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Abstract

Introduction Ovulation is similar to an inflammatory
response and is associated with increased production of
prostaglandins as well as local growth regulatory factors.
However, the expression and function of innate immune
cell-related genes in non-immune cells within the ovary has
been reported recently and provides a novel and important
regulatory system during ovulation.

Discussion Several members of the Toll-like receptor
(TLR) surveillance system are expressed in granulosa cells
and cumulus cells. These receptors can be activated by
pathogens as well as endogenous ligands leading to the
induction and release of potent cytokines and chemokines
from cumulus cells.

Conclusion These inflammatory factors exert potent effects
on cumulus cell-oocyte expansion, ovulation, transport and
fertilization indicating that ovulation is a more complex
immune-inflammatory process than previously recognized.

Keywords Immune - Ovulation - Toll-like receptors -
Cytokines - Ovary - Cumulus cells

Z. Liu-J. S. Richards (P<))

Department of Molecular and Cellular Biology,
Baylor College of Medicine,

Houston, TX, USA

e-mail: joanner@bcm.tmc.edu

M. Shimada
Graduate School of Biosphere Sciences, Hiroshima University,
Hiroshima, Japan

Introduction

Ovulation is a luteinizing hormone (LH) surge induced
process in which a mature oocyte (egg) and surrounding
cumulus cells, known as the cumulus cell-oocyte complex
(COCQ), are released from the surface of the ovary into the
oviduct for transportation and fertilization [1-3]. During
this process, the follicles become hyperemic and produce
large amounts of prostaglandins (mainly PGE2). In addition,
the cumulus cells synthesize a hyaluronan rich matrix that
controls COC expansion, a process essential for ovulation to
occur (Fig. 1A) [3]. These events are dependent on several
LH-induced signaling cascades leading to the induction of
the EGF-like factors (4reg, Ereg, Btc) [4—T7]. These factors
in turn regulate the induction of genes in cumulus cells.
These include: prostaglandin synthase 2 (Ptgs2) and numer-
ous matrix factors, e.g. hyaluronan synthase 2 (Has2), tumor
necrosis stimulated gene 6 (Tnfaip6), pentraxin 3 (Ptx3),
versican (Cgs2) [3, 4, 7]. Also critical for ovulation is the
induction of the progesterone receptor (Pgr) [8, 9] and Pgr-
regulated genes, such as Ppary, Areg, 116 [10] and specific
proteases (Adamtsl, Ctsl) [9]. In addition, ovulation is
associated with the induced expression and function of the
acute phase gene Cebpb [11]. More recent studies indicate
that signaling cascades activated in response to the LH surge
are more diverse and should be expanded to include
additional gene categories such as those associated with the
innate immune responses and the immune cell functions [12,
13]. Members of the innate immune systems, such as the
Toll-like receptor (TLR) factors, are expressed/induced in
granulosa/cumulus cells in mouse, bovine and human ovaries
and therefore they may function to affect fertility [13—15].
Furthermore, cumulus cells express Pdcdl, a gene linked to
autoimmune functions in mice and humans [12]. Thus,
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it is likely that the innate immune system plays a role in
ovulation (Fig. 1A and B).

The toll-like receptor family

In mammals there are two kinds of immune responses, the
innate response and the acquired immune response. While
acquired immune responses operate later in an infection and
are highly specific for the pathogen that induces them, the
innate immune responses react immediately after exposure
to pathogens and serve as the first line of host defense. The
innate immune system depends on the pattern recognizing

Fig. 1 Schematic of TLR path- A
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receptors (PRRs), e.g., components of the complement
system and the Toll-like receptor family, that detect the
pathogen-associated molecular patterns (PAMPs) and exe-
cute subsequent immune cell responses [16—18] (Fig. 2A).
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activated by specific ligands, most of them mediate their
actions via a MyD88-dependent intracellular pathway,
leading to the activation of NFkB and MAPK pathways
that regulate the induction of target genes. However, TLR3
is activated by dsRNA and employs a MyD&88-independent
pathways that involves Ticam! and TLR4 can utilize both
pathways [16, 17] (Fig. 2A).

Expression of TLRs in non-immune cells

TLRs seem to be derived from an ancient, evolutionarily
conserved receptor recognition system that exists in both
vertebrate and invertebrate species [20]. The expression of
these receptors in immune cells is linked unequivocally to
the detection of self from non-self [18]. However, an
increasing number of reports indicate that TLRs are
expressed and functional in non-immune, somatic cells
such as adipose cells [22], mouse bone marrow derived
mesenchymal stem cells (MSCs) [20] and human adipose
tissue and bone marrow derived MSCs [23]. Several groups
have also reported the expression of TLRs in ovarian
tissues. In hen ovarian follicles, the theca cell layer
expresses TLR-2, TLR-4, TLR-5 and TLR-7, whereas the
granulosa cell layer expresses only TLR-4 and TLR-5 [24].
In the porcine ovary, TLR4 was detected [25]. TLRS is
expressed predominantly in human ovary, peripheral blood
leukocytes, and prostate [26]. In mice, at least nine TLRs
have been detected in the ovary of the three mouse strains
(NIH, Balb/c and C57BL/6) [27]. Our lab has also reported
the expression of TLRs 2, 4, 8 and 9 in mouse granulosa
cells and cumulus cells [13]. Moreover, we have shown that
TLR2 and TLR4 are functional because their ligands,
Pam3Cys and LPS, respectively induce expression of
known TLR2/TLR4 target genes, including Ptgs2, 116 and
Tnfa [13] (Fig. 1B). In addition to the TLRs, our microarray
database on COC samples collected from preovulatory
follicles at 0 h, 8 h and 16 h post-hCG showed that most of
the key components of the complex TLR signaling pathway

Fig. 2 Schematic of the Toll-like receptor superfamily signaling P>

cascades, their ligands and putative functions. A The TLR surveillance
system is comprised of a complex array of receptors, adaptors and
downstream signaling molecules. There are 13 members of TLR
family of membrane receptors (mouse) and many intracellular
signaling components of which a few are shown (adapted from
[17]). Whereas most TLRs are on the cell surface TLR3, TLR7/8 and
TLR9 are on intracellular membranes and respond to dsRNA, ssRNA
and CpG motifs, respectively. B The expression profile shows key
TLR signaling pathway members detected in mouse ovarian COC
samples collected at hCG 0, 8 and 16 h. The intensity values are log2
transformed and median centered across genes. Green color indicates
relatively lower expression levels whereas red indicates relatively
higher expression levels
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differentially regulated between different time-points, strong-
ly indicating the potential involvement of the TLR system in
the ovulation process (Fig. 2B).

Function of TLRs in non-immune cells

In Drosophila Toll-like receptors were shown originally to
regulate embryonic development and morphogenesis [28].
Recently the expression of the Toll-like receptor, 18-
wheeler (18 w), was found to affect cell migration and
egg morphology in Drosophila [29]. Although none of the
single TLR knockout mice are infertile, there is increasing
evidence indicating that TLRs are functional in the ovary
and they could affect fertility. Therefore, there may be
redundant functions of some receptors. Recent studies have
shown that LPS is present in bovine follicles and is
associated with reduced levels of estradiol and impaired
fertility [14]. Because IL6 is one cytokine produced by
COCs of ovulating follicles, its production may be related
in part to TLR2/4 activation (Fig. 1B) [13]. Moreover, this
cytokine and others may exert specific functions on
cumulus cells and other cells [15]. Importantly, IL6 itself
induces expression of many genes in cumulus cells and can
stimulate COC expansion (our unpublished observations;
[30]). IL6 and other cytokines may also impact ovarian
surface epithelia cells at the time of ovulation to stimulate
their proliferation and repair of the rupture site [31]. Once
the COCs are in the oviduct, cytokines released from the
cumulus cells may impact the function of oviductal cells.
For example, COCs interact with the ciliated cells of the
oviduct during transport and cluster in a region where the
oviduct is “ballooned” and hence appears to be responding
to the presence of the COCs. Although the extent to which
factors from cumulus cells regulate these events is not entirely
clear, transport and oviductal swelling are not observed in
Ptx3 null mice in which the matrix disappears rapidly
following ovulation [32, 33]. The Toll-like receptors may
also be involved in fertilization [15]. Specifically, in in vitro
fertilization assays, sperm induce cumulus cells to release
specific cytokines and chemokines. Certain chemokines then
bind chemokine receptors on sperm and enhance fertiliza-
tion. These events are dramatically reduced in the presence
of TLR2 and TLR4 blocking antibodies [15]. Thus, we
propose that there is a regulatory loop between sperm and
COCs during the fertilization process. TLRs have also been
reported in uterine [34] and oviductal tissue and to impact
pre-term labor [35]. TLR2/4 may also respond to factors in
addition to sperm that enter the reproductive tract, including
bacteria, at times of infection [35]. Based on these observa-
tions, chronic inflammatory conditions, such as endometri-
osis, that produce elevated levels of cytokines could impact
the ovary and other reproductive tissues in many ways.

@ Springer

Non-pathogenic ligands that activate TLRs

Although LPS and Pam3Cys are bacterial ligands that
activate TLR2/4 and initiate innate immune responses in
immune cells [18], endogenous ligands generated at sites of
tissue injury have also been identified. Thus, the local
production of specific ligands can alert cells to alterations
in their surrounding environment. One such ligand is
hyaluronan (HA) that has size and cell specific effects
(Fig. 1B) [19, 36]. In its polymeric form, HA appears to
protect epithelial cells from apoptosis. In contrast, frag-
ments of HA generated by endogenous hyaluronidases at
sites of tissue injury or when added exogenously to cells
exert size dependent effects that are remarkably diverse
[36]. Thus HA fragments have been characterized as “an
information-rich system” [36]. Because cumulus cells are
embedded in a hyaluronan-rich matrix [12] it is tempting to
speculate that polymeric HA as well as local production of
HA fragments by hyaluronidases generate potent and
diverse autocrine effects on cumulus cells (Fig. 1A&B).
Although high molecular weight HA does not activate
TLR2/4, fragments less than 230 kDA do exhibit stimula-
tory effects and those of 30 mer were reported to be the
most effective [37]. In acute lung injury, very small HA
fragments activate TLR2/4 and in the ovary we have shown
that fragments of ~150 kDA are functional [38]. In this
regard, the ability of sperm to induce COC expression of
potent cytokines and chemokines in in vitro fertilization
procedures was mimicked by the presence of hyaluronan
fragments or hyaluronidase and blocked by TLR2/4
neutralizing antibodies [15]. These results indicate that the
release of hyaluronidase from sperm at the time of
capacitation degrades the hyaluronan-rich matrix of the
COCs leading to activation of cumulus cell TLR2/4
signaling events [15]. Other endogenous ligands that have
been reported include HMBI, fatty acids, biglycan, defen-
sin 2, nuclei acids, heme and Hspdl [19, 36, 39]. Of note,
HMBI is present in COCs (our unpublished observations).
Caution has been raised that the purity of all ligands has not
been ensured. This is critical since any bacterial contami-
nant would be active.

Future direction or significance of the TLR system
in reproduction

The potential role of TLRs in reproduction is just beginning
to be recognized [13, 35]. Therefore, it will be important to
analyze the reproductive phenotypes of mice that are null
for various components of the TLR pathway. Importantly,
these mice may reveal roles for components of this pathway
in other non-immune related tissues. Most striking are the
similarities between pre-adipocytes and granulosa/cumulus
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cells [13, 20, 21]. For example, each cell type expresses a
battery of TLRs (TLR2, 4, 8 and 9), the adaptor factors
CD14 and Clq, the transcription factor PPARYy and respond
to LPS/Pam3Cys with increased production of //6 mRNA.
Moreover, cumulus cells express an adipocyte related
adipokine, resistin, a marker of inflammatory conditions
that can induce TLR2 (our unpublished observation). Even
more provocative is the hypothesis that adipose-tissue
mesenchymal stem cells as well as pre-adipocytes express
TLRs and that “macrophages” may trans-differentiate
from these cells [20, 21]. If this occurs in adipocyte cells,
it is equally possible that granulosa cells and cumulus
cells represent ovarian cells that can transdifferentiate,
or are even derivatives of immune precursor stem cells.
Would it not seem critical that the oocyte be “protected”
by surveillance cells?

Whereas regulated synthesis and release of cytokines
appears to impact events associated with ovulation, abnor-
mal production of cytokines can lead to infertility. For
example, LPS is present at high/detectible levels in
follicular fluid of cattle with endometriosis compared to
healthy cattle and follicles in the affected cattle exhibit
reduced levels of estradiol and impaired development [14].
Systemic levels of IL6 are elevated in human patients with
endometriosis and other chronic inflammatory related
diseases and therefore may alter gene expression patterns
in ovarian cells leading to infertility. Obesity may also
increase chances of infertility because of altered TLR
function in adipocytes that is associated with the release
of immune cell-related factors, cytokines, FFA or other
metabolic products, that impact the components of the
reproductive system including the ovary [20]. Therefore,
the role(s) of important cytokines and chemokines released
from ovarian cells and other cells need to be more clearly
defined in relation to inflammation and cancer.

Conclusion

Based on these observations and considerations, we
propose that ovulation not only is similar to an inflamma-
tory response but also involves the expression and function
of molecules that exert potent roles in innate immune
responses. In this way granulosa cells and more specifically
cumulus cells appear to play immuno-protective-like
functions for the ovulated oocyte. Not only do cumulus
cells synthesize a HA rich matrix that serves as a physical
protective barrier around the oocyte, these cells also have
the potential to respond to external cues and release potent
cytokines and chemokines. There remains much to be
learned about the TLR pathway in the ovary and the ligands
that activate these receptors and therefore novel information
should emerge as more studies are done.
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