-targeted mass spectrometry of FF obtained from individual follicles
from rhesus macaque females undergoing COS was performed here to define the follicular
metabolome relative to the developmental outcome of each resident oocyte following
fertilization. Our findings demonstrate that an unbiased metabolomics analysis of FF
provides a comprehensive assessment of the intrafollicular signaling pathways and
identifies important downstream mediators in follicles containing oocytes with the greatest

potential of yielding a normal term pregnancy.

Materials and Methods
Rhesus macaque oocyte, somatic cells and FF collection

All protocols involving animals were approved by the ONPRC Institutional Animal
Care and Use Committee and conducted in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals. The housing and general
care of rhesus macaques (Macaca mulatta) was previously described!*.

Female rhesus macaques (N=17) of reproductive age [~7-8 years (yrs) old]
underwent COS protocols as previously described over a period of 2 yrs to stimulate the
development of multiple ovarian follicles'®’. Female rhesus macaques were anesthetized
for laparoscopic follicular aspirations 36 hours (hr) after the administration of human
chorionic gonadotropin (hCG) to induce events necessary for the re-initiation of meiosis.
Individual ovarian follicles (N=10 per ovary) were manually aspirated and collected into
separate sterile 1.5 ml Eppendorf tubes with a low dead-space 3ml syringe with a 22-gauge
X 1.5-inch needle (Ulticare, UltaMed Inc., Excelsior, MN) for each aspirate. The tubes

were spun down to separate the FF from the cumulus-oocyte complex (COC) and the
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granulosa cells (GCs). COCs were then examined for presence of an oocyte under a
stereomicroscope by dilution with Tyrode's albumin lactate pyruvate (TALP)-HEPES
media with 0.3% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO) and
transferred to a pre-equilibrated IVF dish containing 100 pl drops of (0.3% BSA and
0.006% sodium pyruvate) covered by mineral oil (Sage™, Trumbull, CT). Each oocyte
from an individual aspirate was isolated form the COCs by gentle micropipetting and
placed in a separate drop. The FF and the cumulus cells (CCs) were kept in separate tubes,

flash frozen in liquid nitrogen, and stored at -80°C until future use.

IVF and assessment of pre-implantation development

Fresh semen from adult male rhesus monkeys of reproductive age (6-9 yrs) was
collected according to established ONPRC protocols?'® and used for IVF at a final
concentration of 2x10°sperm/ml in TALP-Complete media. Semen was collected only
from males that were proven breeders. IVF for mature MII oocytes was performed the
evening of the collection as previously described?'®. IVF dishes were incubated at
5% COz and 37°C overnight and fertilized oocytes separated from excess sperm the next
morning by micropipeting. The zygotes (identified by two pronuclei and/or two polar
bodies) were cultured in separate wells containing 100uL of one-step commercial media
supplemented with 10% serum protein (LifeGlobal, Guildford, CT) under mineral oil at
37°C with 6% COz, 5% O>. Embryo development was individually tracked through day 8
post-IVF. Media was changed on day 3 post-IVF and the embryos were left to continue
developing to the blastocyst stage up until day 8. Arrested (pre-blastocyst stage) embryos

and blastocyst development outcomes were recorded. Based on their fertilization and
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developmental outcome, embryos were categorized as uncleaved (MII oocytes that did not
fertilize or those that appeared to fertilize, but did not cleave), cleavage stage arrested group
(those that cleaved, but ceased dividing prior to forming a blastocyst), or blastocyst (those
that progressed to form a blastocyst). The percentage of uncleaved oocytes/embryos,
cleaved embryos, and blastocysts formed were calculated as follows: percentage of
uncleaved oocytes or embryos = (number of oocytes that remained unfertilized or those
that appeared to fertilize, but did not cleave/number of mature MII oocytes that underwent
IVF) *100, percentage of cleaved embryos= (number of embryos that cleaved/number of
zygotes formed) * 100, and percentage of blastocyst formed = (number of blastocysts
formed/number of cleaved embryos) *100 and compared between follicles that had greater

or less than 35ul FF volume.

FF sample preparation for metabolomics analysis

A total of 255 oocytes were isolated from individual follicles, fertilized via
conventional IVF and allowed to undergo pre-implantation development. Out of these, a
total 74 individual FF samples (33 from year 1 and 41 from year 2) were categorized based
on the corresponding oocyte’s development into the above embryo groups, were shipped
in separate batches on dry ice to Metabolon Inc. (Durham, NC,

U.S.A.; www.metabolon.com).These FF samples were chosen based on a required FF

volume of greater than or equal to 40ul for the metabolomics analysis. Further processing
and metabolomics analyses were conducted using the automated MicroLab STAR®

217

system from Hamilton Company<'/. Recovery standards were added prior to the first step

in the extraction process to assess variability and verify performance of extraction and
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instrumentation. To remove protein and recover chemically diverse metabolites,
dissociated small molecules bound to protein or trapped in the precipitated protein matrix,
were precipitated in methanol with vigorous shaking (Glen Mills GenoGrinder 2000) for 2
minutes (min.) followed by centrifugation. The resulting extract was split and used by
separate reverse phase (RP)/ultrahigh performance liquid chromatography-tandem mass
spectroscopy (UPLC-MS/MS) methods with negative ion mode electrospray ionization
(ESI), one for analysis by hydrophilic interaction chromatography (HILIC)/UPLC-MS/MS
with negative ion mode ESI, and either one or two aliquots for analysis with UPLC-MS/MS
with positive mode ESI (depending on year of acquisition).For the first run, a gas
chromatography (GC)/MS instrument was also used — samples were dried under vacuum
for a minimum of 18 h prior to being derivatized under dried nitrogen using bistrimethyl-
silyltrifluoroacetamide. Derivatized samples were separated on a 5% diphenyl/95%
dimethyl polysiloxane fused silica column (20 m x 0.18 mm ID; 0.18 um film thickness)
with helium as carrier gas and a temperature ramp from 60° to 340°C in a 17.5 min period.
Samples were analyzed on a Thermo-Finnigan Trace DSQ fast-scanning single-quadrupole
mass spectrometer using electron impact ionization (EI) and operated at unit mass

resolving power. The scan range was from 50-750 m/z.

Quality assessment of metabolomics analysis

Several types of controls were analyzed in concert with the experimental samples:
a pooled matrix sample generated by taking a small volume of each experimental sample
served as a technical replicate throughout the data set; extracted water samples served as

process blanks; and a cocktail of QC standards that were carefully chosen not to interfere
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with the measurement of endogenous compounds were spiked into every analyzed sample,
allowing instrument performance monitoring and chromatographic alignment.
Experimental samples were randomized across the platform run with QC samples spaced

evenly among the injections?”’, as outlined in Supplementary Fig. S2. 1.

Ultrahigh performance liquid chromatography-tandem mass spectroscopy

Molecules were separated using a Waters ACQUITY UPLC system and identified
using a Thermo Scientific™ Q Exactive™ Hybrid Quadrupole-Orbitrap mass spectrometer
interfaced with a heated electrospray ionization (HESI-II), operating at 35,000 mass
resolution. The sample extract was dried and then reconstituted in solvents compatible with
each of the four different methods. Each reconstitution solvent contained a series of
standards at fixed concentrations to ensure injection and chromatographic consistency.
Aliquots were analyzed using acidic positive ion conditions chromatographically
optimized for hydrophilic compounds, hydrophobic compounds, acidic positive ion
conditions as well as hydrophobic compounds and basic negative ions optimized
conditions using a separate dedicated C18 column with negative ionization. The analysis
alternated between MS and data-dependent MS" scans using dynamic exclusion and the

scan range varied slightly between methods, covering 70-1000 m/z.

Metabolite identification, quantification, and visualization
Raw data was extracted, peak-identified, and QC processed as previously
described?!”. Compounds were identified by comparison to library entries of purified

standards or recurrent unknown entities. Biochemical identification was based on three
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additional criteria: retention index (RI) within a narrow RI window of the proposed
identification, accurate mass match to the library +/- 10 ppm, and the MS/MS forward and
reverse scores between the experimental data and authentic standards. The MS/MS scores
were based on a comparison of the ions present in the experimental spectrum to the ions
present in the library spectrum. While there may be similarities between molecules
according to one of these factors, the use of all three data points was utilized to distinguish
biochemicals. More than 3,300 commercially available purified standard compounds were
acquired and registered into LIMS for analysis on all platforms and determination of their
analytical characteristics. Additional mass spectral entries were created for structurally
unnamed biochemicals, which have been identified by virtue of their recurrent nature (both
chromatographic and mass spectral). Library matches for each compound were checked
for each sample and corrected if necessary. Peaks were quantified using area-under-the-
curve. For studies spanning multiple days, a normalization step was performed to correct
variation resulting from inter-day instrument differences. For purposes of data

visualization, values were normalized in terms of raw area counts.

Measurement of cortisol and cortisone concentrations in FF by LC-MS

FF was retrieved from one follicle in each ovary of female rhesus macaques
undergoing a COS protocol without (0 hr; N=5 animals) hCG administration or 36 hr after
hCG administration (N=5 animals) and stored at -80 C until analysis. Cortisol and cortisone
concentrations were determined using a LC-MS system (Shimadzu Nexera-LCMS-8050)

in the ONPRC Endocrine Technologies Core as previously described?!'®. All samples were
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simultaneously analyzed in a single run for each analyte. Accuracy and intra-assay

coefficient of variation (CV) for cortisol was 98.0% and 5.8%, respectively.

Immunohistochemistry (IHC) of ovarian follicles

Ovaries were collected from female rhesus macaques undergoing a controlled
ovulation (COv) protocol both prior to (0 hr) or after (12 hr, 24 hr, and 36 hr) injection
with a bolus of hCG as previously described?!®. The COv protocol allows for the continued
development of the naturally selected follicle and the initiation of ovulation at a specified
time. Ovaries were fixed in 4% paraformaldehyde (PFA; Alfa Aesar, Ward Hill, MA)
overnight, placed in 5% sucrose for 24 hr, dehydrated in a series of ethanol solutions (50%,
70%, and 100%), embedded in paraffin, and serial sectioned as reported previously??.
Ovarian sections (Sum) were incubated with a rabbit polyclonal antibody that recognizes
GR (Abcam, Cambridge, MA, catalog #ab3579, RRID: AB 303925, 1:200), HSD11B1
(Thermo Fisher, Waltham, MA, catalog #PA5-79397, RRID: AB 2746513, 1:100), or
HSD11B2 (Thermo Fisher, Waltham, MA, catalog #PA5-79399, RRID: AB 2746513,
1:100). Primary antibodies were detected using a biotinylated anti-rabbit IgG secondary
antibody (Vector Laboratories, Burlingame, CA, BA1000, RRID: AB 2313606) and a
peroxidase substrate kit (ABC Elite Kit; Vector Laboratories, Burlingame, CA, PK6100).
A rabbit IgG isotype control (Abcam, Cambridge, MA, catalog #ab172730) was used to
determine background levels by performing white balance in Adobe Photoshop uniformly

across all images. Images for IHC were taken using a Nikon Ti-U inverted microscope with

20, 40 or 100X objectives.
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Immunofluorescence (IF) of oocytes and CCs for GR detection

Oocytes and CCs were collected from female rhesus macaques undergoing COS
protocols as describe above at 0 hr and 36 hr post-hCG administration. A small number of
oocytes were also obtained from a 0 hr COS and underwent in vitro maturation (IVM) as
described below for 24 hr to compare GR localization in oocytes post-IVM versus those
that matured in vivo from a 36 hr COS. Removal of the zona pellucida was accomplished
by incubating oocytes in EmbryoMax Acidic Tyrode’s Solution (EMD Millipore,
Burlington MA) for ~30 seconds (sec). The oocytes were washed in 0.1% BSA (Sigma-
Aldrich, St. Louis, MO) plus 0.1% Tween 20 (Sigma-Aldrich, St. Louis, MO; PBS-T) and
fixed by incubation in cold 4% PFA in PBS for 20 min. at room temperature (RT). Oocytes
were washed with PBS-T to remove any fixative and permeabilized in 1% Triton-X
(Calbiochem; Burlington, MA) for 30 min at RT. Non-specific binding sites were blocked
by incubation in 4% donkey serum (Jackson ImmunoResearch Laboratories, Inc.; West
Grove, PA) for 30 min at RT. Oocytes were incubated with the primary antibody for GR
(Abcam, Cambridge, MA, catalog #ab3579, RRID: AB 303925, 1:200 in PBS-T)
overnight at 4°C and washed with PBS-T. As a negative control, oocytes were incubated
with the rabbit IgG isotype control antibody described above. Primary GR antibody binding
was detected by incubating samples in a donkey anti-rabbit antibody conjugated with Alexa
Fluor 488 for GR (Thermo Fisher, Waltham, MA, A-21206, RRID: AB 2535792, 1:100)
for 2 hr at RT. All antibodies were diluted in PBS-T +1% donkey serum. DNA was stained
with 1 ug/ml DAPI (Thermo Fisher, Waltham, MA, D1306, RRID: AB 2629482, 1:1000)
for 10 min. In between each step, the oocytes were washed with PBS-T three times for 5

min. each. Oocytes were transferred to glass bottom petri-dishes (Mattek; Ashland, MA)
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and GR immunolocalization visualized on a Leica SP5 AOBS spectral confocal system
using the 10x and 20 x objective. Z-stacks 1-5 M apart were imaged sequentially to avoid

spectral overlap between channels.

GR morpholino antisense oligonucleotide (MAQO) design and oocyte microinjection

A GR specific MAO was designed to bind the 5’UTR upstream of the translation
initiation site in the rhesus macaque GR gene (XM 015141112.1:
TGGAGTCCATCAGTGAATATCAACT), thereby inhibiting the translation of the GR
protein. A MAO recognizing a splice site mutant of the human hemoglobin beta-chain
(HBB) gene (AY605051: CCTCTTACCTCAGTTACAATTTATA) was used as a
standard control (STD). Both the GR and STD MAOs were synthesized with a 3’-
carboxyfluorescein tag to aid in visualization during embryo microinjection. Oocytes were
collected at 6 hr or 36 hr following hCG injection from rhesus macaque females undergoing
a COS protocol. The MAOs were reconstituted in embryo grade water (Sigma- Aldrich,
W1503) and microinjected using a CellTram vario, electronic microinjector and
Transferman NK 2 Micromanipulators (Eppendorf, Hauppauge, New York, USA). The
MAO concentration (0.3 mM) was chosen based on previous reports that this concentration

1

of STD MAO did not impact blastocyst formation rates in both mice**! and rhesus

macaques>?2.

IVM and IVF of microinjected oocytes

Injected oocytes from the 6 hr post-hCG COS were allowed to undergo IVM for 24

hr to allow progression to the MI/MII stage of meiosis in 100 pl drops containing

33



978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

preequilibrated maturation medium (IVF Bioscience, UK, 61002 BO-IVM) and cortisol at
a concentration of 64 ng/ul, which was based on the data from the LC-MS analysis of
periovulatory follicle FF obtained at 36 hr post-hCG administration. The IVM oocytes from
the 6 hr COS and the injected in vivo matured oocytes from the 36 hr COS underwent
conventional IVF as described above to ascertain if there were differences in GR MAO-
injected oocytes matured under different conditions. Maturation and fertilization rates were
calculated as follows: percentage of mature oocytes = (number of mature MII oocytes/total
number of oocytes) *100, percentage of fertilizated oocytes= (number of zygotes
formed/number of mature MII oocytes that underwent IVF) *100, while the percentage of

cleaved embryos and blastocyst were determined as described above.

Cumulus cell expansion assay

Individual follicles were aspirated 6 hr post-hCG to isolate immature oocytes and
their surrounding CCs. Oocytes were microinjected with either STD MAO or GR MAO as
described above and re-incubated with their surrounding somatic cells (primarily CCs).
Reconstructed COCs were allowed to undergo IVM in preequilibrated maturation medium
with cortisol as described above for 24 hr after which, CC expansion was recorded by
stereomicroscopic imaging. To determine if there were differences between embryo
treatment groups, hyaluronic acid (HA)-induced extracellular matrix breakdown, an
indicator of CC expansion, was examined in reconstituted COCs by IF. Using a
biotinylated HA binding protein (HABP; Sigma-Aldrich, catalog #385911, 1:200) and the
appropriate streptavidin conjugated Alexa 488 secondary antibody (Thermo Fisher

Scientific, S32354, RRID: AB 2315383, 1:200), the absence or presence of HA in
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CC/mGCs was visualized in Z-stacks at 4-5 uM apart by confocal microscopy as described

above.

Statistical analysis

To determine whether the FF volume in a periovulatory follicle was related to the
post-IVF outcome of the oocyte, we performed a Chi-square (%?) test with p<0.05
considered significant. In the metabolomics assessment, statistical analyses were
performed in ArrayStudio on natural log transformed data. Each biochemical in OrigScale
was rescaled to set the median equal to 1. Values for each sample were normalized by
sample volume and following normalization to sample mass, log transformation, and
imputation of missing values, if any, with the minimum observed value for each compound.
A mixed model ANOVA with post-hoc tests (incorporating same-subject sampling as a
random effect term) was performed to identify biochemicals that differed significantly
between experimental groups. Data from different run batches were run-aligned by setting
the median of each group to 1 to correct for batch effect. An estimate of the false discovery
rate (¢g-value) was calculated to consider the multiple comparisons that normally occur in

metabolomics-based studies?!’

. Analysis of the cortisol:cortisone ratio in the 74 FF samples
was performed by the mixed effects model and Bonferroni multiple testing adjustment.

One-way ANOVA was used to test for significant differences in concentration in FF

between 0 hr and 36 hr COS cycles by LC-MS.
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Results
Classification of post-fertilization developmental outcomes and association with FF
volume

Our first objective was to collect both the oocyte and FF from individual follicles
of rhesus macaque females (N=17) undergoing COS protocols and compare the FF
metabolites to the corresponding oocyte’s developmental potential post-IVF. 255 oocytes
were isolated and the corresponding FF samples were categorized as uncleaved, cleavage
stage arrested group, or blastocyst as explained in the methods. A higher percentage of
blastocysts formed and a lower percentage of cleaved embryos was observed from the
oocytes aspirated from follicles with a FF volume greater than 35 pl, compared to a lower
percentage of blastocysts formed and a higher percentage of cleaved embryos detected
from follicles with a FF volume less than 35 ul. The uncleaved rate, however, remained
unchanged (Supplementary Fig. S2. 2). A chi-square test (32) revealed a significant
correlation between FF volume and the post-IVF outcomes of resident oocytes (y*=15.921,
p<0.001), which suggested that FF volume can be used as an indicator of oocyte
competency.

Out of the 255 oocytes that were obtained from individual follicle aspirations,
fertilized via conventional IVF, and underwent pre-implantation development, 74 FF
samples with a volume of 40l or greater were chosen for further analysis and categorized
as uncleaved (N=22), cleavage stage arrested group (N=21), and blastocysts (N=31) as
defined in the methods and Figure 2. 1a. To minimize the bias towards any single female,
we selected embryos from as many rhesus macaque females as possible, including 9

females in the uncleaved group, 12 females in the cleavage stage arrested group group, and
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most importantly, 14 females in the blastocyst group. The distribution of animals in each

group is represented in Supplementary Fig. S2. 3.

Metabolomics analysis of FF and identification of signaling pathways indicative of oocyte
competency

Once the oocytes were categorized according to post-IVF outcome, non-targeted
metabolomics profiling was performed on the corresponding 74 FF samples to determine
whether there were differences in the intrafollicular microenvironment between groups.
While two separate metabolomics assessments were initially performed for each year, the
final results were batch-normalized to generate a dataset with greater statistical power and
to avoid potential heterogeneity amongst females. A total of 382 biochemicals were
identified in the FF, of which 348 had a known identity (named biochemicals) and 34 had
both unknown structural identity and biological function (unnamed biochemicals).
Statistically significant differences of FF biochemicals were noted between the three
embryo groups, with the greatest difference observed in FF obtained from follicles that
yielded an oocyte that arrested at the cleavage stage versus those that progressed to the
blastocyst stage (Fig. 2. 1b). Interestingly, the majority (~93%; N=28/30) of these
metabolites were downregulated in the blastocyst group compared to those embryos that
arrested at the cleavage stage.

After combining all the identified biochemicals from each embryo category, we
performed pathway enrichment analysis, which revealed entire molecular pathways that
were differentially represented between embryo groups (Table 2. 1). As shown in Figure

2. 1c¢, the sphingomyelin pathway was the most enriched in the FF from follicles with
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oocytes that did not cleave following IVF versus FF associated with oocytes that produced
arrested cleavage stage embryos. With the exception of uracil-derived orotate
(Supplementary Fig. S2. 4), the majority of these metabolites were at higher levels in
follicles yielding oocytes that led to cleaved embryos. In contrast, the guanido and
acetamido amino acid metabolism pathways were enriched in the FF containing oocytes
that did not cleave relative to those that developed into blastocysts. The greatest pathway
enrichment differences observed by pairwise comparison were between embryos that
arrested at the cleavage stage versus those that formed blastocysts, which included long
chain monosaturated fatty acid, the tricarboxylic acid cycle (TCA), and glutamate

metabolism (Fig. 2. 1c¢).
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Figure 2. 1. Metabolomics assessment of follicular fluid constituents.

(a) Schematic depicting the experimental design of the study with the collection of FF for
metabolomics analysis and the corresponding oocyte for IVF. Resultant embryos were classified
as uncleaved (N=22), cleavage stage arrested (N=21), or blastocyst (N=31). (b) The total number
of significant metabolites (p<0.05) that were upregulated or downregulated in the FF between the
embryo groups was determined through pairwise comparisons. Note that the majority of
metabolites that were statistically different between the blastocyst and cleavage stage arrested
embryo groups were downregulated in blastocysts. (¢) Pathway enrichment analysis of the
metabolites in the FF shown as pairwise comparisons identified multiple fatty acid and metabolism
pathways as well as the TCA cycle components that were different between the embryo groups.
Enrichment score= (k/m)/((n-k)/(N-m)) where m = number of metabolites in the pathway, k =
number of significant metabolites in the pathway, n = total number of significant metabolites and

N = total number of metabolites.
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Box plots of the significantly different metabolites between the blastocyst and
cleavage stage arrested groups were constructed and are shown in Figure 2. 2, whereas the
uncleaved versus cleaved or blastocyst comparisons are shown in Supplementary Fig. S2.
4. In addition, there were several metabolites belonging to same molecular pathway that
showed a trend between the embryo groups, but were not statistically significant
(Supplementary Fig. S2. 5). These metabolites included alanine, threonine, asparagine,
tyrosine, proline, and methionine from the amino acid pathway and prostaglandin E2, 1-
linoleoyl-GPC, 1-oelyl-GPC, 1-palmitoyl-GPC, 3-hydroxyadipate of the lipid pathway,

which should be further investigated in additional cohorts of individual follicles.
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Figure 2. 2. Box plots of metabolites that were significantly different between FF samples

belonging to the blastocyst versus cleavage stage arrested embryo group.

The y-axis reflects the scaled intensity of each metabolite in uncleaved (gray) cleavage stage
arrested (orange) and blastocysts (blue). The original data generated by the area under curve of the
MS peaks was used for median-scaling, determining the minimum and maximum of data
distribution, and identification of outliers. Note that with the exception of acisoga, an end product
of polyamine metabolism, and the fatty acid lipid molecule, decanoylcarnitine (C10), most of the

metabolites were downregulated in blastocysts compared to cleavage stage arrested embryos.
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Correlation between glucocorticoid levels in FF and embryo developmental potential
Since the merged metabolomics dataset identified differences in several key
pathways that grouped according not only to the developmental outcome, but also based
on individual female rhesus macaques, we unmerged the assessments and determined that
corticosteroid signaling was highly significant in each independent metabolomics
evaluation. More specifically, we observed that the levels of the glucocorticoid
metabolites, cortisol and cortisone, in FF were strongly associated with the developmental
potential of the resident oocyte. Cortisone is biologically inactive because it has low
affinity for GR, whereas cortisol binds the GR at high affinity to activate downstream
signaling events. While higher FF cortisol levels were detected within follicles associated
with an oocyte that formed a blastocyst (Fig. 2. 3a), higher cortisone levels were detected
within follicles with oocytes that remained uncleaved or arrested in development post-
fertilization. (Fig. 2. 3b). Figure 2. 3¢ represents a pairwise comparison of the FF ratio of
cortisol: cortisone and shows that the ratio of these glucocorticoids in the FF associated
with an oocyte that formed a blastocyst was significantly higher than the oocyte that did
not form a blastocyst (p=0.0283). Based on these findings, we reasoned that the
cortisol:cortisone ratio in FF is an important determinant of oocyte competency and that
the intrafollicular levels of cortisol and cortisone during the periovulatory interval should
be further investigated. Thus, we obtained FF from rhesus macaque females undergoing a
COS that did not receive hCG (0 hr) or FF collected 36 hr after an ovulatory stimulus by
hCG administration for LC-MS. As shown in Figure 2. 4a, cortisone levels significantly
declined, whereas cortisol levels significantly increased with hCG administration,

supporting a role for glucocorticoid signaling in the periovulatory process.
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Enzymatic interconversion of glucocorticoids in the periovulatory follicle

The active and inactive forms of glucocorticoids are interconvertible through the
action of two enzymes, HSD11B1 and HSD11B2°!. HSD11B1 converts cortisone to
cortisol, which binds to and activates GR, whereas HSD11B2 coverts cortisol to cortisone,
a compound that has low to minimal affinity for GR*?>%3. We previously demonstrated by
microarray analysis in female rhesus macaques undergoing a COv protocol that HSD11B1
and HSD11B2 mRNA levels in the periovulatory follicle significantly increase and
decrease, respectively, after hCG administration®®. In order to determine the cellular
localization of the two enzymes in the follicle during the periovulatory interval, IHC was
performed on ovaries removed from animals undergoing a Cov protocol prior to (0 hr) or
12 hr, 24 hr, and 36 hr after hCG administration. As shown in Figure 2. 4b, HSD11B1 was
expressed in the oocyte and CCs of ovarian follicles both pre- and post-hCG
administration, and there was an apparent increase in mGCs over time with the highest
level of expression detected at 36 hr post-hCG administration. While the theca cells were
devoid of HSDI1B1 expression pre-hCG administration, post-hCG administration
HSD11BI1 expression in theca cells was evident, particularly at 24 hr and 36 hr post-hCG
administration. In contrast, positive HSD11B2 immunostaining (Fig. 2. 4¢) was observed
in the oocyte and CCs before hCG administration (0 hr), but diminished after hCG
administration. HSD11B2 immunolabeling was not detected in theca cells at all time
points. Thus, an increase in HSD11B1, with a corresponding decrease in HSD11B2
expression, in the follicle correlated with the increased cortisol:cortisone ratio observed in

FF following an ovulatory stimulus.
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Figure 2. 4. Glucocorticoids and the enzymes that metabolize glucocorticoids are present in the
rhesus macaque periovulatory follicle.

(a) LC-MS/MS analysis of cortisol and cortisone concentrations in the FF obtained from rhesus macaque
follicles between pre- (0 hr) and 36 hr post-hCG administration. A statistically significant increase in
cortisol (*p=0.0137) and decrease in cortisone (*p=0.0110), with a corresponding increase in the cortisol
to cortisone ratio (*p=0.0256), was observed following hCG injection. Error bars = mean = SEM, n= 5
follicles. (b) Representative photomicrographs for IHC of HSDI1B1 and (¢) HSDI11B2
immunolocalization in the rhesus macaque periovulatory follicle pre- (0 hr) as well as 12 hr, 24 hr and
36 hr post-hCG administration. Note the overall increase in HSD11B1, as well as a concomitant decrease
in HSD11B2 expression, in the ovarian follicle prior to hCG administration and with increasing time after
the ovulatory stimulus. O=oocyte, C=cumulus cells, A=antrum, T=theca cells, M=mural granulosa cells
and NC=negative control. The 0 hr panel in HSD11B2 IHC staining (2c) was captured at 10x

magnification. Other IHC images in 2.4 b. and 2.4 c. were captured at 20x magnification.
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Expression and localization of GR in oocytes and ovarian follicles

Our next objective was to determine which cell types are potentially responsive to
glucocorticoid action by immunolocalizing GR in the rhesus macaque periovulatory
follicle. Ovarian tissues obtained from female rhesus macaques undergoing a Cov protocol
at the same time points pre- and post-hCG injection as described above were examined by
IHC. GR immunostaining was observed in the oocyte, CCs, mGCs, as well as the theca
cells lining the follicle wall (Fig. 2. 5a). There was a reduction in oocyte-specific GR
staining at 12 hr post-hCG and the highest intensity of GR staining was detected in all cell
types at 36 hr post-hCG administration. Since GR was evident in the oocyte, we further
assessed its expression within immature and mature oocytes by IF. GV oocytes were
collected from non-luteinized, pre-ovulatory follicles (0 hr COS) and GR
immunolocalization was observed in both the cytoplasm and nucleus of immature oocytes
(Fig. 2. 5b). However, 36 hr post-hCG administration, GR expression was only observed
in the nucleus of GV oocytes and CCs that remained attached from the luteinizing follicles.
Unexpectedly, GR also localized to the metaphase plate of mature MII oocytes. The GV
oocytes from non-luteinized follicles that reinitiated meiosis by IVM did not exhibit

nuclear localization of GR.
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Figure 2. 5. GR localizes to oocytes and somatic cells in the rhesus macaque periovulatory
follicle.

(a) Representative photomicrographs of GR IHC was performed on rhesus macaque periovulatory
follicles pre- (0 hr) and 12 hr, 24 hr and 36 hr post-hCG administration. Positive immunolabeling
(brown) was detected in the oocyte, CCs, mGCs, as well as the theca cells lining the follicle wall.
There was an apparent reduction in oocyte-specific GR staining at 12 hr post-hCG and the highest
intensity of GR staining was detected in all cell types at 36 hr post-hCG administration. O=oocyte,
C=cumulus cells, A=antrum, T=theca cells, M=mural granulosa cells, and NC=negative control.
The THC images were captured at 20x magnification. (b) Representative photomicrographs of GR
IF in rhesus macaque oocytes obtained from follicles before (0 hr) and 36 hr after hCG
administration demonstrated GR localization (green) in both the cytoplasm and nucleus of non-
luteinized GV oocytes, but only in the nucleus of luteinizing GV oocytes and CCs that remained
attached. Note that GR also localized to the metaphase plate of mature MII oocytes and that GV

oocytes from non-luteinized follicles that reinitiated meiosis by IVM exhibited only cytoplasmic
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Functional assessment of GR action

After determining the expression patterns of GR, HSD11B1, and HSD11B2 in the
primate periovulatory follicle, we next sought to ascertain the functional role of GR and
the glucocorticoid signaling pathway in rhesus macaque oocyte function, maturation,
fertilization, and pre-implantation embryo development. Thus, a MAO designed to target
the 5’UTR of GR was microinjected into oocytes using a non-targeting MAQO as a negative
control. Initially, GV, MI, and MII oocytes aspirated 36 hr after hCG administration were
injected with either STD MAO (N=8) or the GR MAO (N=15) and GR knockdown
assessed by IF. Within 24 hr of microinjection, up to 80% of the GR MAO injected oocytes
did not contain any discernable GR expression (Supplementary Fig. S2. 6a).This was not
observed in STD MAO injected oocytes, demonstrating that the knockdown of GR in
oocytes using a MAO approach was robust and specific.

Once we confirmed efficient GR knockdown in oocytes, GR involvement in
fertilization and the initial cleavage divisions leading up to blastocyst formation was also
assessed in oocytes collected from a 36 hr post-hCG COS cycle. Comparison of oocytes
injected with GR MAO (N=43; 38 MI/MlIs and 5 GVs) or STD MAO (N=38 33 MI/MlIs
and 5 GVs) showed no significant differences in maturation, fertilization, cleavage or
blastocyst formation rates (Supplementary Fig. S2. 6b). To determine if blocking GR
expression closer to the time that re-initiation of meiosis occurs in vivo would have an
impact on oocyte maturation, fertilization, or embryonic development, oocytes were
collected 6 hr after hCG administration during a COS protocol. As expected, mostly GV
oocytes were obtained at this time point, but a small number of maturing MI oocytes were

also collected. These oocytes were injected with STD MAO (N=30; 27 GVs and 2 Mis) or
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GR MAO (N=28; 27 GVs and 1MI) and cultured in the absence or presence of cortisol.
However, no significant differences in the completion of meiosis, fertilization, or
percentage of cleaved embryos were detected between treatment groups, which suggested
that GR was not directly involved in the resumption of oocyte meiosis in vitro or

subsequent development (Supplementary Fig. S2. 6c¢).

GR knockdown in oocytes has indirect effects on GC expansion

Although there was no effect of GR knockdown on oocyte function, it was noted
that the CCs obtained as part of the COCs exhibited a different morphology based on
whether they were incubated with oocytes microinjected with the GR MAO versus those
injected with STD MAO. At 6 hr post-hCG administration, CCs have not yet undergone
expansion and remain closely associated with one another relative to the expanded CCs
retrieved 36 hr after hCG administration. In the presence of the GR MAO injected oocytes,
the CCs did not expand even after 30 hr in culture and remained tightly associated with
one another similar to the CCs obtained immediately after follicular aspiration (Fig. 2. 6a).
In contrast, the CCs cultured with the STD MAO injected oocytes expanded so that
individual cells, rather than cell clumps, were observed. To confirm that GR knockdown
in the oocyte was having an effect on the processes important for CC expansion, we
performed a similar GR MAO or STD MAO microinjection experiment whereby each
injected oocyte was cultured with its corresponding CCs in IVM media for 24 hours. CC
cultures were stained with HABP, a protein that binds to secreted HA, which serves as a
definitive marker for CC expansion'!®. While HA localized to the extracellular space in

between the CCs of STD MAO injected oocytes, the CCs cultured with the GR MAO
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1208  injected oocytes were negative for HA staining and appeared similar to the pre-IVM
1209  CCs/mGCs (Fig. 2. 6b). This suggests that GR knockdown in oocytes has indirect effects
1210 on COC function by preventing the expansion of CCs via paracrine signaling during oocyte
1211  maturation and the resumption of meiosis.

1212
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Pre-IVM Post-IVM cultured with GR MAO Post-IVM cultures with STD. MAO C.
injected oocytes injected oocytes

1 Hsp1182

0 Theca cells

© Mural granulosa cells | :
@ Cumulus cells

.Oocvte

Y Glucocorticoid receptor

» Cortisol
¢ Cortisone

Figure 2. 6. GR is essential for cross-communication between the oocyte and the
surrounding CCs.

(a) Stereomicroscope image of CC morphology immediately after aspiration and prior to
IVM (left) and in the presence of a GR MAO-injected oocyte (middle) versus an STD
MAO-injected oocyte (right) after VM. Note the clumped CCs (image insets) in the pre-
IVM and GR MAO co-cultures (yellow arrowhead) compared to the single CCs visible
following expansion (blue arrowhead) (b) IF detection of HA using HABP confirmed a
lack of expansion in pre-IVM CCs and those incubated with GR MAO-injected oocytes
as evidenced by the little to no HABP (green) immunostaining in CCs also stained with
DAPI (blue). In contrast, robust HABP expression was observed in the CCs co-cultured
with STD MAO-injected oocytes. (¢) Proposed model for GR dependent bidirectional
communication between the oocyte and somatic cells. The relative levels of 113-HSD1/2
enzymes in the mGCs/CCs (green) and the theca cells (blue) convert cortisone to cortisol
post-LH surge. This cortisol binds to the GR in the oocyte. Nuclear translocation of
cortisol bound GR, activation of transcription, and further unknown downstream events

leads to COC expansion that takes place during meiotic maturation of the oocyte.
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Discussion

Circulating and intrafollicular derived factors are critical for ovulatory follicle
development in humans, non-human primates (NHPs), and rodents?6-33:34.61.198.200223-225 5 4
thus, the FF and its constituents are likely a reflection of the resident oocyte’s capacity for
fertilization and development. Indeed, we observed in this study that the volume of FF is a
significant indicator of whether a fertilized oocyte will cleave and successfully form a
blastocyst, which supports previous reports of a positive correlation between FF volume

and IVF outcome?26-227

. However, previous genomics, proteomics and metabolomics
studies reported mixed results in correlating follicular contents with pre-implantation
embryo development?+32:219-228 Tn the metabolomics studies performed to date, techniques
that were only able to discern a limited number of known metabolites were primarily
utilized and/or a pool of FF from a heterogenous population of multiple follicles was
analyzed. By pooling the FF, it is not possible to directly correlate identified factors with
the oocyte’s potential to undergo fertilization, cleavage, and blastocyst formation. Here,
we performed an unbiased metabolomics analysis of FF samples from individual rhesus
macaque periovulatory follicles to evaluate metabolites that represent the sum of all
genomic, transcriptomic, and proteomic processes occurring in the follicle. Our approach
also gave us the ability to directly correlate the metabolomics profile of each ovarian
follicle to the developmental outcome of the corresponding resident oocyte post-IVF
through the blastocyst stage. To the best of our knowledge, this study is the first to perform

a comprehensive assessment of the metabolome in the FF of a large number of individual

developing follicles using a unique and translationally relevant NHP model.
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Over the past several years, nuclear magnetic resonance (NMR) and tandem mass
spectrometry (MS/MS) were used to characterize the FF metabolome. MS/MS, which was
used in this study, is more sensitive than NMR based approaches*?® and the addition of
different chromatographic methods has increased the number of metabolites that can be
detected in a sample. Nonetheless, NMR identified glucose, choline, and creatine in FF as
possible biomarkers of mature oocytes, while glucose, citrate and valine appeared
important for early embryogenesis®!’. However, there was no significant association
between these molecules and any particular stage of pre-implantation development. A
meta-analysis of progesterone in FF indicated that it might be a useful biomarker for
successful fertilization, but it also failed to explain the competency of a fertilized oocyte to
form a blastocyst?*’. Unlike these factors, lower amino acid turnover in the spent media of
4- to 8-cell embryos was shown to be significantly correlated with development to the
blastocyst stage, whereas a higher amino acid turnover rate was more likely to result in
embryo arrest?**+2%, It was proposed that the high turnover of amino acids is an indicator
of the metabolic stress involved in repairing the damage to DNA, RNA or proteins during
development?*!. From our analysis, we were able to confirm this finding by showing that
the majority of the FF samples with higher amino acid quantities belonged to the arrested
embryos, rather than the uncleaved or blastocyst groups. Moreover, the assessment of
individual amino acids revealed an abundance of glutamate metabolism in the FF of
oocytes that formed blastocysts. Glutamate is a main component of the fluid in the human

fallopian tube??

and our results concur with other reports suggesting that supplemental
glutamate in bovine embryo culture media promotes blastocyst formation?*3. Besides

amino acid differences, we also observed an enrichment of metabolites associated with the
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TCA cycle in the blastocyst group, which supports previous findings that glucose
metabolism and pyruvate uptake may serve as markers for embryo viability?%+234233,
Overall, the majority of statistically significant metabolites were downregulated in the FF
of embryos that formed a blastocyst, providing support for the “quiet embryo hypothesis”
that states that endogenous energy resources are more important over nutrient
supplementation in embryo survival?*,

One of the most significant findings from our metabolomics analysis was the
identification of the corticosteroid pathway and, in particular, the ratio of cortisol to
cortisone in promoting oocyte fertilization and embryo development. While it was
previously reported that cortisol and cortisone, as well as the HSD11B1 and HSD11B2
enzymes responsible for their interconversion, are present in bovine and human
ovaries?>102237-239 there are no studies indicating an association between FF glucocorticoid
levels and oocyte competency. We note that the presence of significant levels of cortisol in
the FF of rhesus macaque periovulatory follicles has been previously reported and that both
HSDI11B1 and HSDI11B2 mRNA are expressed in mGCs®. In response to hCG
administration, it was also shown that HSD11B1 mRNA expression increased, while
HSD11B2 mRNA expression decreased in rhesus macaque periovulatory follicles as early
as 12 hr post-hCG injection and was retained up to 36 hr’®. However, neither of these
studies examined which follicular cell type(s) might be responsible for these changes in
enzyme expression and whether it correlated with the levels of cortisol and cortisone in the
FF. Here, we show that the HSD11B1 and/or HSD11B2 localize to all sub-compartments

of follicle, including the oocyte, GCs, CCs, and theca cells, and that HSD11B1 expression

increased with a corresponding decrease in HSD11B2 expression post-hCG administration.
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Thus, the changes in the FF cortisol to cortisone ratio in the follicle appears to be directly
linked to the relative expression levels of both enzymes.

With the exception of NHPs, the expression of the GR was observed in the ovary
of several species®*192:103.240 Most recently, GR was shown to be expressed in both murine
and porcine oocytes and CCs, but there were species-specific differences noted in oocyte
sensitivity to glucocorticoids that was mediated by GR in pigs and GR-independent in
mice!%241, Qur study is the first to show the presence and localization of GR within the
oocyte and surrounding somatic cells of naturally selected primate follicles. We also
demonstrate that GR expression is retained in oocytes in vitro and appears to change its
intracellular location from the cytoplasm to the nucleus during maturation. GR is a member
of the nuclear receptor superfamily of ligand-dependent transcription factors and
translocates from the cytoplasm to the nucleus after ligand binding. Once in the nucleus,
GR binds to glucocorticoid response elements (GREs) in DNA to control transcription and
activate downstream signaling?*. We observed a similar cytoplasmic to nuclear
translocation of GR in rhesus macaque oocytes 36 hr after hCG administration and,
unexpectedly, GR also localized to the metaphase plate of MII oocytes that matured in
vivo. In contrast, IVM MII oocytes retained GR expression in the cytoplasm. It is well-
established that the oocytes matured via IVM have increased likelihood of aneuploidy?+3-24
and lower IVF success rates than those that are matured in vivo?*-2*7, accounting for its
limited use (1-2%) in human IVF cycles (cdc.gov/art). Our results suggest that a lack of
GR nuclear translocation and activation in oocytes matured in vitro might also disrupt

downstream signaling events that contribute to lower IVF success.
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To complement our expression studies and further interrogate GR function in
primate oocytes, we performed GR knockdown to determine if glucocorticoid signaling is
necessary for the establishment or maintenance of oocyte competency. Reduced GR
expression had no impact on oocyte maturation, fertilization, or subsequent development.
It was observed, however, that the expansion of CCs did not occur when they were co-
incubated with GR MAO-injected oocytes compared to the expansion that was observed
when CCs were co-incubated with STD MAO-injected oocytes. During cumulus-oocyte
expansion, HA is released by the CCs into the extracellular space surrounding the oocyte
to form a 3-dimensional network of macromolecules that facilitates gradual CC dispersion
and extracellular matrix reorganization®!-**¥, Using HABP, we observed HA localization
to the extracellular space between CCs that had been co-cultured with STD MAO injected
oocytes, but not those mGCs and CCs cultured in the presence of the GR MAO injected
oocytes. Our findings suggest that HA production by the CCs was inhibited by oocyte GR
deficiency and that GR mediated signaling in the oocyte indirectly regulates cumulus
expansion. Thus, by binding to and activating GR, glucocorticoids within the periovulatory
follicle are likely involved in regulating the cross communication between the oocyte and
somatic cells that is essential for cumulus-oocyte function (Fig. 2. 6¢).

Given conflicting findings on whether cortisol improves IVF treatment over the

past three decades?**->>!

and that cortisol concentrations significantly vary in women after
a 36 hr stimulation, additional studies are needed to determine the precise relationship
between FF cortisol and oocyte competency. Based on the results presented here, we would

suggest that focus be placed on assessing the entire follicular microenvironment, consisting

of the CCs, mGCs and the FF, to unveil potential paracrine signaling and oocyte-somatic
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cell crosstalk that is important for ovarian function. Apart from cortisol, there were other
metabolites identified in FF whose concentration indicated an association with oocyte
competency, but their biological function is currently unknown and we plan to follow-up
to determine the importance of these molecules. Since metabolomics profiling is expensive
and time-consuming, we also suggest that fertilization and embryo developmental
outcomes be validated by assays that are feasible in a clinical setting such as a quick and
relatively inexpensive ELISA of particular metabolites in the FF at the time of oocyte
aspiration. Once these assays are established, then subsequent studies can include the
monitoring of embryo development and assessment of live birth, with the ultimate goal of

improving IVF efficiency.
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1359  Table 2. 1. List of metabolites that are significantly different between the embryo groups.

1360  Color coding: pink=downregulated, green=upregulated.

) ) Cleavage-Stage
Number Super Pathway Sub Pathway Nom-Fertilized
1 X X Histidine metabolism 1.85
2 Amino acid Tryptophan Metabolism 1.33
3 Peptide Dipeptide 1.35
4 Long Chain Saturated Fatty Acid 1.11
5 Long Chain Polyunsaturated Fatty Acid (n3 and n6) 1.43
6 Fatty Acid Metabolism (also BCAA Metabolism) 1.39
7 Lipid Phosphatidylethanolamine (PE) 1.41
8 Phosphatidylethanolamine (PE) 1.37
9 Phosphatidylinositol (PT) 1.26
10 Phosphatidylinositol (PT) 1.24
11 Sphingomyelins 1.31
12 Sphingomyelins 1.28
13 Androgenic Steroids 1.73
14 Purine Metabolism, (Hypo)Xanthine/Inosine 1.63
15 Nucleotide Pyrimidine Metabolism, Orotate containing 0.71
16 Pyrimidine Metabolism, Uracil containing 2.24
17 Purine and Pyrimidine Metabolism 2.08
18 Co-factors and vitamins Ascorbate and Aldarate Metabolism 1.27
19 Xenobiotics Food Component/Plant 2.47
20 Unnamed compounds Unnamed compounds 1.4
21 Unnamed compounds 1.81
Number Super Pathway Sub Pathway
1 Dipeptide Guanidino and Acetamido Metabolism 0.78
2 Lipid Long Chain Saturated Fatty Acid 0.83
3 Fatty Acid, Dicarboxylate 0.63
4 Androgenic Steroids 1.76
5 Xenobiotics Chemical 1.36
6 Unnamed compounds Unnamed compounds 1.36
7 Unnamed compounds 1.93
8 Unnamed compounds 1.35
9 Unnamed compounds 0.66
Number Super Pathway Sub Pathway Blastocyst
Cleavage-Stage
1 Alanine and Aspartate Metabolism 0.69
2 Glutamate Metabolism 0.71
3 Glutamate Metabolism 0.55
4 Histidine metabolism 0.57
5 Amino acid Tryptophan metabolism 0.76
6 Methionine, Cysteine, SAM and Taurine 0.56
7 Methionine, Cysteine, SAM and Taurine 0.77
8 Creatine Metabolism 0.87
9 Polyamine Metabolism 1.22
10 peptide Dipeptide 0.78
11 Energy TCA cycle 0.66
12 TCA cycle 0.63
13 Medium Chain Fatty Acid 0.68
14 Long Chain Saturated Fatty Acid 0.88
15 Long Chain Monounsaturated Fatty Acid 0.85
16 Long Chain Monounsaturated Fatty Acid 0.7
17 Long Chain Polyunsaturated Fatty Acid (n3 and n6) 0.73
18 Long Chain Polyunsaturated Fatty Acid (n3 and n6) 0.66
19 Lipid Fatty Acid Metabolism (also BCAA Metabolism) 0.76
20 Fatty Acid Metabolism (Acyl Carnitine, Medium Chain) 1.5
21 Eicosanoid 0.47
22 Phospholipid Metabolism 0.84
23 Phosphatidylcholine (PC) 0.65
24 Phosphatidylethanolamine (PE) 0.77
25 Lysophospholipid 0.73
26 Spingomyelins 0.8
27 Nucleotide Purine Metabolism, Adenine containing 0.65
28 Purine and Pyrimidine Metabolism 0.44
29 Co-factors and Vitamins Ascorbate and Aldarate Metabolism 0.82
30 Xenobiotics Food Component/Plant 0.61

1361
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Clientsamples

Final injecti}
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CMTRX: Technical
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Process Blank

Supplementary Figure S2. 1. Schematic representation of the pipeline used for metabolomics

analysis.

The process includes the preparation of technical replicates, quality control, randomization, and

final injection for tandem MS analysis.

FF>35ul FF<35ul

*

0 T T 1
Blastocysts Cleaved Uncleaved
formed Embryos Embryos or
Oocytes

Supplementary Figure S2. 2. The
periovulatory FF volume predicts
oocyte competency.

A bar chart demonstrating the effects of
periovulatory FF volume on the different
post-IVF  embryo  outcomes. A
significant correlation was found by chi-
square test (y?) between embryo groups,
whereby a FF volume > 35 pl (orange
bars) was associated with a higher
likelihood of blastocyst formation,
whereas a FF volume of <35 pl (yellow
bars) was associated with a greater
probability of embryonic arrest before

blastulation (%*=15.921, p<0.001).
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B Uncleaved ® Cleavage Stage ™ Blastocyst
Arrested

Number of Oocytes / Embryos
in Each Group

1 2 3 45 6 7 8 9 10111213 14 1516 17
Rhesus Macaque Females

Supplementary Figure S2. 3. Distribution of the female rhesus
macaques from which all 74 FF samples were obtained.

Each rhesus macaque female (N=17) is represented as a number on
the x-axis and the number of corresponding oocytes and/or embryos
in the uncleaved (gray), cleavage stage arrested embryos (orange),

and blastocyst (blue) groups is shown on the y-axis.
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Supplementary Figure S2. 4. Box plots of the statistically significant

(p<0.05) metabolites between the FF samples belonging to the

cleavage stage versus uncleaved and blastocyst versus uncleaved

embryo groups.
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Supplementary Figure S2. 6. GR
knockdown in rhesus macaque oocytes
has no effect on preimplantation
development.

(a) GR MAO knockdown was optimized in
rhesus macaque oocytes obtained from a 36
hr COS cycle and reduced expression
confirmed between O hr and 24 hr post-
microinjection using the STD MAO as a
control. Both MAOs were tagged with 3’-
carboxyflorescein (green) for visualization
of successful microinjection and oocytes
stained for DAPI (blue) and
immunolabeled for GR (red). Note the
decrease in the expression of GR in MI/MII
oocytes at 6 hr and 24 hr after injection
compared to 0 hr and the STD MAO
control. GR expression was knocked down
in immature rhesus macaque oocytes from
a (b) 36 hr COS and (¢) a 6 hr COS.
Oocytes were fertilized 30 hr post-hCG
administration, and allowed to undergo pre-
implantation development post-IVF. The
maturation, fertilization, cleavage, and/or
blastocyst formation rates were calculated
between STD MAO (purple) and GR MAO
(blue) injected oocytes and no differences
were detected. N=number of oocytes

microinjected with each MAO.

64




1371

1372

1373

1374

1375

1376

1377

1378

1379

1380

1381

1382

1383

1384

1385

1386

1387

1388

1389

1390

1391

1392

1393

1394

Chapter 3:
Short-Term Western-Style Diet Negatively Impacts Reproductive Outcomes in

Primates

Sweta Ravisankar!?, Alison Y. Ting>?, Melinda J. Murphy?, Nash Redmayne-Titley?,
Dorothy Wang?, Carrie A. McArthur?, Diana L. Takahashi*, Paul Kievit*, Shawn L.

Chavez>>, Jon D. Hennebold>®

"Department of Cell, Developmental & Cancer Biology; Graduate Program in Molecular
& Cellular Biosciences, Oregon Health & Science University School of Medicine,
Portland, Oregon

Division of Reproductive & Developmental Sciences, Oregon National Primate Research
Center, Beaverton, Oregon

3215 Century Medicine, Inc., Fontana, CA

“Division of Cardiometabolic Health, Oregon National Primate Research Center,
Beaverton, Oregon

SDepartment of Molecular & Medical Genetics; Oregon Health & Science University
School of Medicine; Portland, Oregon

®Department of Obstetrics & Gynecology; Oregon Health & Science University School of

Medicine; Portland, Oregon

Authorship note: SLC and JDH contributed equally to this work.

Conflict of interest: The authors have declared that no conflict of interest exists.

65



1395

1396

1397

1398

1399

1400

1401

1402

1403

1404

1405

1406

1407

1408

1409

1410

1411

1412

1413

Abstract

A maternal high-fat Western-style diet (WSD) is associated with poor reproductive
outcomes, but whether this is from the diet itself or underlying metabolic dysfunction is
unknown. Here, we performed a longitudinal study using regularly cycling female rhesus
macaques (N=10) that underwent two consecutive in vitro fertilization (IVF) cycles, one
while consuming a low-fat chow diet and another 6-8 months after consuming a high-fat,
high carbohydrate WSD. Metabolic data was collected from the females prior to each IVF
cycle. Follicular fluid (FF) and oocytes were assessed for cytokine/steroid levels and IVF
potential, respectively. Although transition to a WSD led to considerable weight gain, no
significant effects on metabolism were observed. A decrease in both IL-1RA concentration
and cortisol:cortisone ratio was observed in FF post-WSD intake. Despite an increased
probability of isolating mature oocytes, a 44% reduction in blastocyst number was
observed following IVF with WSD consumption and time-lapse imaging revealed delayed
mitotic timing and multipolar divisions. RNA-sequencing of individual blastocysts also
demonstrated dysregulation of genes and pathways involved in mitochondrial function and
cell differentiation post-WSD consumption. Thus, short-term maternal WSD consumption
promotes a proinflammatory intrafollicular microenvironment that is associated with

impaired preimplantation development in the absence of large-scale metabolic changes.
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Introduction

Obesity is often associated with various physiological, metabolic, and
psychological diseases and disorders, including hypertension, diabetes, arthritis, and
depression, in both men and women??-237, There is also a known correlation between
maternal/paternal obesity and infertility or sub-fertility in humans as well as

rodentsl 84,188,258

. Indeed, overweight/obese women are more likely to experience
reproductive issues such as menstrual irregularities?®, decreased chances of conception,
and defects in placentation during pregnancy than normal-weight women 26261, However,
whether the manifestations of maternal obesity are due to abnormal ovarian follicular
development, interruption of the hypothalamic-pituitary-ovarian (HPO) axis that regulates
ovulation, and/or changes in endometrial receptivity is unclear??-262,

In obese women undergoing infertility treatment, findings of unresponsiveness or

a delayed response to controlled ovarian stimulation (COS) by administration of exogenous

184,263-265 266-268

gonadotropins , as well as poor in vitro fertilization (IVF) outcomes , suggests
that it is the ovarian follicular microenvironment that is altered with obesity. This
conclusion is consistent with other IVF studies, whereby increased pregnancy failure rates
in obese women returned to normal if donor oocytes were used?®®. Additional evidence is
provided by rodent studies showing that a highly obesogenic diet caused adverse effects
on murine oocyte quality and metabolism, producing mature metaphase Il (MII) oocytes
with chromosomal abnormalities'®®?7°, Upon fertilization of these oocytes, increased
embryo degradation and delayed developmental progression distinct from meiotic

aneuploidy was also observed, which indicated further effects on preimplantation

development!®®, Transfer of maternal high-fat diet blastocysts into a non-obese uterine
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environment still resulted in brain development defects, fetal growth retardation and
embryonic loss!®. Thus, findings of abnormal post-implantation fetal development in these
rodent studies was likely due to deficiencies in oocyte or maternal factors rather than the
uterine microenvironment!8827!, The identity of these factors and at which stage of
preimplantation development the defects occurred, however, remains to be defined.
Besides the precise contributors to embryo loss in obesity, it is also unclear,
especially in women, if the negative effect on reproductive processes is due to the diet itself
or the subsequent development of metabolic dysfunction. Moreover, it is difficult to
distinguish these possibilities with human studies due to obvious ethical and technical
limitations as well as the considerable challenge in controlling for environmental and
dietary factors that could have an influence on reproductive outcome. Additionally, mice
are generally sacrificed to obtain oocytes or embryos, which precludes longitudinal
analyses. Here, we conducted a longitudinal study using a cohort of female rhesus
macaques that allowed us to assess the ovarian follicular microenvironment and IVF
outcomes under a highly controlled switch from a Standard Chow Diet (SCD) to a WSD.
Each rhesus macaque female served as its own experimental control such that short-term
diet-induced effects on primate ovarian follicle, oocyte, and preimplantation embryo
development could be assessed directly without the complicating influences of metabolic
dysfunction. Given similarities in reproductive physiology, hormonal stimulation during
controlled ovulation, typical oocyte yields, and blastocyst formation rates shared between
women and female rhesus macaques, our findings are translationally relevant to obese

women undergoing infertility treatment in IVF clinics!7-72,
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Results
The effects of maternal short-term WSD intake on metabolic parameters

Ten regularly cycling female rhesus macaques of young maternal age (5 to 6 yrs
old) and between 5 and 7 kg body weight were selected for this longitudinal study (Fig. 3.
1a). Each female consumed a SCD (15% fat, 59% carbohydrate, 26% protein) since birth
and underwent an initial COS cycle (COS #1). The females were then switched to a high-
fat WSD (36% fat, 46% carbohydrate, 18% protein) for 6-8 months and underwent a
second COS cycle (COS #2). Weight, body fat percentage, circulating glucose and insulin
levels, and insulin resistance (homeostatic model assessment of insulin resistance; HOMA -
IR) were measured in the animals while consuming a SCD and 1-3 months post-COS #1,
4 months after transitioning to a WSD, and one month post-COS #2 approximately 6-8
months after beginning the WSD. Because one female did not undergo COS #2 (detailed
below), the average weight for the remaining nine female rhesus macaques was assessed
during the three time periods. Weight gain was statistically significant as early as 4 months
post-WSD consumption as well as 6-8 months later (Fig. 3. 1b; p<0.05). When the average
weight of each female was analyzed separately, two animals appeared to be resistant to
weight gain (Fig. 3. 1¢), which is typical of non-human primate diet studies®’>. However,
no significant differences in the other metabolic parameters were observed over the same
time course, including percent body fat (Fig. 3. 2a), HOMA-IR (Fig. 3. 2b), as well as
glucose (Fig. 3. 2¢) and insulin (Fig. 3. 2d) levels. Thus, while the females exhibited
significant weight gain from short-term WSD consumption, they had not yet developed

overall metabolic dysfunction.
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Figure 3. 1. Longitudinal study to determine the effects of short-term maternal WSD
intake on reproductive outcomes.

(A) Experimental design: a cohort of female rhesus macaques (N=10) consuming SCD since
birth underwent a baseline ovarian stimulation protocol (COS #1), which was then followed
by 6-8 Months of high fat WSD consumption and a second stimulation protocol (COS #2).
FF and oocytes were collected from each COS to assess the intrafollicular environment and
oocyte post-IVF development, respectively. (B) A significant difference (*=p<0.05; + SEM)
was observed in the average weight of the female rhesus macaques measured post-COS #1
while consuming SCD compared to 4 months post-WSD consumption and post-COS #2 (6-
8 months post-WSD consumption). (C) Individual weight gain comparisons revealed the
resistance to weight gain displayed by two females. One female who was non-respondent to
COS#2, but still gained weight after being switched to a WSD, was excluded from the
analysis for (B) and (C).
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Figure 3. 2. Short-term WSD consumption by rhesus macaques does not cause

overt metabolic dysfunction.

Metabolic parameters, including (A) body fat percentage, (B) HOMA-IR, (C) glucose
AUC, and (D) insulin AUC were measured post-COS #1 while consuming SCD, 4
months post-WSD consumption, and post-COS #2 (6-8 months post-WSD
consumption). None of these parameters showed any significant change pre- and post-

WSD intake. Data (means + SEM) was collected from all the females that underwent

both COS cycles (N=9).
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Responsiveness to gonadotropin stimulation before and after WSD consumption

All 10 rhesus macaque females responded positively to exogenous gonadotropin
administration during COS #1 based on increases in circulating E2 levels®* that were
observed over the course of the stimulation protocol. However, 2 out of the 10 females
failed to respond to hormonal stimulation after consuming the WSD (COS #2). The two
non-responders were different from the two rhesus macaques detailed above that were
resistant to weight gain. Of the two non-respondent females, E2 levels never increased
beyond the required threshold (above 200 pg/ml on day 3 or day 4 of the COS protocol as
described in methods) in one female and the other female demonstrated a rise in E2 levels
that were barely above baseline. Therefore, COS #2 was terminated for the first female
mid-cycle, but the follicular aspiration for COS #2 on the second female proceeded. We
note that these results are in accordance with previous human studies, whereby
unresponsiveness or a delayed response to exogenous gonadotropin administration was

reported in obese women undergoing IVF!84263-265,

Impact of short-term WSD consumption on intrafollicular steroid and cytokine levels

Our next objective was to assess the intrafollicular milieu of ovarian follicles in the
rhesus macaque females at the time of oocyte aspiration. This was accomplished by
obtaining FF samples from each female both pre- and post-WSD consumption and
analyzing the concentrations of cytokines and steroids by cytokine array and liquid
chromatography-tandem mass spectrometry (LC-MS/MS), respectively. Of the 29
cytokines analyzed (Supplementary Table 3. 1), a significant decrease in the

concentration of interleukin (IL) -1 receptor antagonist (IL-1RA) was observed in FF post-

72



1511

1512

1513

1514

1515

1516

1517

1518

1519

1520

WSD consumption (Figure 3. 3a; p<0.01). A significant reduction (p<0.05) in the level of
IL-2 was also detected with WSD intake (data not shown). From the seven steroids assessed
(Supplementary Table 3. 2), there was an increase in average cortisone concentration,
with a corresponding decrease in the average cortisol concentration, in the FF post-WSD
consumption, resulting in a significantly decreased cortisol to cortisone ratio (Figure 3.
3b; p<0.05). Because both IL-1RA and cortisol have anti-inflammatory properties?’4-27¢,

these results suggest that the WSD consumption led to an increased inflammatory state in

primate ovarian follicles.
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Figure 3. 3. The cytokine and steroid milieu in rhesus macaque ovarian
follicles affected by short-term WSD intake.

Cytokines and steroids were measured in the FF post-COS #1 while
consuming SCD and post COS #2 (6-8 months post-WSD consumption) by
Luminex 29-plex platform and LC/MS, respectively. There was a significant
decrease in the concentration of (A) IL-1RA (**=p<0.01) and the (B) ratio of
cortisol:cortisone (*=p<0.05) from only 6-8 months of WSD consumption.
The error bars on each measurement indicates the calculated standard errors.

Only females that responded to the COS from which a sufficient volume of

FF was collected were included in this analysis (N=8).
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Correlation between short-term WSD consumption and oocyte maturity

To further assess the effects of WSD consumption on the intrafollicular
microenvironment, oocytes were obtained from the rhesus macaque females both pre- and
post-WSD consumption. A total of 527 oocytes were collected from the 10 females during
COS #1, with an average of 53 oocytes per female, while 399 oocytes were obtained from
9 of the females during COS #2, with an average of 44 oocytes per animal. Aspirated
oocytes were classified as either a mature MII oocyte, maturing metaphase I (MI) oocyte,
immature germinal vesicle (GV) oocyte, or degenerated oocyte. The odds of isolating a
GV oocyte for a female on the WSD was 0.611 times the odds of when the female was
consuming SCD (95% confidence interval; CI: 0.402-0.929 times; p<0.05). In contrast, the
odds of obtaining MII oocytes was higher, but not statistically significant post-WSD
consumption. Thus, aspirated oocytes were less likely to be at the GV stage and more likely

to be in the MII stage of development when the female was consuming the WSD.

Preimplantation embryo fate following SCD versus WSD consumption

The isolated oocytes were fertilized and the post-IVF developmental outcomes
were compared between COS #1 and COS #2. While the average percentage of fertilized
oocytes post-SCD versus post-WSD (68% and 73%, respectively) was not statistically
different, we did observe a significant decrease in the average number of blastocysts
formed per female (Fig. 3. 4; p<0.05). In total, we obtained 138 blastocysts from the
females on the SCD and only 77 blastocysts after converting animals to the WSD, resulting
in a 44% reduction in the number of blastocysts formed. Statistical testing determined that

the odds of forming a blastocyst for a female post-WSD consumption was 0.673 times that
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when the female was receiving a SCD (95% CI: 0.485-0.935 times). We also note that the
ability of the resident oocyte to form a blastocyst following IVF was negatively correlated
with a reduced cortisol to cortisone ratio in the FF post-WSD intake (R=-0.66; p<0.05) as

described above.

Figure 3. 4. Short-term WSD
consumption is associated with a
20 1 reduced blastocyst formation.
18 - The total number of blastocysts formed
161 post-WSD consumption decreased by
13 : * 44% relative to that formed post-SCD
10 - intake and a statistically significant
g - difference (*=p<0.05)was detected when
6 the average number of blastocysts
4 formed per female rhesus macaque was
2 analyzed. The error bars on each
0 - measurement indicates the calculated
COS#1 COS #2 standard errors. Data was collected from
all the females that underwent both COS
cycles (N=9).

WSD intake is associated with delayed mitotic timing and multipolar divisions in embryos

To determine if there were morphological or other characteristics that might explain
the lower number of blastocysts formed in embryos following WSD consumption, the
development of fertilized SCD versus WSD oocytes up to the blastocyst stage was
monitored by time-lapse imaging. A total of 174 time-lapse videos from either pre- or post-
WSD intake were analyzed and the timing of initial mitotic divisions were measured based

on their predictive value of blastocyst formation in human embryos?’7-?78, Of the first three
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mitoses, the duration of the first mitotic division and time interval between the second and
third mitotic division was 0.15%0.03 and 3.25+0.07 hr longer in post-WSD than post-SCD
intake, respectively (Fig. 3. 5a; p<0.05). A higher incidence of cellular fragmentation was
also observed in the embryos obtained from females following WSD consumption, but this
was not statistically significant. Moreover, while normal bipolar divisions more often
occurred in SCD embryos (Fig. 3. 5b, Supplementary Movie 3. 1), a higher frequency of
multipolar divisions was observed in WSD embryos at the zygote stage or later in
development (Fig. 3. Sc, Supplementary Movie 3. 2). Delayed mitotic timing and
multipolar divisions were even detected in embryos from the females that were resistant to
weight gain. Although the occurrence of multipolar divisions in post-WSD was not
significantly associated with WSD intake, the odds of observing a multipolar division in
an embryo post-WSD consumption was 1.617 times the odds of an abnormal division
occurring in an embryo from a female receiving a SCD (95% CI: 0.577 — 4.687). Thus, the
WSD embryos were more likely to result in their arrest at the cleavage-stage compared to

SCD-derived embryos.
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Figure 3. 5. Abnormal mitotic timing and multipolar divisions were observed in WSD
preimplantation embryos.

The time intervals between the appearance of the 1% cleavage furrow to the end of the 1%
cytokinesis, the beginning of the 2" mitotic division, and the start of the 3™ mitotic division
were measured and preimplantation development monitored until the embryo arrested or
formed a blastocyst in COS#1 versus COS#2. (A) These measurements were averaged
(error bars = + std. dev.) amongst 5 independent reviewers and the 1% and 3™ division were
significantly longer (*=p<0.05) in the embryos obtained post-WSD consumption relative
to post-SCD intake. (B) Individual image frames from TLM videos of a representative SCD
embryo showing normal bipolar divisions up to the 4-cell stage. (C) Similar imaging of a
representative WSD embryo revealed a 1:4 cell multipolar division at the zygote stage. The
cleavage furrows are denoted by red arrows in (B) and (C). The corresponding full-length
TLM movies of these two embryos can be viewed in Supplementary Movie 1 (post-SCD)
and Supplementary Movie 2 (post-WSD), respectively.
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Differential gene expression in blastocysts following SCD versus WSD consumption

Of the 215 total blastocysts obtained from the rhesus macaque females either pre-
or post-WSD intake, we chose 33 blastocysts (N=15 for SCD; N=18 for WSD) distributed
amongst all of the animals (Supplementary Table 3. 3). After sequence alignment and
quality assessment of the RNA-seq data, we determined that one sample from the SCD
group and another one from the WSD group had lower gene counts than expected and
appeared as outliers when compared to the other embryos represented by Euclidean
distance clustering (Supplementary Fig. 3. 1). Therefore, these two samples were
removed from further examination and the remaining 31 blastocysts (N=14 for SCD; N=17
for WSD) were carried forward for differential gene expression analysis. We identified
13,167 genes, 1057 (8%) of which were differentially regulated between the blastocysts
obtained from the two treatment groups. An almost equal percentage of the genes were
significantly upregulated (513 genes; ~49%) or downregulated (544 genes; ~51%) in
blastocysts formed post-WSD consumption versus those following SCD intake (Fig. 3. 6a;
p<0.05). Principal component analysis (PCA) revealed a subset of blastocysts from COS
#1 (N=6) and COS #2 (N=7) were separated distinctly from each other (Fig. 3. 6b). All the
other blastocyst samples that did not segregate within the two subsets did not cluster based

on females or the diet.

WSD consumption impacts biological processes crucial to preimplantation development
Gene ontology (GO) and pathway analyses were performed to identify the
biological processes and molecular functions most associated with WSD-induced gene

upregulation and downregulation. The upregulated genes were enriched in functions such
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as RNA binding, protein channel activity, tRNA-specific ribonuclease activity, and
transmembrane amino-acid betaine and carnitine transporter activity (Fig. 3. 6¢). The
biological processes that the upregulated genes belonged to were mostly involved in
mitochondrial functions which suggested that the blastocysts had a compromised
mitochondrial translation machinery post-WSD intake. Upon pathway analysis for the
downregulated genes, protein binding, cell adhesion molecule binding, transforming
growth factor-B (TGF-B) receptor activity, and enzyme binding were the molecular
functions determined to be highly associated with the WSD in blastocysts (Fig. 3. 6d). We
note that these pathways are involved in critical biological processes during embryogenesis
such as activation or stimulation of cell migration, differentiation, growth factor signaling,
and tissue development.

Among the 513 genes that were significantly upregulated in WSD compared to
SCD blastocysts, the top genes ranked according to fold change (X) were PRAME family
member 18 (PRAMEF18; 20X), notochord homeobox (NOTO; 15X), GEM like GTPase
2 (REM2; 13X), acyl-CoA synthetase medium chain family member 4 (ACSM4; 12X),
and killer cell lectin like receptor G2 (KLRG2; 11X) as shown in Figure 3. 6e. In addition
to the top upregulated genes, pathways related to mitochondrial translation elongation,
translation termination and mitochondrial transport (PTCD3, TIMM17A, TOMM?22,
TOMM40, TOMM 20, MRPL46, MRPL45, MRPL38, MRPL37, MRPS35, MRPSI16,
MRPS25,SLC25A19, SLC25A10, SLC25A20, and SLC25A2) were also upregulated in
WSD blastocysts. In contrast, the most drastically downregulated gene in WSD blastocysts
was the somatostatin receptor-5 (SSTRS), with a 88X lower expression in the blastocysts

post-WSD compared to the SCD. This was followed by a decrease in the expression of toll
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like receptor-7 (TLR7; 37X), zinc finger protein 750 (ZNF750; 28X), DISC1 scaffold
protein (DISC1; 21X), and fibronectin leucine rich transmembrane protein 3 (FLRT3; 19X)
in WSD versus SCD blastocysts (Fig. 3. 6¢). Other than these genes / pathways the BMP
pathway and mesodermal commitment pathway (HAND1, FOXA2, TRIM71, BMPR2,
BMPR1A, BMP2, and FGFR1), focal adhesion pathway (IGF1, COL4A2, COL4Al,
PAK1, and ACTN1), and endoderm differentiation pathway (CTNNBI1, FOXA2, TRIM71,

and BMPR1A) were significantly reduced in blastocysts post-WSD intake.
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Figure 3. 6. RNA-sequencing analysis of blastocysts reveals short-term WSD consumption leads
to changes in gene expression.

(A) A total of 13,269 genes were identified from the RNA-seq analysis of 32 blastocysts (N=14 for
SCD; N=18 for WSD), out of which 628 genes (5%) were differentially expressed (DE). Out of the
differentially regulated genes, 357 (3% of the total number of genes and 52% of the DE genes) were
significantly downregulated and 328 genes (2% of the total number of genes and 48% of the DE genes)
were significantly upregulated in the WSD blastocysts versus the blastocysts following SCD intake
(*=p<0.05). (B) Principal component analysis (PCA) revealed two distinct populations of blastocyst
samples enclosed in dotted lines representative of the blastocysts obtained from COS #1 and COS #2.
The top gene ontology (GO) terms for molecular functions of the (C) significantly upregulated and (D)
significantly downregulated genes are represented. The x-axis is the negative log of the adjusted p-
value. (E) Out of the list of significantly differentially regulated genes, upregulated (16-32 fold) and
downregulated (16-64 fold) genes in WSD blastocysts are represented. The x-axis represents the gene
names and the y-axis represents the log> fold change in gene expression. For (C), (D), and (E), the
purple bars indicate the upregulated genes and the yellow bars indicate the downregulated genes.
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Discussion

Maternal obesity and its negative impact on IVF treatments has been reported in
both humans and rodents'%279280 but it was unclear if these effects were due to the diet
itself or the subsequent development of metabolic dysfunction. To our knowledge, we
present the first longitudinal study to assess the consequences of a short-term WSD
consumption on the ovarian microenvironment and preimplantation development in the
translationally relevant rhesus macaque model. With the exception of two females that
were resistant to weight gain, we observed an overall increase in body weight as early as 4
months post-WSD intake and by 6-8 months, the females began to become less responsive
or non-responsive to ovarian stimulation. This is in concordance with previously reported
studies indicating that obese women undergoing assisted reproduction for infertility
treatment not only often require extended periods of gonadotropin stimulation, but also
increased amounts of gonadotropin than normal-weight women!$+264:265 Therefore, obese
women experience a higher incidence of IVF cycle cancellation?%® and weight loss has been
reported to improve the detrimental effects of obesity on reproductive potential in these
patients!842%, Despite the increase in body weight, we did not observe significant changes
in body fat percentage, glucose levels, or insulin resistance, which is somewhat contrary to
previous rodent studies®®. There are a number of factors that could explain this
discrepancy, including the duration of WSD consumption!86-281282 " differences in the
percentage of calories from fat 2%%, and that a certain percentage of the non-human primate
population is resistant to the metabolic effects of the high-fat diet 2%!. Nevertheless, because

we observed a dramatic transformation in ovarian physiology and embryo development
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from the WSD without overall metabolic dysfunction, we expect that our findings will help
inform human studies on diet consumption and maternal obesity that are difficult to control.

The first indication of a disturbance in the intrafollicular milieu from the WSD was
a decrease in IL-1RA concentration in the FF of ovarian follicles. As an antagonist to the
IL-1 receptor, IL-1RA inhibits downstream signaling of the proinflammatory cytokine, IL-
1, upon receptor binding?’4. This suggests that the maternal high-fat WSD promotes
heightened inflammatory activity in the follicle that in turn, may induce aberrant
developmental programming in the offspring produced from the developing oocyte as
previously described?84. Further support is provided by observations of a decrease in the
ratio of cortisol to cortisone in the FF since cortisol is a potent anti-inflammatory hormone
and the active form of the glucocorticoid pair. Indeed, high concentrations of cortisol or
elevated cortisol to cortisone ratios in the FF of periovulatory follicles was shown to
positively or negatively correlate with human IVF outcomes in previous studies?#?231:285,
Moreover, from multiple studies across species, FF and its constituents have shown to
influence oocyte competency; i.e., the ovum’s ability to undergo meiotic maturation,
fertilization, and preimplantation development?®-33-34.61.198.200.223-225 'Thyg, we suggest that
the loss of anti-inflammatory factors within the intrafollicular microenvironment produced
as a result of a WSD limits the potential of the resident oocyte to yield a blastocyst
following IVF. WSD consumption also resulted in reduced FF IL-2 levels and IL-2 is well
recognized as being produced primarily by activated CD4" T cells in secondary lymphoid
organs, where it promotes T cell proliferation and inflammatory processes?*®. Although IL-
287-289.

2 was reported to have variable effects on steroidogenesis in mGCs and luteal cells

it was detected in the FF of women after gonadotropin stimulation®°. Increased synthesis
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of IL-2 by mGCs obtained from women with ovarian hyperstimulation syndrome has also
been reported®”!, but the significance of IL-2 in the ovarian follicle remains unknown.
Despite the decreased odds of aspirating an immature GV oocyte and a higher
probability of obtaining a MII oocyte with WSD consumption, a reduced blastocyst yield
was observed in post-WSD embryos. The isolation of predominantly mature oocytes was
somewhat unexpected, since we previously reported that long-term (~3 yrs) WSD
consumption in rhesus macaque females led to the retrieval of 33-43% degenerated oocytes
when the naturally selected dominant follicle was obtained prior to ovulation?!®,
Nevertheless, reduced blastocyst formation rates were also detected in fertilized oocytes
from the female that underwent COS #2 but exhibited no significant weight gain and
suggests a decline in oocyte competency post-WSD even in those oocytes that successfully
matured. While aneuploidy was not directly assessed, it also indicates that a certain
percentage of WSD oocytes and embryos were likely chromosomally abnormal as

1188

previously shown in a high-fat diet rodent model'®®. Given that aneuploid embryos often

arrest and/or are developmentally delayed, this could also be a cause for the reduced

blastocyst formation post-WSD consumption?*?

. Time-lapse imaging demonstrated that the
duration of the first mitotic division and time interval between the second and third mitotic
division was significantly longer in embryos post-WSD than post-SCD intake. It also
revealed a greater incidence of multipolar divisions in WSD embryos, which are associated
with aneuploidy, cause embryo arrest, or often result in implantation failure if
transferred?®3-2%,

When gene expression patterns were analyzed in the blastocysts that did

successfully form after SCD versus WSD consumption, we observed a surprisingly high
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number of genes that were differentially regulated between the two treatment groups. The
genes upregulated in WSD blastocysts belonged to diverse biological processes, including
retinoic acid metabolism, GTP binding and GTPase activity, maternal imprinting, and
pluripotency maintenance*’2%. An upregulation of genes involved in mitochondrial
activity was also detected in the blastocysts post-WSD intake. These findings are supported
by previous studies reporting that maternal high fat diet increased mitochondrial membrane
hyperpolarization and mitochondria DNA copy number to compensate for the abnormal

mitochondrial functions in murine oocytes and zygotes! #8390

, which could lead to apoptosis
in subsequent preimplantation development®°!. On the other hand, the genes that were
significantly downregulated in WSD compared to SCD blastocysts were associated with
processes important for early embryogenesis such as the cytokine/steroid response®??, cell
proliferation®®, lineage specification’™, and differentiation of the placental-derived

> or other extra embryonic lineages®®, as well as development of the

trophectoderm-°
mesoderm layer’®’. Since all of these molecular pathways are critical for the peri-
implantation period, we suspect that the WSD blastocysts may have lower implantation
rates, possibly resulting in early embryo loss, and exhibiting placental dysfunction as
shown from previous studies of rhesus macaque females on a long-term WSD and obese
women undergoing IVF treatment!84-308-310,

In order to potentially improve embryo transfer success and pregnancy outcomes
in obese patients, we suggest that a more in-depth assessment of the biological processes
and signaling pathways revealed by our RNA-seq analysis be conducted on WSD embryos.

Moreover, determining whether a similar pro-inflammatory follicular microenvironment,

embryonic arrest, and differential gene expression is observed when the females are on a
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WSD for a longer period of time and develop metabolic dysfunction should also be
determined. We note that there are already published findings of adverse effects from long-
term WSD consumption on rhesus macaque ovarian and uterine structure and
function!*3!!, but not yet on oocyte fertilization and preimplantation development during
COS cycles and this is a current research focus of our group. The results of these studies
will help determine the precise impact of WSD on infertility and its confounding effects
on IVF success!'®*3!2, With the ultimate goal of reducing embryo loss while increasing live
birth rates, the findings from this study serve to advance our understanding of how maternal
diet modulation affects embryogenesis and subsequent development in both obese and

normal weight women.

Materials and Methods
Cohort of rhesus macaque females and diet modulation

A cohort of 10 regularly cycling female rhesus macaques of young reproductive
age (5-7 yrs) and average body weight (5-7 kg) were chosen for this study. The females
resided in the ONPRC Obese Resource, which provided animal care and research support.
Each female initially underwent COS #1 after consuming a SCD (15% fat, 59%
carbohydrate, 26% protein) since birth. Their diet was switched to a high fat WSD (36%

fat, 46% carbohydrate, 18% protein) for 6-8 months before undergoing COS #2.

Intravenous Glucose Tolerance Testing (ivGTT) and body fat percentage
Animals were fasted overnight and sedated with Telazol (5 mg/kg IM Tiletamine

HCl/Zolazepam HCI, Fort Dodge Animal Health, Fort Dodge, lowa, USA). If needed,
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additional anesthesia was accomplished with Ketamine (3—10 mg/kg IM, Abbott
Laboratories, North Chicago, Illinois, USA). Once sedated, animals received an IV glucose
bolus (50% dextrose solution) at a dose of 0.6 g/kg via the saphenous vein. Baseline blood
samples were obtained prior to the infusion and at 1, 3, 5, 10, 20, 40 and 60 min after
infusion. Glucose was measured immediately using FreeStyle Lite Glucose Monitor
(Abbott Laboratories, North Chicago, Illinois, USA), and the remainder of the blood was
kept in heparinized tubes on ice for insulin measurement. After centrifugation, samples
were stored at —80°C until assayed. Insulin measurements were performed by the
Endocrine Technologies Core (ETC) at the ONPRC using a chemiluminescence-based
automatic clinical platform (Roche Diagnostics Cobas e411, Indianapolis, IN, USA).
Percent body fat for each animal was measured using dual-energy X-ray
absorptiometry (DEXA; Hologic QDR Discovery A; Hologic, Inc., Bedford, MA, USA).
Total body scans were performed on the same day of the ivGTTs to minimize the number
of sedations for each animal. Animals were positioned prone on the bed of the scanner and
QDR software (Hologic, Inc., Bedford, MA, USA) was used to calculate percent body fat.
All the metabolic parameter measurements were performed at three time points: 1-3
months after COS #1 when the females were consuming SCD, 4 months post-WSD

consumption, and one month after COS #2 (6-8 months post-WSD consumption).

Oocyte aspiration and processing
Both COS cycles were performed as previously described!®®. Briefly, exogenous
gonadotropins were administered to stimulate the development of multiple ovarian

follicles. A positive COS response was measured by serum E2 levels rising above 200
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pg/ml on day 3 or day 4 of the COS protocol. Female rhesus macaques were anesthetized
for laparoscopic follicular aspirations 36 hr after the administration of human chorionic
gonadotropin (hCG) to induce events necessary for the re-initiation of meiosis. Two
individual follicle aspirates per ovary were collected manually with a with a low dead space
3ml syringe with a 22-gauge X 1.5 inch needle (Ulticare) for each aspirate. Individual
follicle aspirates were centrifuged at room temperature for 30 seconds at 1000g to separate
the FF from the cumulus-oocyte complex (COC) and the GCs. The COCs were then
examined for presence of oocytes under a stereomicroscope by dilution with Tyrode’s
albumin lactate pyruvate (TALP) HEPES buffer. They were then denuded by gentle
micropipeting in TALP buffer containing 0.3% bovine serum albumin (BSA; Sigma-
Aldrich, St. Louis, MO). Each oocyte from an individual aspirate was placed in a separate
100 uL TALP complete drops pre-equilibrated IVF dish covered by mineral oil (Sage™,
Trumbull, CT). The FF and CCs were frozen down separately for further analysis. The rest
of the follicular aspirates were collected in bulk using vacuum suction in TALP-HEPES
buffer with 0.3% BSA and 1% Heparin sodium salt solution at 37°C to obtain the remaining
COCs. Oocytes from the bulk aspirates were denuded by gentle micropipeting in TALP-
HEPES buffer containing 0.3% BSA and 3% hyaluronidase (Sigma-Aldrich). These
oocytes were grouped according to their developmental stage and placed in 100 uL. TALP
complete drops in a pre-equilibrated IVF dish covered by mineral oil (Sage™, Trumbull,

CT).
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IVF and embryo culture

Fresh semen from 3 adult male rhesus monkeys of average paternal age (9.4 + 1.5
yrs old) and proven fertility was used for IVF throughout this project. The semen was
collected the same day as oocyte retrieval for conventional IVF. In brief, seminal
plasma was removed as previously described?!® and used for IVF at a final concentration
of 2x10° sperm/mlin TALP-complete medium. IVF was performed the evening of
the collection. Sperm was treated with cyclic adenosine monophosphate (cAMP; 5 mg/ml)
and caffeine (2 mg/ml) 15 min before fertilization to induce hyperactivation and increase
fertilization potential. In each well containing oocytes, 1ul of the activated sperm was
added. IVF dishes were incubated at 5% CO- and 37°C overnight for fertilization.

After IVF for 14-16 hr, oocytes were stripped of excess sperm by micropipeting
and visually assessed for fertilization, i.e. two pronuclei and/or two polar bodies.
Confirmed zygotes were individually transferred to custom Eeva™ 12-well polystyrene
petri dishes (Progyny, Inc., San Francisco, CA; formerly Auxogyn, Inc.) for TLM and
cultured in 100 pL of one-step commercial medium supplemented with 10% serum protein
(LifeGlobal, Guildford, CT) under mineral oil (Sage™, Trumbull, CT) at 37°C with 6%
CO2, 5% Os. The remaining zygotes were transferred to a pre-equilibrated 10-well IVF
dish and cultured in the same medium as the TLM dish. Embryo development was
individually tracked through day 8 post-IVF. Medium was changed at day 3 post-IVF and
the embryos were left to continue developing to the blastocyst stage up until day 8. Arrested
(pre-blastocyst stage) embryos and blastocyst development outcomes were recorded.

Percentage of fertilized oocytes was calculated as the number of zygotes post-IVF/number
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of mature MII oocytes X 100. Percentage of blastocysts formed was calculated as the

number of blastocysts formed/number of cleaved embryos X 100.

Time-lapse monitoring (TLM)

Individual confirmed zygotes transferred to a TLM dish (N=12) were monitored
with an Eeva™ darkfield 2.2.1 time-lapse microscope system (Progyny, Inc., San
Francisco, CA) as previously described’!®. The Eeva™ time-lapse monitoring (TLM)
systems were comprised of an inverted microscope with a 10X Olympus objective, auto-
focus, and 5-megapixel CMOS digital camera placed inside a tri-gas incubator (Panasonic
Healthcare, Japan). The embryos were imaged every 5 min. with a 0.6 sec. exposure time
until developmental arrest or up to 8 days if they progressed to the blastocyst stage. Each
image was time stamped with a frame number and all images compiled into an AVI movie
using FIJI software. The time intervals between the appearance of the 1% cleavage furrow
to the end of the 1% cytokinesis, the beginning of the 2°¢ mitotic division, and the start of
the 3" mitotic division identified by cleavage furrows were manually recorded and
represented as an average. Other morphological features such as cellular fragmentation and
asymmetrical/multipolar division were also examined and recorded for each embryo. A
total of 174 TLM videos post- SCD and post-WSD intake were analyzed by 5 independent

observers.

Cytokine and steroid analysis of FF

The FF from two individual aspirates collected from each female rhesus macaque

were pooled together for each COS. These pooled FF samples were analyzed for
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concentrations of 29 cytokines and 7 steroids. Analyses of steroid hormone levels was
performed in the ETC at ONPRC by LC-MS/MS on a Shimadzu Nexera-LCMS-8050
using a previously described method?!®. Accuracies for the steroid hormone assays ranged
from 87.9%-103.0% and intra-assay coefficients of variation (CVs) were <4%. All samples
were analyzed in a single assay. Cytokine levels were determined using a rhesus macaque
29-plex cytokine panel (ThermoFisher Scientific, Waltham, MA) following the
manufacturer’s instructions. Concentrations of each cytokine were calculated from a
standard control curve. Samples were analyzed on a Milliplex Analyzer (EMD Millipore,
Billerica, MA) bead sorter with Xponent Software version 3.1 ( Luminex, Austin, TX).
Data were calculated using Milliplex Analyst software version 5.1 (EMD Millipore,
Billerica, MA). Intra-assay CVs for all analytes were <15%. The list of all the cytokines
and steroids and their CVs and accuracies can be viewed in Supplementary Table 3. 1

and 3. 2, respectively.

RNA-sequencing

Blastocysts were collected from COS #1 (n=138) and COS #2 (n=77) and incubated
in EmbryoMax Acidic Tyrode’s Solution (EMD Millipore, Burlington MA) for ~30
seconds for removal of the zona pellucida. These zona free blastocysts were then
transferred to the extraction buffer of the ARCURUS PicoPure RNA Isolation Kit
(ThermoFisher Scientific KIT0204, Waltham, MA) and frozen at -80°C until RNA
isolation. From all of the blastocysts, 34 were chosen for RNA-seq analysis to equalize the
number of embryos from both diet groups. To minimize variability between treatment

groups due to abnormal cytokinesis, only blastocysts that exhibited bipolar divisions with

91



1859

1860

1861

1862

1863

1864

1865

1866

1867

1868

1869

1870

1871

1872

1873

1874

1875

1876

1877

1878

1879

1880

1881

or without cellular fragmentation were sequenced as shown in Supplementary Table 3. 3.
RNA was extracted from the blastocysts and cDNA prepared using the SMART-Seq v4
Ultra Low Input RNA Kit for sequencing (TakaraBio, Shiga, Japan) and the amplified
cDNA was purified using the Agencourt AMPure XP Kit (Beckman Coulter, Brea, CA),
both according to manufacturer’s instructions. cDNA was then sheared to approximately
250 base pairs in length using a Covaris M220 sonicator. Sheared cDNA was resuspended
in Tru-seq Resuspension Buffer and libraries prepared using a Tru-Seq Nano kit (Illumina,
San Diego, CA) according to the manufacturer’s instructions, except that 16 cycles of
amplification were performed to account for the low input samples. Fragment size was
measured using a Fragment Analyzer 5200 and samples quantified with qPCR and pooled
at equimolar concentration. Multiplexed samples were sequenced across seven lanes of a
single-read, 75 cycle run on an Illumina HiSeq 4000 sequencer. The sequencing data was
demultiplexed using Illumina’s bcl2fastq software and sample quality assessed with
FastQC (v 0.11.8), followed by trimming of low-quality bases and adapter sequences with
Trimmomatic (v 0.39). Trimmed sequences were aligned via STAR (version 2.7.0) to the
most recent rhesus macaque reference genome from Ensembl (Mmul 10) and gene counts
obtained by specifying the “quantMode GeneCounts” parameter of STAR, along with the
Mmul 10.99 Ensembl annotation gtf file. Two outliers (one from the SCD group and
another one from the WSD group) had lower gene counts than expected, which was likely
due to DNA contamination, and were removed from further analyses. Differential
expression between groups was performed with edgeR (version 0.28.0) using the
“QLFTest” option. The Enrichr and G-profiler online tools were used for molecular

pathway and gene ontology assessment.
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Statistical analysis

One-way ANOVA and a post-hoc t-test comparison with Bonferroni adjustment
was performed to assess any significant differences in body weight, body fat percentage,
HOMA-IR, glucose AUC and insulin AUC. Paired t-test was performed to assess any
significant differences cytokine or steroid levels in the FF, and the number of blastocysts
formed pre- and post-WSD consumption. The logistic mixed effects regression models
with random intercept was used to account for intra-female correlation to the odds ratio of
obtaining oocytes of different stages of maturity and the significant differences in the
percentage of fertilization, cleavage, and blastocyst formation and the incidence of cellular
fragmentation and/or multipolar divisions between the two groups. RNA-seq data p-values

were adjusted for multiple comparisons with the Benjamini-Hochberg method.

Study approval

All protocols involving animals were approved by the ONPRC Institutional Animal
Care and Use Committee and conducted in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals. The housing and general

care of thesus macaques (Macaca mulatta) was previously described!*.
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Supplementary table S3. 1. Assay metrics for the cytokine analysis (Luminex 29-plex)

Target Intra-Assay
Cytokine CV (%)
FGF-Basic 2.64
IL-1B 3.13
G-CSF 3.57
IL-10 3.86
IL-6 3.00
IL-12 4.62
RANTES 11.27
Eotaxin 14.23
IL-17 8.86
MIP-1a 2.79
GM-CSF 5.72
MIP-1B 3.98
MCP-1 4.86
IL-15 10.05
EGF 3.81
IL-5 9.48
HGF 3.59
VEGF 11.06
IFN-y 2.88
MDC 4.63
I-TAC 10.21
MIF 0.93
IL-1RA 4.78
TNF-a 7.22
IL-2 8.23
IP-10 4.59
MIG 0.00
1L-4 4.44
IL-8 2.94
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1923  Supplementary table S3. 2. Assay metrics for the steroid analysis (LC/MS)

Steroid Accuracy Intra-
Hormone (%) assay CV
(%)

Cortisol 93.9 1.5
Cortisone 94.0 2.1
Testosterone 94 .4 4.0
Estradiol 101.1 2.8
Estrone 99.2 24
Progesterone 87.9 1.8
Androstenedione | 103.0 3.5

1924
1925



1926

1927

Supplementary table S3. 3. Distribution of blastocyst samples for RNA-sequencing

from COS #1 and COS #2

;2::1111;16 Comments

COS 1 1 | Fragmented, non-multipolar
COS 1 2 | Fragmented, non-multipolar
COS 1 3 | Fragmented, non-multipolar
COS_1_4 Fragmented, non-multipolar
COS_1_5 Fragmented, non-multipolar
COS 1 6 | Fragmented, non-multipolar
COS 1 7 | Fragmented, non-multipolar
COS_l_g Non-fragmented, non-multipolar
COS_1_9 Non-fragmented, non-multipolar
COS 1 10 | Non-fragmented, non-multipolar
COS 1 11 | Non-fragmented, non-multipolar
COS_1_1 2 | Non-fragmented, non-multipolar
COS_1_1 3 | Non-fragmented, non-multipolar
COS 1 14 | Non-fragmented, non-multipolar
COS 1 15 | Non-fragmented, non-multipolar
COS 2 1 | Fragmented, non-multipolar
COS_2_2 Fragmented, non-multipolar
COS_2_3 Fragmented, non-multipolar
COS 2 4 | Fragmented, non-multipolar
COS 2 5 | Fragmented, non-multipolar
COS_2_6 Fragmented, non-multipolar
COS_2_7 Fragmented, non-multipolar
COS 2 18 | Fragmented, non-multipolar
COS 2 8§ | Fragmented, non-multipolar
COS_2_9 Non-fragmented, non-multipolar
COS_2_10 Non-fragmented, non-multipolar
COS 2 11 | Non-fragmented, non-multipolar
COS 2 12 | Non-fragmented, non-multipolar
COS_2_1 3 | Non-fragmented, non-multipolar
COS_2_14 Non-fragmented, non-multipolar
COS 2 15 | Non-fragmented, non-multipolar
COS 2 16 | Non-fragmented, non-multipolar
COS_2_17 Non-fragmented, non-multipolar
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Supplementary Figure S3. 1. Quality control assessment of the RNA-sequencing data
from blastocysts.

(a) Bar graph showing the total gene counts per sample after alignment. Note the two
samples, one from each COS, with a reduced number of total genes highlighted in pink.
(b) A Euclidean distance clustering map demonstrated that these two outliers clustered
together and were different from the other samples in the analysis and likely contaminated

with DNA.
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Abstract

Both hyperandrogenemia and obesity are common in polycystic ovary syndrome
(PCOS), which is a leading cause of infertility among women worldwide. It is currently
unclear, however, the effects hyperandrogenemia and/or diet/obesity have on development
of the disease and its progression. Thus, we established a nonhuman primate model of
prepubertal rthesus macaque females (~2.5 years of age) received a standard low-fat chow
diet (control; C) or were treated with testosterone alone (T), a Western-style diet (WSD),
or received the combination of T+WSD. Treatments continued over 5-6 yrs until 7-8 yrs
of age wherein the animals underwent controlled ovarian stimulations to stimulate the
growth of multiple follicles from which follicular fluid (FF) and oocytes were collected.
Although the T+WSD females exhibited a trend (p=0.06) in higher insulin resistance
compared to the control group, there were no significant differences in metabolic
parameters between treatments. Significantly higher concentrations of the chemokine,
CXCL10, was detected in the FF from T animals, while no significant changes in
intrafollicular steroid levels were observed between groups. Oocytes underwent in vitro
fertilization (IVF) to assess the effect of T and/or WSD treatments on oocyte maturation,
fertilization, and preimplantation embryo development. A WSD with or without T
significantly reduced blastocyst formation rates compared to the C and T only groups,
despite yielding a higher number of mature metaphase II oocytes. Immunostaining of
cleavage-stage embryos revealed micronuclei formation and the presence of DNA in
cellular fragments indicative of aneuploidy in WSD and T+WSD groups, but single-cell
DNA-seq and chromosomal copy number variation (CNV) analysis did not show CNV

differences between groups. However, RNA-Sequencing analysis of the blastocysts
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indicated differential expression of genes that could impair critical preimplantation and
peri-implantation processes in the T,WSD and T+WSD groups compared to the C group.
Our results demonstrate that long-term consumption of a WSD reduces the capacity of
fertilized oocytes to develop into blastocysts and that the addition of T has synergistic

effects on preimplantation embryo development and IVF outcomes.
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Introduction
Elevated levels of circulating testosterone (T) and other androgens
(hyperandrogenism), as well as obesity and obesity/diet-induced metabolic dysfunction, in

314315 and polycystic ovary

women are associated with increased rates of infertility
syndrome (PCOS)3!6-318, PCOS affects about 5-10% of reproductive age females!®?, with
patients exhibiting a range of clinical symptoms based on the presence of at least two out
of three features that include hyperandrogenism, oligoovulation (infrequent or irregular
ovulation), and polycystic ovaries'**. Women with PCOS exhibit a 3-4 fold increase in
circulating androgens?!® and typically have metabolic issues such as insulin resistance and
obesity3!8320-321 - PCOS directly affects ovarian function, leading to the noted
oligoovulation or anovulation®'**?!, Qualitative and quantitative changes in intrafollicular
steroid*??%% and growth factor/cytokine®?*-33° levels are frequently noted in both PCOS
animal models and women with PCOS. Thus, alteration of the ovarian intrafollicular

326.330-332 g likely associated with the abnormal follicle development and reduced

milieu
oocyte competency detected in these studies.

Although metabolic and endocrine dysfunction, as well as genetic predisposition,
were reported to contribute to the etiology of PCOS320-321:333.334 /it ig presently unclear how
each contributes to the observed alterations in ovarian physiology. Elevated T levels in
PCOS are thought to directly promote small antral follicle development and survival,
giving rise to the polycystic phenotype®!®33333¢ However, obesity and metabolic
dysfunction associated with PCOS have also been implicated in directly contributing to the

ovarian phenotype. Reduced oocyte quality, chromosomal abnormalities, and diminished

capacity of oocytes to fertilize and develop into blastocysts were also observed after
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consumption of an obesogenic high-fat diet?>>*-3733_ Of the metabolic parameters, insulin
resistance observed in PCOS animal models and patients is hypothesized to be the major
contributor to reduced oocyte competency?*3-3433 Tt is unclear, however, how diet or diet-
associated changes in metabolic function and hyperandrogenemia each contribute to
aberrant ovarian physiology and thus, female subfertility or infertility.

To define the individual contributions of diet and hyperandrogenemia alone or in
combination on altered ovarian function, studies were initiated wherein rhesus macaque
females received a standard low-fat chow diet (controls; C) or a high-fat Western-style diet
(WSD) in the absence or presence of T implants®!'!. All treatments, including C, WSD, T,
T+WSD, were initiated just prior to the onset of puberty to coincide with the stage at which
PCOS symptoms typically emerge in women. T implants resulted in an increase circulating
T levels by 3 to 5-fold*°, which is well below the concentration detected in males. Body
weight and fat mass gain were significantly increased, as was insulin resistance, in the
T+WSD group at 2-3 years after the initiation of treatments!®®, At 3 years post-treatment,
animals in the T and the T+WSD groups exhibited a PCOS like morphology!?3%-311 ag
determined by the presence of small antral follicles (SAF) in the periphery of the ovary3!!.
Other effects on ovarian function included significantly reduced circulating progesterone
(P4) levels during the luteal phase in the T+WSD group. Relative to controls, the animals
also had reduced blood flow and blood volume in the corpus luteum, demonstrating that T
and WSD diminish luteal vascular function®!!. The treatments also had an effect on the
uterine environment, whereby endometrial blood vessel formation was impaired in the T
and WSD groups and uterine decidualization in T+WSD treatment groups were reduced®!!.

Fertility trials conducted beginning at 3 yrs of treatment revealed that WSD treatment
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caused a delay in the time to pregnancy, while the T+WSD treatment was associated with
reduced pregnancies®®.

After 3.5 years of treatment, the females underwent a controlled ovulation (COv)
cycle and a significantly increased the number of degenerated oocytes were aspirated from
the naturally selected follicle in T, WSD, and T+WSD groups?!8. Treatment specific
changes in follicular fluid (FF) steroids (cortisol) and cytokines/growth factors (CC
chemokine ligand -2 and -11; fibroblast growth factor 2) were also observed. Moreover,
metaphase II (MII) oocytes obtained from the WSD group often underwent abnormal
multipolar divisions after in vitro fertilization (IVF)?!8, Although these findings indicate
that there are direct T and/or WSD effects on the single ovulatory follicle and the
competency of the resident oocyte, it was not possible to obtain sufficient numbers of
oocytes to assess effects on maturation, fertilization, and embryonic development. In this
study, ovarian stimulation cycles were utilized to generate multiple follicles from which
the impact of long-term (5 to 6 years) hyperandrogenemia, WSD consumption, or the
combination of WSD and hyperandrogenemia on the oocyte pre- and post-IVF could be
quantified. The COS protocol used in this study is analogous to that used in women
undergoing infertility treatments®*, which along with the shared reproductive physiology

between rhesus macaques and humans'®-272

, provides insight into how hyperandrogenemia
and WSD consumption, by themselves and in combination, impact infertility treatment
outcomes. Our results demonstrate that WSD intake reduces oocyte competency and

impacts subsequent preimplantation embryo development, which is further worsened by

hyperandrogenemia.
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Materials and Methods

Animal treatment groups and metabolic measurements

All protocols involving animals were approved by the Oregon National Primate
Research Center (ONPRC) Institutional Animal Care and Use Committee and conducted
in accordance with the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals. The housing and general care of rhesus macaques (Macaca mulatta)
was previously described!#*. At the onset of the study, a cohort of 40 female rhesus
macaques were equally divided into 4 treatment groups (N=10/group) at ~2.5 yrs of age
just prior to puberty, including control (C), testosterone (T), Western-style diet (WSD),
and T+WSD, as described previously?'®. Control animals consumed a standard chow diet
(SCD: 15% fat, 59% carbohydrate, 26% protein) and received cholesterol implants.
Females in the T group received T implants to increase and maintain their circulating blood
T levels up to 3-5 times the normal circulating T concentration. The WSD group was fed
an obesogenic high-fat diet (36% fat, 46% carbohydrate, 18% protein). All 10 C underwent
COS protocols, but only 7 T, 6 WSD, and 3 T+WSD animals were available to undergo a
COS protocol after 5 to 6 yrs of treatment due to health issues that prevented further
reproductive testing.

Weight, body mass index (BMI), body fat percentage, and HOMA-IR were
measured after 5 yrs of their respective treatments as previously described!®¢. In brief, body
fat percentage for each animal was measured using dual-energy X-ray absorptiometry
(DEXA; Hologic QDR Discovery A; Hologic, Inc.). Fasting insulin and glucose levels

were obtained to determine HOMA-IR values (fasting insulin x fasting glucose/405) as
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previously described!®®. Animal weight and crown-rump (CR) length was measured and

used to calculate BMI (BMI= weight/CR*CR).

Controlled ovarian stimulations (COS) and follicle aspiration

COS protocols were performed as previously published®*. Briefly, exogenous
gonadotropins were administered to stimulate the development of multiple ovarian
follicles. Female rhesus macaques were anesthetized for laparoscopic follicular aspirations
36 hours (hr) after a bolus of human chorionic gonadotropin (hCG) was administered to
induce events necessary for the re-initiation of meiosis. Two individual follicle aspirates
per ovary (N=4 per animal) were collected manually with a low dead space 3ml syringe
with a 22-gauge X 1.5inch needle (Ulticare, UltaMed Inc., Excelsior, MN). Individual
follicle aspirates were centrifuged to separate the follicular fluid (FF) from the COCs and
the granulosa cells (GCs). The FF and GCs were stored at -80°C until analysis and the
oocytes from the individual aspirates were denuded from the surrounding cumulus cells
(CCs) in the COC by pipetting. The remaining follicles were aspirated in bulk using a
needle connected to a vacuum system. Bulk aspirated COCs were collected in Tyrode’s
albumin lactate in pyruvate (TALP)-HEPES medium with 0.3% bovine serum albumin
(BSA; Sigma-Aldrich, St. Louis, MO) and 1% Heparin sodium salt solution at 37°C.
Oocytes from the bulk aspirates were denuded by gentle micropipeting in TALP-HEPES
medium containing 0.3% BSA and 3% hyaluronidase (Sigma-Aldrich). Each oocyte’s
developmental stage was recorded and categorized as either immature germinal vesicle

(GV), metaphase 1 (MI), metaphase MII (MII), or degenerated. Individual oocytes were
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placed in pre-equilibrated 100 pL. TALP complete drops in a 10 well IVF dish (LifeGlobal,

Guildford, CT).

FF cytokine and steroid analyses

FF samples obtained from the individual follicular aspirates of each female were
pooled and used for the analysis of 29 cytokines and 7 steroids by the Endocrine
Technologies Core (ETC) at ONPRC. The number of samples analyzed for steroid analysis
included: N=10 C, N=5 T, N=6 WSD, and N=3 T+WSD. For cytokine analysis, there were
N=9 C,N=4 T, N=4 WSD, and no T+WSD samples because only 1 female from that group
had sufficient volume for testing. Steroid hormone analysis was performed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) on a Shimadzu Nexera-LCMS-
8050 using a previously described method?!'®. Accuracies for the steroid hormone assays
ranged from 87.3%-108.5% and intra-assay coefficient of variation (CV) were <11%.
Cytokine levels were determined in the ETC using a monkey 29-plex cytokine panel
(Thermo Fisher, Waltham, MA) following the manufacturer’s instructions. Concentrations
of each cytokine were calculated from a standard control curve. Samples were analyzed on
a Milliplex Analyzer (EMD Millipore, Billerica, MA) with XPonent Software version 3.1
(Luminex, Austin, TX). Data were calculated using Milliplex Analyst software version 5.1
(EMD Millipore, Billerica, MA). All samples were analyzed on a single run and the intra-
assay CVs for all analytes were <20%. The list of the cytokines and steroids analyzed with

their CVs and accuracies are included Supplementary Table S4. 1 and S4. 2 respectively.
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IVF and preimplantation embryo development

Fresh semen from four adult male rhesus monkeys (aged 10-13 yrs old) that were
proven breeders was used for IVF throughout this project. The semen was obtained on the
same day as IVF, and the sperm were prepared as previously described?!® for use at a final
concentration of 2x10° sperm/ml in TALP-Complete medium. IVF was performed the
evening of the collection as previously described?!®. In brief, the sperm sample was treated
with cyclic adenosine monophosphate (cAMP; 5 mg/ml) and caffeine (2 mg/ml) 15 min
before fertilization to induce hyperactivation. Activated sperm (1ul) were added to each
well. The IVF dishes were incubated at 5% CO> at37°C for 14-16 hr. Any remaining sperm
were removed from fertilized oocytes (i.e. presence of two pronuclei and/or two polar
bodies) by pipetting. Zygotes (N=12) were randomly selected and transferred to custom
Eeva™ 12-well polystyrene petri dishes (Progyny, Inc., San Francisco, CA) containing
100 pl of preequilibrated culture medium (IVF Bioscience, UK, BO-IVC) under mineral
oil (Sage™, Trumbull, CT) for time-lapse monitoring (TLM) at 37°C with 6% CO>, 5%
O.. The remaining zygotes were transferred to a 10-well IVF dish (LifeGlobal, Guildford,
CT) and cultured in the same media as the TLM dish. Media was changed at day 3 post-
IVF and the embryos were allowed to develop up to day 8. The maturation, fertilization,
cleavage and percentage of blastocysts formed were calculated as follows: percentage of
mature oocytes = (number of mature metaphase MII (MII) oocytes/total number of
oocytes) *100, percentage of fertilized oocytes = (number of zygotes formed post-
IVF/number of mature MII oocytes) *100, and percentage of blastocysts formed= (number

of blastocysts formed/number of cleaved embryos) *100.
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Time-lapse imaging and assessment of initial mitotic divisions

Monitoring embryo division kinetics using the Eeva™ darkfield 2.2.1 time-lapse
microscope system was performed as previously described®'®. Embryos were imaged every
5 min. with a 0.6 second (sec) exposure time up to 8 days until they developed into
blastocysts. Each image was time stamped with a frame number and all images compiled
into an AVI movie using FIJI software version 2.0.0 (NIH, Bethesda, MD). The time
intervals between the appearance of the 1% cleavage furrow to the end of the 1% cytokinesis,
the beginning of the 2" mitotic division, and the start of the 3™ mitotic division for 296
embryos were manually determined by four independent observers and represented as an
average. Cellular fragmentation and asymmetrical/multipolar division were also recorded

for each embryo.

Fluorescence-based detection of nuclear integrity in cleavage-stage embryos
Cleavage-stage embryos that underwent cellular fragmentation and/or multipolar
divisions indicative of chromosomal abnormalities during TLM?34!4? were collected at the
6-11 cell stage for immunostaining since they would likely arrest prior to the blastocyst
stage . Removal of the zona pellucida (ZP) was accomplished by incubating the embryos
in EmbryoMax Acidic Tyrode’s Solution (EMD Millipore, Burlington MA) for ~30 sec.
The embryos were washed in 0.1% BSA (Sigma-Aldrich) plus 0.1% Tween 20 (Sigma-
Aldrich, St. Louis, MO; PBS-T) and fixed by incubation in cold 4% PFA in PBS for 20
min. at room temperature (RT). Embryos were washed with PBS-T for 30 min at RT to
remove any fixative and permeabilized in 1% Triton-X (Calbiochem; Burlington, MA).
Non-specific binding sites were blocked by incubation in 4% donkey serum (Jackson

ImmunoResearch Laboratories, Inc.; West Grove, PA) for 30 min at RT. Embryos were
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incubated with a primary antibody (Abcam, Cambridge, MA, catalog# ab16048, rabbit
monoclonal, RRID: AB 443298, 1:100 in PBS-T) recognizing LAMIN-B1 (LMNBI;
nuclear envelope marker) as previously reported®**!. LMNBI1 antibody binding was
detected by incubating samples with a donkey anti-rabbit secondary antibody conjugated
with Alexa Fluor 488 (Thermo Fisher, Waltham, MA, A-21206, RRID: AB 2535792,
1:100) for 2 hr at RT. All antibodies were diluted in PBS-T + 1% donkey serum. DNA was
stained with 1 pg/ml DAPI (Thermo Fisher, Waltham, MA, D1306, RRID: AB 2629482,
1:1000) for 10 min. In between each step, the embryos were washed with PBS-T three
times for 5 min. each. Embryos were transferred to glass bottom petri-dishes (Mattek;
Ashland, MA) and LMNBI immunolocalization was visualized on a Leica SP5 AOBS
spectral confocal system using the 10x and 20 x objective. Z-stacks 1-5 pM apart were

imaged sequentially to avoid spectral overlap between channels.

Multiplex DNA-sequencing and copy number variation (CNV) analyses

Another cohort of cleavage-stage embryos undergoing TLM were collected at the
3-9 cell stage on day 2 to 3 of preimplantation development for DNA-seq analysis. The ZP
was removed as described above and the embryos were disassembled into single
blastomeres and cellular fragments if present by incubating in Quinn's advantage Ca?" and
Mg?**-free medium with HEPES plus 10% human albumin (CooperSurgical) and 0.05%
trypsin-EDTA (Thermo Fisher Scientific, Waltham, MA) if necessary with gentle pipetting
as previously reported®*!. Each sample was washed with Ca** and Mg**-free PBS and
collected individually for transfer to a sterile Ultraflux™ PCR tube (VWR, Radnor, PA).
Single blastomeres or fragments (N=88) belonging to 16 cleavage-stage embryos from the

C (N=40 blastomeres; 7 embryos), T (N=21 blastomeres; 3 embryos), WSD (N=19
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blastomeres; 4 embryos), T+WSD (N=8 blastomeres; 2 embryos) groups were processed
for DNA isolation, amplification, and library construction (Takara Bio-SMARTer®
PicoPLEX® DNA-seq Kit, Shiga, Japan) as per the manufacturer’s instructions. Libraries
were quantified using the Qubit high sensitivity (HS) DNA assay (Life Technologies) and
validated for sequencing by PCR amplification of the adapter sequence. Only libraries with
DNA quantities greater than the no-template controls were included in sequencing. 50 ng
of DNA was prepared from each blastomere or euploid fibroblast, which served as a
positive control for CNV analysis, and 25 ng from cellular fragments as previously
described**!. DNA from pooled libraries was purified and concentrated using a MagBead
kit (Zymo Research, Irvine, CA) and re-quantified by the Qubit HS DNA kit. Pooled
multiplexed libraries were loaded at 1.6 pM and sequenced on the NextSeq 500 platform
using a 75 cycle single-end protocol (Illumina, San Diego, CA).

Quality of sequencing reads was assessed with FastqC (v 0.11.8), and low-quality
bases and adapters were trimmed with Trimmomatic (v 0.39). Trimmed reads were
deduplicated with fastgx collapser from FASTX Toolkit (v 0.0.14). Mapping to the rhesus
reference genome (Mmul 8) was performed with bwa mem (v 0.7.17) with the “-M”
parameter specified to mark shorter split hits as secondary. CNV was determined by
integrating a bioinformatics pipeline called VNOWC and the previously published
pipeline, CHI?#-*#!, The VNOWC pipeline generates variable-sized windows with a
constant number of expected reads per window and uses Circular Binary Segmentation
(CBS) to identify putative copy number changes between windows across each
chromosome?#*, To correct for GC bias across the genome, we also implemented the CHI

pipeline, which uses the Hidden Markov Model (HMM)3#° based on parameters determined
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previously**. We used 4000 reads per window size as this was shown to yield accurate

CNV calling®!,

RNA-Sequencing of blastocysts

Blastocysts were collected from all the 4 treatment groups and incubated in
EmbryoMax Acidic Tyrode’s Solution (EMD Millipore, Burlington MA) for ~30 seconds
for removal of the zona pellucida. These zona free blastocysts were then washed with PBS
and frozen at -80°C until RNA isolation. To analyze the effects of treatment without adding
any confounding preimplantation morphologies, 38 blastocysts that did not exhibit
fragmentation or multipolar divisions were chosen for RNA-Seq analysis (N=12 C, N=12
T, N=10 WSD, and N=4 T+WSD). RNA was extracted from the blastocysts using the
ARCTURUS PicoPure RNA Isolation Kit (ThermoFisher Scientific KIT0204, Waltham,
MA), cDNA prepared using the SMART-Seq v4 Ultra Low Input RNA Kit for sequencing
(TakaraBio, Shiga, Japan) and the amplified cDNA was purified using the Agencourt
AMPure XP Kit (Beckman Coulter, Brea, CA), all according to manufacturer’s
instructions. cDNA was then sheared to approximately 250 base pairs in length using a
Covaris M220 sonicator. Sheared cDNA was resuspended in Tru-Seq Resuspension
Buffer and libraries prepared using a Tru-Seq Nano kit (Illumina, San Diego, CA)
according to the manufacturer’s instructions, except that 16 cycles of amplification were
performed to account for the low input samples. Fragment size was measured using a
Fragment Analyzer 5200 and samples quantified with qPCR and pooled at equimolar
concentration. Multiplexed samples were sequenced across seven lanes of a single-read,

75 cycle run on an [llumina HiSeq 4000 sequencer. The sequencing data was demultiplexed
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using Illumina’s bcl2fastq software and sample quality assessed with FastQC (v 0.11.8),
followed by trimming of low-quality bases and adapter sequences with Trimmomatic (v
0.39). Trimmed sequences were aligned via STAR (version 2.7.0) to the most recent rhesus
macaque reference genome from Ensembl (Mmul 10) and gene counts obtained by

3

specifying the “--quantMode GeneCounts” parameter of STAR, along with the
Mmul 10.99 Ensembl annotation gtf file. Out of the total number of blastocyst samples
that underwent RNAseq, those that had more than 10 million total gene counts were
retained for differential analysis (N=25 ; N=5 C, N=10 T, N=8 WSD, and N=2 T+WSD).
Differential expression between groups was performed with edgeR (version 0.28.0) using

the “QLFTest” option. The Enrichr and G-profiler online tools were used for molecular

pathway and gene ontology assessment.

Statistical analysis

An ANOVA Type III test was performed for assessing the significance of the
metabolic parameters among the treatment groups. In addition, one-way ANOVA and a
post-hoc t-test comparison with Bonferroni adjustment was performed to test for
significance of HOMA-IR. Significance differences in FF levels of steroids and cytokines
were assessed by one-way ANOVA and a post-hoc t-test comparison with Bonferroni
adjustment. Statistical analyses of oocyte number, percentage of mature oocytes,
fertilization rate, and percentage of cleaved embryos among the treatment groups was
conducted using a chi-square test followed by post-hoc pair-wise comparisons. Poisson
regression was used to model the number of blastocysts. More specifically, a generalization

of Poisson regression, Negative Binomial regression was used to accommodate over-
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dispersion followed by the three degree-of-freedom chi-square test for blastocyst numbers
and formation rates. For the TLM analysis, a linear mixed effects model was used followed
by the three degree-of-freedom chi-square test for differences in the initial three mitotic

division timings between the treatment groups.

Results
Chronic exposure to T+WSD produces a trend in increased insulin resistance

The metabolic profile of the female rhesus macaques in each of the four treatment
groups was determined prior to undergoing a COS protocol. At this point, the females had
been on their treatment regimen for 5 yrs and their weight (Fig. 4. 1a), BMI (Fig. 4. 1b),
total percent body fat (Fig. 4. 1¢), and HOMA-IR (Fig. 4. 1d) were measured and assessed
for significant differences between groups. Despite previously reported gains in body
weight and fat mass in the T+WSD group at 2-3 years of treatment!8®, no significant
differences in body condition and metabolic parameters were observed between the
treatment groups, which may be due to the ad libitum diet conditions over-time even in the
controls. A higher trend in insulin resistance was detected in the T+WSD group when

compared to the other treatments, but this was not statistically significant (p=0.06).

The FF chemokine milieu is altered by T treatment
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To determine if the treatments affected the ovarian follicular milieu, FF samples
obtained at the time of oocyte retrieval were examined for cytokine and steroid levels. Out
of the 7 steroids analyzed (Supplementary Table S4. 2), none significantly differed
between the four treatment groups. However, of the 29 cytokines analyzed
(Supplementary Table S4. 1), a nearly 10-fold increase (p<0.05) in FF levels of the
chemokine C-X-C motif ligand 10 (CXCL10) was observed in the T group relative to C
and WSD groups (Fig. 4. 2, p<0.05). In fact, while all FF samples from the T group had
measurable levels of CXCL10, the CXCL10 concentration was below the detectable limits
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Figure 4. 1. Weight, body mass index (BMI), percent body fat, and insulin resistance in
female rhesus macaques receiving a standard chow diet (control, C; N=10), testosterone (T;
N=7), a western-style diet (WSD; N=6), or a combination of T+WSD (N=3) for 5 yrs.
Treatments were initiated prior to the onset of puberty at ~2.5 yrs. The physical and metabolic
parameters (meant+SEM) analyzed include (a) weight, (b) BMI, (¢) percent body fat, and (d)
insulin resistance (HOMA-IR) as determined by HOMA. There was no significant difference in
the physical and metabolic parameters among the treatment groups, although HOMA-IR trended
higher in the T+WSD females compared to the C group females (p=0.06).
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2283  in all WSD samples and all but one sample in the C group. Because of limitations in the
2284  minimal volume required for analysis, cytokine levels were not determined in the T+WSD
2285  samples due to insufficient FF quantity, which we demonstrated is indicative of reduced

2286  oocyte competency (Ravisankar et al. submitted — Chapter 2).
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Figure 4. 2. Effect of T and WSD treatment on the FF cytokine milieu.

Follicular fluid samples were collected from all the treatment groups and analyzed for
29 cytokines (Supplementary Table S1) using a luminex-29 plex platform. The
cytokine C-X-C motif chemokine 10 (CXCL10) was not detectable in the FFs from the
WSD group and in all but one FF sample in the C group. The mean concentration (£
S.E.M.) was significantly higher in FF from T treated animals when compared to FF
from the C group. Only 1 female from the T+WSD group had sufficient volume for the
cytokine analysis and, therefore, was not included in the analysis. The number of FF
samples that were analyzed for each group are in parentheses on the x-axis. Statistical
significance was calculated by one-way ANOVA followed by a post-hoc comparison

with Bonferroni adjustment (*=p<0.05).
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WSD is associated with poor preimplantation development outcomes

To understand the effect of hyperandrogenemia alone or in combination with
consumption of a WSD, oocyte maturation as well as post-IVF development of each
embryo was assessed. The average number of mature MII oocytes per female, though not
statistically significant, varied amongst the treatment groups with the highest being in T
and T+WSD groups (C=26, T=32, WSD=21, T+WSD=33). In spite of the larger number
of mature oocytes obtained, embryos from the WSD and T+WSD groups yielded the fewest
blastocysts per female following IVF (Fig. 4. 3a, p<0.05). The blastocyst formation rate,
or the percentage of blastocysts that formed from the total number of cleaved embryos, was
lowest in the T+WSD group relative to the control and WSD animals, and significantly
lower than the T group (Fig. 4. 3b, p<0.05). Interestingly, the T group produced the highest

number of blastocysts per female, although this was not significantly different.
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Figure 4. 3. Preimplantation developmental outcomes after long-term WSD
consumption and/or hyperandrogenemia exposure.

(a) The average number of blastocysts (+ S.E.M.) formed per female were reduced
significantly in WSD and T+WSD groups. There was a trend for the T group to yield a
greater number of blastocysts per animal relative to the T+WSD (p=0.065) or the WSD
group (p=0.12). (b) The mean percentage of blastocysts formed (+ S.E.M.) in the
T+WSD group had the lowest percentage of blastocysts formed and was significantly
different form the T group. The numbers in parentheses along the x-axes in (a) and (b)
indicate the number of females that underwent the COS protocol in each treatment
group. Poisson regression, followed by the three degree-of-freedom chi-square test for

calculating the statistical significance of the blastocyst numbers and percentage of

blastocysts formed among the treatment groups.
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Nuclear integrity is compromised in T, WSD, and T+WSD embryos
The time intervals of the first three mitotic divisions predictive of blastocyst

formation?’7-278

were measured in 12 confirmed zygotes per animal in each treatment group
by TLM. However, mitotic timing and morphological features such as multipolar divisions
or cellular fragmentation were not statistically different between the four groups.
Randomly selected cleavage-stage embryos from each of the four groups (2C, 3T, 4WSD,
and 4T+WSD) were immunolabelled with the nuclear envelope marker, LMNBI, and
stained with DAPI to visualize DNA. While some micronuclei were noted, which is typical
of rhesus preimplantation development**!, embryos from the C group predominantly
exhibited an intact nuclear envelope around the primary nucleus of each blastomere. (Fig.
4. 4a). In contrast, blastomeres of cleavage-stage embryos from the T, WSD, and the
T+WSD groups lacked well-defined primary nuclei and possessed not only micronuclei,
but also DNA without nuclear envelope, chromosome-containing cellular fragments, and
nuclear fragmentation (Fig. 4. 4b-4d). Although these nuclear abnormalities are suggestive

of aneuploidy**!, CNV was not significantly different between embryos (N=16) collected

from each of the four treatment groups (Supplementary Fig. S1).
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Figure 4. 4. Fluorescence based analysis of cleavage stage embryo nuclear integrity.
Cleavage stage embryos (6-11 cells) from each group were collected when multipolar
division was visualized on the TLM scope. These were stained for the nuclear envelope
marker LMNBI (green) and DNA (DAPI; blue). (a) The nucleus in each blastomere was
enclosed by a nuclear envelope and few micronuclei were present (white arrow) in
cleavage stage embryos from the control group (C; N=2). (b) In cleavage stage embryos
from the T group (N=3), the nuclear envelope did not colocalize with DNA in the
individual blastomeres. In the embryos from the WSD (c¢) and T +WSD (d) groups (N=4
for both), micronuclei (white arrow) and DNA fragments (red arrow) were commonly
observed, which was more extensive in the T+WSD group (d). To aid in the visualization
of each blastomere each cell is numbered and outlined with a gray dashed line. The white
arrows indicate micronuclei formation and the red arrows indicate presence of DNA in
fragments that lack a nuclear envelope (i.e., LMNBI1 negative). The scale bar in all the

images represents 50 um.
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RNA-Seq of the blastocysts revealed common and unique treatment effects, with greatest
effect in the T+WSD blastocysts

Out of the 38 blastocyst samples that were RNA-Sequenced, 25 samples (N= 5 C,
N=10 T, N=8 WSD, and N=2 T+WSD) with sufficient number of total gene counts were
retained for differential analysis (Supplementary Fig. S4. 2). More than 20,000
differentially expressed genes were identified in the T, WSD and T+WSD blastocysts
when compared to the C blastocysts, out of which we found the significantly differentially
regulated genes (p<0.05; N=645 T, N= 581 WSD, and N= 134 T+WSD). A set of common
genes (N=18) were significantly upregulated (N=8) and downregulated (N=10) in T, WSD
and T+WSD blastocysts (Fig. 4. 5a and 4. 5b). The biological pathways that these common
up or downregulated genes belonged to were enriched in cell cycle and DNA replication
related processes (Fig. 4. Sc¢). Further, amongst these genes, the combined T+WSD
treatment had the maximum effect for upregulated or downregulated gene expression (Fig.
4. 5d). The genes expression was 2-4 fold upregulated and 2-14 fold downregulated in the
T+WSD blastocysts when compared to T and WSD blastocysts (Supplementary Table
S4. 3). Other than the 18 genes that were commonly upregulated or downregulated,
majority of the genes were unique to and significantly expressed either, T, WSD or
T+WSD blastocyst compared to the C blastocysts. The genes that were the most
upregulated and downregulated in the treatment groups are given in Supplementary Table
S4. 4. Amongst these top differentially expressed genes, the log fold change (X) was
observed to be the highest in the WSD blastocysts (13.8 X downregulated to 9.6 X

upregulated) followed by the T+WSD blastocysts (11.37 X downregulated to 10.79 X
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upregulated) . The T blastocyst gene expression has (11 X downregulated to 7 X
upregulated).

Gene ontology (GO) and pathway analyses were performed to identify the
molecular functions most associated with T, WSD and T+WSD-induced gene upregulation
and downregulation. The significantly expressed genes in the T blastocysts (adjusted p
value<0.05) showed upregulation of functions associated to mitosis, cell cycle and DNA
replication whereas the downregulated functions included heparin and glycosaminoglycan
binding (Supplementary Fig. S4. 3). On the other hand, the WSD blastocyst genes were
upregulated in single-stranded DNA binding, DNA replication origin binding, nucleotide
binding, and ATP binding while functions associated with signaling receptor binding,
growth factor binding, protein binding, heparin binding, glycosaminoglycan binding, and
protein dimerization were downregulated. The combined T+WSD treatment effects on
blastocyst gene expression resulted in upregulation of functions, once again associated with
DNA replication origin binding, single-stranded DNA binding, and nuclear pore structural
constituent, and downregulation of TNF-related apoptosis-inducing ligand (TRAIL)

binding function.
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Figure 4. 5. Common set of genes differentially regulated genes in the blastocysts
identified by RNA-Sequencing.

Out of the total number of genes that were significantly expressed (adjusted p<0.05),
there were a few genes that were common between the T, WSD, and T+WSD
blastocysts. The pie charts represent the number of genes that were (a) upregulated
and (b) downregulated in their expression unique to each group as well as common
between the different groups. (¢) The top gene ontology (GO) terms for the 18 genes
differentially regulated (adjusted p<0.05) in the blastocysts in T, WSD and, T+WSD
groups compared to the C blastocysts are represented. The x-axis is the negative log
of the p-value. (d) The heat map of the adjusted p values of these common genes is
depicted. The 8 common upregulated (purple) and the 10 common downregulated
(brown) genes show maximum effect in the T+WSD blastocysts when compared to

the only T and only WSD blastocysts.
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Discussion

Using our established nonhuman primate model to distinguish the individual and
combined effects of hyperandrogenemia and diet/obesity on ovarian function and fertility,
we show that there was only a trend for greater insulin resistance in the T+WSD females
compared to controls after 5 yrs of treatment in the present study. Unexpectedly, no
significant differences in the other metabolic parameters, particularly body weight and fat
mass, were detected between groups. The difference between the 2 to 3 year measurements
and those conducted here may be due to the age of the females (7-8 yrs) and continued ad
libitum consumption of a low-fat chow diet that allows for increased weight gain and
adiposity without promoting outright insulin resistance’’-**°. Additionally, the loss of
animals in the WSD and T+WSD groups due to health issues between 3 yrs and 5 yrs of
treatment included those with the greatest BMI, which would likely skew the results of the
remaining animals towards a healthier metabolic phenotype.

Despite the lack of metabolic differences, T treatment for greater than 5 yrs did
have an overt effect on ovarian follicles, as evidenced by a higher concentration the
cytokine CXCL10 in FF. CXCLI10 is a pro-inflammatory cytokine***3>! with anti-
angiogenic properties®>?-33%, both of which could contribute to poor oocyte quality®>S. A
proinflammatory environment activates natural killer (NK) cells, which in turn leads to the
production of CXCL10%*7. NK cells were found to be elevated in the FF of women who

underwent unsuccessful IVF cycles®>®

. Increased serum CXCL10 levels were also reported
in lean women with PCOS and positively correlated to insulin resistance, but not with

BMI3%. The chronic inflammation observed in women with PCOS°-3¢! further supports

the possibility that dysregulated cytokine synthesis leads to altered ovarian function.
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The observations of the current study do not fully align with the results of our
previous work investigating cytokine and steroid levels in FF obtained from the dominant

follicle of animals in each of the different groups?'®

. In this previous study, we reported
separate diet and androgen effects on the cytokine and steroid milieu in the dominant
follicle. The collection of mature MI/MII oocytes was associated with reduced FF levels
of the chemokine C-C motif ligand (CCL)-11 in the T+WSD group and reduced CCL2 as
well as fibroblast growth factor (FGF)-2 levels in TEWSD groups. A higher FF cortisol
concentration was also observed in the T group compared to the C group. None of the
above differences in CCL11, CCL2, FGF2, and cortisol FF levels were observed in the
present study. A possible explanation for the differences detected between these two
studies could be the use of ovarian stimulations in the present study, which induces the
growth of multiple follicles that are heterogeneous in terms of follicle size and cellular
content3+182.183 - Additionally, 3 T, 4 WSD, and 7 T+WSD animals could not undergo
further reproductive testing due to health problems, thereby reducing statistical power. We
also note that the WSD and T+WSD females that were excluded from the present study
had the greatest metabolic dysfunction within these cohorts.

In our previous report, significantly more degenerated oocytes were collected from
the single naturally selected follicle of T, WSD, and T+WSD treated animals compared to
controls?!8. Since only the dominant follicle was sampled, the number of oocytes obtained
were insufficient to investigate chronic T, WSD, or T+WSD treatments on oocyte
maturation and post-fertilization developmental competency. Therefore, controlled ovarian

stimulations were performed here to obtain sufficient oocytes for determining if continued

T, WSD, and T+WSD treatments impact the oocyte-to-embryo transition. Based on our
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assessments of oocyte maturation, fertilization, and embryo development, we determined
that long-term consumption of a WSD alone and in conjunction with hyperandrogenemia
negatively affects oocyte quality. The effects of each treatment alone (i.e., T or WSD)
versus the effects of the combined treatment (i.e., T+WSD) are unique, suggesting that the
treatments alone or through their interactions with one another differentially alter ovarian
function. For example, the oocytes isolated from the T group appeared to be smaller
compared to the oocytes obtained from animals in the other groups (data not shown). Yet,
we observed the highest number of blastocysts formed per female and overall blastocyst
formation rates in this group. The observed effects of chronic hyperandrogenemia in our
study parallels observations of previous studies that reported increased oocyte and embryo
yield in women receiving moderate amounts of T or T substrates for infertility

treatments362-363

. In contrast to the T embryos, WSD consumption was associated with a
reduced percentage of blastocysts formed and the T+WSD group yielded the least number
of blastocysts in spite of having the highest number of mature oocytes. A similar
observation in women undergoing COS protocols with PCOS was reported wherein despite
the same or greater number of oocytes obtained compared to a non-PCOS control group,
post-fertilization embryo development rates were lower®3!364365 Tt should be noted,
however, that these studies did not consider the effect of hyperandrogenemia and diet
separately. From our analysis, we observed a significant reduction in blastocyst yield from
the WSD group that was worsened by T addition. Thus, it is likely that the two treatments
interact in an undefined manner to exert the greatest negative effect on oocyte competency.

Assessment of cleavage stage arrested embryos revealed the presence of nuclear

abnormalities in each of the groups, but the incidence of this was lower within the control
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group. Despite the inherent baseline level of micronuclei formation previously reported in
rhesus embryos®*!, DNA without nuclear envelope, chromosome-containing cellular
fragments, and nuclear fragmentation were more pronounced in T, WSD and T+WSD
cleavage-stage embryos. However, DNA-seq of individual blastomeres from embryos
within the different treatment groups did not demonstrate significant differences in
aneuploidy. As previously reported with rhesus macaque embryos, the frequency of
aneuploidy in healthy control animals consuming a standard chow diet is already
substantial (~74%)*!. This high aneuploidy incidence makes it challenging to detect even
modest increases in aneuploidy in embryos from the different treatment groups, especially
in the WSD and T+WSD groups that had the greatest attrition of animals due to health
issues.

RNA-Seq of the blastocysts revealed further dysfunction in critical processes as a
result of the chronic T, WSD and T+WSD treatments with possible implantation and
lineage commitment dysfunction. The GO analyses of the significantly expressed genes
indicated that there were both combined and unique individual effects of the treatment
groups on preimplantation gene expression. The functions related to DNA replication are
upregulated in the T, WSD, and T+WSD blastocysts compared to the C blastocysts. The
highest differentially expressed genes were observed to be involved in upregulation of
apoptosis®®®, microtubule functioning®®’ and trophoblast differentiation®®®, and
downregulation of trophoblast lipid trafficking, feto-placental growth*®® and ICM integrity
370371 nathways in the T blastocysts. In the WSD blastocysts, the biological genes
associated with microtubule function and DNA replication were upregulated whereas

genes critical for implantation®’?37* were downregulated. In the T+WSD blastocysts, the
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highest upregulated genes were associated with microtubule functioning and apoptosis®®
while the pathways associated with TRAIL binding, TNF-o signaling, mesoderm
commitment, chromatin binding, and DNA methylation were significantly downregulated.
These genes have been correlated to repeated implantation failure in the endometrium?”,
epigenetic changes affecting the placental development’’6377, and reducing TNF-a

379 metabolic dysfunction and hyperandrogenemia®®’. It is

signaling®’® leading to obesity
remarkable that in spite of having the smallest cohort of females and only 2 blastocysts
included for RNA-Seq differential analysis, the T+WSD treatment had the maximum effect
both in terms of fold change of gene expression and the critical pathways involved in
preimplantation and peri-implantation development.

In summary, rhesus macaques consuming a WSD beginning just prior to the onset
of puberty and continuing through adulthood (>5 yrs) has a detrimental effect on the ability
of resident oocytes to undergo preimplantation development. The WSD effect is worsened
in rhesus macaques when combined with hyperandrogenemia (T+WSD). Future studies
are needed to understand the molecular effects of WSD and/or T treatment on

preimplantation development, including analyses of how they alter gene expression and

the epigenetic state of the oocyte and embryo.
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Supplementary Table S4. 1. Assay metrics for the cytokine analysis (Luminex 29-plex)

Target Cytokine | Intra-Assay
CV (%)

FGF-basic 8.88
IL-1beta 5.13
G-CSF 3.51
IL-10 11.76
IL-6 10.42
IL-12 6.53
RANTES 3.36
Eotaxin 18.67
IL-17A 4.62
MIP-1alpha 6.79
GM-CSF 20.16
MIP-1beta 7.04
MCP-1 9.15
IL-15 9.57
EGF 4.37
IL-5 0.00
HGF 13.17
VEGF 6.43
IFN-y 7.85
MDC/CCL22 4.82
I-TAC 19.99
MIF 1.77
IL-1RA 5.80
TNF-a 3.55
IL-2 18.32
CXCL10 6.06
MIG 7.42
IL-4 3.64
IL-8 5.12
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Supplementary Table S4. 2. Assay metrics for the steroid analysis (LC-MS/MS)

Steroid Accuracy Intra-
Hormone (%) assay CV
(%)
Cortisol 94.9 2.6
Cortisone 89.3 3.4
Testosterone 108.5 8.4
Estradiol 85.0 1.1
Estrone 85.0 1.7
Progesterone 106.7 7.3
Androstenedione | 87.3 10.6

Supplementary Table S4. 3. Log fold change of the genes upregulated or downregulated
in T, WSD, as well as T+WSD group.

Log fold change
Genes T Vs.C WSD Vs. | T+WSD Vs.
C C
Upregulated genes
MTI1H 6.26 4.68 6.37
DNAH3 2.67 2.27 3.80
POLAI 2.04 1.89 3.01
ANAPCI 1.72 1.59 2.39
ARHGAPI1A 1.14 1.26 2.13
CTNNA1 1.02 1.26 1.90
CKAPS5 1.11 1.18 1.66
MCM4 0.75 0.79 1.20
Downregulated genes
SIRT7 -2.14 -2.11 -2.97
PAK4 -1.49 -1.48 -3.40
CSRNP2 -1.52 -1.82 -3.52
PAPSSI -1.94 -1.67 -3.67
JUNB -2.87 -3.38 -4.50
PDLIM2 -3.49 -3.53 -5.00
TESK2 -2.23 -2.01 -5.33
SLC7A2 -2.57 -2.69 -5.44
RELA -1.75 -1.46 -5.62
CDKNIA -4.43 -4.69 -9.64
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Supplementary Table S4. 4. The top upregulated and downregulated genes in T, WSD

and T+WSD blastocysts when compared to C blastocysts.

Upregulated genes
Gene ID Log fold Adjusted p value | External gene Gene biotype
change name
Tvs.C
ENSMMUG00000062348 7.72 0.04 IncRNA
ENSMMUGO00000061454 7.06 0.03 IncRNA
ENSMMUG00000012467 7.05 0.02 | FAM227A protein coding
ENSMMUG00000060311 6.97 0.04 protein coding
ENSMMUG00000061829 6.97 0.05 protein coding
ENSMMUG00000019968 1.41 0.05 | NOSTRIN protein coding
WSD vs. C
ENSMMUG00000002896 9.65 0.04 | SSTRS protein coding
ENSMMUGO00000061829 9.64 0.02 protein coding
ENSMMUGO00000012467 6.93 0.03 | FAM227A protein coding
ENSMMUGO00000061454 6.80 0.04 IncRNA
ENSMMUGO00000051619 5.49 0.05 | PADI3 protein coding
T+WSD vs. C
ENSMMUG00000062348 10.79 0.04 IncRNA
ENSMMUG00000060590 8.44 0.05 protein coding
ENSMMUG00000054896 6.37 0.05 | MTIH protein coding
ENSMMUGO00000015062 4.04 0.04 | CEP97 protein coding
ENSMMUGO00000016753 3.80 0.02 | DNAH3 protein coding
Downregulated genes
Tvs.C
ENSMMUGO00000041616 -11.05 0.01 | GNG11 protein coding
ENSMMUG00000020979 -10.99 0.01 | INKA1 protein coding
ENSMMUG00000020987 -10.96 0.00 | FABP4 protein coding
ENSMMUG00000062083 -10.59 0.00 pseudogene
ENSMMUG00000021286 -10.51 0.00 | COL3A1 protein coding
WSD vs. C
ENSMMUG00000049714 -13.66 0.01 | HCGB protein coding
ENSMMUG00000064308 -12.62 0.01 protein coding
ENSMMUGO00000007193 -12.27 0.04 | PABPC4L protein coding
ENSMMUGO00000014260 -11.82 0.00 | CCRL2 protein coding
ENSMMUG00000013014 -10.5 0.02 | ILIRN protein coding
T+WSD vs. C
ENSMMUGO00000059411 -11.37 0.02 | PLPP6 protein coding
ENSMMUG00000017842 -11.13 0.00 | MOSPD2 protein coding
ENSMMUGO00000011847 -11.12 0.04 | CDYL2 protein coding
ENSMMUGO00000012696 -10.94 0.01 | ZNF300 protein coding
ENSMMUG00000018192 -9.88 0.05 | RORA protein coding
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Supplementary Figure S4. 1. DNA sequencing of single blastomeres from cleavage stage
embryos.

Copy number variation (CNV) was performed for 88 single blastomeres belonging to 16 cleavage
stage embryos from the C (N=40 blastomeres from 7 embryos), T (N=21 blastomeres from 3
embryos), WSD (N=19 blastomeres from 4 embryos), T+WSD (N=8 blastomeres from 2 embryos)
groups. Representative CNV plots include: (a) 6 single blastomeres from three embryos for the C
group, (b) one blastomere form the T group, (c) 2 blastomeres from a single embryo for the WSD
group, and (d) one blastomere for the T+WSD. No significant differences in CNV were observed

between the 4 treatment groups. The chromosome number is represented on the x-axis and the copy

number of the chromosome is represented on the y-axis.
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Supplementary Figure S4. 2. DNA sequencing of single blastomeres from cleavage stage
embryos.

Total gene counts for all the blastocyst samples that underwent RNA-Sequencing. 38 blastocyst
samples from the 4 treatment groups N=38 (12 C, 12 T, 10 WSD, and 4 T+WSD) were sequenced.
However, post-analysis, 13 samples has less than 10 million total gene counts represented by the
pink bars in the bar graph. Hence, the remaining 25 blastocyst samples were included for analysis of

differential gene expression (5 C, 10 T, 8 WSD, and 2 T+WSD).
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Supplementary Figure S4. 3. Gene
ontology (GO) and pathway analyses
of the uniquely expressed genes in the
blastocysts.

Majority of the genes identified by
RNA-Sequencing of the blastocysts that
were significantly expressed (adjusted
p<0.05) either by the T, WSD or
T+WSD blastocyst compared to the C
blastocysts, were unique to each
treatment  group. The molecular
functions identified by gene ontology
(GO) and pathway analyses have been
represented in the bar graphs associated
with T, WSD and T+WSD-induced
gene (a) upregulation and (b)
downregulation. The axis represents the
negative log of adjusted p value.

5 blastocyst samples were included for
analysis of differential gene expression

(5C, 10 T, 8 WSD, and 2 T+WSD).
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Chapter 5: Conclusion

General Conclusions

The studies included in this dissertation utilized state-of-the-art techniques and a
clinically-relevant non-human primate (NHP) model to investigate the paracrine/autocrine
events within the periovulatory follicle that are responsible for the release of an oocyte
capable of fertilization and preimplantation development. Further, the dissertation also
demonstrated the effect of alterations in endocrine, dietary, and metabolic function on
intrafollicular processes and oocyte competency. Specifically, these studies detailed the
impact of exogenous pharmacological levels of gonadotropins used in infertility
treatments, short-term Western-Style Diet (WSD) exposure (WSDs), as well as chronic
exposure to androgens (T), long-term WSD (WSDy), and a combination of both conditions
(T+WSDvy) on the ovarian follicular microenvironment during the periovulatory interval.
These experiments were designed to recapitulate women that are undergoing infertility
treatments, as well as those who are afflicted by diet-induced obesity (WSDs, WSDy) or

polycystic ovary syndrome (PCOS; i.e., T+*WSDy treatment).
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The underlying factors that
we determined to be important
for in vitro fertilization (IVF)
success in these studies can be
broadly categorized into effects
on the follicle, oocyte, and
embryo, all of which are
interdependent (Fig. 5.1). To
determine the impact on the
follicular microenvironment,
the molecular constituents of
the follicular fluid (FF) post-
exogenous gonadotropin
administration were analyzed in
all three studies at the time of
oocyte aspiration. In the
metabolomics study, as well as
with WSDs consumption, the
ratio of cortisol to cortisone was
significant in predicting the
capacity of the corresponding

oocyte to fertilize, cleave and

form a blastocyst. We also

« Effect of infertility treatments on oocyte heterogeneity
* Effect of acute western style diet (WSD)
« Effect of long term androgen administration and/or diet change

LH / hCG

Oocyte maturation
)Increased Oocyte heterogeneity

FF effects

Lower Cortisol:cortisone

i
v

Ovulation
I) Altered Oocyte-somatic cell interaction

Preimplantation development

Reduced blastocyst formation
Possible peri-implantation defects

o, ©-@-8-0-0-O

Mil Cleavage Stage
Fertilization 2pn

Morula  Blastocyst

Figure 5. 1. Alterations in endocrine, dietary, and metabolic

function affect intrafollicular processes and oocyte
competency.

This schematic represents the events triggered after an ovulatory
stimulus (represented by LH /hCG), which includes the
preovulatory to periovulatory follicle transition, oocyte
maturation, and COC expansion. This further leads to ovulation of
a fertilizable oocyte that proceeds to form a preimplantation
blastocyst stage embryo. These interrelated ovarian follicle,
oocyte and embryo effects of infertility treatments, and diet or
metabolism related changes on these processes have been
highlighted in blue font. These effects are interdependent and
cumulatively affect the oocyte’s competency to form a
preimplantation stage embryo post-fertilization in a clinically

relevant model.
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reported, for the first time, a potential role for the nuclear glucocorticoid receptor (GR)
within the oocyte during the process of oocyte maturation and cumulus cell expansion.
Paracrine signaling between the oocyte and the somatic cells of the follicle is critical for
the cellular events leading to ovulation®® and our results indicate that GR deficiency in the
oocyte disrupts this cumulus-oocyte complex (COC) crosstalk. We also observed the
switch to a pro-inflammatory cytokine milieu in FF following WSDs and chronic T
treatments. This intrafollicular proinflammatory effect of the WSDs treatment was
correlated with reduced IVF success and progression to the implantation blastocyst stage
in other studies?®* which was observed in the our study.

As noted by the IVF experiments in the absence of dietary or steroid changes, a mature
metaphase II (MII) oocyte did not always give rise to a blastocyst after IVF and further
supported the concept of high oocyte heterogeneity among growing follicles following
gonadotropin administration3!82183 By adding the confounding factors of diet and/or
elevated circulating T levels to IVF treatment, we showed that in spite of obtaining fewer
immature oocytes and a higher probability of collecting mature MII oocytes, blastocyst
formation was severely impaired in WSDs, WSDL, and T+WSDr embryos compared to
their respective controls. Indicators of aneuploidy such as delayed mitotic division timing,
cellular fragmentation, and multipolar divisions were also more pronounced in these
treatment groups relative to the control, suggesting a potential cause for embryo arrest and
reduced blastocyst formation. RNA-seq analysis of the WSDs blastocysts revealed an
increase in expression of cell death genes and a decrease in genes important for lineage
specification in WSDs embryos that would likely affect peri-implantation processes

essential for subsequent embryonic development.
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Clinical Impact

In human IVF clinics, aspirates from multiple follicles are typically combined,
which prevents the assessment of oocyte heterogeneity. This heterogeneity impacts the
ability of oocytes to undergo fertilization and form a blastocyst following exogenous

gonadotropin administration!8%-183

and likely leads to a reduction in IVF success. Our
results suggest that either individual follicle aspiration techniques be implemented into
clinical IVF practice or the identification of non-invasive cellular/molecular markers
predictive of developmental potential be further developed. Indeed, we used time-lapse
monitoring (TLM) and the measurement of imaging parameters to successfully assess
differences between embryo treatment groups in the current studies. Thus, we would argue
that TLM and/or other advanced techniques such as pre-implantation genetic screening
(PGS), combined with analysis of FF from individual follicles, be correlated to the
developmental outcome of the resident oocyte. This would enable a comprehensive
assessment of oocyte and embryo heterogeneity for possible predictive modelling in future
cycles, a concept that is partially supported by previous analyses of FF from individual
follicle aspirations in clinical IVF settings?!0-226227,

Based on our findings, we also propose testing for cortisol and cortisone
concentrations in the FF from individual follicle aspirations. Because metabolomics
assessments are time consuming and expensive, a quantitative ELISA for glucocorticoid
levels in FF could be easily incorporated into IVF practice. Such analyses could be
extended to embryo spent media and have potential for predicting IVF success as

d205,207

previously describe . From our experiments and previous clinical case reports of

infertility in women, we know that a proinflammatory follicular environment can alter the
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growth and maturation of the periovulatory follicle, and therefore, IVF success?®*38!, Thus,
we believe that testing FF for inflammatory cytokines such as IL-1RA and CXCL10,
especially in women with infertility caused by diet-induced obesity, will also help
determine oocyte competency post-fertilization. By selecting and freezing only the oocytes
and embryos with high developmental potential, embryo wastage would be reduced and
the indefinite storage of embryos that will never be transferred to patients potentially
avoided. Although the methodologies to preserve female reproductive function are still
evolving®?, especially in young girls and women with a cancer diagnosis, the selection of
oocytes with the highest competency is important not only for the general IVF population,
but also in more specialized circumstances such as fertility preservation prior to
chemotherapy treatment.

Given the etiology of maternal obesity and complexity of PCOS-like syndromes in
women, our findings also take us a step closer to determining if the impaired fertility is due
to the diet itself or the subsequent development of metabolic dysfunction. This will assist
in adjusting strategies for treating infertility caused by these confounding factors and
provide a more personalized approach to improving IVF success in these unique
populations. From our studies, we demonstrate that even control females gain weight
during chronic treatment, which could be age-related or due to the consumption of an ad
libitum diet over-time**34%. Moreover, we show that the addition of WSD intake alone is
sufficient to impair oocyte competency, but this condition is worsened by the addition of
hyperandrogenism. Despite the lack of significant differences in metabolic parameters
between the control and WSD animals utilized in our studies, the primary contribution of

WSD to oocyte heterogeneity supports the idea of diet reversal as part of the infertility
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treatment regime. Further evidence for a switch to a low-fat diet stems from studies of diet

change or weight loss improving IVF outcomes for obese women in human clinics!842%.

Future Directions

Besides cortisol and cortisone, our analysis of the periovulatory FF metabolome
identified 50 other metabolites that were correlated to the post-fertilization developmental
outcome of the corresponding oocyte. Although the function of most of these metabolites
in ovarian follicle development is unclear and some are intermediates rather than the end
products of certain metabolic pathways, further metabolomic investigation is still
warranted. We note that with the exception of a few metabolites, the majority were
downregulated in blastocysts compared to cleavage stage arrested embryos. Based on this,
as well as findings that no significant differences in meiotic resumption, fertilization, or
percentage of cleaved embryos was observed between samples cultured with or without
cortisol, our results support the concept of the “quiet embryo hypothesis™?3¢. Thus, a more
comprehensive assessment of the endogenous resources present in the periovulatory
follicular milieu will yield insight into how these metabolites and other molecular
constituents promote the subsequent growth and development of an oocyte with high
potential.

Future studies are also needed for analyzing the exact role of GR in oocyte
maturation and coordinating the events necessary for ovulation, both in vitro as well as in
vivo. For the in vitro analyses, GR knockdown within the mural granulosa cells (mGCs)
should be performed to determine if cortisol through GR signaling regulates factors

important for ovulatory processes such as steroidogenesis. We also suggest that mGC and
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cumulus cell (CC) proliferation’?

and/or expansion be assessed based on the indirect
effects that disrupting GR signaling in the oocyte had on cumulus-oocyte expansion.
Whether culturing oocytes as intact COCs or at least with mGCs yields improved
percentage of mature oocytes, thereby increasing IVF success similar to in vitro maturation

in farm animals384-386

, should also be determined. The communication amongst the somatic
cells, in addition to the crosstalk between the oocyte and somatic cells, could be assessed
in vivo by injecting a HSDI11BI inhibitor, an adenovirus mediating HSDI11B2
overexpression, or an adenoviral ShRNA for GR knockdown in the periovulatory follicle.

275,276’ and

Cortisol is known for its potent and wide-ranging anti-inflammatory properties
it is now well-established that ovulation is considered an inflammatory process®8!-*87. Thus,
the higher concentrations of intrafollicular cortisol observed during ovulation by us and as
shown by others is seemingly counter to these observations®>-237-238 By conducting in vivo
analyses of the periovulatory follicle, we will be able to assess how GR or HSD11B
knockdown affects inflammation associated cytokines, steroids or other factors in the
intrafollicular milieu.

To improve our understanding of the impact of a WSD consumption with or without
hyperandrogenemia on maternal obesity or under PCOS-like conditions, we suggest
performing experiments for a shorter duration of time in the T, WSDL, and T+WSDL group.
With respect to these chronic exposures, the controls and T only group also had ad libitum
access to food similar to the WSDL and T+WSD. females and this likely promoted weight
gain and normalization of metabolic parameters across all treatments by the time our

studies were performed (i.e., after more than 5 years of continuous treatment). By

conducting experiments after a shorter treatment period, we will capture the effects of
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metabolic dysfunction that was observed at 2-3 yrs of chronic treatments. As discussed

above, a study of diet reversal following WSDs or WSDL treatment should also be

performed to assess whether the duration of WSD intake plays a role in impacting

restoration of IVF success similar to that of the age-matched control females.

Altogether, these studies have provided insight into the cellular and molecular

events that are necessary for ovulation and how specific endocrine and metabolic

dysfunction disrupts these processes in primates.
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