ABSTRACT

TYSON, AMY MICHELLE. Toll-like Receptors in the Bovine Corpus Luteum. (Under the
direction of Dr. Daniel H Poole).

Understanding of the mechanisms controlling the reproductive cycle will maximize
the sustainability of today’s animal industry. The corpus luteum (CL) is a transient endocrine
organ that forms after ovulation, controls the reproductive cycle, and is required for
maintenance of pregnancy. Toll-like receptors (TLR) are found in a variety of tissues and
mediate the immune response by recruiting cytokines during inflammatory-like processes.
Previous studies have demonstrated the role of immune cells within the CL. However, the
mechanisms regulating the cellular interactions within the CL remain largely unknown;
therefore, the objectives of this project were to examine TLR expression during the luteal
lifespan and in cultured luteal cells treated with TLR ligands. Bovine CL at various stages of
luteal development (stage I, days 1-4; stage I, days 5-10; stage Ill, days 11-17; stage IV,
days 18-21, and CL of pregnancy) were collected at a local abattoir. Luteal tissue was
immediately frozen in liquid nitrogen for RNA analysis. Polymerase chain reaction (PCR)
was used to detect TLR1-TLR4, TLR7-TLR8, and TLR10, TLR4 signaling components (MD2
and CD14), CD45 (a marker for leukocytes), and cytokine (TNF, IFNG, IL6, IL12, and
TGFp) mRNA expression. In addition, luteal cells from stage 111 CL (n=3) were dissociated
and cultured with TLR4 and TLR1/TLR2 ligands to evaluate TLR role in luteal function via
quantitative PCR. Preliminary data, using semi-quantitative PCR analysis, revealed
differential expression in TLR across CL stages. Expression of TLR1, TLR2, TLR4, and TLR6
MRNA through quantitative PCR was greatest in stage IV compared to other stages (p<0.05).

Progesterone concentrations measured via radioimmunoassay were decreased (p<0.05) at



stage IV reflecting an inverse relationship with TLR expression. Expression of MD2, CD14,
and CD45 was greatest at stage 111 compared to other stages (p<0.05). There was a
significant reduction in CD14 and CD45 expression from stage 111 to stage 1V (p<0.001).
Proinflammatory cytokine, TNF, IFNG, and IL12, expression was greatest in stage IV CL
compared to other stages (p<0.05), whereas IL6 expression was significantly greater in early
CL. Interestingly, no significant differences were observed in cytokine expression in cultured
luteal cells. These results may be attributed to other cell types within the heterogeneous
population of the CL providing the inflammatory response seen during luteolysis. Ultimately,
these data contribute to understanding the cellular and molecular actions of Toll-like

receptors and their role in luteal function and regression.
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REVIEW OF THE LITERATURE

Introduction

Fertility is essential for the dairy cattle industry. In a perfect world, a dairy cow
would have the ability to become pregnant immediately after the voluntary wait period
leading to maximal milk production and optimal profitability from both the offspring and
subsequent milk yield (Holaskova et al., 2004). Over the years, genetic selection for high
producing dairy cows has led to a subsequent decline in reproductive success. Estrous
synchronization protocols are commonly used in the dairy industry for easier herd
management and alignment of reproductive cycles to attempt to overcome this issue of
decreased fertility in dairy cattle.

Unfortunately, there are factors beyond the control of estrous synchronization
protocols that negatively impact the fertility of a dairy cow. In addition to physiological
demands of milk production, the cow must battle various environmental influences, such as
bacteria and other pathogenic invasions, all while trying to maintain a cyclic pattern of
normal reproductive health (Shimizu et al., 2012). Invasion of bacteria is a normal part of the
reproductive cycle and can ultimately impact overall health of the cow. Cattle are especially
susceptible to bacterial invasion during times of copulation or breeding and parturition
(Chotimanukul et al., 2011). Uterine contamination occurs at a rate of 90% after parturition
and costs the industry approximately $650 million per year in the United States (Cronin et
al., 2012). Infections are not just limited to the uterus but can occur in any part of the female

reproductive tract of cattle which leads to a bigger problem of infertility (Bromfield and



Sheldon, 2011). Mastitis or inflammation of the mammary gland is another major issue in the
dairy industry that ultimately impacts milk production and profitability (Lavon et al., 2010).
Research focused on the understanding of factors involved in maximizing fertility will allow
for capitalization of those factors to increase health and profitability in the dairy industry.

The key to maximizing fertility lies in the proper understanding of the corpus luteum.
The corpus luteum (CL) is an essential reproductive tissue that has a unique transient nature.
During a normal female reproductive cycle, follicles on the ovary are recruited, selected, and
undergo periods of growth. A dominant follicle will emerge from a pool of follicles and will
eventually ovulate based on hormonal influence from the luteinizing hormone (LH) surge.
After ovulation of the cumulus oocyte complex (COC), the remaining cells, namely the
granulosa and theca cells that surrounded the oocyte before ovulation, will differentiate by
undergoing luteinization. Other cell types will invade the ovulation site as vascularization
occurs and the pathway to building a functional CL begins (Senger, 2003).

The main function of the CL is to produce and secrete progesterone. Progesterone is
essential for the maintenance of pregnancy as well as for control of reproductive cyclicity.
The CL will reside on the ovary throughout pregnancy or, if no pregnancy occurs, will
continue until uterine pulses of prostaglandin F2, (PGF2.) are released. When uterine PGF»,
is released, the CL will undergo both functional and structural luteolysis. The regression of
the CL allows for the cycle of follicular growth to begin again (Senger, 2003). There are
many factors that affect both luteinization and luteolysis. Examples of some of these

effectors reside in the immune system.



The immune system is responsible for the body’s defense against pathogen invasion
in order to maintain homeostasis within the organism. The reproductive and immune system
are closely linked and operate in a cooperative manner in order to fight off harmful pathogen
invasion and to allow for normal reproductive processes, like fertilization and implantation.
Toll-like receptors (TLR) play a big part in control of innate immune mechanisms
responsible for fighting pathogen invasions and have been implicated in a number of
reproductive mechanisms and treatments (Kannaki et al., 2011). A greater understanding of
TLR and how they interact within the reproductive system, specifically the CL, would be
beneficial and would allow for improved and ultimately increased fertility, health, and

potential profitability.

Immune System

The first line of defense for any tissue against invasion of microorganisms is the
mucosal epithelial lining (Chotimanukul et al., 2011). This mucosal epithelial lining provides
a barrier and uses a secretory protective mechanism. The cells within the immune system
control this defense mechanism which serves as a way for an organism to defend itself in
varying ways against foreign pathogens. There are two branches of the immune system: the
innate immune response and the adaptive immune response that are responsible for branch
dependent responses to pathogenic invasion.

The innate immune response is the oldest and most ancient system of defense known.
It is the innate response that is responsible for the successive recruitment of the adaptive

immune response if the innate response cannot rid the organism of the foreign pathogen by



itself. The innate immune response is less specific and relies on the recognition of cell
surface molecules expressed by microbial organisms (Hickey et al., 2013; Shimizu et al.,
2012). This germ-line encoded pattern recognition is passed through maternal and paternal
genes and is responsible for interaction with and recognition of foreign pathogen-associated
molecular patterns (PAMP). The recognition of PAMP leads to a signaling cascade within
the cell that evokes an inflammatory response to fight the foreign entity. If this mechanism
fails to destroy the invading microrganism, the adaptive immune response is recruited in
hopes that the second branch of the immune system would be able to eradicate it (Shimizu et
al., 2012). The adaptive immune response has the capability to recognize specific pathogenic
components of microorganisms called antigens and uses more specific mechanisms, like the
used of antibodies, based on recognition of those antigens to rid the organism of foreign
entities and further threats.

During the fight against pathogens, cell lysis of the foreign molecules can induce the
release of further antigens from the cell walls of the foreign bacteria. This release will lead to
further inflammation and evoke successive immune responses (Stewart et al., 2003). There
are two different phases of the inflammatory response. Acute inflammation is the typical
inflammation that occurs after a laceration or abrasion. Chronic inflammation is a condition
that can persist for days to months and even years (Yang et al., 2011). The difference
between acute and chronic inflammation can be determined by the type of initial trigger (i.e.
Gram negative or gram positive bacteria) and the extent of the recruited immune response.
The immune system includes vital mediators of inflammation that allow for recruitment of

other immune cells, battling microbial invasions, and eradicating the source.



Macrophages and natural killer cells are two important mediators of innate immunity.
Other innate immunity mediators include: basophils, dendritic cells, eosinophils, mast cells,
and neutrophils. Macrophages are differentiated from monocytes that are recruited to the site
of inflammation (Yang et al., 2011). Macrophages are primarily responsible for phagocytosis
and the production of cytokines, chemokines, and other mediators but are also involved in
tissue remodeling (Wu et al., 2004; Yang et al., 2011). The production and secretion of
cytokines and chemokines by macrophages is a tightly regulated function (Wu et al., 2004).
Macrophages make up approximately 10% of leukocyte population in the female
reproductive tract and can be found throughout tissues of the reproductive system, such as
the ovary, uterus, oviduct, and mammary glands (Wu et al., 2004). The distribution of
macrophages is influenced by estrogen and progesterone and varies by tissue stage of the
estrous cycle (Wu et al., 2004; Yang et al., 2011). Macrophages play a role in the regulation
of ovarian function and in processes of inflammation. Shown in both the rat and the bovine
corpus luteum, monocyte chemoattractant protein is responsible for recruiting macrophages
to the corpus luteum during luteolysis (Penny et al., 1998; Townson et al., 1996). Ovarian
macrophages have the responsibility to remove apoptotic and degraded cells (Yang et al.,
2011).

Natural killer cells comprise 10-15% of circulating lymphocytes in blood and are
involved in all aspects of the immune system. Natural killer cells act by destroying host cells
that do not have “self” markers thus making them foreign to the organism. After
monocyte/macrophage invasion, natural Killer cells are typically recruited. As

characteristically large, granular lymphocytes, natural killer cells are involved in innate



responses and can act via inhibitory and killer activating receptors. They are significant for
the early production of inflammatory cytokines and chemokines, such as interferon gamma
(IFNG), tumor necrosis factor alpha (TNF), interleukin-8 (IL8), interleukin-10 (IL10), and
transforming growth factor beta (TGF). In bacterially-induced preterm labor in mice,
natural Killler cells from the uterus were shown to express TLR2, TLR3, and TLR4
suggesting the role of the innate system in reproductive processes (Yang et al., 2011).
Important immune system cellular mediators, like macrophages and natural killer cells, play

a role in detection of pathogens and abolition of the foreign microorganisms.

Pattern Recognition Receptors (PRR)

The detection of foreign molecules in the innate immune system is germ-line encoded
and thus passed down from generation to generation (Kawai and Akira, 2010). Because of
this method of inheritance, it is beneficial for the innate immune response to have a less
specific method of detection for these molecules. The lack of specificity can be attributed to
the pattern recognition receptors that are used within the immune system. Pattern recognition
receptors (PRR) can be found in serum, on cell surfaces, in endosomes, and in the cytoplasm
(Botos et al., 2011). Their widespread availability is advantageous to allow for greater range
of molecules to be recognized (Botos et al., 2011; Hickey et al., 2013).

Key members of the PRR family include TLR (toll-like receptors), NOD (nucleotide
binding oligomerization domain), RLR (RIG-I-like receptors), NLRs (Nod-like receptors),
and CARDs (caspase recruitment domains) (Kawai and Akira, 2010; Trinchieri and Sher,

2007). Pattern recognition receptors that are found on the surface of a cell act to induce



phagocytosis or the complement pathway, while intracellular PRR work to induce cytokines
and cellular apoptosis (Yang et al., 2011). Pattern recognition receptors are also involved in
other physiological maintenance processes like blood clotting and inflammation (Vahanan et
al., 2008). These families of PRR have been shown to work in cooperative fashion with the
immune system. Pattern recognition receptors can recognize a variety of structures such as

lipids, carbohydrates, peptides, and nucleic acids (Trinchieri and Sher, 2007).

Figure 1: Pathogen-Associated Molecular Pattern (PAMP) binding a pattern recognition

receptor (PRR) on immune cell.

(http://www.sabiosciences.com/pathway?7.php)

Pathogen associated molecular patterns (PAMP)
Like fitting two puzzle pieces together, the use of PRR requires the binding of

pathogen associated molecular patterns (PAMP), also known as pathogen-associated



molecules, for foreign ligand detection (Figure 1). Pathogen associated molecular patterns
are small molecular motif patterns that have been evolutionarily conserved, similar to the
PRR method of conservation in germ-line encoded sequences (Kawai and Akira, 2010; Yang
etal., 2011). PAMP can be composed of proteins, carbohydrates, lipids, nucleic acids, or
various combinations (Vahanan et al., 2008). The diversity of PAMP as ligands demonstrates
the wider recognition of a greater variety of molecules and foreign molecular structures
(Fazeli et al., 2005). Common group examples of PAMP include Gram-negative bacteria,
Gram-positive bacteria, RNA and DNA viruses, fungi, and protozoa (Chen et al., 2007).
More specifically, lipopolysaccharide, peptidoglycans, flagellin, bacterial DNA, and viral
double-stranded RNA are examples of commonly recognized PAMP (Kannaki et al., 2011).
The binding of PAMP with PRR sets off a chain reaction of intracellular signaling pathways
which eventually ends with initiation of an immune response via inflammatory mediators like

cytokines and chemokines produced through downstream signaling (Yang et al., 2011).

Toll-like Receptors
History
Initially thought to play a role in susceptibility to fungal infections, Toll receptors
were first discovered in Drosophila melanogaster (Kannaki et al., 2011; Verstak et al., 2007).
Toll receptors were found to provide resistance to both fungi and Gram-positive bacteria
while stimulating antimicrobial protein production in Drosophila to clear pathogenic
invasions (Trinchieri and Sher, 2007). Through the work on Drosophila, the discovery of Toll

receptors led to a better understanding of the mechanisms behind resistance to various



pathogens. Toll receptors were found to play an important role in the regulation of the innate
immune response and in recognition of bacteria, fungi, and viruses (Girling and Hedger,
2007; Kannaki et al., 2011).

Capitalizing on the potential ability to understand the regulation of the innate immune
system, exploration into homologous structures of Toll receptors in other species. This led to
the discovery of a similar family of transmembrane receptors in mammals (Figure 2). This
family of transmembrane proteins was termed “Toll-like receptors” (TLR) and has been
found in numerous species across the animal kingdom. Some of these species include
humans, mice, cows, pigs, sheep, birds, dogs, cats, and horses (Kannaki et al., 2011). In
contrast, activation of toll receptors tend to have more dramatic responses compared to the
homologous mammalian TLRs that have been demonstrated to have similar roles within the
organism (Trinchieri and Sher, 2007). In addition to insects and mammals, TLR have also
been found in plants suggesting an evolutionary importance to pathogenic resistance across
multiple biological systems (Verstak et al., 2007).

Of the mammalian TLR, 10 human (TLR1-TLR10) and 12 mouse TLR (TLR1-
TLR9, TLR11-TLR13) have been discovered (Kannaki et al., 2011; Kawai and Akira, 2010)
with TLR1-TLR9 present in both humans and mice. TLR11 is also present in both humans
and mice but is only functional in the mouse due to the addition of a stop codon in the
MRNA sequence of the human receptor that does not allow for translation into a protein in
the human (Aflatoonian and Fazeli, 2008; Chen et al., 2007). Conversely, TLR10 is only

functional in the human (Chen et al., 2007).



Due to the fact that TLR have high homology amongst species, the discovery of the
TLR in mice and humans led to the exploration of these sequences in other species.
Expression of TLR1-TLR10 have been identified in livestock species such as pigs, cattle,
sheep, goat, and avian species. Cattle TLR have been identified as having 95% sequence
homology for TLR 1-10 compared to human TLR. Figure 3 shows the similarity between the
human TLR2 and the bovine TLR2 structure. Additionally, TLR15 and TLR21 have been
discovered in avian species, suggesting that the mammalian genome has lost these receptors
during the evolutionary progression of the immune system (Kannaki et al., 2011). The
exploration of TLR in companion animals has led to evidence of TLR1-TLR9 in the cat and
TLR2, TLR4, TLR5, TLR7, and TLR9 in the dog (Kannaki et al., 2011; Silva et al., 2012).

Because of the role TLR appeared to play in the immune response, research first
focused on identifying expression of TLR on immune cells. Neutrophils, macrophages,
natural Killer cells, dendritic cells, B cells, and many other cell types have been shown to
have TLR expression (Fazeli et al., 2005; Yang et al., 2011). Different expression profiles of
TLR have been found on tissues throughout the body. VVahanan and colleagues (2008)
demonstrated the widespread expression of TLR in body tissues by examining TLR1-TLR10
expression on peripheral blood mononuclear cells (PBMNC), neutrophils, spleen, liver, lung,
heart, kidney, ovary, and uterus in water buffalos. Expression of TLR1 was found on
neutrophils, spleen, heart, lung, and liver. Intracellular TLR3 expression was lower than
other TLR expression profiles in tissues like the testes, lung, kidney, and skin with the
weakest expression found in the brain, trachea, PBMNC, and dendritic cells. Cell membrane

TLR (TLR2, TLR5, TLR6) along with the intracellular TLR9 were found in all cells and

10



tissues that were examined in the study. Intracellular TLR8 expression was not seen in the
kidney but was seen in all other tissues examined during Vahanan’s study. Similarly TLR10
was not seen in the heart nor the kidney but was prevalent throughout other tissue types in
the study (Vahanan et al., 2008). The prevalence of TLR expression in body tissues suggests
a conserved role of protection and maintenance.

In addition to immune cells, TLR were found on a diverse array of cell types, such as
endothelial cell, epithelial cells, astrocytes, and adipocytes (Fazeli et al., 2005; Hoareau et al.,
2010; Vahanan et al., 2008; Verstak et al., 2007). The focus of TLR research has changed
from simply proving the existence of TLR in various species to understanding the function

and actions of TLR and its impacts on cells and tissues.

The mammalian The Drosophila
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signaling pathway pathway
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Figure 15-4 Immunobiology, 6/e. (© Garland Science 2005)

Figure 2: Comparison of Toll Receptor and Mammalian Toll-like Receptors.

(http://www.bio.davidson.edu/Immunology/Students/spring2006/Kinsell/KyleProtein.htm)
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Human TLR2 Bovine TLR2

Figure 3: Comparison of Human TLR2 and Bovine TLR2.

(http://www.abdserotec.com/cow-bovine-toll-like-receptors-review.html)

Structure

Toll-like receptors have distinctive structural characteristics that are beneficial for
their function (Figure 4). They are part of the Type | transmembrane protein family
consistent with the N terminus end of the protein located on the extracellular or ectodomain
side, a trans-membrane spanning segment, and the C terminus end of the protein located on
the cytoplasmic side. The N terminal end is responsible for ligand binding and can be
anywhere from 550 to 800 amino acids in length (Botos et al., 2011). This portion of the TLR
is responsible for the distinctive toll-like receptor shape that resembles a horse-shoe and

accounts for the diversity seen amongst the TLR family. The leucine rich repeat (LRR) motif
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consists of 22-29 hydrophobic residues, which are responsible for PAMP recognition and
binding (Botos et al., 2011; Kannaki et al., 2011). Two horse shoe shaped extracellular
domain form a M-shaped dimer that is responsible for binding a single ligand for all TLR,
except for TLR4 which binds two ligands (Botos et al., 2011).

The transmembrane spanning portion of the protein is approximately 20 amino acids
in length and contains hydrophobic amino acid residues that allow for thermodynamically
favorable integration in the cellular membrane. The C terminus on the cytoplasmic side
contains another distinctive feature of the TLR family of proteins, the TIR (toll/IL-1)
domain. The TIR domain shares homology with the interleukin 1 (IL1) receptor family and is
responsible for signal transduction within the TLR family (Botos et al., 2011; Yang et al.,
2011). For signal transduction to occur, the TIR domain acts as a scaffold to allow for protein
to protein interactions, which then activates downstream signaling cascades (Chen et al.,
2007; Trinchieri and Sher, 2007). The TIR domain is approximately 160 amino acids in
length and consists of five beta sheets surrounded by alpha helices with connecting flexible
loops (O’Neill and Bowie, 2007). The conserved TIR domain has also been found across the
animal kingdom and even spans into the plant kingdom where it is similarly responsible for
protection against pathogens (Botos et al., 2011). The unique structural characteristics of

TLR aid in pathogen recognition and effective signal transduction throughout the cell.

13



Figure 4: TLR Dimer Structure. (Botos et al., 2011)

Types of TLR

Toll-like receptors can be categorized several ways. The first involves grouping based
on where the receptors are located (Figure 5). Cell membrane associated TLR include TLR1,
TLR2, TLR4, TLR5, TLR6, TLR10, and TLR11 (Kannaki et al., 2011; Kawai and Akira,
2010). The other TLR, namely TLR3, TLR7, TLR8, and TLR9, are found within the cell on
membranes of organelles (Kannaki et al., 2011). TLR7 and TLR9 specifically have been
found to be inducible on the endoplasmic reticulum when presented with ligands and can be

moved to endolysosomes, where the receptors can then be put into action (Kawai and Akira,
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2010). The difference in cellular locations plays an important role in the type of ligands that
are available to bind to the receptors.

The second grouping of TLR subfamilies involves classification of TLR based on
similar characteristics. One subfamily includes TLR1, TLR2, TLR6, and TLR10. TLRS,
TLR4, and TLR5 are each considered individual subfamilies. Intracellular TLR7, TLRS, and
TLR9 are grouped together in another subfamily. TLR11, TLR12, TLR13, TLR21, TLR22,
and TLR23 constitute the last subfamily that is seen in nonhuman species (Botos et al.,
2011). The grouping of subfamilies depends on ligands, structure, and location.

In order for TLR to function, receptors must form dimers. For TLR, both
heterodimers and homodimers are formed. The homodimer of TLR4 subunits is the most
researched TLR homodimer. The most common TLR heterodimer forms between TLR2 and
either TLR1 or TLR6. Another common intracellular heterodimer formed is TLR7/TLR8

(Aflatoonian and Fazeli, 2008).
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Figure 5: Overview of TLR. (http://www.sabiosciences.com/pathway7.php)
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Table 1: TLR Ligands (Chen et al., 2007)

Table 1
TLRs and ligands [3,30,36,45]
TLRs  Origin of ligands ligands
TLR1 Bacteria and Tri-acyl lipopeptide
mycobacteria
Neisseria meningitides Soluble factors
TLR2 Gram-positive Peptidoglycan (PGN)
bacteria
A varicty of Lipoprotein/lipopeptides
pathogens
Gram-positive Lipoteichoic acid
bacteria
Mycobactcria Lipoarabinomannan
Staphylococcus A phenol-soluble modulin
Trypanosoma Glycoinositolphospholipid
cruzi
Treponema Glycolipids
maltophilum
Neisseria Porins
Fungi Zymosan
Leptospira Atypical LPS
interrogans
Porphyromonas Atypical LPS
Host Hsp70
Host EDN
TLR3  Virus Double-stranded RNA
TLR4  Gram-negative Lipopolysaccharides (LPS)
bactcria
Plant Taxol
RSV Fusion protcin
MMTV Envelope proteins
Chlamydia Hsp60
pneumoniae
Host Hsp60, Hsp70
Host Type Il repeat extra domain A
of fibronectin
Host Oligosaccharides of hyaluronic acid
Host Polysaccharide fragments of
heparan sulfate
Host Fibrinogen
TLRS Bacteria Flagellin
TLR6 Mycoplasma Di-acyl lipopeptides
TLR7  Synthetic Imidazoquinoline
compounds
Synthctic Loxoribinc
compounds
Synthetic Bropiriminc
compounds
Virus Single-stranded RNA
TLR8  Synthetic Imidazoquinoline
compounds
Virus Single-stranded RNA
TLR9 Bacteria and CpG ODN
viruscs
Malaria Pigment hemozoin
TLR10 N.D.
TLR11  Toxoplasma gondi Profilin-like protcin

END: Eosinophil-derived ncurotoxin; Hsp: heat shock protein; CpG
ODN: CpG oligodeoxynucleotides; ND: not determined.

17



Ligands

Because TLR are part of the pattern recognition receptor (PRR) group, TLR can
detect a wider range of molecules (Table 1). Ligand binding is essential for TLR to function.
The lack of specificity seen in TLR ligands is attributed to the shape of the binding pocket on
the ectodomain of the receptor. The binding pocket is typically lined with hydrophobic amino
acid residues that allow for binding of long chain lipopeptides. The shape of the binding
pocket also varies among species. As a general rule, TLR that are found on the plasma
membrane (TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10) can detect microbial products.
TLR that are found inside the cell on the membranes of organelles (TLR3, TLR7, TLRS, and
TLR9) typically detect nucleic acids (Botos et al., 2011).

Lipids containing PAMP bind to TLR2 subunits and dimerize with either TLR1 or
TLR6. A wider variety of ligands is able to be recognized through TLR2 because of its
ability to form a heterodimer structure with other TLR (Botos et al., 2011). TLR1/TLR2
heterodimers bind triacylated lipopeptides while TLR2/TLR®6 bind diacylated lipoproteins
and peptidoglycans (Aflatoonian and Fazeli, 2008; Botos et al., 2011). Specific examples of
TLR2 ligands include mycobacteria, gram-positive bacteria, lipoteichoic acid, and
Pam3CysSerLys4 (Pam4) (Aflatoonian and Fazeli, 2008; Botos et al., 2011).

Ligands for TLR3 include RNA from double-stranded viruses and commonly Polyl:C
which acts as a viral mimic (Aflatoonian and Fazeli, 2008; Kawai and Akira, 2010). These
ligands indicate the presence of viral infections and induce the antiviral specific immune
response. When TLR3 is stimulated with polyl:C, both type I interferons and inflammatory

cytokines are produced (Kawai and Akira, 2010).
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Toll-like receptor 4 was one of the first TLR that was identified based on homology
between the Toll receptor sequence of Drosophila in 1997. A wider range of TLR4 ligands
has been discovered, which include mycobacterial components, lipid A analogs, cryptococcal
capsule, aspergillus hyphae, respiratory synctical virus protein F, heat shock proteins, and
fibronectin. The most common TLR4 ligand is lipopolysaccharide (LPS) which is a
component of gram-negative bacteria cell wall (Aflatoonian and Fazeli, 2008).

Less is known of the other TLR ligands. Bacterial flagellin is a ligand for TLR5 and
has been found highly expressed in the gut. Sharing ligands, TLR7 and TLR8 recognize
RNA from single stranded viruses and anti-viral components ( Aflatoonian and Fazeli, 2008;
Botos et al., 2011). Toll like receptor 9 also recognizes nucleic acid ligands, similar to TLR7
and TLRS, that are commonly found in prokaryotic genomes and viral DNA. TLR10 is
highly homologous to TLR2, as well as TLR1 and TLR6. This homology would suggest the
use of similar ligands but to date no specific ligand or function has been discovered
(Aflatoonian and Fazeli, 2008). The nonfunctional human TLR11 is expressed in epithelial
bladder cells and a molecule derived from Toxoplasm gondii, a common uropathogenic
bacteria, functions as the ligand to TLR11 (Aflatoonian and Fazeli, 2008; Kawai and Akira,
2010; Yangetal., 2011). A summary of TLR and their common ligands can be seen in
Figure 6.

More recent research has found that TLR also commonly respond to endogenous
ligands. Although there are conflicting opinions on the actions of these ligands, these ligands
are thought to detect danger signals from cells (Chen et al., 2007; Keough et al., 2011). These

danger signals have been called DAMP (danger associated molecular patterns) that are used
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in addition to PAMP to detect pathogens on other host cell products (Keough et al., 2011).
Examples of endogenous ligands include antimicrobial peptides, reactive oxygen species,
fibrinogen, heat shock proteins, beta defensins, heme, necrotic cells, hyaluronic acid
oligosaccharides, fatty acids, hyaluron, and proteins that are released from dying cells (Chen
etal., 2007; Kannaki et al., 2011; Kawai and Akira, 2010; Verstak et al., 2007). These
signals are released during times of stress and trauma such as burns, cold, radiation, tumors,
chemical insults, lack of oxygen or nutrients, etc. and are indicated in playing a role in

inflammation (Trinchieri and Sher, 2007; Yang et al., 2011).
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Figure 6: TLR Signaling Pathways and TLR Common Ligands

(O’Neill and Bowie, 2007)
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TLR4 Ligand- Lipopolysaccharide

Lipopolysaccharide (LPS) is a component from the outer cell wall of Gram-negative
bacteria (Botos et al., 2011; Verstak et al., 2007). The structure of LPS consists of a
glycolipid head, hydrophilic polysaccharide protein, and a hydrophobic domain named Lipid
A (Verstak et al., 2007). Lipopolysaccharide is the most commonly known ligand for TLR4,
which was first identified based on homology between Toll receptor in Drosophila and the
mammalian TLR4 sequence, along with supporting evidence from the action of NFxB
activation and the induction of cytokine expression (Aflatoonian and Fazeli, 2008). Toll-like
receptor 4 also has a coreceptor named MD2, which is responsible for binding both the
extracellular domain of TLR4 and the hydrophobic portion of LPS (Botos et al., 2011). The
ligand, LPS, requires the use of a LPS-binding protein (LBP) and CD14 which are
responsible for delivering LPS to the receptor. The binding protein for LPS can be found in
serum, while CD14 and MD2 can be in either soluble or cell/TLR bound state (Chen et al.,
2007). Once LPS is loaded to TLR4 bound MD2, the TLR4 signaling complex is complete
and a signal is then able to be transferred within the cell to elicit an inflammatory response
via the transcription of cytokines (Botos et al., 2011).

The severity of the inflammatory response from LPS binding depends on the number
of chains within the Lipid A portion of the LPS molecule. Five chains in the lipid A portion
stimulates a 100 fold lesser response compared to the optimal six chain Lipid A (Botos et al.,
2011). Increased LPS concentrations have been found in cows with uterine infection
resulting in disruption of the LH surge and ultimately failure of ovulation in cattle. It has also

been suggested that LPS may play a role in suppression of estradiol production from
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granulosa cells of growing follicules. This suppression of estrogen would ultimately affect
the preovulatory surge of LH, as well as resulting in a further disruption of the estrous cycle
(Shimizu et al., 2012). Ranges of LPS in bovine follicular fluid of normal cattle range from
0- 0.8ng/ml while cattle with observed clinical endometritis had ranges of LPS from 4.3-
875.2 ng/ml (Herath et al., 2007).

Toll-like receptor 4 and adaptor molecules were examined in human endometrium
samples by Hirata and colleagues. Messenger RNA expression of TLR4 and adaptor
molecules was present in both endometrial epithelial cells and endometrial stromal cells
though endometrial stromal cells showed stronger expression over epithelial cells. Protein of
TLR4 was examined and found in both grandular and luminal epithelial cells. When treated
with LPS, an increase in IL8 (Interleukin-8) was seen in endometrial stromal cells while
incubation with an LPS inhibitor abolished IL8 secretion. Treatment of LPS with the addition
of soluble CD14 (sCD14) led to an increase of IL8 from endometrial epithelial cells. IFNG
treatment also led to increased IL8 secretion and upregulation of TLR4 and adaptor protein
MRNA expression. The results of Hirata’s study conclude that TLR4 expression is seen
concurrently with expression of adaptor molecules. There is also a potential for TLR4 to be
regulated based on the amount of sSCD14 which can serve as a step to control and or avoid

unnecessary inflammation that can be triggered (Hirata et al., 2005).

TLR2 Ligands -Pam3CSK4 (Pam4) and PGN (Peptidoglycan)
After TLR4, the second most characterized TLR is TLR2. TLR2 can exist in both

homo- and heterodimer states. The most common heterodimers are TLR1/TLR2 and
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TLR2/TLRG6. Both dimer types have different ligands. Differential use of ligands allows for
researchers to isolate functions of specific dimer subunits. The two most common ligands for
TLR2 are Pam3CSK4 (Pam4) which is a ligand for the TLR1/TLR2 dimer and peptidoglycan
(PGN). The synthetic ligand, Pam4, is a TLR1/TLR2 ligand that is commonly used in
laboratory settings to conduct TLR experiments.

To study a more in vivo model of TLR function, several studies have focused on the
effect of a natural ligand for TLR2, PGN. Similarly to LPS, PGN is a component of bacteria
found in gram positive species. By examining PGN and LPS treatments, one can compare
and contrast immune responses to both gram positive and gram negative bacteria to gain a
better understanding of how TLR response to immune challenges. Results have shown that
peptidoglycan does stimulate the immune system (Stewart et al., 2003). Responses to this
stimulation include inflammation, fever, leukocytosis, hypotension, decreased peripheral
perfusion, malaise, sleepiness, and arthritis, which are all due to the recruitment and

involvement of inflammatory mediators (Holaskova et al., 2004).

Toll-like Receptors in the Immune System

The highly conserved structure of TLR between species in the animal kingdom allows
for a conserved role and function of TLR. Toll-like receptors have been shown to play roles
in various physiological mechanisms such as in respiration, immune responses, and
reproduction. For example, TLR4 has been found to be involved with recognition of
respiratory synctical virus fusion proteins, mouse mammary tumor virus envelope proteins,

and autoimmune diseases. (Kawai and Akira, 2010).
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The main role of TLR is to provide host-specific immunity to pathogen invasion
(Chotimanukul et al., 2011). By recognizing pathogens, TLR are involved in the innate
immune system and play a role in inducing the response of the adaptive immune response
(Chen et al., 2007; Silva et al., 2012). This induction occurs via the recruitment of dendritic
cells and triggers antigen-specific responses of the adaptive immune system (Chen et al.,
2007; Kannaki et al., 2011). Stimulation with TLR has shown both direct and indirect effects
on functions, cell-cell contact, and cytokine requirements (Eriksson et al., 2006b). Toll-like
receptors have been found in different combinations with other members of the PRR family
on immune cells suggesting the role of tissue-specific defense responses (Trinchieri and
Sher, 2007).

Additionally, TLR play a role in the protection, maintenance and integrity of tissues
within the organism (Aflattoonian and Fazeli, 2008; Chotimanukul et al., 2011). Through the
use of endogenous ligands, TLR also serve to detect the endogenous danger signals that are
sent from cells that are under stress and to rid the host of pathogenic invasion by inducing
production of excessive pro-inflammatory cytokines (Keough et al., 2011). This production
leads to inflammation and if not stopped, can lead to tissue damage (Chen et al., 2007).

As depicted in Figure 7, toll-like receptors have been found on macrophages, natural
killler cells, epithelial cells, phagocytic cells, and dendritic cells and have been shown to play
a role in the excessive signaling mechanisms for proinflammatory cytokines (Trinchieri and
Sher, 2007; Yang et al., 2011). TLR expression profiles differ based on classes of immune
cells that result in tissue-specific activation (Trinchieri and Sher, 2007). Signaling of TLR

has also been shown to be regulated at the hormonal level to shift from inflammatory to
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immunosuppressive. For example, progesterone has been shown to regulate TLR-mediated
immune responses by macrophages (Yang et al., 2011). Progesterone mediates an anti-
inflammatory response which makes an organism more susceptible to foreign pathogen
invasion (Chotimanukul et al., 2011). It does so by inhibiting TLR-mediated NF«B activation
via both glucocorticoid receptor and progesterone receptor (Yang et al., 2011). Conversely,
estrogen has also been shown to regulate macrophage and other leukocyte recruitment
(Chotimanukul et al., 2011).

The loss of negative regulation of TLR leads to aberrant signaling which in turn
causes inappropriate recognition of self proteins as foreign antigens and therefore leads to
excessive inflammation and autoimmune diseases (Kannaki et al., 2011; Verstak et al.,
2007). TLR in the immune system have been linked to a number of autoimmune diseases,
chronic inflammatory conditions, and infectious diseases (Chen et al., 2007). Diabetes,
asthma, rheumatoid arthritis, Alzheimer’s disease, atherosclerosis, inflammatory bowel
disease, systemic lupus erythematosus (SLE), and sepsis syndrome are examples of aberrant
TLR signaling (Chen et al., 2007; Keough et al., 2011; Verstak et al., 2007).

Developments in the understanding of TLR function has led to the possibility of TLR
in the field of therapeutic medicine. Toll-like receptors can potentially serve as adjuvants in
vaccine development to treat asthma, rheumatoid arthritis, atherosclerosis, inflammatory
bowel disease, systemic lupus erythematosus (SLE), and sepsis syndrome and can also serve
as agonist or antagonist for treatments of other autoimmune diseases. The prospect of
blocking TLR function by using TLR antagonists in order to stop development of severe

chronic inflammatory diseases is one main focus of research today (Verstak et al., 2007).

25



TLR1, 2. 4,5, 6,
TLAY. 2, 9.10 LR,
6.10 VIV YRy
TLR1,2. 4 v : -l
b

J

TLR1.2.6,10

4.5
TLR1,2.4,5,
6.9,10
TLR1. 2 TLR1, 2.3,
4,.8,7,
8.9,10
TLR1. 4,86,
7.9.10
TLA1, 4
Funonl TiR1 4.6 (R TLR1,3,4
Bacterial 810
Viral

Figure 7: Summary of TLR Expression on Immune Cells.

(http://www.rndsystems.com/MiniReview_MRO04_TollLikeReceptorFamily.aspx)

Signaling Pathways

In order for TLR to carry out their function, a signal must be transduced across the cel
membrane to elicit a change within the cell. The general mechanism of TLR signaling begins
with initial TLR ligand binding on the ectodomain or extracellular portion of the receptor.
When the appropriate ligand binds, the receptor becomes activated. A proposed theory of
receptor activation states that the TLR dimers may be pre-assembled in a low affinity state
before ligand binding occurs. Once bound, the ligand induces a conformational change that
brings the two TIR domains of both respective subunits in the cytoplasm together. The
joining of the two TIR domains forms a platform that allows for recruitment of essential
adaptor proteins (O’Neill and Bowie, 2007). This activation allows the message to be

conveyed from the outside to the inside and results in further downstream signaling to
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activate various regulatory molecules within the cell such as protein kinases, transcription
factors, proinflammatory cytokines, anti-inflammatory cytokines, adhesion molecules, and
chemokines (Chen et al., 2007; Kannaki et al., 2011; Verstak et al., 2007).

There are two different TLR signaling pathways known: the MyD88-dependent
pathway and MyD88-independent pathway (Figure 8). Both pathways involve essential
adaptor proteins and downstream cascade activation of MAPKSs (mitogen-activated protein
kinases) and NF«B (nuclear factor kappa B) (Chen et al., 2007). Examination of the essential

adaptor proteins is necessary to understanding the mechanism of TLR signal transduction.
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Figure 8: Toll-like Receptor Signaling Pathways. (Kawai and Akira, 2010)
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Adaptor proteins/Transcription factors

Nuclear factor kappa B is a transcription factor that is stimulated by TLR signaling to
initiate transcription of inflammatory mediators. It cannot be stimulated without the
appropriate adaptor proteins. Adaptor proteins used in TLR signaling are also known as
cytosolic TIR-containing proteins. The presence of the TIR domain allows for binding to the
cytosolic portion of the TLR to continue the transduction of the original signal. Five different
cytosolic adaptor proteins are known to be used in TLR signaling. These are MyD88,
Mal/TIRAP, TRIF, TRAM, and SARM (Fazelli et al., 2005; Kawai and Akira, 2010;
Verstak et al., 2007). The use of different adaptor proteins may be cell and species specific

but they all share the same goal in aiding TLR signaling (Chen et al., 2007).

Nuclear factor kappa B

Nuclear factor kappa B (NF«kB) consists of a either a homodimer or heterodimer of
the subfamily of Rel proteins. The heterodimer of a p50 and RelA (p65) subunits is the
predominant form. It is typically found in the cytoplasm bound by IkB, an inhibitory protein,
until 1kB is degraded and NF«B is released to induce gene expression. The inhibitory protein
IkB becomes phosphorylated and subsequently degrades in response to proinflammatory
signals such as TNF (Gupta et al., 2005).

The end transcription factor in TLR signaling is NF«B. The essential NFxB
transcription factor is primarily responsible for inflammatory cytokine regulation in TLR
mediated pathways. NF«kB also regulates prostaglandin production. Activation of NFkB

occurs in two different temporal waves. The first wave occurs during direct MyD88 activity

28



via the IKK complex pathway. The second wave is a delayed response and acts through an
autocrine mechanism to produce TNF. The delay in the second NF«B activation is due to the
TRIF activation of IRF3 (O’Neill and Bowie, 2007). Examination of NFkB expression is a
common method to prove TLR functionality because its production is the direct end product

of successful TLR signaling.

MyD88

Myeloid differentiating factor 88 (MyD88) is an adaptor protein approximately 296
amino acids in length (Verstak et al., 2007). It was initially discovered as a myeloid precursor
that was produced in response to IL6 production (O’Neill and Bowie, 2007). Upon further
research, MyD88 was also found to be involved with IL1 and IL18 production (Verstak et al.,
2007). The common adaptor protein, MyD88, is now known to be involved in all TLR
signaling except for TLR3 (Kawai and Akira, 2010; O’Neill and Bowie, 2007; Verstak et al.,
2007). It is also used in signaling with the interleukin-1 receptor (IL1R) and its receptor
families (O’Neill and Bowie, 2007; Verstak et al., 2007). Downstream signaling of MyD88
activates nuclear factor kappa B (NFxB) and mitogen-activated protein kinases (MAPK)
(Kawai and Akira, 2010). The adaptor protein, MyD88, is important for the proinflammatory
response and has been shown to produce IL6, TNF, IL1, and IL8. All of which are all

considered to be proinflammatory cytokines (Verstak et al., 2007).

29



TRIF (TIR-domain containing adaptor protein inducing /FNp)

TIR-domain containing adaptor protein inducing interferon beta (TRIF) is used by
TLR3 and TLR4 exclusively in the MyD88-independent pathway (O’Neill and Bowie,
2007). Used as an adaptor in the alternative TLR signaling pathway, TRIF mediates both

type | interferon and inflammatory cytokine production (Kawai and Akira, 2010).

TRAM (TRIF-related adaptor molecule)

A second adaptor used in the MyD88-independent pathway is TRIF-related adaptor
molecule (TRAM) (O’Neill and Bowie, 2007). TRAM plays a similar sorting adaptor role as
MyD88-adaptor like protein in the MyD88-dependent pathway (O’Neill and Bowie, 2007).
Consisting of 235 amino acids, TRAM is a small TIR-containing protein that is membrane
associated (O’Neill and Bowie, 2007; Verstak et al., 2007). TRIF-related adaptor molecule is
thought to function exclusively with TLR4 when it interacts with TRIF as a bridging adaptor
(O’Neill and Bowie, 2007). It is essential for TNF, IL6, CD86, IRF3-dependent genes, and
late activation of NFxB (O’Neill and Bowie, 2007). Together with TRIF, TRAM acts to
regulate transcription of IFN-f, cytokines, and chemokines (Verstak et al., 2007).

When mice were deficient in TRAM, responses to LPS treatment were more severely
impaired than mice deficient in TRIF (O’Neill and Bowie, 2007). Lack of phosphorylated
TRAM also showed a severe impairment of function (O’Neill and Bowie, 2007). In specific
TLR4 signaling, TRAM deficient mice showed no cytokine production demonstrating that

TRAM is essential for TLR4 MyD88-independent signaling (Verstak et al., 2007). Further
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studies are needed to explore the mechanisms behind TLR4 recruiting TRAM over Mal and

vice versa in different situations (O’Neill and Bowie, 2007).

Mal (MyD88-adaptor like)

MyD88-adaptor like protein (Mal) is also known as TIRAP (TIR domain containing
adaptor protein) (O’Neill and Bowie, 2007; Verstak et al., 2007). MyD88 and Mal have
several important differences. The N-terminal portion of Mal is 75 amino acids shorter and it
also lacks a death domain that is present in MyD88. Like the other adaptor proteins, Mal acts
to induce NF«B activation and portrays differential signaling. It is a 235 amino acid protein
that is very similar to MyD88. The TIR domain of Mal is located at the carboxy terminal end
residues of 72 to 235 (Verstak et al., 2007). As an adaptor protein, Mal is responsible for
recruiting MyD@88 to the TLR TIR domains and acts as the bridging protein in the MyD88-
dependent pathway (Kawai and Akira, 2010; O’Neill and Bowie, 2007).

The function of Mal was clearly demonstrated in Mal-deficient mice showing no
TLRA4 cytokine signaling, despite levels of IL1 and TLR9 remaining normal. In the same
study, TLR2 was severely affected in comparison to TLR4. The use of more than one
pathway for TLR4 was suggested to be the reasoning behind this observation (O’Neill and
Bowie, 2007). Mal has been shown to be important for the early immune response to LPS
and for induction of antimicrobial peptides in the lung. Overexpression of Mal leads to
induction of NFkB, MAPK, C-jun N-terminal kinase, and p38 in human embryonic kidney
cells (O’Neill and Bowie, 2007; Verstak et al., 2007). Careful regulation of the signaling

molecules in the TLR mediated pathway are needed for proper TLR functioning.
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SARM (Sterile alpha and armadillo motif containing protein)

Sterile alpha and armadillo motif containing protein (SARM) is the most recently
discovered adaptor protein, though it is the most evolutionarily ancient in the role of TLR
signaling (O’Neill and Bowie, 2007). It is 690 amino acids in length and has a C-terminus
TIR domain. The two sterile alphas motifs (SAMSs) are responsible for mediating protein to
protein interactions and the one armadillo repeat motif (ARM) mediates interaction of B-
catenin within the structure with its ligand to form a structural complex with other proteins
(Verstak et al., 2007). Sterile alpha and armadillo motif containing protein was first found in
Drosophila and is known to be a negative regulator of NFxB and IRF activation by
interfering with TRIF function (O’Neill and Bowie, 2007). The exact mechanism of

inhibition is not yet proven (Verstak et al., 2007).

Cytokines

NF«B-induced transcription of small 15-60 kilodalton proteins, known as cytokines,
are the end result of TLR signaling pathways (Wu et al., 2004). Cytokines act locally to
mediate inflammation, leukocyte recruitment, angiogenesis, proliferation and differentiation,
along with other immune processes (Hickey et al., 2013; Wu et al., 2004). Figure 9 shows a
depiction of the bidirectional communication via cytokine mechanisms between tumor cells
and immune cells. Specifically in TLR signaling, cytokines allow for recruitment and
activation of immune cells and antimicrobial peptides to either directly or indirectly kill or

neutralize foreign pathogens. Examples of cytokines that are synthesized include TNF, IL9,
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IL12, IL13, and IL6 (Hickey et al., 2013). TNF, GM-CSF, IL12, IL1p, and I1L18 are a few of
the proinflammatory cytokines. Examples of anti-inflammatory cytokines include IL10 and
TGFp (Zhang et al., 2010).

Cytokine expression profiles were shown to change during different times in the
estrus cycle. Cytokines, chemokines, and AMPs were show to drop mid-cycle in both the
cervix and vagina while uterine cytokines and defensins production was higher at proestrus
and estrus compared to diestrus (Hickey et al., 2013). Experimental infections were shown to
induce synthesis of pro-inflammatory cytokines and prostaglandins that led to abortions.
Cytokines are essential for communication between cells and for the mediation of immune

responses.
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Figure 9: Cytokine Mechanism of Bidirectional Communication.

(http://www.jci.org/articles/view/31537/figure/1)

TNF
Tumor necrosis factor alpha (TNF) is a proinflammatory cytokine that was first

discovered to be released from macrophages and serve as a mediator of tumor death
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(Sakumoto et al., 2000). As a 17 kilodalton non-glycosylated protein, TNF has been shown to
stimulate the immune response, regulate cell differentiation, and play a role in tissue
structuring and renewal (Okuda et al., 2003; Stewart et al., 2003). Tumor necrosis factor
alpha has been found in natural killer cells, follicles, granulosa and theca cells (Okuda and
Sakumoto, 2003). Presence of TNFR (TNF receptor) confirmed that TNF plays an important
role in regression of the corpus luteum by stimulating prostaglandin F», production. It is also
involved in the regulation of gene transcription through NF«B activation shown in the rat,
pig, human, and cow (Gupta et al., 2005; Sakumoto et al., 2000). The presence of TNF in the
female reproductive tract supports the concept that TNF can influence the development and
regulation of follicles as well as serve as an influential factor during the ovulation process
(Eriksson et al., 2006a; Okuda et al., 2003). Involved in the regulation of steroidogenesis and
protein secretion in granulosa and theca cells, TNF acts with TACE (TNF alpha converting
enzyme) to control the regulation of TNF production and to produce local secretion of TNF
(Sakumoto et al., 2000). The cytokine TNF plays a role in inhibition of progesterone
production in luteal cells (mouse, pig, and cow) and stimulates prostaglandin synthesis by
bovine luteal cells (Okuda and Sakumoto, 2003; Sakumoto et al., 2000).

The TNF family has two different types of receptors: TNFRI and TNFRII (Sakumoto
et al., 2000). Tumor necrosis factor receptor | (TNFRI) mediates cell survival and cell death
signals while TNFRII mediates cell survival signals (Gupta et al., 2005). Binding of TNF
receptors is based on concentrations of TNF. When concentrations of TNF are low, TNFRI is
preferentially bound. Conversely, when concentrations of TNF are high, TNFRII is bound.

The dose dependent binding of TNF receptors plays an important role in influencing the
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lifespan of a critical organ for female reproduction, the corpus luteum (Skarzynski et al

2008).

TGFp

Transforming growth factor beta (TGFp) is an anti-inflammatory cytokine that
regulates immune functions and is responsible for clearance of intracellular pathogens
(Eriksson et al., 2006a; O’Neill and Bowie, 2007). The actions of TGFf have been shown to
be environment specific. It plays a significant role during embryonic development, regulation
of cell growth, adult tissue maintenance and wound healing, differentiation processess,
extracellular matrix stability, and apoptotic processes (Guo and Wang, 2009; lzzi and
Attisano, 2004; Maroni et al., 2011). In the realm of reproductive physiology, TGFp was
shown to be recruited by the luteolytic agent, PGF,,, to play a role in luteal regression by
causing destruction of the microvasculature in the corpus luteum during luteolysis (Maroni et
al., 2011). In the porcine CL, TGFp was proposed to play a role during luteinization
(Sriperumbudur et al., 2010). Transforming growth factor f is found in high levels in serum
and in tissues with three different isoforms. It is commonly found in its inactive form in
extracellular matrix or cellular surfaces and is widely secreted and processed from its
inactive form to its active form (Eriksson et al., 2006a).

Eriksson and colleagues (2006a) explored the role of TGF on TLR signaling in
human uterine natural killer cells. Results showed that TGFp inhibited TLR-mediated
activation of uterine natural killer cells when treated with polyl:C, zymosan, and

peptidoglycan. This led to the conclusion that TGFp plays an important part in the regulation
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of the innate immune response within the female reproductive tract (Eriksson et al., 2006a).
An additional study found that TGFp plays a role specifically in inhibiting TLR4 signaling
and promoting the degradation of MyD88 (O’Neill and Bowie, 2007). Treatment of mouse
intestinal epithelial cells with TGFp clearly demonstrated the role of TGFp in TLR signaling
(Guo and Wang, 2009). The study found that TGFf treatment downregulated TLR2 protein
activity and thus led to decreased NF«B production and decreased IL6 production providing

evidence supporting the anti-inflammatory nature of the cytokine (Hu and Ivashkiv, 2009).

IFNG

Interferon gamma (IFNG) is part of the interferon family of cytokines that are
produced and released in response to pathogen invasion. Type Il interferons, like IFNG, are
structurally different than type I interferons like IFNB (Parham, 2009). IFNG is released
primarily by white blood cells but can be released by other cell types as well (Chotimanukul
etal., 2011; Yang et al., 2011). As a mediator for the immune system, IFNG is produced by
both the innate and adaptive immune responses. Natural killer cells mature to produce IFNG
and TNF (Yang et al., 2011). Clearance of intracellular pathogens and activation of immune
defense pathways are functions of IFNG (Eriksson et al., 2006a). IFNG has also been shown
to play a role in activation of macrophages, inflammation, host defense, and tumor
recognition (Hu and Ivashkiv, 2009). Expression of TLR4 was shown to be upregulated by
IFNG in leukocytes within the endometrium (Hirata et al., 2005).

Excessive IFNG production is also associated with the development of autoimmune

diseases and chronic inflammatory conditions (Eriksson et al., 2006). Because of this, IFNG
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production must be kept under tight regulation to limit inflammatory tissue damage (Eriksson
et al., 2006a); Hu and Ivashkiv, 2009). Interferon gamma also has the ability to prime the
immune response by increasing macrophage responsiveness, which leads to a greater TLR-
mediated induction of proinflammatory cytokines and chemokines (Hu and Ivashkiv, 2009).
Proinflammatory cytokines, TNF and IFNG, were shown to increase cell death by increasing
production after stimulation with IFNG (Hojo et al., 2010; Petroff et al., 2011). IFNG
upregulates TNF receptors which may increase sensitivity of cells to TNF (Petroff et al.,
2011). Expression of pro-inflammatory cytokines like IFNG, TNF, and IL1-3 were also
shown to regulate steroidogenic and luteolytic processes in the female reproductive system

(Neuvians et al., 2004).

IL6

Interleukin-6 (IL6) is a classical proinflammatory cytokine (Cronin et al., 2012). In
the innate immune response, IL6 has a systemic effect by causing fever and induction of
acute-phase proteins to combat foreign pathogens. IL6 also plays a role in the differentiation
of B cells to plasma cells that will eventually secrete antibodies (Parham, 2009). When
endometrial epithelial cells were treated with ultrapure LPS, IL1B, IL6, and IL8 mMRNA
expression was increased along with IL6 protein expression. Endometrial stromal cells also
showed IL6 and IL8 protein was increased with LPS stimulation. This study confirmed the
role that MyD88 and TLR4 had for recognition of LPS as a ligand. It resulted in reduced
IL1B, IL6 and IL8 mRNA and protein in LPS treated cells (Cronin et al., 2012). Turner and

colleagues (2014) examined populations of epithelial and stromal cell in the endometrium
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with a focus on the bovine species. Increased IL6 and IL8 was seen in the supernatant of
purified cells treated with TLR ligand treatments. The functionality of TLR in cell
populations was proven by existence of phosphorylated components of the NFkB pathway

that are necessary for TLR function (Turner et al., 2014).

IL12

Interleukin-12 (IL12) is an important determinant in differentiation of lymphocytes in
the immune system. IL12 is a major activator of natural killer cells and influences those
natural Killer cells to produce another inflammatory cytokine, IFNG (Parham, 2009), Yang et
al., 2011). In the case of a defective IL12 receptor, there is no positive enhancement from
IL12 to allow the activation of natural killer cells which is needed for IFNG secretion. This

deficiency leads to susceptibility to bacterial infections (Parham, 2009).

TLR in Reproductive Physiology
The immune system has considerable overlap with the reproductive system in control
of immune mediated responses that are key to allow for reproduction to occur, such as
fertilization and implantation. Toll-like receptor signaling has been implicated in both male
and female reproductive systems in critical reproductive processes like spermatogenesis,
ovulation, and steroidogenesis. Infections of the reproductive tract result in disruption of
these normal reproductive mechanisms causing infertility due to uterine damage or disruption

of the ovarian cycle and overall endocrine system (Herath et al., 2006, 2007, 2009).
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As seen with the varying functions of TLR signaling in the immune system, TLR are
responsible for a wide variety of functions in the reproductive system. E. coli is the most
common pathogenic bacteria that can be attributed to cases of reproductive tract infections
and is especially evident in cases of clinical uterine disease and mastitis that are commonly
seen in cattle (Herath et al., 2006). E. coli’s detrimental effects can be attributed to the
recognition of the component, LPS. Since the initial discovery, TLR have been implicated in
nearly every aspect of reproduction by acting either directly or indirectly on reproductive

tissues and processes (Fazeli et al., 2005).

Male Reproductive Physiology

The goal of the male reproductive tract is for the manufacture and transport of
spermatozoa for the potential interaction with an oocyte in the female reproductive tract
resulting in fertilization and the creation of offspring. Major components of the male
reproductive tract include paired testes, epididymides, vas deferentia and accessory sex
glands. Expression of TLR1- TLR10 have been found in the major components of the male
reproductive tract of both humans and lab mice (Girling and Hedger, 2007; Kannaki et al.,
2011). TLR are also involved in the processes of spermatogenesis and steroidogenesis in
normal animals and in response to bacterial challenges. Lipoolysaccharide was shown to
stimulate Sertoli cell production of inflammatory cytokines like IL6 (Kannaki et al., 2011).

In order to carry out its function, spermatozoa must be manufactured to protect semen
from the inflammatory conditions that it will meet during the semen’s path to fertilization.

Spermatozoa must be able to adapt to the changing environment of the female reproductive
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tract, which is working to protect against foreign materials by inducing inflammation and
creating a hostile environment for the ascending spermatozoa. Ironically, after spermatozoa
have traversed the female reproductive system, the immune system creates a lesser and more
hospitable inflammatory response to allow for the establishment of fertilization and
subsequent implantation (Dow et al., 2010).

Sperm have been shown to stimulate TLR signaling in cumulus cells from ovulated
cumulus oocyte complex (COC) by stimulating release of small hyaluronan fragments. These
hyaluronan fragments play a structural role in the ovulated COC. Sperm activate these cells
by releasing small fragments which bind to TLR receptors to activate the NFxB pathway and
signal production of cytokines. These cytokines in turn work to increase fertilization by
aiding in sperm capacitation and fertilization. This series of events suggests a method of
communication between the male and female systems in a cooperative manner to enhance

fertilization processes (Shimada et al., 2008).

Female Reproductive Physiology
For females to be reproductively successful, they must demonstrate and maintain
control of reproductive cyclicity, tolerate invasion of foreign sperm, facilitate implantation of
a foreign fetus, and lastly, allow for development and subsequent parturition of that fetus.
The female reproductive tract (FRT) is comprised of paired ovaries and oviducts, a uterus, a
cervix, a vagina, and a vulva. Suppressed follicular growth, premature or delayed luteolysis,
and altered sex hormone levels are just a few of the many effects that bacterial invasion of

the FRT can have on normal reproductive functioning (Herath et al., 2009; Shimizu et al.,
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2012). Toll-like receptors have been implicated in a number of reproductive diseases like

mastitis and uterine disease (Kannaki et al., 2011).

Reproductive Cyclicity

When females enter puberty, a pattern of reproductive cyclicity begins. This pattern
will continue on as a normal cycle of events unless the female becomes pregnant, enters a
period of anestrus (non-cycling), or if other fertility issues occur. The cycle is controlled by
key hormones such as estradiol and progesterone. In ruminants, the follicular phase is
controlled by estradiol, the dominant hormone at that point of the cycle. The second phase is
called the luteal phase and is controlled by progesterone which is produced and secreted from
the transiently developed corpus luteum (CL). In addition to progesterone and estradiol, other
hormones are involved in maintaining reproductive cyclicity. GnRH (gonadotropin-releasing
hormone) is released from the hypothalamus and acts directly on the anterior pituitary to
release FSH (follicle-stimulating hormone) and LH (luteinizing hormone). A preovulatory
surge of LH is responsible for the induction of ovulation. FSH is responsible for the growth
of follicles (Senger, 2003).

Important events occur in the ovary that begin with the process of recruitment,
selection, and dominance of ovarian follicles during the estrous cycle (Figure 10). The
estrous cycle can be divided into four phases. Proestrus is the period of follicular formation
and estrus is the period of sexual receptivity. Together, proestrus and estrus occur during the
follicular phase. During the follicular phase, ovarian follicles begin to grow and dominant

follicles begin to secrete estradiol in order to gain dominance amongst other follicles and to
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suppress other follicle to be subordinate. Eventually, due to the LH surge at the beginning of
estrus, a dominant follicle will ovulate as a cumulus-oocyte complex (COC) that will move
down the oviduct and hopefully reach the site of successful fertilization at the ampulla-
isthmus junction. The end result of the follicular phase is to ovulate a COC that is ready to be
fertilized (Senger, 2003).

The majority of the estrous cycle occurs during the luteal phase which is made up of
the metestrus and diestrus phases. These stages encompass the lifespan of the CL and
accounts for the majority of the estrous cycle. Progesterone is the main determinant in the
length and overall control of the estrous cycle. During the luteal phase, progesterone
concentrations will be high. Progesterone also plays a self-regulating role by controlling the
timing of prostaglandin F», release (Schams and Berisha, 2004). The lifespan of the CL
determines whether an animal will return to cyclicity or (if the animal is pregnant) the CL
will be responsible for supporting the development and maintenance of the pregnancy. In the
nonpregnant animal, regression of the CL is critical for returning to a state of reproductive
cyclicity. Uterine prostaglandin F2 alpha (PGF».) is responsible for initiation of luteolysis
and spreads by the mechanism of countercurrent exchange between the uterus and ovary.
Regression of the CL signals the transition between luteal and follicular phase and allows for

the ovary to begin to recruit, select, and grow another wave of follicles (Senger, 2003).
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Figure 10: Folliculogenesis Overview.

(http://www.repropedia.org/sites/repropedia/files/folliculogenesis.jpg)

Corpus Luteum
With a literal derivation, corpus luteum means yellow body. Its color can be
attributed to its characteristic yellow appearance during the time of peak production of
progesterone in the female estrous cycle of the cow (Senger, 2003). A corpus luteum (CL)
develops from the surrounding cells within the ovary after ovulation of an oocyte. The
remaining tissue, composed of theca and granulosa cells, will develop into the vascular CL

tissue and will gain the ability to produce progesterone which is vital for pregnancy
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maintenance. The CL is a unique transient structure that, unlike other adult tissues, goes
through a normal cell growth, development, functioning, and then regression cycle (Schams
and Berisha, 2004). After ovulation, the granulosa and theca cells that were surrounding the
oocyte differentiate into large and small luteal cells, respectively. It is also made up of a
number of additional cells types: vascular endothelial cells, fibroblast, macrophages, and
other leukocytes that invade after ovulation (Schams and Berisha, 2004; Skarzynski et al.,
2008). The rapid rate of tissue growth concurrent with angiogenesis is similar to that seen in
tumor growth so careful regulation by both paracrine and autocrine factors are essential for

normal functioning (Skarzynski et al., 2008).

Luteinization

Luteinization requires the acquisition of both structural and functional ability of the
CL to produce and secrete progesterone. The process of luteinization encompasses cellular
changes of both theca and granulosa cells to small and large luteal cells, respectively. A
healthy CL is largely dependent upon a healthy preovulatory follicle with adequate support
from surrounding granulosa cells (Quintal-Franco et al., 1999). The initial differentiation of
follicular cells to luteal cells is triggered by the preovulatory surge of LH, which is also
responsible for ovulation (Schams and Berisha, 2004). Luteinizing hormone in turn
stimulates progesterone production by binding LH receptors on small luteal cells to begin CL
functioning (Skarzynski et al 2008).

A network of blood vessels must be formed in order for the production and secretion

of progesterone to occur (Skarzynski et al 2008). The first step of CL formation occurs when
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vascular endothelial cells residing in the theca cell layer migrate into the granulosa cell layer
allowing for the subsequent formation of blood vessels (Kizuka et al., 2012). The main factor
responsible for this is vascular endothelial growth factor (VEGF) but cytokines like TNF and
TGFB may be inducers of angiogenesis (Schams and Berisha, 2004; Skarzynski et al 2008).
Angiogenesis is described as the formation of blood vessels via vascular endothelial cells and
the splitting of smaller vessels from pre-established vessels in order to form a new vascular
supply (Kizuka et al., 2012). The process of angiogenesis in adult tissues is a rare event that
only occurs in the CL, in times of wound healing, and in cancer situations (Schams and
Berisha, 2004). The formation of new blood vessels from progenitor cells also occurs in the
CL and is responsible for the neovascularization that occurs in the CL. It is thought that
macrophages are a major contributor to the process of neovascularization which is not only
seen in the CL, but in other processes like endometrial growth, wound healing, and tumor
growth (Kizuka et al., 2012). The heterogeneous cell population within the CL work
collaboratively to form this new vascular network and blood supply. When fully functional,
the CL actually becomes one of the most vascularized organs and receives the greatest rate of
blood flow (Schams and Berisha, 2004).

The appearance of the CL changes drastically during its lifespan. These distinctive
changes can be divided into four different stages: stage I, stage 11, stage 111, and stage 1V.
Classification into these different stages depends upon day of the estrous cycle along with the
overall appearance of the CL on the ovary and the progesterone concentration. A stage | CL
is characterized by the time period between ovulation and growth of the epithelium over the

ovulation site on the ovary. The apex of the CL will form and it is this region of the CL that
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is clearly visible on the external surface of the ovary. This stage is approximately day 1- day
4 of the cycle (Ireland et al., 1980).

After the CL is fully formed, the CL has a visible vasculature system. The apex
resembles a reddish brown color while the rest of the structure within the ovary is the
characteristic yellow/orange color between days 5 and 10, indicative of a stage Il CL (Ireland
et al., 1980). It is thought that inflammatory cytokines like TNF and TGFp can serve as
inducers for angiogenesis to begin (Schams and Berisha, 2004).

After the network of blood vessels is established, the CL reaches its peak
progesterone production during its lifespan and it will continue until the late luteal stage
(Skarzynski et al 2008). The reddish brown color of the apex disappears around day 11 and
the entire CL is a bright yellow color at the peak of the CL’s lifespan until day 17. At this
point, the CL would be considered a stage I11 CL (Ireland et al., 1980). Different factors such
as luteinizing hormone (LH), growth hormone (GH), adrenergic factors, steroids, and
prostaglandins (PGs) play roles in regulation of CL development, function, and regression
(Schams and Berisha, 2004; Skarzynski et al., 2008).

One important class of cells involved in CL regulation is macrophages. There is a
large population of macrophages in the CL that infiltrate the area during luteinization and
remain for the entirety of its lifespan. The macrophage population changes throughout the
estrous cycle (Wu et al., 2004; Yang et al., 2011). Turner and colleagues (2011) showed that
removal of macrophages in the mouse ovary led to premature hemorrhaging in luteal tissue.
The end result was damage and necrosis of ovarian tissue. Macrophages were deemed

important for maintenance of integrity of ovarian vasculature. There was also a suggestion
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for a close relationship between macrophages and endothelial cells in the ovary. With
macrophages acting through cytokines, growth factors, and structural components to

maintain CL health (Turner et al., 2011).

Progesterone

Progesterone is a sex hormone derived from cholesterol. Luteal cells require vast
amounts of cholesterol in order to produce high quantities of progesterone especially if it is
needed to support a pregnancy (Skarzynski et al 2008). Progesterone is essential to
reproductive health and for maintaining cyclicity. It regulates the length of the estrous cycle
and has the ability to control the timing of the luteolytic signal, PGF... Progesterone
production increases as the CL develops and becomes a healthy and functional CL.
Increasing concentrations will reach a maximal level at approximately days 15-18 during the
late luteal stage (Schams and Berisha, 2004). At that point the CL begins to regress and loses
the ability to functionally produce progesterone. Progesterone administered early in the cycle
regulated the release of uterine PGF,, during early to mid-diestrus and resulted in a shorter
cycle for both cattle and sheep. The decrease in progesterone concentrations signals that the
luteolytic cascade has been initiated (Schams and Berisha, 2004).

Progesterone may also play a protective role for luteal cells by inhibiting apoptosis of
luteal cells via glucocorticoid receptors and progesterone receptor mechanisms (Schams and
Berisha, 2004; Skarzynski et al 2008). Progesterone also acts to stimulate synthesis of LH
receptors in order to aid further progesterone production (Schams and Berisha, 2004). During

times of high progesterone concentrations during the estrous cycle, susceptibility to bacterial

47



infections are higher. Progesterone also has anti-inflammatory roles while estrogen has
proinflammatory effects that lead to migration and recruitment of leukocytes during estrus
(Chotimanukul et al., 2011). Progesterone is vital to the CL, the reproductive cycle, and for

pregnancy.

Luteolysis

If no pregnancy is established, the CL will receive signals from the uterus to begin the
process of luteolysis. Between days 18 and 20 in the cow, luteolysis is initiated with
regression of tissue. The destruction of tissue depletes the structure of the CL resulting in a
paler yellow color and no visible vasculature. The CL will now be classified as stage 1V. The
ovary will also begin to form other follicles that may be visible at this time (Ireland et al.,
1980). The death signal secreted from the uterus is PGF, for both rodents and domestic
animals and acts to cause both functional and structural regression (Taniguchi et al., 2010). If
pregnancy is established, there are mechanisms in place to protect the CL in order for
constant progesterone production to occur. Interferon tau (IFNt) is the signal for maternal
recognition of pregnancy that tells the body there is a developing fetus. IFN<t also has the
ability to suppress uterine release of PGF,, (Pate et al., 2012).

Luteolysis occurs in two stages: functional and structural (Skarzynski et al 2008).
Functional luteolysis involves losing the ability of the CL to produce and secrete
progesterone. Structural luteolysis includes breakdown of structures, vasculature, and cellular
apoptosis (Petroff et al., 2001). Function of the CL decreases as the structure of the CL

undergoes apoptosis, which results in decreased blood flow, apoptosis, and an immune
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response to clear the remaining luteal tissue. Regression of the CL is an inflammatory-like
response (Schams and Berisha, 2004). The immune system plays a role in luteal regression
by recruiting leukocytes, T-lymphocytes, macrophages and other immune mediators like
cytokines to aid in apoptotic processes (Schams and Berisha, 2004; Skarzynski et al 2008;
Kleim et al., 2009). In fact, 70% of the cell population in the CL during late regression
consists of CD14 positive macrophages which aid in the process of cell removal and
phagocytosis (Neuvians et al., 2004). Cytokines TNF and IFNG have been shown to induce
Fas on luteal cells (Skarzynski et al 2008). Apoptosis of luteal cells occurs by the binding of
FasL on cytotoxic T cells to Fas receptors located on luteal cells. Caspase-3 is also induced
to aid in regression of the CL (Kleim et al., 2009). There are many mechanisms used to clear

the remnants of luteal tissue during luteolysis.

PGF2,

Interestingly, the CL produces PGF», during its lifespan. Luteal PGF,, does not cause
luteolysis on its own but requires the release of uterine PGF», until it can aid in the luteolytic
process (Schams and Berisha, 2004). Release of uterine PGFy, is triggered by oxytocin
release in ruminants (Herath et al., 2009). Uterine PGF», is transported to the ipsilateral
ovary containing the CL via the mechanism of countercurrent exchange with the ovarian
artery and uterine vein. Prostaglandin Fy, is part of the prostaglandin family and is
synthesized by the enzyme PTGS2 or COX-2. Synthesis can be further triggered by

cytokines and peptides resulting in a positive feedback pathway in the CL during luteolysis.

49



The transcription factor, NFxB, directly promotes PTGS2 expression by enhancing PTGS2
gene transcription (Taniguchi et al., 2010).

Prostaglandin F», has varying characteristics during the reproductive cycle. In the
early and mid-phase CL, PGF», is luteotrophic meaning it supports the maintenance of a
healthy CL. It then changes to luteolytic during the late luteal phase. Receptors for PGF2,
have only been identified on large luteal cells and not on small luteal cells suggesting a
different role for the steroidogenic luteal cells (Pate and Keyes, 2001). Like the CL, PGFy,
can be regulated by different mediators like cytokines, growth factors, ovarian estrogen,
oxytocin, and progesterone (Schams and Berisha, 2004).

Prostaglandin F», is not the only member of the prostaglandin family that has a direct
impact on luteal lifespan. Another member of the prostaglandin family, prostaglandin E>
(PGEz), commonly acts in a luteotrophic manner. It is primarily secreted during the early
luteal phase to support and help maintain a healthy CL. Bacterial challenges result in
disruption of endocrine signaling and alteration of prostaglandin synthesis profiles. Effects of
this disruption in bovine endometrial cells showed increased ratios of LPS, acute phase
proteins, and PGE> concentrations. When epithelial and stromal cells of the endometrium
were challenged with oxytocin and with LPS, there were differential responses seen by the
increase in PGF,, and PGE», respectively. Interestingly, there was also a preferential increase
in PGE2 over PGF,, accumulation in epithelial cells cultures. Stromal cells showed increased
PGE:2 production when cultured with LPS. Higher concentrations of the luteotrophic

prostaglandin PGE2 encourage a longer luteal lifespan. These findings provide an explanation
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for the prolonged lifespan of the CL during times of infection after parturition that is

commonly seen in dairy cattle (Herath et al., 2009).

Table 2: Summary of CL Characteristics by Luteal Stage

Stage Day of Characteristics
Cycle
I 1-4 » Luteinization

> Reddish Brown in color

I 5-10 » Fully functional
> Visible Vasculature
> Yellow in color

Il 11-17 » Peak progesterone production
» Characteristic Deep
Yellow/Orange

v 18-20 » Luteolysis
> Pale Yellow

Expression of TLR in the Female Reproductive Tract
The female reproductive tract (FRT) is protected by a layer of mucosal epithelium
(Aflatoonian and Fazeli, 2008). Pathogens must first evade this line of defense in order to
invade the organism. Toll-like receptors have been shown to play a role in various female
physiological mechanisms such as ovulation, fertilization, gestation, parturition, and
reproductive diseases. TLR have also been shown in pregnancy and gestation-related tissues

(Aflatoonian and Fazeli, 2008; Girling and Hedger, 2007). TLR signaling is needed for
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recruitment of proinflammatory cytokines and chemokines to clear infections (Kannaki et al.,
2011).

It has been proposed that TLR expression throughout the FRT varies based on
location, stage of cycle, and types of commensal bacteria populations that may change during
times of breeding, natural copulation, and parturition (Herath et al., 2006). The lower FRT
comprising the vagina and cervix are commonly exposed to pathogenic invasion and
maintain its own population of normal flora bacteria. The upper FRT is considered more
sterile and needs to have the ability to recognize and avoid unnecessary states of
inflammation for normal functioning. Understanding the conditions under which differential
TLR expression occurs can help aid in the better understanding of the estrous cycle.

Regulation of the female cycle is influenced by progesterone. When progesterone is
high, a period of immunosupression occurs meaning that progesterone downregulates the
immune response, thus making the organism more susceptible to bacterial invasion.
Conversely, when progesterone is low, the immune system is better equipped to deal with
pathogenic invasion due to the removal of the immunosuppressive hormone progesterone.

The female reproductive tract is unique in that the immune system must both fight
against foreign pathogens yet allow the presence of more favorable foreign objects, like
spermatozoa and a fetus (Kannaki et al., 2011). Expression of TLR have been discovered in
all tissues comprising the female reproductive tract throughout the estrous cycle and have
also been shown during important processes like pregnancy, parturition, and abortion

(Aflatoonian and Fazeli, 2008).
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Vagina/ Cervix

The lower portion of the female reproductive tract is known to have a normal
commensal bacteria population that is responsible for maintaining the environment. The
vagina and cervix display regions of tissue that change from columnar epithelium that is
found in the upper reproductive tract areas to squamous epithelium found in the cervix and
vagina (Girling and Hedger, 2007). TLR1-TLR3 and TLR5-TLR6 expression were found in
epithelial cells in the vagina and cervix of both mice and humans along with essential adaptor
proteins like MyD88 (Aflatoonian and Fazeli, 2008; Girling and Hedger, 2007). When
treated with various TLR ligands (LPS, peptidoglycan, heat-killed Candida Albicans, and
zymosan), vaginal cells showed increased activation of NFxB and production of TNF and
IL8 (Girling and Hedger, 2007).

Fazeli and colleagues (2005) examined in vivo TLR protein expression in the human
female reproductive tract. Presence of TLR1, TLR2, TLR3, TLR5, and TLR6 in epithelia of
different regions of the female reproductive tract were found. TLR4 expression was the only
TLR to exhibit differential expression based on the location of the tissue within the tract.
TLR4 expression was noticeably absent from the vagina and ectocervix but present in the
endocervix, endometrium, and uterine tubes. Distribution of TLR4 occurred in a pattern to
suggest that it plays a regulatory role for bacteria that may ascend to the upper parts of the
female reproductive tract and is unnecessary in the lower reproductive tract due to the normal
commensal flora of bacteria typically found there (Fazeli et al., 2005). The female

reproductive tract has a regulatory expression of TLR throughout to avoid unnecessary
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inflammation and activation of TLR signaling to accommodate a population of commensal

bacteria.

Uterus/Endometrium

The uterus is comprised of three layers: endometrium, myometrium, and perimetrium.
The endometrium is made up of a mucosa with a layer of single columnar epithelial cells
over a stroma layer. The stroma layer contains blood vessels, immune cells, and endometrial
stromal cells (Davies et al., 2008). The endometrium has been a major focus of TLR research
due to the prevalence of endometritis and metritis in dairy cows as well as its role in serving
as the first line of defense for the uterus.

During Fazeli’s study (2005) of in vivo TLR protein expression in the human FRT,
TLR1, TLR2, TLR3, TLR4, TLR5, and TLR6 protein expression was seen in epithelia from
the uterus and uterine tubes. In a separate study conducted by Davies and colleagues (2008),
samples from bovine endometrium were examined. Purified epithelial endometrial cells
expressed TLR1- TLR7 and TLR9 and stroma endothelial cells expressed TLR1- TLR4,
TLR6, TLR7, TLR9 and TLR10. TLR were functional in producing prostaglandin E; (PGE>)
when stimulated with PAMP. Concentrations of PGE> served as markers for bacterial
infection and played a role in regulation of cycles, implantation, and inflammation in tissues.
Davies and colleagues also found LPS from E. coli stimulated a switch from PGF, to PGE>
through epithelial TLR signaling. The switch from PGF, to PGE; results in a longer lifespan

of the CL that is commonly seen in uterine disease (Davies et al., 2008).

54



In a similar study, the endometrium was found to be regulated by estradiol and
progesterone concentrations during the ovarian cycle (Herath et al., 2006). The TLR4
complex was explored and found to be present in bovine endometrial epithelial and stroma
cells in agreement with other studies (Cronin et al., 2012; Herath et al., 2006). After LPS
stimulation, TNF was upregulated in endometrial cells but was not detected in the
supernatant during the experiment (Herath et al., 2006).

After establishment of TLR expression in the endometrium, further investigations led
to the discovery of estrous cycle dependent expression profiles. The proposed driving force
behind different TLR expression profiles was based off of the influence from sex hormones
such as estradiol and progesterone (Herath et al., 2006). The results of the study conducted
by Hirata and colleagues (2007) demonstrated both spatial and temporal regulation of TLR
by ovarian steroids in human endometrium. Expression of TLR3, TLR4, and TLR9 were
found in high levels of the human endometrium during the perimenstrual period and at the
lowest levels during the preovulatory period. The TLR3 expression measured was higher in
epithelial cells than stroma cells while TLR4 showed the reverse profile. Equal expression of
TLR2 and TLR9 was seen in both epithelial and stroma cells. TLR4 mRNA in endometrial
stroma cells was suppressed with estradiol treatment and but TLR4 mRNA expression was
increased with progesterone treatment. Interferon gamma (IFNG) was found to upregulate
expression of TLR4 in endometrial stroma cells suggesting an infiltration of leukocytes
during the proliferative phase of the menstrual cycle (Hirata et al., 2007).

Toll-like receptor and prostaglandin cyclic profiles were examined in the canine

endometrium (Silva et al., 2012). In the canine endometrium, TLR1-TLR7 and TLR9
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transcripts were found in all phases of the estrous cycle. Further examination of TLR2 and
TLR4 showed mRNA expression was higher at end of diestrus and anestrus than during the
follicular phase and the first half of diestrus. The low transcription level of TLR may allow
for a lower inflammatory response that would facilitate implantation that typically occurs
during the early diestrus period. Higher levels of TLR2 and TLR4 are linked to increasing
numbers of macrophages and lymphocytes which elicit an inflammatory response (Silva et
al., 2012).

Examination of prostaglandin synthase enzymes in the canine endometrium showed
PGES expression was low at estrus and during early diestrus, while PGFS was higher at late
diestrus than at follicular phase, early diestrus, and anestrus (Silva et al., 2012). At late
diestrus and anestrus, PTGS2 mRNA was highest, while samples from estrus and early
diestrus had lower transcription than proestrus. High PGES transcription was found at late
diestrus and anestrus (Silva et al., 2012). The reduction of prostaglandin synthesis enzyme
transcripts in response to low TLR transcription further supports the correlation between
prostaglandin synthesis and TLR transcription. Higher production of prostaglandins was
induced by LPS and LTA stimulation. This increase was seen at late diestrus and during early
diestrus PGF», was higher than during follicular phases. Overall PG synthesis enzymes
MRNA expression was low during follicular and early diestrus periods (Silva et al., 2012).
Silva and colleagues found that the canine endometrium has the ability to recognize a wide
variety of ligands and expression of those TLR are regulated by ovarian steroid influence
with TLR2 and TLR4 mRNA seen at low levels at follicular phase and the first half of

diestrus.
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Chotimanukul and colleagues (2011) also examined TLR4 expression in the canine
endometrium with specific focus on a protein level via immunohistochemical staining. When
comparing endometrial stroma, glandular epithelial, and surface epithelial samples, TLR4
was found to have varied expression throughout periods of the estrous cycle. Healthy canines
showed higher protein expression in endometrial stroma than in surface or glandular
epithelial samples at proestrus. Glandular and stromal epithelial samples were higher at
diestrus than surface epithelium with glandular epithelial showing the highest expression of
TLRA4 at that time. TLR4 protein expression was not seen in the surface epithelium at estrus
of healthy canine samples but canines infected with pyometra were shown to have higher
TLR4 expression in surface epithelium. This increase in expression when bacterially
challenged could suggest a mechanism for previous triggers and higher recruitment based on
presence of infection. In addition to TLR expression changing on endometrial samples,
leukocytes were also shown to have varied expression during the estrous cycle. During
diestrus, progesterone is the dominant hormone and has been shown to play a role in
influencing expression of TLR on both leukocytes and endometrial cells (Chotimanukul et
al., 2011).

Exploration of TLR within the FRT has focused on the endometrium because of the
prevalence of uterine disease. The endometrium is important for the overall health and
functioning of the FRT as it serves as a first line of defense for the uterus. Infections of the
endometrium are indicative of growing bacterial populations ascending into the upper female
reproductive tract and can be indicative of impending bacterial infections for the rest of the

female reproductive tract.
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Oviduct

The oviduct is responsible for transport of gametes. The oocyte travels down the
oviduct while the ascending spermatozoa have to traverse the FRT. The oviduct is made up
of the ampulla and isthmus where the site of fertilization is called the Al junction. The
oviduct has a unique mucosal immune system (Itoh et al., 2006). It is essentially free of
microorganisms but can still be contaminated by ascending pathogens (Girling and Hedger,
2007; Itoh et al., 2006). TLR1- TLR6 mRNA was found in whole oviductal tissue samples
from humans. TLR1- TLR3, TLR5- TLR6 are expressed in human oviductal epithelial cells
and in cloned horse oviductal epithelial cells. Lipopolysaccharide-stimulated TLR expression
and chemokine response (Girling and Hedger, 2007). Prior to the study, no TLR4 was found
in the gut, gingiva, or stomach but was present in the airway epithelial cells. Expression of
TLR4 was found in oviductal stromal fibroblasts but not in oviductal epithelial cells of the
human fallopian tube (Itoh et al., 2006). Differential expression seen in the oviduct plays a
role in regulation of the inflammatory response in the unique environment of the oviduct.

Attributed to the normal cervical mucosal lining that is responsible for filtering
bacteria and debris, the epithelium of the oviduct is considered to be a sterile environment.
Inflammation in the oviduct would cause damage to the mucosal lining so it is essential that
the oviductal epithelium has the ability to detect pathogens and avoid an inflammatory state
but also be tolerant of sperm infiltration for successful fertilization. The regulation of
unnecessary inflammation occurs due to limitation of TLR4 signaling (Itoh et al., 2006). In
order for TLR4 signaling to occur, the epithelial cell layer must be compromised. The

oviduct is an example of TLR-mediated cell specific expression (Girling and Hedger, 2007).
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The regulation of TLR signaling in the oviduct can be seen as a role of tolerance in which

management of TLR elements play a role in sensitivity to pathogenic components.

Ovary

The ovary undergoes extensive tissue remodeling during folliculogenesis. From
development of primordial follicles to ovulated follicles and CL development, the ovary is
essential to maintain normal reproductive fertility and is always transitioning. It is
hypothesized that TLR are involved in tissue remodeling. Ovulation is also an inflammatory-
like process that involves the recruitment of inflammatory cytokines. Toll-like receptor
expression is proposed to help cell survival during the remodeling process and for protection
of ovarian structures (Girling and Hedger, 2007). Patterns of TLR expression may indicate
common defense mechanisms for protection of oocytes and granulosa cells (Zhou et al.,
2009).

Researchers investigating ovarian tumors found TLR2, TLR3, TLR4, and TLR5
expression on the surface epithelium of normal ovaries. Similar TLR expression was found
on epithelial tumors and in ovarian cancer cell lines of both epithelial and ovarian tumors.
Ovarian tumors showed increased TLR2, TLR3, and TLR4 expression compared to normal
ovarian samples. Interleukin-6 secretion was increased with TLR3, TLR4, and TLR5 ligands.
Functionality of TLR was proved via NFkB signaling. Inflammation of varying degrees has
been attributed to several types of cancers where inflammatory conditions led to increased

vascular permeability, tissue remodeling, cell proliferation, and eventual tumor development.
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Additional TLR ligand stimulation may be a result of prolonged ovarian tumor survival
(Zhou et al., 2009).

Ovarian follicular cells were treated with LPS and examined for steroidogenesis
effects. Treatment with LPS showed decreased estradiol production along with a decrease in
aromatase transcripts in granulosa cells. The biggest effect of inhibited estradiol production
was seen in dominant and recruited follicles. Progesterone was also inhibited in a similar
nature to estradiol. Expression of TLR4, CD14, and MD2 was also found in granulosa cells.
On the other hand, LPS showed no effect on androstenedione production (Herath et al.,

2007).

Granulosa and theca cells

The cells surrounding the oocyte are called granulosa cells and serve a main role in
regulating the maturation of the oocyte. Granulosa cells are important for steroidogenesis as
seen by the prevalence of FSH receptors on those cells. The main products of granulosa cells
are estrogen, inhibin, and the production of follicular fluid. The cell layers that surround the
granulosa cells are the theca cells. The main role of theca cells is also for steroidogenesis
based on influence from LH. (Senger, 2003)

Stimulation from LPS treatment had a significant effect on granulosa cells in bovine
ovaries. When LPS was added to FSH-treated granulosa cells, estradiol production was
impaired but had no effect on progesterone production. Under the same circumstances, LPS
induced expression of the TLR4 signaling complex consisting of TLR4, CD14, and MD2

(Shimizu et al., 2012). Comparison of small to large follicles showed a higher sensitivity of
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small follicles to LPS. Treatment with TLR2 ligand, peptidoglycan (PGN) showed decreased
estrogen production in granulosa cells from large follicles which has an effect on follicular
development. LPS and PGN had no effect on granulosa cell proliferation, progesterone
production, or transcription of the luteinizing hormone. In contrast to FSH treated cells,
granulosa cells treated with LH affected progesterone production upon stimulation by LPS
and PGN (Shimizu et al., 2012). Because granulosa cells communicate with the oocyte and
are essential for healthy development of the CL, these findings that TLR ligands stimulate
changes in steroidogenic properties of granulosa cells offer insight into the understanding of
how bacterial invasions affect reproductive processes.

Bovine granulosa cells from dominant follicles were shown to express TLR1-TLR10.
Upon treatment with LPS and Pam4, an increased accumulation of I1L6, IL1, and IL8 in cell
supernatant suggested functionality of TLR in culture along with the examination of NFKB
signaling. Treatment of granulosa cells with LPS and Pam4 showed decreased estradiol and
progesterone accumulation and a decrease in aromatase enzyme mRNA (an enzyme essential
for steroidogenesis) suggesting that TLR affect steroidogenesis. An interesting observation in
the study also found that there was a priming effect when cells were pre-incubated with TLR.
TLR may work in an additive nature and have the ability to recruit outside forces that aid in

the formation of positive feedback loops (Price et al., 2013).

Oocyte/ Cumulus oocyte complex (COC)

Oocyte development in the ovary depends on surrounding granulosa cells indicating

an intimate relationship between the two. Granulosa cells communicate with the oocyte and
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serve a protective role against PAMPs when immune cells are not present. Granulosa cells
were treated with different TLR ligands (LPS, LTA, PGN, and Pam4). Collectively, an
induction of inflammatory responses with increased I1L6 and IL8 expression was seen in
response to these TLR ligands. Granulosa cells were found to have an innate immune
function acting as immune sensors that respond to TLR1, TLR2, and TLR4. The recruitment
of IL6 serves as a link to regulate ovulation, COC expansion, and plays a role in CL
formation. It is proposed that IL6 plays a direct role in oocytes, while IL8 is only involved in
abnormal inflammatory responses. IL8 induction serves to recruit leukocytes and also aids in
the formation of the CL. LPS exposure to the oocyte resulted in decreased maturation, low
quality, and increased incidence of follicular apoptosis (Bromfield and Sheldon, 2011).
Results from this study imply that granulosa cells have a role in the immune response against
pathogenic invasion and can act to interrupt reproductive mechanisms that may keep the
oocyte protected.

Ovulation of the oocyte is thought to be an inflammatory process (Kannaki et al.,
2011). Toll-like receptor 4 was shown to play a role in the ovulatory process of the COC
through stimulation with endogenous ligands that are released from cellular breakdown
(Bromfield and Sheldon, 2011; Kannaki et al., 2011). When the COC is ovulated, TLR play a
protective role ensuring the safe transport of the COC down the oviduct to the site of

fertilization (Girling and Hedger, 2007).

62



Impact of TLR research

Research exploring TLR in the female reproductive system has opened many doors to
understanding the contraction of various bacterial infections that are common in the dairy
industry. Infections in dairy cattle lead to reduced fertility rates even if the infection is
cleared. Though infections of the ovary are rare, postpartum animals with uterine infection
show concentrated LPS in follicular fluid. Low conception rates have been attributed to
changes in cytokine profiles in follicular fluid in human IVF patients. Advances of TLR in
therapeutic medicine provide a means to combat these common infections and allow for
optimal production within the dairy industry. The most common and costly infection that
plagues dairy producers is mastitis and TLR research provide a way to understand and

potentially overcome the problem of infertility (Bromfield and Sheldon, 2011).

Mastitis

Mastitis is a bacterial infection of the udder causing an inflammatory condition that
results in a major loss of profits for the dairy industry (Kannaki et al., 2011; Stewart et al.,
2003). Common symptoms of mastitis include decreased milk production, increased somatic
cell counts in milk swelling of infected glands, and elevated bodily temperatures (Hockett et
al., 1999). In addition to the loss of profits, mastitis also affects the potential reproductive
performance of a cow that has contracted such bacterial infections (Kannaki et al., 2011).

Two different types of mastitis plague the dairy industry: acute and subclinical. Acute
cases typically result from gram negative bacterial infections and have an average recovery

time spanning days. On the other hand, subclinical cases are caused by gram positive bacteria
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and can last for longer periods of time, like weeks and months. Acute cases were shown to
have immediate effects on steroidogenesis while subclinical cases tended to affect important
reproductive processes like follicular growth and ovulation, along with steroidogenesis
disruptions (Lavon et al., 2010, 2011a, 2011b). Mechanisms to understand the differences in
bacterial invasion would allow for better treatment of acute and subclinical cases of mastitis.

Contraction of maternal diseases during gestation can severely affect the fetus
resulting in abortion of the pregnancy or even failure to establish a pregnancy, while mastitis
infections can severely impair conception rates in the cow (Dow et al., 2005; Holaskova et
al., 2004). Because of the developing CL’s contribution of the immunsuppressive hormone
progesterone, in addition to external factors, cows are more susceptible to pathogenic
invasion during breeding (Holaskova et al., 2004). Slower follicular growth, extended luteal
phases, reduced estradiol concentrations, and interruption of ovarian cyclicity are just a few
effects that mastitis has on reproduction (Bromfield and Sheldon, 2011). Mastitis has been
linked to the overexpression of TLR2 and TLR4 in the mammary glands of dairy cattle.
Exploration into the association between TLR and mastitis led to the discovery of specific
TLR2 and TLR4 gene changes (Kannaki et al., 2011).

Overall cows that have mastitis show decreased reproductive performance and
excessive inflammation of the udder leads to complete reproductive failure (Stewart et al.,
2003). Even after treatment from E. coli, cows still exhibited lower rates of fertility. Animals
with mastitis have lower follicular estradiol production and altered granulosa cell gene

expression (Bromfield and Sheldon, 2011). The relationship between TLR2 and TLR4
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polymorphisms and mastitis can be measured by somatic cell scores and could be useful as
an indirect measure of a mastitis prone phenotype in cattle (Kannaki et al., 2011).

In a study conducted by Dow and colleagues, peptidoglycan-polysaccharide was used
to mimic a typical inflammatory response that would be seen in acute phase mastitis cases.
Results showed that production of TNF was higher in the posterior vena cava compared to
the jugular vein suggesting proinflammatory recruitment in that area. The proximity to the
reproductive system suggests a role of proinflammatory response by a TLR mechanism to
prevent pregnancy. The function of the CL could also be targeted when faced with bacterial
invasion. Progesterone has been shown to be an immunosuppressive role that downregulates
proinflammatory responses (Dow et al., 2010).

In an attempt to prevent the loss of pregnancy, immunization of sheep with
peptidoglycan-polysaccharide was given. The results of the study differed from what was
expected due to the sensitization that occurred within the body. Administration of the PGN-
polysaccharide caused a stronger inflammatory response resulting in a negative effect on the
pregnancy. IL1, TNF, and NO production was induced and played a role in the loss of the
pregnancy (Holaskova et al., 2004). Elucidation of the TLR inflammatory mechanisms would

allow for better control of mastitis infections in dairy cattle.

Summary
The immune system and reproductive system communicate in a cooperative function
and when the immune system is challenged by a foreign entity, mechanisms within the

reproductive system can be disturbed such as ovarian follicular growth, CL lifespan, and
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endocrinology disruptions. All of which contribute to the overall challenge of infertility in
the dairy industry. Infertility in dairy cattle is a costly issue in the dairy industry. Toll-like
receptors have been implicated in playing a major role in all aspects of the reproductive
system but a closer examination of TLR in the CL is needed to understand how or if TLR act
to determine luteal lifespan and health. Proper understanding of the mechanisms within the
CL will ultimately aid in the ability to capitalize on such mechanisms and achievement of the

ultimate goal: better fertility in dairy cattle.
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MATERIALS AND METHODS

Experiment I: Bovine Corpus Luteum Whole Tissue

a. Collection and Extraction

Ovaries were collected from local abattoir (Martin’s Abattoir and Wholesale Meats,
Godwin, NC). Corpora lutea (n=62) were collected and catalogued by stage (I, 11, 11, IV, or
CL of pregnancy) based on appearance, ovarian and reproductive tract morphology, and
progesterone concentrations (Ireland et al., 1980). Corpora lutea from tracts with visible
uterine infections (n=3) and CL with minimal tissue (n=8) were not used, resulting in a total
of 48 corpora lutea that were used for analysis [stage | (n=7), stage Il (n=11), stage IlI
(n=11), stage IV (n=13), CL of pregnancy (n=9)]. Luteal tissue aliquots were snap frozen and
stored at -80°C for later use. Approximately 30 milligram aliquots of frozen bovine CL
tissues were thawed and homogenized using a Tissue Tearor Homogenizer in a 0.1% PME
(beta-mercaptoethanol) and 600 microliters of lysis buffer (Buffer RLT) according to Qiagen
kit (RNeasy® mini kit Cat No. 74104) to be used for quantitative real-time polymerase chain

reaction.

b. RNA Extraction and Purification for semi-quantitative PCR
Tissue samples of approximately 100 milligrams were added to 1 milliliter of TRIzol
and homogenized to be used for semi-quantitative polymerase chain reaction. Samples were
incubated at room temperature for 5 minutes to allow formation of a gradient. Samples were

centrifuged at 10,000 rotations per minute at 4°C. Supernatant was collected in a new tube
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and isopropanol was added. Tubes were inverted and centrifuged again for 30 minutes at
13,200 rotations per minute at 4°C. Supernatant was decanted and the resultant was a pellet
of RNA, which was immersed in 1 milliliter of cold 70% ethanol. Samples were centrifuged
for 15 minutes at 13,200 rotations per minute at 4°C. Supernatant was decanted and then
samples were allowed to dry at room temperature for 5 minutes. RNA pellets were then
resuspended in nuclease free diH-O in volumes ranging from 10-60 microliters based on
pellet size. Concentration of RNA was determined by Nanodrop 2000 Spectrophotometer

(Thermo Scientific).

c. semi-quantitative PCR for bovine CL whole tissue samples
From extracted RNA samples, cDNA synthesis was performed. Primers were

designed and validated using a pooled luteal tissue RNA sample and examined for optimal
conditions and specificity by running an ethidium bromide-stained 2% agarose gel (Table 1).
When primers were optimized, semi-quantitative PCR was performed on bovine whole CL
tissue samples as described previously (Crosier et al., 2002; Sriperumbudur et al., 2010;
Zorrilla et al., 2010). Reactions were run on an Applied Biosystem 9600 thermal cycler
(Applied Biosystems, Foster, CA, USA). Semi-quantitative PCR conditions were 95°C for 10
minutes, cycles of 95°C for 30 sec, 55°C for 30 sec, and 72°C for 1 min and 72°C for 5

minutes with a 4°C hold (Table 2).
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Table 1: Primer Sequences for semi-quantitative PCR bCL samples

Gene Sequence Cycle  Annealing
Temp. (°C)
Beta actin Fwd 5° ATC GGC AAT GAG CGG TTC C-3° 33 55
Rev 5’ GTG TTG GCG TAG AGG TCC TTG-3’

TLR1 Fwd 5 ACT TGG AAT TCC TTC TTC ACG A-3° 36 55
Rev 5 GGA AGA CTG AAC ACA TCA TGG A-3°

TLR2 Fwd 5 GGT TTT AAG GCA GAA TCG TTT G-3° 36 55
Rev 5 AAG GCA CTG GGT TAA ACT GTG T-3’

TLR3 Fwd 5 GAT GTA TCA CCC TGC AAA GAC A-¥’ 36 55
Rev 5’ TGC ATA TTC AAA CTG CTC TGC T-3’

TLR4 Fwd 5° CTT GCG TAC AGG TTG TTC CTA A-3° 36 55
Rev 5° CTC GGA AGC TGG AGA AGT TAT G-3’

TLRY Fwd 5° TCT TGA GGA AAG GGA CTG GTT A-3’ 36 55

Rev 5 AAG GGG CTT AAG GAA TAT C-3°

TLRS8 Fwd 5 TAA CCT TCG GAA TGT CTC CAG T-3° 36 55
Rev 5’ GTG GGA AAT TCT GTT TCG ACT C-3°

TLR10 Fwd 5> ATG GTG CCA TTA TGA ACC CTA C-3° 36 55
Rev 5 CAC ATG TCC CTC TGG TGT CTA A-3°

MD2 Fwd 5 GGG AAG CCG TGG AAT ACT CTA T-3’ 36 55
Rev 5’ CCC CTG AAG GAG AAT TGT ATT G-3°

CD14 Fwd 5> GGG TAC TCT CTG CTC AAG GAA C-3’ 36 55

Rev 5’ CTT GGG CAA TGT TCA GCA C-3°
CD45 Fwd 5° CTC GAT GTT AAG CGA GAG GAA T-3° 36 55

Rev 5’ TCT TCA TCT TCC ACG CAG TCT A-3°
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Table 2: Semi-quantitative PCR Conditions for bCL Samples

Step Temperature Time
(°C)

Pre-Incubation 95 10 minutes
Denature 95 30 seconds
Annealing 55 30 seconds
Elongation 72 5 minutes
Additional 72 5 minutes

Elongation

d. RNA Extraction and Purification for Real-Time-PCR

RNA was extracted and purified via Qiagen RNeasy® mini kit (Cat No. 74104)
following kit instructions and including all optional steps. RNA was then stored at -80°C
until DNase treatment (Turbo DNA-free kit, Life Technologies Cat No. AM1907). Extracted
RNA concentrations and purities were measured via Nanodrop 2000 Spectrophotometer
(Thermo Scientific). Quality assessment of RNA purities were measured using 260/280
wavelength ratios, ranging from 1.72 to 2.03. Whole tissue samples with low RNA
concentrations (<1ug per well) (n=5 for TLR expression and n=3 for cytokine expression of
whole tissue samples) were excluded. Remaining samples included whole tissue TLR
expression samples [n= 48 with stage | (n=6), stage Il (n=10), stage 11l (n=10,) stage IV
(n=13), and CL of pregnancy (n=9)] and whole tissue cytokine expression samples [n=45
with stage | (n=6), stage Il (n=10), stage Ill (n=10), stage IV (n=11), and CL of pregnancy

(n=8)].
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e. Complementary DNA (cDNA) synthesis for Real-Time-PCR
Two ug of RNA per whole tissue TLR expression sample were used to make one ug
cDNA. One pg of RNA was used for whole tissue cytokine expression samples (Advanced
iScript cDNA synthesis kit, Bio-Rad, Cat. 1708842 and iScript cDNA synthesis kit, Bio-Rad,
Cat No. 1708891). Protocol conditions were set for 42° for 30 minutes, 85° for 5 minutes,
and held at 4° (MasterCycler Pro, Eppendorf Vapo-protect). Complementary DNA samples

were stored at -20°C.

f. Primer Design and Validation for Real-Time-PCR

Primers were designed by obtaining sequences for genes of interest on NCBI
Nucleotide Database (Table 3). Forward and reverse primers with probe sets were designed
via Integrated DNA Technologies using Primer Quest. Primers with approximate 50/50 GC
content and approximately 100 base pairs were selected. Sequences were examined for
homologous sequences within the bovine genome using Nucleotide Blast. Primers were
optimized using a temperature gradient from 51° to 61°C (iCycler iQ RT-PCR Detection
System, Bio Rad) and checked for specificity based on the appearance of a single band via
1.2% agarose (Bio Rad- Hecules, CA) gel in 1X TAE (Tris-acetate-EDTA) buffer (Boston
Bio-Products- Ashland, MA). Optimal annealing temperature for all primers was 57°C with a

400uM primer concentration.
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Table 3: Primer Sequences for quantitative Real-time PCR

Gene Sequence Cycle Annealing
Temp. (°C)
RPL-19 Fwd 5 ATC GAT CGC CAC ATG TAT CA-3’ 40 57
Rev 5 GCG TGC TTC CTT GGT CTT AG-3°
TLR1 Fwd 5 ATT TCT TGC CAC CCT ACT CTG-3’ 40 57
Rev 5’ GTT GAG ACA TGT TGC CAA ACT C-3°
TLR2 Fwd 5> GCA CTT CAACCC TCC CTT TA-3’ 40 57
Rev 5° GTT CTC CGA AAG CAC AAA GAT G-3°
TLR3 Fwd 5 GAT GTA TCA CCC TGC AAA GAC A-3° 40 57
Rev 5 TGC ATA TTC AAA CTG CTC TGC T-3’
TLR4 Fwd 5° TCT ACT GCA GCC AGG ATG AA-3° 40 57
Rev 5° GTA GTG AAG GCA GAG CTG AAA-3°
TLR6 Fwd 5 GAC TCT CAA GCA TTT AGA CCT CTC-3’ 40 57
Rev 5 GCA AGT GAG CAA TGG GTA GTA-3’
TNF Fwd 5’ TCT ACT CAC AGG TCC TCT TCA G-3° 40 57
Rev 5° GAT GTT GAC CTT GGT CTG GTA G-3’
TGFp Fwd 5 CGT CAG CTC TAC ATT GAC TTC C-3’ 40 57
Rev 5> GGA CCT TGC TGT ACT GTG TAT C-3°
IFNG Fwd 5> GAT CTG GAT TCT GAG CCA CTA C-3° 40 57
Rev 5° GCC AGG TAT AAG GTG AGA TGA G-3°
IL6 Fwd 5 CAA GGA GAC ACT GGC AGA AA-3° 40 57
Rev 5 CAG TGG TTC TGA TCA AGC AAA TC-3’
IL12 Fwd 5 TCA AGC TCT GCA TCC TTC TTC-3° 40 57

Rev 5 GGT TAT GAG AGA CCT CAG CAT TC-3’
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g. quantitative Real-Time Polymerase Chain
Reaction (qPCR)

Two pg of cDNA were diluted with 80ul of water for a final concentration of 25ng/ul
and used in quantitative Real-Time polymerase chain reaction (QPCR) for whole tissue TLR
expression samples. One pg of whole tissue cytokine expression samples were diluted with
80ul of nuclease free water for a final concentration of 5 ng/ul (Sso Advanced SYBR Green
(Bio-Rad Cat. 172-5262) and SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Cat
No. 172-5271)). Reactions were carried out in 20ul aliquots on 96 well plates with three
replicates per sample per primer on a Roche LightCycler 480 Il. Samples were randomized
on 96 well plates with every stage represented at least once per plate. To determine the
coefficient of variation within each PCR plate, the coefficient of variation was determined
using the equation: coefficient of variation= standard deviation of replicates/ average of
replicates and an average of all values was taken. The average coefficient of variation for
intra-assay variation in the quantitative PCR whole tissue samples were 0.50% for TLR
expression samples, and 1.4% for cytokine expression samples. Quantitative PCR protocol
consisted of a preincubation step (95° for 5 minutes.) and 40 cycles of denature (95°C for 30
sec), annealing (57°C for 45 sec), and elongation (72°C for 1 min) (Table 4). Melting curves

were also completed for each plate. Plates were cooled at 39°C.
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Table 4: Quantitative RT-PCR Conditions for bCL Samples

Step Temperature (°C) Time
Pre-Incubation 95 5 minutes
Denature 95 30 seconds
Annealing 57 45 seconds
Elongation 72 1 minute

h. Progesterone Radioimmunoassay
Progesterone radioimmunoassay protocol was adapted from Estill and colleagues
protocol (1995) and performed on n=48 samples. Briefly, approximately 100 mg of luteal
tissue was immersed in 10ml of cold 100% ethanol and homogenized. Samples were ran in
duplicates using Coat-a-count RIA kit (Coat-a-count, Diagnostic Products Corporation, Los
Angeles, California, USA). The intra-assay coefficient of variation was 6.3%. Data were

reported as ng progesterone/mg luteal tissue.

Experiment 11: Luteal Cell Dissociation and Culture

a. Luteal Tissue Collection
Bovine ovaries were collected from local abattoir (Martin’s Abattoir and Wholesale
Meats, Godwin, NC), placed in 1X PBS (Phosphate Buffered Saline) (Amresco- Solon, OH)
media, and transported on ice back to lab for dissociation. Mid-stage fully functional CL
classified by appearance of a bright and intense yellow coloration were selected (n=6)

(Ireland et al., 1980). Corpus luteum removal from the ovary occurred by applying pressure
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to the base of the CL allowing separation of luteal tissue from other surrounding ovarian
tissue and subsequent CL abstraction. Tissues were placed in medium containing Ham’s F12
1X Modified with L-glutamine (Cellgro- Manassas, VA), Gentamycin 50mg/ml (Amresco-

Solon, OH), and 0.5% BSA (bovine serum albumin) (Amresco- Solon, OH).

b. Luteal Cell Dissociation

Cell dissociation and culture procedure was adapted from previously published cell
dissociation protocol (Pate, 1993). Ovaries were weighed after parenchyma removal. CL was
quartered. Half of one CL quarter was snap frozen using OCT (Tissue-Tek) and liquid
nitrogen and stored at -80°C. The other portion was placed in 4% paraformaldehyde (Acros
Organics) and shaken for 48 hours at room temperature for preservation of tissue and later
analysis.

Two aliquots at 2000U/gram of Collagenase Type | Class | Filtered (Worthington,
Lakewood, NJ) were measured based on the weight of the CL. The remaining CL tissue was
quartered, minced, and placed in medium containing Hams F12 with Hepes, gentamycin, and
0.5% BSA (Medium 2). Medium 2 and minced tissue were combined in spinner flask and
placed in a 35°C water bath on a magnetic hotplate for 10 minutes. Supernatant was decanted
after tissue settled. Fresh Medium 2 was added along with first allotment of Type |
collagenase and spun in water bath for 1 hour. Every ten minutes during water bath, the
mixture was aspirated with broken tip pipette to aid dissociation of the cells.

Supernatant was decanted and the second allotment of Type I collagenase and

medium containing Hams F12, gentamycin, and Hepes (Medium 1) was added. A second
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hour water bath at 35°C was repeated with aspirations every 10 minutes as before. The
second dissociation supernatant was collected and both supernatants were spun. Pellets were
combined from both dissociations, resuspended in Medium 1, and washed for 10 minutes at
1000, 800, 600, 400, and 400 rotations per minute, respectively. Cell concentrations were

determined by hemocytometer via trypan blue staining.

c. Luteal Cell Culture
Cells were resuspended in fresh Medium 1 to be plated in 1ml aliquots per well. Cells
were plated at approximately 10° or 108 cells/ml densities (R003- 5 x 10° cells/ml, R004- 1.0
x 108 cells/ml, R005- 8.0 x 108 cells/ml, R006- 1.1 x 108 cells/ml, R007- 1.6 x 108 cells/ml,

and R008- 1.3 x 10° cells/ml) in 12 or 24 well plates and incubated at 37°C and 0.5% COx.

d. Luteal Cell Culture Treatments

After a 24 hour incubation period, original plating media was removed. Plate wells
were visibly accessed for cell viability based on relative cloudiness of media and lack of
visible cell debris. Luteal cells were treated with either LPS or Pam4 at 0, 0.01, 0.1, 1 pg/ml
concentrations. Plates were treated with approximately 3 replicates for each treatment
concentration per CL plate (Figure 1). Cells were incubated at 37°C for 48 hours after
treatment (72 total hours after initial plating).

To stop treatment, media was removed from wells and placed in 1.5 ml
microcentrifuge tubes for later progesterone concentration analysis. Plates were then washed

with 10x PBS. 600pul of lysis buffer (Qiagen RNeasy® mini kit, Cat No. 74104) with 0.1%
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BME was then applied to the wells to remove cells from plate. RNA was then extracted and

purified from the cell lysates collected from the wells.

Figure 1: Luteal Cell Culture TLR Ligand Treatment Plate Layout

e. RNA Extraction and Purification
RNA was extracted and purified via Qiagen RNeasy® mini kit (Cat No. 74104)
following kit instructions and including all optional steps. Extracted RNA was then stored at
-80°C until DNase treatment (Turbo DNA-free Kit, Life Technologies Cat No. AM1907).
RNA concentrations and purities were measured via Nanodrop 2000 Spectrophotometer
(Thermo Scientific). Quality assessment of RNA purities were measured using 260/280

wavelength ratios, ranging from 1.72 to 2.03. Cell culture samples resulting in low RNA
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concentrations (<1ug per well) were not used (n=3). Remaining samples included luteal cell

cultures (n=3) for LPS treatment and (n=1) for Pam4 treatment.

f. Complementary DNA (cDNA) synthesis
One ug of RNA per luteal cell sample was used to make one ug of cDNA (Advanced
iScript cDNA synthesis kit, Bio-Rad, Cat. 1708842 and iScript cDNA synthesis kit, Bio-Rad,
Cat No. 1708891). Protocol conditions were set for 42° for 30 minutes, 85° for 5 minutes,
and held at 4° (MasterCycler Pro, Eppendorf VVapo-protect). Complementary DNA was

stored at -20°C.

g. Primer Design and Validation

Primers were designed by obtaining sequences for genes of interest on NCBI
Nucleotide Database. Forward and reverse primers with probe sets were designed via
Integrated DNA Technologies using Primer Quest. Primers with approximate 50/50 GC
content and approximately 100 base pairs were selected. Primer sequences were examined
for homologous sequences within the bovine genome using Nucleotide Blast. Primers were
optimized using a temperature gradient from 51° to 61°C (iCycler iQ RT-PCR Detection
System, Bio Rad) and checked for specificity based on the appearance of a single band via
1.2% agarose (Bio Rad- Hecules, CA) gel in 1X TAE (Tris-acetate-EDTA) buffer (Boston
Bio-Products- Ashland, MA). Optimal annealing temperature for all primers was 57°C with a

400uM primer concentration.
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Table 5: Primer Sequences for quantitative Real-time PCR Cultured Luteal Cells

Gene Sequence Cycle | Annealing
Temp. (°C)
RPL-19 Fwd 5> ATC GAT CGC CAC ATG TAT CA-3° 40 57

Rev 5> GCG TGC TTC CTT GGT CTT AG-3’

TNF Fwd 5> TCT ACT CAC AGG TCC TCT TCA G-3’ 40 57

Rev 5° GAT GTT GAC CTT GGT CTG GTA G-3°

TGFp Fwd 5> CGT CAG CTC TAC ATT GAC TTC C-3’ 40 57

Rev 5° GGA CCT TGC TGT ACT GTG TAT C-3°

IFNG Fwd 5> GAT CTG GAT TCT GAG CCA CTA C-3° 40 57

Rev 5° GCC AGG TAT AAG GTG AGA TGA G-3’

IL6 Fwd 5° CAA GGA GAC ACT GGC AGA AA-3’ 40 57

Rev 5° CAG TGG TTC TGA TCA AGC AAA TC-3°

IL12 Fwd 5> TCA AGC TCT GCA TCC TTC TTC-3’ 40 57

Rev 5> GGT TAT GAG AGA CCT CAG CAT TC-3°

h. quantitative Real-Time Polymerase Chain Reaction (qPCR)
One ug of cDNA was diluted with 100 ul of water for a final concentration of 6 ng/ul
to be used for luteal cell gPCR reactions (Sso Advanced SYBR Green (Bio-Rad Cat. 172-
5262) and SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Cat No. 172-5271)).
Reactions were carried out in 20ul aliquots on 96 well plates with three replicates per sample
per primer on a Roche LightCycler 480 Il. To determine the coefficient of variation within
each PCR plate, the coefficient of variation was determined using the equation: coefficient of

variation= standard deviation of replicates/ average of replicates and an average of all values
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was taken. The average coefficient of variation for intra-assay variation in the quantitative
PCR luteal cells were 1.1% for LPS treated luteal cells, and 1.3% for Pam4 treated luteal
cells. Quantitative real-time PCR protocol consisted of a pre-incubation step (95° for 5
minutes.) and 40 cycles of denature (95°C for 30 sec), annealing (57°C for 45 sec), and
elongation (72°C for 1 min). Melting curves were also completed for each plate. Plates were

cooled at 39°C.

Table 6: Quantitative RT-PCR Conditions for LC Samples

Step Temperature (°C) Time
Pre-Incubation 95 5 minutes
Denature 95 30 seconds
Annealing 57 45 seconds
Elongation 72 1 minute

I11. Statistical Analysis

Data were calculated using delta delta Ct method of analysis for PCR data collection.
In experiment I, replicate values were averaged per primer to obtain one data point per
primer for each sample. Progesterone concentration data was calculated in ng/ml of tissue.
Values of semi-quantitative PCR analysis are graphed as ratios of primer expression

compared to the housekeeper beta-actin and averaged by luteal stage. Expression of TLR and
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cytokines determined by quantitative real-time PCR are portrayed as primer mRNA
concentrations in arbitrary units and were also averaged by luteal stage.

In experiment 11, each treatment concentration was replicated three times for each CL
plate and the average for each treatment concentration was taken to obtain one data point per
concentration in each CL. The values for each cytokine were averaged for CL observations to
obtain one data point. Data is portrayed as mRNA concentration of cytokine of interest
normalized to the control (0 ug/ml concentrations for LPS and Pam4, respectively).

A PROC MIXED model with covariate analysis and a Ismeans statement was used to
analyze all experimental data collected from polymerase chain reaction (semi-quantitative
and quantitative) and progesterone radioimmunoassay using SAS 9.4 (SAS, Cary, NC). The
model equation for experiment | was mRNA expression of interest = grand mean + stage
effect + random error. For experiment 11, mMRNA expression = grand mean + concentration of
LPS/Pam4 effect + random error. Additionally, experiment Il luteal cell data was analyzed
for potential linear, quadratic, and cubic relationships using a PROC GLM with orthogonal
contrast for respective relationships. P-values of less than or equal to 0.05 were considered
statistically significant, while p-values from 0.05-0.099 were considered to have a tendency

to show significance. Any p over 0.1 was not determined to be statistically significant.
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RESULTS

Experiment I: Bovine CL Whole Tissue
Progesterone Concentrations within bovine CL Whole Tissue by Stage
Determination of progesterone concentrations (ng/ml) were measured by
progesterone radioimmunoassay. Whole tissue CL samples showed a significant decrease in
stage IV CL compared to stage I (p<0.0001), Il (p=0.0008), 111 (p<0.0001), and Pregnancy

(p<0.0001) (Figure 1).

TLR semi-quantitative PCR mRNA expression

TLR1 (Figure 2) and TLR2 (Figure 3) show similar expression profiles with a
tendency (p=0.09166 and 0.08466, respectively) of stage Il to be increased compared to
stage | samples. Stage IV TLR3 expression tended to be lower (p=0.082) than stage Il
(Figure 4). TLR8 expression tended to be lower in pregnancy compared to stage 1V
(p=0.08466) (Figure 7). Luteal stage dependent differential expression in expression was not
seen in TLR4 (Figure 5), TLR7 (Figure 6), and TLR10 (Figure 8).

Investigation of TLR4 signaling components MD2 and CD14 expression was
examined. Expression of MD2 was increased at stage 111 compared to stage | (p=0.0376),
stage Il (p=0.0219), stage IV (p=0.004), and pregnancy (p=0.035) (Figure 9). CD14 showed
a similar increase at stage 111 compared to stage IV (p=0.0074) (Figure 10). CD45 expression
is seen in Figure 11. Stage I to stage I1l comparisons showed increased CD45 expression

(p=0.0036). There was a tendency (p=0.0888) for stage 11l to be increased compared to stage
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I1. Stage IV CD45 expression was significantly decreased compared to stage Il (p=0.0288),

stage 111 (p=0.0001), and pregnancy (p=0.0153).

Quantitative Real-Time PCR mRNA expression analysis

TLR1, TLR2, TLR4, and TLR6 expression was examined in whole tissue CL samples
via qPCR. In Figure 12, TLR1 expression increased in stage IV compared to stage |
(p=0.0030), stage Il (p=0.0036), and stage Il (p=0.0170). Similar stage dependent profiles
were seen between TLR2 and TLR4. TLR2 was increased at stage IV compared to stage |
(p=0.0047), stage Il (p=0.0022), stage 11l (p=0.0016), and pregnancy (p=0.0026) (Figure 13).
Stage IV TLR4 was increase compared to stage | (p=0.0007), stage Il (p=0.0003), stage IlI
(p=0.0014), and pregnancy (p=0.0442) (Figure 14). Figure 15 shows increased TLR6
expression in stage IV compared to stage | (p=0.0082), stage 11 (p=0.0027, and stage I11
(p=0.0341). There was also a tendency for pregnancy to show increased expression over

stage Il (p=0.0879).

Cytokine mRNA expression in bovine CL tissue

TNF expression in bovine CL whole tissue showed a significant increase at stage 1V
over stage | (p=0.0067), stage Il (p=0.0024), stage 111 (p=0.0048), and pregnancy (p=0.0220)
(Figure 16). There was no stage dependent differential expression seen for TGFf3 expression
(Figure 17). IFNG was also increased at stage IV compared to stage | (p=0.0094), stage 11
(p=0.0043), stage Il (p=0.0069), and pregnancy (p=0.0243) (Figure 18). The cytokine IL6

tended to be decreased in pregnancy compared to stage | (p=0.0853) (Figure 19). In Figure
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20, IL12 displayed a similar profile with increase stage IV expression over stage |

(p=0.0056), stage Il (p=0.0019), stage 11l (p=0.0035), and pregnancy (p=0.0106).

Experiment Il: Luteal Cell Culture and Treatments

Cytokine mRNA expression in Luteal Cells treated with LPS and Pam4

Luteal cells were dissociated and cultured with LPS and Pam4 treatments (0, 0.01,
0.1, 1 ug/ml). For cytokine expression in luteal cells based on LPS treatment, Cytokine (TNF,
TGFp, IFNG, IL6, and IL12) expression did not significantly differ based on increasing LPS
treatment (Figure 21). No significant differences were seen in cytokine (TNF, TGEp, IFNG,
IL6, and IL12) expression of Pam4 treated luteal cells (Figure 22). Additional analysis for a
linear, quadratic, or cubic relationship between both LPS and Pam4 treatments on cultured

luteal cells was examined but did not show any significance.

92



DISCUSSION

Toll-like receptors are important mediators of the immune system and aid in
mechanisms to recruit inflammatory cytokines. Infections in the CL can extend the luteal
lifespan or compromise the healthy development of a new CL depending on the timing of
infection during the estrous cycle (Herath et al., 2009). Similar to bacterial infections, events
that occur in the lifespan of the CL, like luteinization and luteolysis, also involve
inflammatory mediators and immune responses that are recruited by TLR. Elucidation of
TLR and the mechanisms involved during the luteal lifespan would be beneficial to
overcoming the problem of infertility seen in the dairy industry.

Expression of TLR1-TLR4, TLR6-8, and TLR10 were evident in all stages of bovine
CL tissue through polymerase chain reaction (semi-quantitative and quantitative) analysis.
Expression profiles of various TLR have been demonstrated in a diverse array of tissues and
species that confirm these findings (Aflatoonian and Fazeli, 2008; Eriksson et al., 2006;
Fazeli et al., 2005; Kawai et al., 2010; Vahanan et al., 2008; Yang et al., 2011). Widespread
abundance of TLR throughout the organism allows for less specific and more rapid responses
to pathogenic invasions by the innate branch of the immune system. Within the female
reproductive tract, TLR can be found on the vagina, cervix, uterus, oviduct, ovary, and
ovarian components (Aflatoonian and Fazeli, 2008; Girling and Hedger, 2007; Kannaki et al.,
2011). The presence of TLR1-TLR10 on granulosa cells and ovarian follicular cells suggests

that TLR would remain on those same cells as they differentiate into luteal cells though their
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functioning may differ based on the change in environmental factors (Herath et al., 2007;
Price et al., 2013).

A caveat of the current findings is the ability for the analyzed mRNA profiles to be
translated into functional proteins. The lack of antibodies for analysis of TLR expression on a
protein level limits the scope of which researchers can examine TLR expression and
functionality. With mRNA data, TLR were shown to have the potential to be translated into
functional proteins but there is no definitive way to obtain a clear picture of what happens on
a protein level to date. Research focused on the elucidation of TLR protein antibodies is
needed in order to obtain a definitive picture of TLR functionality in the female reproductive
tract.

As determined by semi-quantitative PCR analysis, the intracellular TLR (TLR3,
TLR7, and TLR8) did not show similar expression profiles on luteal tissue from different
stages. The tendency of TLR3 expression shown to decrease from the fully functional stage
I11 CL to the luteolytic stage IV CL may be indicative of the cellular breakdown that occurs
during luteolysis. Expression of TLR7 did not show any significant differences between
luteal stages while TLR8 showed a tendency for CL of pregnancy to have decreased
expression compared to a luteolytic (stage 1VV) CL. The difference seen in intracellular TLR
expression may be attributed to the difference in ligands between TLR3 and TLR8. Both
recognize viral components but TLR3 typically recognizes double-stranded RNA, while
TLR8 typically recognizes single-stranded RNA (Aflatoonian and Fazeli, 2008; Botos et al.,
2011; Chen et al., 2007). Expression of TLR9 was not examined in this study but, based upon

shared ligands and homology between sequences, TLR9 should have a similar profile to that
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seen of TLR8 (Aflatoonian and Fazeli, 2008; Botos et al., 2011; Chen et al., 2007). The
presence of viral components within the CL would be limited based on the location and
transient nature of the tissue itself so further investigation of these intracellular TLR would
be beneficial for understanding their mechanisms and relevance to the protection of luteal
tissue.

The cell membrane associated TLR group that was examined via semi-quantitative
PCR consisted of TLR1, TLR2, TLR4, and TLR10 and displayed similar patterns. A
tendency for increased TLR expression from a luteinizing or stage | CL to a fully functional
CL was seen for TLR1 and TLR2. These two TLR subunits commonly form a heterodimer.
The similar pattern may suggest that they are both expressed in the heterodimer form in
luteal tissue in order to recognize bacterial lipopeptides (Aflatoonian and Fazeli, 2008; Botos
etal., 2011; Chen et al., 2007). The pattern of increase seen with the TLR1/TLR2 structures
may be indicative of the recruitment of TLR mRNA to prepare for their role during luteolysis
and allow time for translation of MRNA into functional proteins. The remaining cell-
membrane associated TLR (TLR4 and TLR10) did not show significant differences between
stages. A possible explanation for this may be attributed to the lack of ligand availability for
these TLR. Gram negative bacteria are common ligands for TLR4 while no ligands for
TLR10 are known at present time (Aflatoonian and Fazeli, 2008; Botos et al., 2011; Chen et
al., 2007). The luteal samples collected from the abattoir were examined for evidence of
infection within their reproductive tracts and were determined to be healthy. This may
explain the lack of ligand availability for those TLR that did not demonstrate luteal stage

dependent expression changes.
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The results of the semi-quantitative analysis paved the way for a more objective and
definitive quantitative analysis of specific cell membrane associated TLR (TLR1, TLR2,
TLR4, and TLR6) via quantitative real-time PCR. For quantitative real-time PCR, RPL-19
was used as a housekeeper gene over beta actin. The presence of estrogen can cause
environment dependent downregulation or upregulation of beta actin’s expression resulting
in inaccurate control measurements (Filby and Tyler, 2007). During the luteal stages
examined, hormone levels would change across stages. Progesterone would be the dominant
hormone when a CL is developing and while it is fully functional. Some level of estrogen
should still be present in luteal tissue, especially in the stage 1V luteal sample when the CL is
undergoing luteolysis and dominant follicles are beginning to grow on the ovary and secrete
estrogen. To avoid any confounding data, RPL-19 was used as an appropriate housekeeper
gene for the quantitative real-time PCR analysis over beta actin.

Examination of TLR1, TLR2, TLR4, and TLR6 expression via quantitative real-time
PCR in different stages of the CL was shown to increase in stage IV luteolytic tissue samples
compared to other stages. This drastic increase is indicative of the recruitment of
inflammatory mediators that would be needed to clear the regressing luteal tissue. A cyclic
nature of TLR expression has also been seen in previous studies (Aflatoonian and Fazeli,
2008; Girling and Hedger 2007; Silva et al., 2012). Together, these results suggest a
regulatory or influential factor within the CL environment that is responsible for mandating
certain expression profiles.

Evidence of sex hormones, like progesterone, have been shown to influence the cyclic

variation of TLR expression. Progesterone is the key hormone for the CL and is responsible
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for the maintenance and control of reproductive cyclicity. Progesterone is a known
immunosuppressant and may act to extend the luteal lifespan by protecting the CL from
unnecessary inflammatory conditions that may compromise overall luteal health and
function. Also, absence of the luteolytic agent PGF», and the presence of PGE> may
contribute to the longer lifespan of the CL (Herath et al., 2009).

In this study, progesterone concentrations are high in stage | luteal samples. This is
due to the determination of progesterone concentrations as ng/ml of tissue collected instead
of entire progesterone content for the whole luteal structure. The CL is an ever-evolving
tissue so in order to collect tissue from stage | (days 1-day 4 of the bovine estrous cycle)
most of the stage | luteal samples are potentially from later stage I (i.e. closer to day 3 or day
4) when more tissue is available to be collected; thus the CL is gaining more functional
ability to produce more progesterone which can explain the high concentrations of
progesterone measured (Ireland et al, 1980). Conversely, the dramatic decline in stage IV
tissue may be attributed to the collection of lesser amounts of tissue due to structural and
functional luteal regression which would result in lower amounts of progesterone being
produced and the destruction and clearance of luteal tissue.

Progesterone concentrations for bovine CL whole tissue samples showed a marked
decrease in stage 1V samples compared to other stages. Stage IV corresponds to days 18-20
of the estrous cycle in the bovine (Ireland et al., 1980). At this period, the CL is undergoing
luteolysis and is therefore losing the ability to produce and secrete progesterone. The inverse
pattern of TLR expression with TLR1, TLR2, TLR4, and TLR6 expression at the highest level

in stage IV reflects that TLR signaling may play a role in luteolysis. Since luteolysis is an
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inflammatory response, the degradation of luteal tissue may serve as a source of endogenous
ligands for TLR and could potentially activate inflammatory mediators like TNF, IFNG, IL6,
IL12, and TGFp. Another potential explanation for the increase in TLR expression may be
attributed to the release of immunosuppression from the presence of progesterone which
would allow for immune responses and inflammation to more readily occur. Further
exploration of the signaling components like MyD88, Mal, TRIF, TRAM, and NF«xB
involved in TLR would allow better understanding of luteolytic mechanisms that are
involved in recruitment of cytokines. It may also allow for more accurate conclusions based
off of the evidence of TLR functionality that the presence of these proteins would show.
Evidence of TLR4 signaling components, MD2 and CD14 in whole tissue samples
via semi-quantitative PCR support the functional capability of luteal tissue towards initiating
an inflammatory response. The TLR4 coreceptor MD2 can be found on the cell surface and is
responsible for aiding in ligand binding to the extracellular domain of the TLR4 dimer
(Hirata et al., 2005). Also playing a role in the binding of LPS to TLR4, CD14 is an essential
component of the TLR4 complex (Botos et al., 2011). Without MD2 and CD14, ligands are
not able to bind properly and TLR4 activation does not occur. The increase in expression of
CD14 and MD2 seen in stage 11 fully functional luteal samples suggests a recruitment period
of essential signaling components to prepare for the eventual degradation of tissue. Hirata
and colleagues (2005) suggest a regulatory role of soluble CD14 as a way to regulate TLR
signaling which may serve to explain why mRNA levels of CD14 were high but may not

have been translated into functional proteins. Exploration of protein expression during this
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transitional time may provide evidence for where and how the signaling components of
TLR4 will be used.

Proinflammatory cytokine expression (TNF, IFNG, and 1L12) reflects the increased
expression at stage 1V pattern that was also seen in TLR expression. Activation of TLR leads
to the recruitment of these inflammatory mediators in a positive feedback loop. These
proinflammatory cytokines are implicated in processes of tissue structuring and renewal, as
well as tissue maintenance and immune cell differentiation (Guo and Wang, 2009; Izzi and
Attisano, 2004; Maroni et al, 2011; Okuda et al., 2003; Parham, 2009; Stewart et al., 2003;
Yang et al., 2011).

Numerous studies on TNF and IFNG demonstrate the cooperative nature in which
both the proinflammatory cytokines act in a cytotoxic nature (Galvao et al., 2012; Petroff et
al., 2001; Skarzynski et al., 2008). Increased TNF expression concurrent with increased
IFNG seen at stage IV is in agreement with other studies (Galvao et al., 2012; Petroff et al.,
2001). TNF and IFNG have been shown to work together in a cytotoxic nature (Petroff et al.,
2001; Skarzynski et al., 2008). TNF by itself is not always cytotoxic but the additive effect
that IFNG brings make the two proinflammatory cytokines into a luteolytic combination.
(Hojo et al., 2010; Petroff et al., 2001). The differential binding of TNFRI and TNFRII can
explain the modified effects demonstrated by TNF when concentrations are low and when
they are high (Skarzynski et al., 2003). LPS and TNF treatment of granulosa and theca cells
disrupted endocrine processes that could led to disruption of cyclity (Williams et al., 2008).
Animals with infections that cause a chronic increase in TNF accumulation could suffer from

decreased fertility due to the disruption of ovarian functioning.
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Neuvians and colleagues (2004) found that temporal expression of cytokines during
PGF2, induced bovine luteal tissue showed a change in TNF, IFNG, and IL1p. TNF and
IFNG were shown to inhibit steroidogenic processes like progesterone production in a dose
dependent manner (Neuvians et al. 2004). The decrease in progesterone concurrent with an
influx of cytokines agrees with the findings in the study. The timing of the cytokine influx
may be beneficial to understanding the best ways to eliminate pathogen sources for effective
dairy management practices. Rapid responses for clearance of pathogens may limit damage
to the female reproductive tract and eliminate further disruptions.

Even though the anti-inflammatory gene was present, TGFp did not show a
differential expression pattern based on luteal stage. TGFB may potentially be present in the
CL to avoid unnecessary states of inflammation that may harm the overall health of the CL
and play a role in the regulation of luteal lifespan. It may also play a role in protection of the
integrity of the cells. In other studies, PGF,, treatment of endothelial cells induced
expression of TGFB. TGFp was proposed to have a role in disassembly of the
microvasculature during luteal regression (Maroni and Davis, 2011). In the pig CL, TGFp
has been implicated in the luteinization process (Sriperumbudur et al., 2010). Though the
expression profile of TGF was not different between stages, the potential role of TGFf3
serving as a structural luteolytic agent is a possibility.

IL12 was shown to be elevated in stage 1V luteolytic CL samples. As a classical
proinflammatory cytokine, 1L12 was shown to have an effect on natural killer cell
differentiation. Natural killer cells were then able to secrete IFNG (Yang et al., 2011). The

similar pattern of increase between IL12 and IFNG can support these previous findings.
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Progesterone was also shown to decrease 1L12 production. Because IL12 was present in late
stage CL when progesterone is low, I1L12 profiles support these findings.

IL6 was significantly lower in CL of pregnancy than stage | CL. IL6 has been shown
to be upregulated when challenged with LPS (Turner et al., 2014). The decreased state in
pregnancy may be attributed to the low inflammatory conditions that are needed to maintain
pregnancy or the lack of bacteria within the uterus contributing to TLR signaling. An
important limitation to interpreting the CL of pregnancy data is that there is a range of
pregnancy lengths grouped together. The diagnosis of pregnancy was determined by
reproductive tract morphology. Of the nine CL of pregnancy samples, the majority of the
samples were in the 30-50 days of gestation range with one sample from early pregnancy
(approximately day 22) and another sample from around day 80 of gestation. This range of
pregnancy may confound the data. In general, TLR expressions from time of implantation up
to early pregnancies may show a lower inflammatory response in order to facilitate
implantation. After implantation, there may be a recruited inflammatory response around the
maternal recognition of pregnancy period in order for the body to register that it is indeed
pregnant. After that, TLR expression is assumed to be lower, barring any unforeseen
circumstances, until closer to parturition. The general consensus behind TLR expression
profiles during gestation is to avoid unnecessary states of inflammation that may cause
abortions (Aflatoonian and Fazeli, 2008).

Isolation of luteal cells and culture with LPS and Pam4, (TLR4 and TLR1/TLR2
ligands) allowed for examination of the specific role that luteal cells play in contributing to

the inflammatory response seen during luteolysis. Linear, quadratic, and cubic relationships
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between TLR ligand treatments were examined but did not result in any statistical
significance. The lack of significance found in cytokine expression based on ligand treatment
can be explained in several ways.

Firstly, the CL is composed of various cell types such as large luteal cells, small
luteal cells, macrophages, fibroblasts, endothelial cells, leukocytes, etc. (Schams and Berisha,
2004; Skarzyski et al., 2008). With such a heterogeneous cell population, cells other than just
the luteal cells may be responsible for recruitment of inflammatory mediators. For example,
macrophages represent a majority of the non-steroidogenic cell population found in the CL
(Neuvians et al., 2004; Wu et al., 2004). The successive recruitment of macrophages
continues as the CL develops and will reach a maximum number at luteolysis. (Wu et al.,
2004). Macrophages are involved in phagocytosis, tissue remodeling, and inflammatory
mediator production. Because of the role macrophages play in immune responses, a healthy
population of macrophages is essential for CL health as supported by macrophage ablation
studies where both follicular growth and infertility was impaired (Wu et al., 2004).
Macrophage ablation studies in the ovary of mice led to ovarian damage and necrotic
processes suggesting that macrophages act cooperatively to support a healthy CL (Turner et
al., 2011).

CD45 is a common marker for leukocytes. Increasing expression of CD45 via semi-
quantitative PCR analysis from a luteinizing CL (stage 1) to a fully functional (stage I11) CL
suggests an infiltration of immune cells within the CL with a decline during stage IV. Studies
performed on both rat and bovine luteal tissue confirm that there is an influx of monocyte

chemoattractant protein during the luteal lifespan that is responsible for the infiltration of the
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macrophage population (Penny et al., 1998; Townson et al., 1996). Ablation of CD45
expression on dendritic cells have shown to play a role in the abolition of inflammatory
mediators (Cross et al., 2008). The decline at stage IV may be attributed to the loss of cells
and tissue that occurs as part of structural regression of the CL. The change in macrophage
numbers provides a structural disassembly of CL tissue. Immune cells may be the main
contributor of inflammatory cytokines within the bovine CL.

Another proposed mechanism can be attributed to the isolation of cells interrupting
essential signaling communication. Luteal cells may act in a cooperative fashion, similar to
the way they act during luteinization. Autocrine and paracrine factors may have been
disrupted and although TLR expression was found in the CL, luteal cells are not the sole
target for the immune system. Preliminary in situ hybridization evidence of TLR2 and TLR4
MRNA expression showed localization to large luteal cells in the pig CL suggesting that only
certain cells within luteal tissue are responsible for regulation of the inflammatory responses
controlled by TLR (unpublished data, Gadshy).

Lastly, the small sample size numbers (n=3 for LPS and n=1 for Pam4 CL treatments)
play a role in the large standard errors that were calculated. With bigger sample sizes, a better
representation of the true effect of ligand treatment would be seen and a potential
significance between treatment concentrations may be seen. With further exploration, cell
specific TLR expression may be an avenue to explore and determine how different cells
types specifically mediate TLR responses. To determine the exact role, further studies that
examine protein and receptor expression on both small and large luteal cells may be

beneficial.
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On a physiological level, dairy cattle are most susceptible to bacterial contraction
during times of copulation, breeding, and parturition (Chotimanukul et al., 2011). Bacteria
contracted during this period can range from gram-positive to gram-negative species. Gram
negative bacteria like E. coli tend to cause acute mastitic infections that only persist for days.
Gram positive bacteria like S. aureus tend to be the underlying cause of clinical cases of
mastitis and have a longer lasting effect that is seen for days, weeks, and even months (Lavon
et al., 2010; 2011a; 2011b). Evidence of TLR1 and TLR2 expression allows for recognition of
these types of bacteria and exploration of the mechanisms responsible for controlling TLR
signaling. Bacterial infections have negative effects on reproduction, such as the disruption
of hypothalamic signaling for proper steroidogenesis and decreased follicular and luteal
growth (Herath et al., 2009). Elucidating the mechanisms behind gram-negative infections
and gram-positive infections may allow for better treatment and faster recovery times.
Fertility in the dairy industry is already a troublesome area due to the genetic selection for
milk production over fertility traits. Examination of TLR on a molecular level will allow for
better understanding of how to control responses and potentially eliminate sources of
contamination and chronic cases that ultimately disrupt and impede productivity in the dairy

industry.
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Figure 1: Progesterone concentrations (ng/ml) in bovine CL. As determined by progesterone
radioimmunoassay, stage IV CL progesterone concentrations were significantly decreased
compared to other stages. Luteal tissue samples included Stage | (n=7), Stage Il (n=11),
Stage 1l (n=11), Stage IV (n=13), and CL of Pregnancy (n=9). Different letters denote

p<0.05. 0.1<p>0.05 are considered to show tendency and are denoted by an asterisk.
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Figure 2: TLR1 mRNA expression in bovine CL whole tissue by stage. TLR1 mRNA was
determined by semi-quantitative PCR mRNA analysis and values are portrayed as ratio of
TLR1 expression over B-actin. Stage 11 samples showed a tendency (p=0.0916) to have
increased TLR1 expression over Stage | samples. Luteal tissue samples included Stage |
(n=7), Stage Il (n=11), Stage 11l (n=11), Stage IV (n=13), and CL of Pregnancy (n=9).
Different letters denote p<0.05. 0.1<p>0.05 are considered to show tendency and are denoted

by an asterisk.
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bCL Tissue Expression of TLR2 via semi-q
PCR

0.6 *

o
3}

o
i

o
w

o
ro

Ratio (TLR2/B-actin)

0.1

| Il i MY B
CL Stage

Figure 3: TLR2 mRNA expression in bovine CL whole tissue by stage. TLR2 mRNA was
determined by semi-quantitative PCR mRNA analysis and values are portrayed as ratio of
TLR2 expression over B-actin. Stage 111 samples showed a tendency (p=0.0846) to have
increased TLR2 expression over Stage | samples. Luteal tissue samples included Stage |
(n=7), Stage Il (n=11), Stage 11l (n=11), Stage IV (n=13), and CL of Pregnancy (n=9).
Different letters denote p<0.05. 0.1<p>0.05 are considered to show tendency and are denoted

by an asterisk.
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bCL Tissue Expression of TLR3 via semi-q PCR
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Figure 4: TLR3 mRNA expression in bovine CL whole tissue by stage. TLR3 mRNA was
determined by semi-quantitative PCR mRNA analysis and values are portrayed as ratio of
TLR3 expression over B-actin. Stage IV samples showed a tendency (p= 0.0820) to have
decreased TLR3 expression compared to Stage I11 samples. Luteal tissue samples included
Stage | (n=7), Stage Il (n=11), Stage Il (n=11), Stage IV (n=13), and CL of Pregnancy
(n=9). Different letters denote p<0.05. 0.1<p>0.05 are considered to show tendency and are

denoted by an asterisk.
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bCL Tissue Expression of TLR4 via semi-q PCR
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Figure 5: TLR4 mRNA expression in bovine CL whole tissue by stage. TLR4 mRNA was
determined by semi-quantitative PCR mRNA analysis and values are portrayed as ratio of
TLR4 expression over B-actin. No significant differences in mRNA expression was seen for
TLRA4. Luteal tissue samples included Stage | (n=7), Stage Il (n=11), Stage Ill (n=11), Stage
IV (n=13), and CL of Pregnancy (n=9). Different letters denote p<0.05. 0.1<p>0.05 are

considered to show tendency and are denoted by an asterisk.
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bCL Tissue Expression of TLR7 via semi-q PCR
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Figure 6: TLR7 mRNA expression in bovine CL whole tissue by stage. TLR7 mRNA was
determined by semi-quantitative PCR mRNA analysis and values are portrayed as ratio of
TLR7 expression over B-actin. TLR7 expression did not differ significantly between stages.
Luteal tissue samples included Stage | (n=7), Stage Il (n=11), Stage Ill (n=11), Stage IV
(n=13), and CL of Pregnancy (n=9). Different letters denote p<0.05. 0.1<p>0.05 are

considered to show tendency and are denoted by an asterisk.
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bCL Tissue Expression of TLR8 via semi-q PCR
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Figure 7: TLR8 mRNA expression in bovine CL whole tissue by stage. TLR8 mRNA was
determined by semi-quantitative PCR mRNA analysis and values are portrayed as ratio of
TLR8 expression over B-actin. Stage IV samples showed a tendency (p= 0.08466) to have
increased TLR8 expression over pregnant samples. Luteal tissue samples included Stage |
(n=7), Stage Il (n=11), Stage 11l (n=11), Stage IV (n=13), and CL of Pregnancy (n=9).
Different letters denote p<0.05. 0.1<p>0.05 are considered to show tendency and are denoted

by an asterisk.
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bCL Tissue Expression of TLR10 via semi-q PCR
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Figure 8: TLR10 mRNA expression in bovine CL whole tissue by stage. TLR10 mRNA was
determined by semi-quantitative PCR mRNA analysis and values are portrayed as ratio of
TLR10 expression over B-actin. TLR10 expression did not differ significantly between
stages. Luteal tissue samples included Stage | (n=7), Stage 11 (n=11), Stage 11l (n=11), Stage
IV (n=13), and CL of Pregnancy (n=9). Different letters denote p<0.05. 0.1<p>0.05 are

considered to show tendency and are denoted by an asterisk.

116



bCL Tissue Expression of MD2 via semi-q PCR
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Figure 9: MD2 mRNA expression in bovine CL whole tissue by stage. MD2 mRNA was
determined by semi-quantitative PCR mRNA analysis and values are portrayed as ratio of
MD?2 expression over B-actin. MD2 expression in stage 111 was signficantly increased (ps
<0.05) compared to other stages. Luteal tissue samples included Stage | (n=7), Stage II
(n=11), Stage Il (n=11), Stage 1V (n=13), and CL of Pregnancy (n=9). Different letters

denote p<0.05. 0.1<p>0.05 are considered to show tendency and are denoted by an asterisk.
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bCL Tissue Expression of CD14 via semi-q PCR
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Figure 10: CD14 mRNA expression in bovine CL whole tissue by stage. CD14 mRNA was
determined by semi-quantitative PCR mRNA analysis and values are portrayed as ratio of
CD14 expression over B-actin. From stage 111 to stage IV, CD14 expression was significantly
decreased (p= 0.0074). Luteal tissue samples included Stage | (h=7), Stage Il (n=11), Stage
Il (n=11), Stage IV (n=13), and CL of Pregnancy (n=9). Different letters denote p<0.05.

0.1<p>0.05 are considered to show tendency and are denoted by an asterisk.
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bCL Tissue Expression of CD45 via semi-q PCR
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Figure 11: CD45 mRNA expression in bovine CL whole tissue by stage. CD45 mRNA was
determined by semi-quantitative PCR mRNA analysis and values are portrayed as ratio of
CD45 expression over B-actin. CD45 expression showed a significant increase (p<0.05) from
stage | to stage Il along with a significant decrease (ps<0.05) occuring at stage IV compared
to other stages. Luteal tissue samples included Stage | (n=7), Stage Il (n=11), Stage IlI
(n=11), Stage IV (n=13), and CL of Pregnancy (n=9). Different letters denote p<0.05.

0.1<p>0.05 are considered to show tendency and are denoted by an asterisk.
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bCL TLR1 Expression
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Figure 12: TLR1 mRNA expression at various stages via quantitative Real-Time PCR. TLR1
expression was increased at stage 1V compared to stage | (p= 0.0030), stage 11 (p=0.0036),
and stage 111 (p=0.0170). Luteal tissue samples included Stage | (n=6), Stage Il (n=10), Stage
111 (n=10), Stage IV (n=13), and CL of Pregnancy (n=9). Different letters denote p<0.05.

0.1<p>0.05 are considered to show tendency and are denoted by an asterisk.
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Figure 13: TLR2 expression at various stages via quantitative Real-Time PCR. TLR2
expression was increased at stage 1V compared to stage | (p= 0.0047), stage 11 (p=0.0022),
stage 111 (p=0.0016), and pregnancy (p=0.0026). Luteal tissue samples included Stage |
(n=6), Stage Il (n=10), Stage 11l (n=10), Stage IV (n=13), and CL of Pregnancy (n=9).
Different letters denote p<0.05. 0.1<p>0.05 are considered to show tendency and are denoted

by an asterisk.
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Figure 14: TLR4 expression at various stages via quantitative Real-Time PCR. TLR4
expression was increased at stage 1V compared to stage | (p= 0.0007), stage 11 (p=0.0003),
stage 111 (p=0.0014), and pregnancy (p=0.0442). Luteal tissue samples included Stage |
(n=6), Stage Il (n=10), Stage 11l (n=10), Stage IV (n=13), and CL of Pregnancy (n=9).
Different letters denote p<0.05. 0.1<p>0.05 are considered to show tendency and are denoted

by an asterisk.
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Figure 15: TLR6 expression at various stages via quantitative Real-Time PCR. TLR6
expression was increased at stage 1V compared to stage | (p= 0.0082), stage 11 (p=0.0027),
and stage 111 (p=0.0341). TLR6 expression tended to increase (p=0.0879) in pregancy
compared to stage Il. Luteal tissue samples included Stage | (n=6), Stage Il (n=10), Stage Il
(n=10), Stage IV (n=13), and CL of Pregnancy (n=9). Different letters denote p<0.05.

0.1<p>0.05 are considered to show tendency and are denoted by an asterisk.
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TNFa expression in bCL Tissue by Stage
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Figure 16: TNF cytokine expression at various stages via quantitative Real-Time PCR. TNF
expression was increased at stage 1V compared to stage | (p= 0.0067), stage 11 (p=0.0024),
stage 111 (p=0.0048), and pregnancy (p=0.0220). Luteal tissue samples included Stage |
(n=6), Stage Il (n=10), Stage 11l (n=10), Stage IV (n=11), and CL of Pregnancy (n=8).
Different letters denote p<0.05. 0.1<p>0.05 are considered to show tendency and are denoted

by an asterisk.
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TGFP expression in bCL Tissue by CL Stage
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Figure 17: TGFp cytokine expression at various stages via quantitative Real-Time PCR.
TGFp expression was not signficantly different across CL stages. Luteal tissue samples
included Stage | (n=6), Stage Il (n=10), Stage Il (n=10), Stage IV (h=11), and CL of
Pregnancy (n=8). Different letters denote p<0.05. 0.1<p>0.05 are considered to show

tendency and are denoted by an asterisk.
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IFNy expression in bCL Tissue by CL Stage
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Figure 18: IFNG cytokine expression at various stages via quantitative Real-Time. IFNG
expression was increased at stage 1V compared to stage | (p= 0.0094), stage 11 (p=0.0043),
stage 111 (p=0.0069), and pregnancy (p=0.0243). Luteal tissue samples included Stage |
(n=6), Stage Il (n=10), Stage 11l (n=10), Stage IV (n=11), and CL of Pregnancy (n=8).
Different letters denote p<0.05. 0.1<p>0.05 are considered to show tendency and are denoted

by an asterisk.
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IL6 expression in bCL Tissue by CL Stage
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Figure 19: IL6 cytokine expression at various stages via quantitative Real-Time PCR. IL6
expression showed a tendency to decrease (p=0.0853) from stage | to pregnancy. Luteal
tissue samples included Stage | (n=6), Stage Il (n=10), Stage Il (n=10), Stage IV (n=11), and
CL of Pregnancy (n=8). Different letters denote p<0.05. 0.1<p>0.05 are considered to show

tendency and are denoted by an asterisk.
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IL12 expression in bCL Tissue by CL Stage
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Figure 20: IL12 cytokine expression at various stages via quantitative Real-Time PCR. IL12
expression was increased at stage 1V compared to stage | (p= 0.0056), stage 11 (p=0.0019),
stage 111 (p=0.0035), and pregnancy (p=0.0106). Luteal tissue samples included Stage |
(n=6), Stage Il (n=10), Stage 11l (n=10), Stage IV (n=11), and CL of Pregnancy (n=8).
Different letters denote p<0.05. 0.1<p>0.05 are considered to show tendency and are denoted

by an asterisk.
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Cytokine Expression in LPS Cultured Luteal
Cells
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Figure 21: Cytokine expression in LPS cultured luteal cells via gPCR. Cytokine mMRNA
values were normalized to control values. No significant differences were found between
Pam4 treatments and any of the cytokines examined. Different letters denote p<0.05.

0.1<p>0.05 are considered to show tendency and are denoted by an asterisk.
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Figure 22: Cytokine expression in Pam4 cultured luteal cells via gPCR. Cytokine mMRNA
values were normalized to control values. No significant differences were found between
Pam4 treatments and any of the cytokines examined. Different letters denote p<0.05.

0.1<p>0.05 are considered to show tendency and are denoted by an asterisk.
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