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ABSTRACT 
 
 
 
This study examines the cycle-dependent expression and hormonal regulation of TLRs in 

immune responses in the human reproductive tract. TLR expression could be significant 

as the reproductive tract is an important site of exposure to and infection with pathogens. 

The cytokine milieu is essential in normal functions of the human endometrium, 

including progression through the menstrual cycle, embryo implantation, and the 

establishment and maintenance of pregnancy. The reproductive tract is unique since it 

hormonally controls expression levels of soluble immune mediators and influx of 

immune cells to mediate these functions. Since TLRs have to the potential to induce 

alterations in cytokine production through recognition of specific ligands, TLR ligation 

could affect endometrial health. 

We demonstrated cycle-dependent expression of TLRs and several TLR-associated 

molecules in the endometrium.  Specifically, we observed that TLR3 is expressed at high 

levels during the window of implantation, when the expression of all other TLRs and 

associated molecules examined is low. TLR3 recognizes dsRNA (the viral genome or a 

product viral replication) to induce proinflammatory and antiviral immune responses.  



 xvii

Thus, since the expression of pattern of TLR3 in the endometrium is unique in 

comparison to that of other TLRs and associated molecules, TLR3 may play a role in 

preparing the endometrium for implantation in addition to mediating proinflammatory 

and antiviral responses within the endometrium.   

We determined in this study that the cyclic expression of TLR3 within the endometrium 

is not due to a direct action of hormones on TLR3 mRNA or protein expression, but that 

hormones are able to affect TLR3 function through suppression of TLR3-mediated 

responses.  These hormonal effects are dependent upon the expression of hormone 

receptors and appear to be acting at the level of TLR3-induced proinflammatory and 

antiviral gene transcription.   

The results of this study indicate that TLRs initiate immune responses to inflammatory 

stimuli in the human endometrium. TLR3 was determined to be a cyclically regulated 

protein specifically expressed during the window of implantation that can mediate 

antiviral immune responses and alter the cytokine milieu, potentially influencing the 

outcomes and consequences of infection. This suggests that TLR3 ligands may be 

utilized to develop treatment and vaccine strategies against viral pathogens in the 

endometrium, and identifies TLR3 as a possible target for treatment of endometrial 

dysfunctions such as endometriosis, infertility, and spontaneous abortion. 
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CHAPTER I 
 

INTRODUCTION 
 
 
 
I. The Immune System 

The human immune system can be classified broadly into two arms, the innate 

immune system and the adaptive immune system [1, 2]. The innate immune system 

develops immediately upon exposure to immune stimuli and the response is non-specific 

toward one specific type of antigen.  The adaptive immune system, in contrast, mediates 

a delayed, specific response to foreign antigen [3]. In addition to being very important in 

the control of pathogens that are able to effectively escape immunological detection by 

the innate immune system, adaptive immune responses are important in the development 

of immunological memory [1, 2, 4]. Since the adaptive immune system plays such an 

important role in the development of immunological memory, the mechanisms by which 

the adaptive immune system is able to effectively eliminate pathogens upon activation 

and how these mechanisms may be utilized in vaccine development have been widely 

studied [5-7]. The innate immune system was long thought to be a non-specific 

inflammatory response generated during exposure to various immune stimuli as the first 

line of immunological defense to simply contain an infection prior to the activation of the 

adaptive immune system [7, 8]. However, recent studies have demonstrated that the 

innate immune response is able to discriminate between different classes of pathogens 

through the use of pattern recognition receptors (PRRs).  Through expression of various 

PRRs, the innate immune system is able to not only discriminate between distinct classes 

of pathogen, but also directs innate and adaptive immune responses toward elimination of 
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the invading pathogen [1-3]. The discovery of pathogen-associated molecular patterns 

(PAMPs) and pattern recognition receptors (PRRs) and the role they play in elimination 

of pathogen and activity as adjuvant has renewed interest in the importance of the 

previously neglected innate immune system [6, 7, 9]. 

A. The Immune Response Upon Invasion by Pathogen 

Collectively, the innate and adaptive immune responses are components of an 

integrated system of host defense in which the system as a whole cooperates in order to 

detect, control, and eliminate invading pathogens. The first line of defense is represented 

by the components of the innate immune system.  Upon invasion of the body by 

pathogen, the immune system is alerted to the presence of the pathogen through the 

sentinel cells of the innate immune system.  These sentinel cells are able to detect the 

presence of pathogen within the immune system through the binding of a PAMP to a 

PRR [1, 3, 8]. The sentinel cells are usually antigen presenting cells (APC), such as 

dendritic cells, or epithelial cells which are present at sites of infection, such as the skin 

or mucosal membranes.  These sentinel cells express PRRs and serve to release soluble 

immune mediators upon recognition of invading pathogen by their expressed PRRs [4, 8, 

10]. For activation of APCs and subsequent activation of the immune response, the APC 

must take up and process the foreign antigen.  Subsequent to antigen processing, APCs 

become activated through specific signaling pathways to produce cytokines and 

chemokines that function to directly eliminate pathogen and recruit other cells to the site 

requiring an immune response to aid in pathogen elimination [3, 7, 8]. Following 

activation, the activated dendritic cells will travel to the draining lymph nodes where they 

will present antigen in the context of major histocompatibilty complex (MHC) antigens to 
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T and B cells.  The presentation of antigen by MHC results in the induction of the 

adaptive immune response [3, 4, 8]. Activated T and B cells expressing T cell receptor 

(TCR) or B cell receptor (BCR) specific for the antigen presented by the DC will migrate 

to the site of infection due to the production of chemokines during the innate immune 

response [4]. These cells will serve to eradicate any pathogen able to escape detection 

and elimination by innate immune cells and soluble mediators [3, 4]. Some B and T cells 

will become memory cells, allowing a more rapid and increased response to a secondary 

exposure to the same pathogen [3, 5]. 

B. Innate Verses Adaptive Immunity 

Although the innate and adaptive immune systems work cooperatively to 

eliminate invading pathogens, several differences exist between the two systems.  The 

innate immune response is considered the first line of defense in response to invading 

pathogens.  As such, the innate immune system recognizes structures that are common to 

groups of related microbes and may not distinguish fine differences between foreign 

substances.  In contrast, the adaptive immune response is stimulated by exposure to 

infectious agents and increases in magnitude and defensive capabilities with successive 

exposure to a particular antigen.  Thus, the adaptive immune response is described as a 

more specific, less rapid immune response than the innate immune response [2, 3]. While 

these two components of the immune response to pathogen serve two distinct purposes 

using distinct methods to eliminate pathogen, parallels between the two systems exist and 

can be used to illustrate and understand the mechanisms by which each system operates 

and how these mechanisms function cooperatively to eliminate invading pathogens. 

Cellular receptors are utilized by both the innate and adaptive immune systems to bind 



 4

foreign antigen and initiate immune responses designed to control and eliminate pathogen 

[1, 4]. The less specific innate immune system uses PRRs, which are able to recognize 

broad patterns that are shared by different classes of pathogens [1, 3, 8].  In contrast, the 

more specific adaptive immune system utilizes B cell receptors (BCR or soluble 

antibody) or T cell receptors (TCRs), which are expressed clonally on the surface of 

lymphocytes.  These antigen receptors are composed of two antigen recognition chains, 

the heavy (H) and light (L) chains in BCRs and the α and β or γ and δ chains in the TCR 

[3, 4].  BCR and TCR have undergone germline rearrangement and recognize short 

antigenic peptide sequences that are specific to each individual pathogen species, 

allowing the adaptive immune system to elicit a more specific response to the pathogen 

[3, 4].  

Another difference between the innate and adaptive immune systems is the speed 

of pathogen recognition and activation of the response.  The innate immune response is 

generated within seconds to minutes following exposure to antigen, while the adaptive 

immune response requires several days to respond [11, 12]. Thus, the innate immune 

system is considered the first line of defense in the immune response to invading 

pathogen.  One reason the innate immune system is able to respond more quickly, is 

because the cells of the innate immune system are sentinel cells that are constantly 

surveying the body for presence of foreign antigen [3, 13]. These cells are the first to 

arrive at a site of infection, recognize the invading pathogen, and alert the immune 

system to respond. In addition, the nature of the response of the innate immune system 

also allows it to react more quickly to pathogen. The innate immune system is able to 

recognize specific PAMPs through binding of the PAMPs to specific PRRs expressed on 
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sentinel cells, which activates specific signaling pathways to alert the immune system to 

presence of pathogen.  These PRRs recognize only a fixed structural motif (PAMPs) and 

do not undergo rearrangement.  In contrast, the adaptive immune system relies on the 

recognition of infection by the innate immune system and must receive signals from the 

innate immune system rather than directly from the pathogen [1, 3, 4, 8, 13]. Following 

receipt of innate immune signals, the appropriate clonal cells of the adaptive immune 

system must then be activated, undergo cell division and expansion, and travel to the site 

of infection before pathogen can be effectively eliminated [3, 4, 7]. The fact that the cells 

of the innate immune system do not require expansion to eliminate pathogen adds to the 

ability of the innate immune system to generate very rapid immune responses.   Innate 

responses are immediate and as such, are usually sufficient to prevent the establishment 

of infection [3]. 

The development of immunological memory is another key difference between 

the innate and adaptive immune systems. Upon secondary exposure to a pathogen, the 

innate immune response remains unaltered in that the response is not faster or more 

robust [3, 4]. However, in contrast, the adaptive immune system reacts much more 

rapidly and robustly upon secondary exposure to a pathogen due to the presence of 

memory T and memory B cells generated following the primary response [4, 5]. Unlike 

the adaptive immune response, the innate immune response does not change with 

repeated exposure to the same pathogen. In fact, innate immune responses are subdued 

upon repeated exposure to the same ligand [14-16]. Homo- and heterotolerance by the 

innate immune system is thought to prevent inappropriate proinflammatory and 

autoimmune reactions to antigen that may be detrimental to the cells and tissues of the 
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body. In this way, the innate and adaptive immune systems are able to cooperate in 

preventing infection and eliminating pathogen without instigating deleterious immune 

responses [7, 12]. Overall, the adaptive immune system is able to eliminate a specific 

existing infection, while the innate immune system provides a directed but broader 

response to control a pathogen before it is able to establish an infection [2-4]. 

C. Toll-like Receptors and the Immune System 

The innate immune system is composed of several PRRs that serve to recognize 

PAMPs and initiate the immune response leading to elimination of invading pathogens.  

The PRRs of the innate immune system play an essential role not only in recognition of 

pathogen, but also in directing the course and type of innate immune response generated 

following exposure to foreign antigen. In addition, the recognition of PRRs by the innate 

immune system serves to activate, direct, and shape the adaptive immune response.  The 

Toll-like receptor (TLR) family is a very important family of PRRs in the innate immune 

system that have been conserved from insects to humans and have a unique and important 

role in signaling the presence of infection  [17, 18]. TLRs recognize broad classes of 

PAMPS and are a central player in initiating, directing, and shaping innate and adaptive 

immune responses to a wide variety of  pathogens through specific signaling pathways 

[12, 18, 19]. TLRs have been demonstrated to have a wide array of immunologically 

important functions upon recognition of PAMPs.  Following the binding of a PAMP to 

the appropriate TLR, various adaptor molecules and other signaling molecules are 

recruited to the TLR, resulting in the generation of several signaling outcomes, including 

the initiation of proinflammatory and antiviral responses, up-regulation of costimulatory 

molecules on APCs, release of chemokines to induce migration of responder cells to the 
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site of infection, and induction cross-priming of T cells by DCs [8, 18, 20, 21]. TLR 

family members serve both redundant and non-redundant functions, so their requirement 

for elimination of specific pathogens can be difficult to determine. However, it is known 

that TLRs are responsible for the adjuvant activity that is required to initiate immune 

responses both in natural infection and in vaccine responses [9]. Thus, TLRs have 

emerged as essential not only in innate immune responses but also in shaping adaptive 

immune responses to pathogen and represent a multi-faceted component of the immune 

system [1, 7, 8]. 

II. The Proinflammatory Response 

The proinflammatory response involves the release of chemical mediators of 

inflammation that act quickly in response to pathogen to alert and aid the cellular immune 

response [4]. Chemical mediators of the proinflammatory response include numerous 

soluble proteins such as cytokines, chemokines, interferons (IFNs), and complement [1, 

4]. Proinflammatory responses are generated when a foreign antigen stimulates a cell 

surface or intracellular receptor such as a PRR to initiate a signaling cascade that results 

in activation and nuclear translocation of transcription factors such as nuclear factor 

kappa B (NF-κB), or mitogen-activated protein kinase (MAPK) [22, 23]. The activation 

of these transcription factors results in the induction of gene transcription and production 

of proinflammatory mediators such as interleukin (IL)-6, IL-8, regulated upon activation, 

normal T-cell expressed and secreted (RANTES), IL-1β, or tumor necrosis factor alpha 

(TNFα) [1, 4, 22, 23]. These molecules then serve to recruit additional responder cells to 

the site of infection and induce a general state of inflammation to aid in elimination of the 

infectious agent. This response, in turn, alerts the immune system to the presence of a 
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pathogen at a specific site within the body, initiates adaptive immune responses, and 

directs the appropriate immune response. 

A. The Role of Cytokines and Chemokines in the Proinflammatory Response 

Recognition of pathogens by PRRs leads to the production of inflammatory 

cytokines, which may act in an autocrine or paracrine manner.  Cytokine functions are 

produced through binding to specific membrane receptors on target cells.  Cytokines are 

not only an essential component of the proinflammatory immune response, but also serve 

other functions, such as acting to direct cell fate and mediating the functions of several 

cell types. In the activation phase of adaptive immune responses, cytokines stimulate the 

growth and differentiation of lymphocytes and also serve to activate different effector 

cells to eliminate invading pathogens [24, 25]. Cytokines can act as growth factors, 

chemotactic agents, apoptosis initiators, induce cellular differentiation, and initiate 

release of intracellular granules [24-27]. Cytokines interact with one another and with 

cells of the innate and adaptive immune system to act directly in elimination of pathogen 

as well as mediate immune cell recruitment and activation. There are several families of 

cytokines with diverse functions that serve to initiate and direct immune responses to 

invading pathogens. 

IL-6 is a member of the gp130 family of cytokines produced primarily by 

epithelial cells, macrophages, and T cells that is induced upon nuclear translocation and 

promoter binding of NF-κB [28]. It has several functions including induction of acute 

phase proteins, activation of cell differentiation and growth, and can act to mediate the 

effect of other cytokines [24, 25, 28]. Other family members include IL-11 and leukemia 

inhibitory factor (LIF) [29]. IL-8, a CXC family chemokine, is also induced upon 
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activation of NF-κB in multiple cell types including epithelial cells and is an important 

inflammatory mediator [26, 30, 31]. IL-8 is a potent neutrophil chemoattractant that 

induces neutrophil degranulation and plays a significant role in angiogenesis [26, 30]. 

Another important proinflammatory cytokine is TNFα, which is produced primarily by 

white blood cells but can be induced in some other cells types [25]. TNFα is the principal 

mediator of the acute inflammatory response to gram negative bacteria and other 

infectious microbes.  In addition, some of the functions of TNFα include the induction of 

cytolysis of tumor cells, enhancement of phagocytosis, and modulation of the expression 

of IL-6 [24-26]. Expression of TNFα is induced by IFN, but inhibited by IL-6 [25, 26, 

32]. RANTES is a chemokine that can be induced by TNFα and acts to enhance 

migration of monocytes and memory T cells to an endothelial site of infection [32]. 

RANTES functions not only as a chemokine but also to activate basophils and CD56+ 

natural killer cells [32]. These cytokines, as well as others, act in coordination with one 

another to mediate proinflammatory responses. 

B. TLRs and the Proinflammatory Response 

Production of many of the cytokines discussed previously occurs as a direct result 

of TLR signaling cascades initiated upon binding of specific TLRs to PAMPs [22]. TLRs 

have been demonstrated to be instrumental in the recognition of pathogens and the 

initiation of subsequent proinflammatory responses.  TLRs are able to recognize a broad 

variety of pathogens, from bacteria, to viruses, to fungus.  Ligation of TLRs to specific 

PAMPs has been demonstrated to result in production of several proinflammatory 

cytokines, such as IL-6, IL-8, RANTES, and TNFα, as well as other cytokines which are 

essential in the development of adaptive immune responses, such as IL-12 [22, 23].  
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These responses are critical in the ability of the immune system to eliminate invading 

pathogens. Elimination or silencing of functional TLRs in organisms and cells has been 

shown to result in the generation of hyporesponsiveness to immune stimuli [18, 33, 34]. 

Although the direct consequences of this hyporesponsiveness are unclear, several human 

TLR polymorphisms have been identified that cause individuals to exhibit enhanced 

susceptibility to infection and disease [34-37].  Thus, proper expression and functioning 

of TLRs appears to be critical in the generation and maintenance of appropriate 

proinflammatory responses within the immune system.   

III. The Antiviral Response 

Most viral infections are efficiently resolved by the host antiviral innate and 

adaptive immune responses.  The innate immune response is the first line of defense 

against an invading virus.  Upon recognition of viral infection by the PRRs of the innate 

immune system, the antiviral response is initiated through subsequent recruitment of 

signaling molecules, which results in the activation and nuclear translocation of IFN 

regulatory factors (IRFs). Nuclear translocation of IRF transcription factors and the 

binding of IRF transcription factors to specific elements within the promoters of target 

genes results in the production of soluble mediators called interferons (IFNs) that act in 

an autocrine and paracrine fashion to alert the immune system to the presence of virus 

[38, 39]. The activation of the interferon response results in the transcriptional activation 

of over 100 primary and secondary antiviral genes involved in controlling and 

eliminating viral pathogens [40]. The antiviral response can be initiated through a variety 

of cellular receptors that respond to viral-associated PAMPs and alert the immune system 

to the presence of viral infection.  Common viral-associated PAMPs include double-
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stranded RNA (dsRNA), single-stranded RNA (ssRNA), viral glycoproteins, and nucleic 

acid motifs found predominately in viral genomes [41, 42]. The antiviral response can be 

divided into two components: the primary and secondary antiviral response [39, 41, 43]. 

The primary antiviral response is activated following initial recognition of viral-

associated PAMPs, with the phosphorylation and dimerization of IRF3, subsequent 

nuclear translocation of the activated IRF3 dimer, and initiation of gene transcription of 

the Type I IFNs [38, 39, 44]. The Type I IFNs transcribed as a result of IRF3 activation 

and binding to IFN-stimulated response elements within the promoters of these genes act 

in an autocrine and paracrine fashion to activate the secondary antiviral response through 

binding of the cell surface expressed IFN alpha/beta receptor (IFNα/βR) [39, 43]. 

Binding of Type I IFNs to the IFNα/βR results in the activation of the Janus 

kinase/Signal transducer and activator of transcription (JAK/STAT) signaling pathway, 

which in turn, results in the activation of several other secondary transcription factors, 

which translocate to the nucleus and bind to IFN stimulated response elements (ISREs) in 

IFN responsive genes [41, 45, 46]. This action ultimately results in expression and 

activation of the IRF7 transcription factor, which mediates transcription of numerous 

genes associated with the antiviral response [39, 43, 47].  

A. The Primary Antiviral Response 

A prominent model system for the investigation of the mechanisms behind 

induction of the primary immune response has been use of dsRNA stimulation in immune 

and epithelial cells. In addition to use of dsRNA motifs, work has been performed using 

ssRNA motifs and unmethylated CpG motifs in the induction of the antiviral response.  

The antiviral PRRs associated with these viral motifs include members of the TLR 
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family, the IFN-induced dsRNA-dependent protein kinase PKR, and the cytoplasmic 

RNA helicases retinoic acid-inducible gene 1 (RIG-1) and melanoma differentiation 

associated antigen 5 (MDA-5) [48-52].  Among the TLRs, TLR3, TLR4, TLR7, TLR8, 

and TLR9 are involved in antiviral innate immune responses.  TLR3 recognizes dsRNA 

viral motifs, while TLR7 and TLR8 recognize G/U-rich ssRNA associated with viruses 

that enter cells through endocytosis [53-59].  TLR4 recognizes viral glycoproteins [60, 

61].  TLR9 recognizes unmethylated CpG DNA present in DNA viruses [53, 60, 62-64].  

All of these viral-associated TLRs are localized in endosomal membranes, with the 

ligand binding domain facing the lumen of the endosomes and the Toll/IL-1 Receptor 

(TIR) signaling domain positioned on the cytoplasmic side of the membrane [18, 60, 61, 

65-67].  This type of localization allows them to bind their respective ligands and initiate 

the IFN response through recruitment of adaptor proteins and other signaling molecules.  

In addition to TLRs, other PRRs exist that are able to bind viral-associated motifs and 

alert the immune system to presence of viral infection.  PKR becomes activated upon 

binding to cytoplasmic dsRNA, and this ligation results in the inhibition of protein 

translation and therefore, viral replication [48, 68].  RIG-1 is a recently characterized 

cytoplasmic dsRNA receptor and activates NF-κB and IRF3 through its caspase 

recruitment domain (CARD)-containing N-terminal region upon binding to dsRNA [50-

52].    MDA-5 is another recently characterized RNA helicase that recognizes dsRNA to 

induce IFN production [51, 52].  Thus, there are several ways for a cell to recognize viral 

infection and initiate antiviral responses.  

Upon recognition of dsRNA motifs by antiviral PRRs, adaptor molecules and 

other components of antiviral signaling cascades are recruited, resulting in the activation 
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of  the primary antiviral response, with phosphorylation and nuclear translocation of 

IRF3 [43, 44, 48, 50, 69].  In addition, these signaling cascades also serve to induce the 

activation of NF-κB as well [43, 44, 48, 50, 69].  The nuclear translocation of activated 

IRF3 results in the transcription and production of IFNβ and, in some cases, the IFNα1 

subtype of IFNα. IFNβ and IFNα1 are then secreted from the cell and serve to initiate the 

secondary antiviral response through binding to the IFNα/βR and subsequent activation 

of the Jak/Stat signaling pathway [70, 71]. IFNβ is an essential element of host defense 

against viruses, as it induces immediate innate antiviral and antiproliferative activities in 

cells and alerts the adaptive immune response to mount an adequate TH1 based immune 

response [72].  IFNβ is produced primarily by epithelial cells and fibroblasts and is also 

involved in regulation of the humoral immune response by controlling human 

lymphocyte antigen (HLA) expression and antibody-dependent cytotoxicity (ADCC) 

[45]. IFNα subtypes are produced in a variety of cells, but of the 23 subtypes, only 

IFNα1 is produced as a part of the primary antiviral response in humans [70, 71]. IFNα 

acts as a general antiviral agent by functioning as an antiproliferative agent and inducing 

the transcription of a number of genes associated with the antiviral response [70]. 

B. The Secondary Antiviral Response 

Subsequent to activation of the primary antiviral response through binding of viral 

motifs by PRRs, antiviral mediators are secreted, specifically, IFNβ and IFNα1.  These 

Type I IFNs act in an autocrine and paracrine fashion to bind the IFNα/βR.  Binding of 

the IFNα/βR by Type I IFNs leads to activation of the Jak/Stat signaling pathway, which 

results in the initiation of the secondary antiviral response [41-43, 45, 73]. Following 
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activation of the Jak/Stat signaling pathway and the secondary antiviral response, the IFN 

stimulated gene factor 3 (ISGF3) complex is activated [41-43, 45, 73].  The ISGF3 

complex is composed of IRF9, STAT1, and STAT2 [41-43, 45, 73].. ISGF3 enters the 

nucleus, binds to ISREs and induces transcription of IRF7 and other IFN-stimulated 

genes.  IRF7 can then be activated by phosphorylation at certain key residues by TBK-

1/IKKε due to the presence of viral motifs such as dsRNA and, in conjunction with other 

transcription factors, mediates transcription of several secondary antiviral proteins such 

as PKR, Interferon-Inducible Protein-10 (IP-10), MxA, the remaining IFNα subtypes, 2'-

5'oligoadenylate synthetase 2 (OAS-2), inducible nitric oxide synthase (iNOS), IFN 

stimulated gene 15 (ISG15), and an array of additional genes directly involved in 

elimination of viral pathogens [40, 42, 43, 47, 74]. In addition to the activation of several 

IFN-response genes, several transcription factors that bind to ISREs are up-regulated to 

amplify the antiviral response.  

The proteins that are up-regulated by activation of the IFN response to viral 

infection play a key role in the elimination of viral infection and display a wide variety of 

functions. PKR is a protein kinase that can directly bind dsRNA at its N-terminal region 

and subsequently initiates or amplifies the antiviral response [48]. The antiviral activity 

of PKR is largely based upon its ability to inhibit protein synthesis.  PKR acts to inhibit 

viral infection by phosphorylating the eukaryotic initiation factor 2α subunit (eIF-2α) 

leading to repression of mRNA translation and cell growth [43, 48]. Thus, PKR becomes 

activated following infection and works to cause translational arrest, which in turn, 

results in the inhibition of viral replication [48, 68, 74, 75].  OAS-2 proteins are sensors 

of viral infection that control the activity of RNase L, which is the effector component of 
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the system, in that RNase L activity is thought to cause apoptosis, a potentially valuable 

contribution to the antiviral response [75].  MxA is an IFN-inducible protein that is a 

member of the dynamin family.  MxA is thought to possess GTPase activity and may 

function to inhibit viral replication [75].  Collectively, PKR, OAS-2, and MxA are 

thought to play a large role in the direct IFN-mediated antiviral effect [75].  IP-10 is 

another protein up-regulated upon recognition of viral infection.  IP-10 is a CXCL family 

chemokine that is a potent chemoattractant for activated T and NK cells thought to 

enhance the development of TH1-type immune responses and has been reported to have 

some antitumor effects [76, 77]. It is generally produced as a part of the secondary 

antiviral response, but can be seen at earlier time-points as it is also induced by 

inflammatory mediators such as IL-1β or TNFα [43, 76, 77]. Additionally, induction of 

IP-10 at earlier time points has been observed as a result of dsRNA stimulation, and thus, 

may play an important role in innate immunity against viral infection [76].  iNOS is an 

enzyme responsible for production of free radical nitric oxide, which can act to kill 

virally infected or tumor cells, and is up-regulated in response to IFN production  [43, 

78]. ISG15 is produced by a variety of cells and acts to enhance proliferation and 

activation of NK cells [43]. Thus, several IFN-inducible proteins play a role in the 

development of the antiviral immune response and subsequent elimination of viral 

pathogens.  In addition to the antiviral proteins mentioned above, several other genes and 

proteins are up-regulated as a result of IFN signaling pathways and function to allow the 

innate antiviral response to eliminate viral and intracellular pathogens. 

C. TLRs and the Antiviral Response 
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TLRs are critical PRRs involved in the generation of antiviral responses. A 

schematic demonstrating activation of antiviral signaling pathways via TLRs and other 

PRRs is represented in Figure 1.  Several TLRs, TLR3, TLR4, TLR7, TLR8 and TLR9, 

are known to bind viral motifs and initiate immune responses, but only TLR3 and TLR4 

have been demonstrated to activate IRF3 nuclear translocation [6, 45, 79, 80].  TLR3-

mediated activation of IRF3 is dependent upon recognition and binding of dsRNA by 

TLR3, while TLR4 is thought to recognize and bind viral glycoproteins [18, 49]. Both 

TLR3 and TLR4 signaling cascades result in the activation and nuclear translocation of 

IRF3, but the responses differ in both quantity and quality [81]. TLR3 initiates an 

antiviral response that is stronger and more sustained than the response initiated through 

TLR4 signaling [81, 82]. TLR4, but not TLR3, has been demonstrated to require a 

contribution from the NF-κB subunit, p65, in order to bind and activate ISREs following 

IRF3 phosphorylation [83]. Additionally, it has been demonstrated that the TLR3-

induced phosphorylation of IRF3 occurs in the C-terminus of the protein while TLR4-

induced phosphorylation occurs in the N-terminal domain [83]. Finally, TLR3, but not 

TLR4 agonists protect against intravaginal challenge with Herpes Simplex Virus (HSV) -

2 in mouse models [84]. Although numerous TLRs have been demonstrated to be 

important in mounting immune responses to viral infections, only TLR3, and to a lesser 

extent TLR4, induce potent IRF3-mediated antiviral responses [22, 81, 82, 85]. 

As discussed above, TLR3 recognizes dsRNA to initiate antiviral responses [49, 

54, 86]. Although ligation of TLR3 with dsRNA induces a potent antiviral response, the 

in vivo role of TLR3 in viral infection is debated due to the presence of other receptors 

that are able to recognize dsRNA. As briefly discussed earlier, the double stranded RNA  
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Figure 1.  TLRs and the antiviral response. 

 

Figure 1.  TLRs and the antiviral response (Immunity. 2007 Sep; 27(3):370-83.).  
Endosomal pathway: The uptake of viruses or virus-infected cells delivers viral nucleic 
acids into endosomes, where they are detected by TLRs. In pDC, TLR7, 8, and 9 signal 
via MyD88 and IKKα to phosphorylate, activate, and cause the nuclear translocation of 
IRF7, which regulates expression of the type I IFN genes; in cDC, TLR9 and MyD88 
couple to IRF1 but not IRF7, resulting in the expression of IFN-β. TLR3 signals via 
TRIF, which couples to the kinases TBK-1 and IKK  and phosphorylates IRF3 to induce 
IFN-α and/or -β. Cytosolic pathway: Viral RNAs are recognized by MDA5 and RIG-I, 
which signal via the mitochondrion-associated adaptor IPS-1. IPS-1 activates the kinases 
TBK-1 and IKK  to phosphorylate IRF3 and IRF7 and induce IFN-α and -β gene 
transcription. Cytosolic DNA receptor(s) use an alternative adaptor to couple to TBK-1 
and IKK , and IRF3 and IRF7. Note that the endosomal and cytosolic pathways also 
couple to NF-κB and MAPK activation, which is important for the expression of the IFN-
β gene and regulates the expression of numerous other proinflammatory cytokines and 
chemokines (not shown). There is likely to be extensive crosstalk between the endosomal 
and cytosolic pathways: Nucleic acids can “leak” from endosomes to activate cytosolic 
PRRs, whereas autophagy can provide cytosolic nucleic acids for endosomal recognition. 
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kinase, PKR, and the cytosolic RNA helicases, RIG1 and MDA-5, have also been 

demonstrated to bind dsRNA to initiate immune responses [48-52, 73, 87]. PKR is a 

serine/threonine kinase whose enzymatic activation requires dsRNA binding [48, 68, 88].  

PKR directly binds independently of sequence to dsRNA motifs as short as 11 

nucleotides through 2 RNA binding domains in the cytoplasm [48, 68, 88]. Following 

binding of PKR to dsRNA, PKR is autophosphorylated and then acts to phosphorylate 

eIF-2a, resulting in inhibition of cellular and viral protein translation initiation [48, 68, 

88].  This inhibition of protein translation serves to inhibit viral replication.  PKR also 

plays a role as a signal transducer, as phosphorylation of PKR also results in activation of 

NF-κB [48, 68, 88]. RIG-1 and MDA-5 are cytoplasmic proteins that are also able to bind 

dsRNA to induce the type I IFN response.  RIG-1 contains an N-terminal caspase 

recruitment domain (CARD), which is responsible for downstream signaling pathways, 

and a C-terminal DexD/H box RNA helicase domain, which is responsible for dsRNA 

recognition [50-52, 87].  Upon binding of dsRNA, RIG-1 recruits CARD-containing 

adaptor proteins, such as IPS-1, and activates the IRF3 and NF-κB transcription factors 

[50-52, 87]. MDA-5, like RIG-1, contains two caspase-recruitment domains (CARDs) 

and a DExD/H-box helicase domain [52]. It is known that PKR is a component of the 

TLR3 signaling cascade, but the possible interplay between RIG-1, MDA-5 and TLRs 

has not been well defined and may be dependent upon cell type [48-52, 68].  Thus, 

further studies are needed to determine whether RIG-1, MDA-5 and PKR represent 

TLR3-independent pathways that induce the antiviral response. 

IV. Mucosal Immunity 
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The mucous membranes of the respiratory, gastrointestinal, and reproductive tract 

are the primary sites of pathogen entry in the body, and as such, are constantly exposed to 

pathogen and foreign antigen [89-91]. The mucosal immune system has three main 

functions, which are to protect mucous membranes from colonization and invasion by 

potential pathogens, prevent uptake of undegraded antigens, and to prevent the 

development of potentially harmful immune responses [89-91].  These mucosal 

membranes and the underlying tissues of the body are protected from invading pathogens 

by the mucosal immune system, which is able to effectively detect and eradicate invading 

pathogens while discriminating between foreign antigen and commensal microbes that do 

not require an immune response [90-92]. The mucosal membranes of the body are able to 

effectively recognize and eliminate foreign antigens through the utilization of innate and 

adaptive immune defenses. In addition, in order to prevent the possibility of harmful 

immune responses that may be induced upon incorrect identification of commensal 

microbes as invading pathogens, the mucosal surfaces employ mucosal tolerance 

mechanisms where the antigen is either ignored or suppressive immune responses are 

activated [91]. The mucosal immune system is composed of an epithelial barrier capable 

of responding to foreign antigen generated during pathogen invasion, mucosal-associated 

lymphoid tissue (MALT) which represents a highly compartmentalized immunological 

system such Peyer’s patches, and lymph nodes that act as sites for adaptive immune 

response initiation and immune cells [90, 92, 93]. The immune cells travel between the 

mucosal epithelium, MALT, and the draining lymph nodes to transmit immunological 

signals between the sentinel cells of the innate immune system, which subsequently serve 

to activate the B and T cells of the adaptive immune system [90, 92-94]. The sentinel 
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cells must distinguish between innocuous and detrimental antigen signals and alert the 

cells of the immune system to the presence of an invading pathogen, while preventing 

immune responses to self antigen, harmless antigen, or antigen from commensal 

organisms [90, 94]. 

A. Mucosal Tracts 

The mucosal membranes making up the respiratory, gastrointestinal, and 

reproductive mucosal tracts are designed to act as a physical barrier between the body 

and foreign stimuli. Although each of these tracts function in a similar manner and use 

similar mechanisms to combat invading pathogens, each of these mucosal membranes 

have adapted to the unique requirements of their individual environment. For example, 

the respiratory tract, composed of the nasal, esophageal, and lung mucosal surfaces, 

encounters pathogen through a variety of mechanisms, usually as inhaled antigen [90, 

95]. Based upon the type of pathogen normally encountered, the respiratory tract has 

developed several mechanisms to prevent establishment of infection.  In order to 

circumvent infection by various inhaled pathogens, the respiratory tract is lined with cilia 

and coated with mucous that acts as a mechanical barrier to pathogen entry [95]. In 

addition to the mucosal barrier, the respiratory tract also utilizes the ability of epithelial 

cells to provide innate defenses through the secretion of natural antimicrobials, such as 

defensins [89, 90, 94-97]. Within the respiratory tract, the nasal-associated lymphoid 

tissues (NALT) and bronchial-associated lymphoid tissues (BALT) are the primary sites 

where adaptive immune responses are initiated [90, 95]. The lung is generally considered 

a “sterile” site, so if microbes are able to escape elimination in the upper respiratory tract 

and advance to the lower respiratory tract, pathogen must be eliminated to avoid infection 
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[90, 95]. Since the development of several autoimmune and inflammatory disorders is 

associated with inappropriate responses within the mucoal system, immune responses in 

the respiratory tract must be tightly regulated.  Thus, tolerance is an essential component 

of the regulation of immune responses.  When tolerance to harmless antigens is not 

maintained in this system, the development of allergy, asthma, and chronic obstructive 

pulmonary disorders (COPD) may occur [90, 92, 98]. Variances in immune regulation 

exist between the different mucosal tracts.  For example, the respiratory tract has been 

demonstrated to employ tolerance through an ignorance of antigen, while the 

gastrointestinal tract actively suppresses immune responses to prevent inappropriate 

responses [90, 92]. 

The mucosal lining of the stomach, intestines, and rectum make up the 

gastrointestinal tract. As in the respiratory tract, the mucosal epithelium of the gut 

represents a physical barrier to pathogen entry and is colonized with commensal microbes 

[90, 91, 93]. Invading pathogens generally enter the gut through ingestion, and infection 

occurs following pathogen invasion or abnormal colonization of commensal microbe 

organisms, such as circumstances where commensal microbes colonize areas of the gut 

that are not normally colonized by the organisms [90, 91, 93]. As in the respiratory tract, 

the epithelial cells in the gut epithelium form a mechanical barrier to pathogen entry and 

secrete a variety of natural antibiotic peptides to control infection [94, 99]. Following 

pathogen recognition and the initial development of the innate immune response, the 

adaptive immune system is alerted to the presence of pathogen and these adaptive 

immune responses generally occur in gut-associated lymphoid tissues (GALT) and 

Peyer’s Patches while the lamina propria serves as a site of antigen sampling [90, 91]. 
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Oral tolerance to innocuous antigen is essential to prevent development of inflammatory 

disorders and allergy [90, 92, 94]. Tolerance develops through a variety of mechanisms in 

the gastrointestinal mucosa, but the most common mechanisms of tolerance within the 

gut is through the generation of suppressive immune responses, which prevent potentially 

damaging immune reactions to non-pathogenic organisms and antigen [90, 92, 94]. In 

addition to suppressive immune responses, the gut also has the ability to sequester 

immune responses as a means of preventing inappropriate immune responses [100-102]. 

For example, innate PRRs are expressed in a polarized fashion with receptors expressed 

only on the basolateral side of the gut, which is not exposed to commensal antigen and 

allows the gut to ignore the presence of commensal organisms [103]. Thus, these 

receptors as expressed such that they are only able to recognize and respond to 

pathogenic organisms, preventing any possible inappropriate recognition and response to 

commensal organisms.  Just as in the respiratory tract, tolerance is an important 

mechanism of immune regulation in the gut.  Breaking of tolerance leads to disorders 

such as Crohn’s disease, inflammatory bowel disease (IBD), and allergy to food antigens 

[90, 91, 103]. 

Although many similarities exist between the female reproductive tract and the 

respiratory and gastrointestinal tracts, the female reproductive tract is unique among the 

mucosal tracts, as it is frequently exposed to pathogen but must be able to tolerate not 

only harmless antigen, as in the respiratory and gastrointestinal tract, but also invasive 

foreign antigens including semen and the conceptus [104-107]. The reproductive mucosal 

immune system consists of an epithelial luminal lining with glandular crypts [13, 104, 

108]. Like in the respiratory and gastrointestinal tracts, this lining acts as a physical 
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barrier to invading pathgons.  However, several differences between the tracts are 

evident.  Unlike the respiratory and gastrointestinal tracts, the reproductive immune 

system does not have classical MALTs [109, 110]. Rather, the reproductive tract contains 

lymphoid foci consisting of a core of B cells surrounded by T cells [109, 110]. In 

addition, the respiratory and gastrointestinal mucosal tracts are rich in secretory IgA, 

while the reproductive mucosa expresses more IgG than IgA [104]. Another unique 

feature of the reproductive mucosa is the constant tissue remodeling undergone by the 

system as the uterus progresses through the menstrual cycle [111]. The entire lining of 

the uterus is shed approximately every 28 days during menstruation and these changes 

are accompanied by other cyclical changes, such as variation in concentrations of 

cytokines and infiltration of numerous cell types [111]. The reproductive mucosal 

immune system must maintain a delicate balance during the process of menstruation, as 

the system must be able to prevent establishment of infection during this process. The 

cycle-dependent expression of hormones throughout the menstrual cycles controls cyclic 

levels of several immune molecules such as cytokines and the balance of these  molecules 

within the reproductive tract is essential for proper progression through the menstrual 

cycle, as well as maintenance of the ability of the reproductive tract to effectively 

respond to and eliminate invading pathogens [24, 104, 105, 112]. Thus, the immune 

system is utilized not only to prevent infection, but also to regulate progression through 

the menstrual cycle and other reproductive functions including embryo implantation, 

decidualization, and the establishment and maintenance of pregnancy [24, 112]. Under 

the control of the cyclic steroid hormones estrogen and progesterone, cells of the immune 

system and the mucosal epithelium produce an array of cytokines and chemokines that 
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form the cycle-dependent cytokine milieu present within the reproductive tract [24, 112]. 

Imbalances in the cytokine milieu can result in disorders such as endometriosis, chronic 

miscarriages, and infertility [24, 110, 112-114]. 

B. The Mucosal Epithelium 

The epithelial lining of the mucosal immune system serves many functions and is 

an essential component of the immune system.  In addition to acting as a physical barrier, 

the lining has a secretory function, an absorptive function, and an immune function [90, 

94, 95]. The epithelium forms the lining of the cavities of the respiratory, gastrointestinal, 

and reproductive mucosa by forming impenetrable tight junctions coated with mucous 

that act as a mechanical barrier in preventing pathogen from gaining access to the interior 

of the body [94]. However, some microbes are able to bind cell-surface receptors and 

utilize the mechanisms that immune system cells and macromolecules use to migrate 

across the epithelial barrier [90, 91, 93, 109, 115]. To decrease these occurrences, the 

epithelium also utilizes physical barriers by secreting natural antimicrobial peptides that 

act to eliminate pathogen and/or alert the innate and adaptive immune system to the 

presence of foreign antigen [94, 96, 97, 99]. The epithelium can also directly recognize 

microbial PAMPs and produce cytokines and chemokines of the innate immune system in 

initiating immune responses [92, 94, 99]. Additionally, epithelial cells can present 

antigen to adaptive immune cells and shape subsequent adaptive immune responses to 

pathogen [116, 117]. The epithelium has long been known to serve as a mechanical 

barrier in prevention of pathogen entry, but the role of epithelial cells as an active 

component of the innate immune system is a more recent discovery. 

C. TLRs in Mucosal Immunity 
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TLRs are an important component of the innate immune response and the 

development of the adaptive immune response in the mucosal immune system.  TLRs are 

expressed on the cell surface and intracellularly in epithelial cells [18, 118-122]. These 

PRRs serve to regulate mucosal immune responses and tolerance. TLRs are essential in 

the initiation of the innate response through production of proinflammatory cytokines 

following recognition of PAMPs, shaping of adaptive immune responses through 

maturation of DCs, production of essential antimicrobial products such as defensins and 

IFNs, and activation of cells such as macrophages, mast cells, neutrophils, and natural 

killer (NK) cells [18]. In the lung, expression of TLRs has been demonstrated to be 

critical in the immune response to pathogens such as Pseudomonas aeruginosa, 

Bordetella, and Haemophilus influenzae, Respiratory Syncytial Virus (RSV), and 

Influenza Virus [18, 79, 123-128]. In the gut, TLRs play a role in controlling Salmonella 

enterica, Escherichia coli, and Shigella dysenteriae and preventing dysentery [6, 18, 129-

131]. Additionally, topical agents used in the treatment of Human Papilloma Virus (HPV) 

–induced genital warts exert their effects through TLR ligation [132, 133]. In addition to 

their role in pathogen recognition and the generation of immune responses to pathogen, 

TLRs play important roles in the induction of tolerance through polarized expressed 

patterns on stratified epithelial, selective expression in mucosal tissues, and homo- and 

heterotolerance silencing of TLR signaling observed following repeated exposure to 

antigen [14-16, 100-103, 134, 135]. Up-regulation of TLR expression in the nasal 

epithelium have been associated with development of disorders such as allergic rhinitis 

[95, 98]. In the gut, inappropriate TLR expression occurs during IBD, Crohn’s Disease, 

and ulcerative colitis [136-138]. Thus, the expression of TLRs within the epithelium of 
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the mucosal tract is essential for prevention of infection and the generation of immune 

response following recognition of invading pathogens, but must be tightly regulated to 

maintain mucosal tolerance and prevent development of autoimmune or inflammatory 

disorders. 

V. Toll-like Receptors 

The existence of TLRs was proposed long before there was experimental 

evidence confirming their existence. Charles Janeway proposed in 1989 that cells of the 

innate immune system must express PRRs that recognize molecular patterns or PAMPs 

of pathogenic organisms [139]. He correctly postulated that these PAMPs must be 

essential microbial components that cannot be modified by microbes without 

significantly altering microbial fitness and that PAMPs are structures or molecules that 

are characteristic of distinct classes of pathogen [2, 11, 12, 139]. The Toll protein was 

first identified as a developmental protein in Drosophila and was later demonstrated to be 

important in immune responses to fungal and gram positive bacterial infections but not 

gram negative bacterial infections [12, 61]. This suggested that the Toll protein was able 

to effectively distinguish between classes of microbes to initiate immune responses in 

Drosophila. Following the recognition of these microbes, the generation of immune 

responses resulted in the initiation of a signaling pathway resembling the IL-1 receptor 

(IL-1R) signaling pathway, as the conserved Toll/IL-1R (TIR) domain found in the 

cytoplasmic domain of both Toll is also found in IL-1R [12, 18]. Following the discovery 

of the immune function of Toll, mammalian expression of a Toll homologue, TLR4, was 

identified [11, 12, 18]. TLR4 was determined to be essential in recognition of bacterial 

LPS, and the C3H/HeJ mouse strain, which has long been known to be hyporesponsive to 
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LPS treatment, was found to have a point mutation in the Tlr4 gene that corresponded to 

a single amino acid substitution in the TIR domain of the TLR4 protein [18, 33]. 

Following the discovery of TLR4, an entire family of TLRs was identified, each specific 

for the recognition of unique microbial PAMPs, making the family of TLRs very 

important in the immune response to pathogens.  More importantly, the implications of 

TLR expression and function were found to be increasingly broad, as TLRs were also 

shown to be essential in mediating adjuvant activity, alerting the immune system to the 

presence of pathogen and initiating innate immune responses, shaping the adaptive 

immune responses to the appropriate pathogen, and cross-priming of DCs [12, 18-21].  

Thus, TLRs are critical for innate immunity, but additionally, TLRs are a prerequisite for 

the development of adaptive immune responses.  

TLRs are closely related type I transmembrane proteins that are members of the 

IL-1R superfamily defined by the presence of the N-terminal TIR signaling domain and 

the C-terminal leucine rich repeats (LRRs) [12, 18, 19, 53]. The cytoplasmic TIR domain 

of the TLRs demonstrates high similarity to many members of the IL-1R family, 

however, despite this similarity, TLRs are unique in that they have extracellular C-

terminal LRRs rather than the C-terminal immunoglobulin-like domains present in other 

IL-1R family members [12, 18, 19, 53]. Members of the TLR family are expressed 

ubiquitously and are found both on the cell surface and intracellularly in endosomal 

vesicles [6, 18, 140, 141]. The C-terminal LRR domains, which are involved in ligand 

recognition, are extracellular for TLRs expressed on the surface and are present on the 

vesicle lumen for intracellularly expressed TLRs [142].  Following ligand recognition, 

the cytoplasmic TIR domain recruits specific TIR-containing adaptor molecules to the 
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TLRs to activate cellular signaling cascades that ultimately result in the production of 

proinflammatory and antiviral cytokines [18]. 

A. TLR Structure   

The presence of LRRs and the TIR domain within TLRs has been well described, 

but current studies have additionally focused on elucidating TLR structure. Recent 

studies have solved the crystal structure of TLR3, as well as further knowledge on the 

structure of TLR ligand binding domains [143]. A schematic representation of TLR 

structure is shown in Figure 2.  The TLR ectodomain is comprised of 19-25 tandem 

repeats of the LRR motif [142]. The LRRs making up the ectodomain form a horseshoe-

shaped solenoid that is highly glycosylated and possesses a glycosylation-free face 

thought to be involved in ligand binding [142-144]. Each LRR is a 24-residue repeat 

consisting of xL2xxL5xL7xxN10xΦ12xxΦ15xxxxF20xxL23x where L is a conserved leucine 

residue and Φ is a conserved hydrophobic residue (leucine, isoleucine, valine, 

methionine, or phenylalanine), forming the hydrophobic core of the solenoid structure [7, 

18, 142-144]. Although the general structure of members of the TLR family is similar, 

differences are apparent.  The ectodomains of the TLRs differ from each other in the 

number of LRRs present, in the number and position of LRRs that deviate from the 

consensus LRR, and in the number and position of insertions in the LRRs [142-144]. 

Insertions following position 10 or position 15 of the LRR are frequently observed for the 

TLRs and these insertions are thought to contribute significantly to ligand specificity and 

binding [142-144]. 

The N-terminal domain of the TLR proteins contains a weakly conserved 

cytoplasmic 150-200 residue TIR domain [22]. Structurally, the N-terminus of the TIR  
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Figure 2.  TLR Structure. 

 

Figure 2.  TLR Structure (Exp Mol Med. 2007 Aug 31;39(4):421-38.).  High level 
structural similarity between IL-1R and TLR. Both receptors differ in their extracellular 
domain, in which IL-1R possesses Ig-like domain, whereas TLRs have varying numbers 
of leucine rich repeats (LRR) that serve to bind TLR-specific ligands. The intracellular 
region is the same, which contains Toll/IL-1R (TIR) domain that includes three 
conserved motifs, Box 1, Box 2, and Box 3, involved in different signaling or receptor 
interaction functions.  The similarity present in this domain indicates the high level 
signaling similarity between the receptors. 
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domain begins with a conserved (F/Y)DA motif and ends with  8 residues C-terminal of a 

conserved FW motif [33].  The TIR region contains 5 β-sheets, 5 α-helices, and 5 loops 

forming specific links between β-sheets and α-helices and can be divided into 3 

conserved motifs (Box 1, Box 2, and Box 3) involved in different functions related to 

signaling and/or receptor interactions [22, 33, 145, 146]. The residues in Box 1 

(consensus sequence FDAFISY) are not highly conserved between TLRs [33].  Box 1 is 

thought to be involved in receptor oligermization as well as signaling specificity [33, 

146]. Box 2 (consensus sequence GYKLC-RD-PG) is thought to play a role in 

oligermization of the TLR adapter molecules recruited to TLRs following ligand binding 

to initiate TLR-dependent signaling cascades [33, 146]. This region contains a loop 

referred to as the BB loop that includes a conserved P required for interaction with the 

myeloid differentiation primary response gene 88 (MyD88), which is a common adaptor 

protein involved in the signaling pathways of most TLRs [33, 145, 146].  Mutations of 

the conserved P from P to H causes a loss of signaling function in the TLRs [33, 146-

148].  This residue is conserved between all the TLRs except TLR3, which is the only 

TLR that does not utilize MyD88 for signaling due the presence of an A instead of P 

[149]. Box 3 (a conserved W surrounded by basic residues), is required for TLR function 

and is thought to be involved in either receptor localization or binding the TIR domains 

of the adaptor molecules to the TIR domains of the TLR [33, 146]. 

B. TLR Expression Patterns 

In mammals, to date, 13 TLRs have been identified.  Through the investigation of 

TLR expression in specific cell types, studies have demonstrated that at least one TLR is 

present in all tissues examined, and thus, TLRs are ubiquitously expressed. However, 
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differences in the expression of individual TLRs have been observed and seem to depend 

upon cell types and subsets and activation state of the cell [6, 18, 141, 150]. For example, 

human monocytes and macrophages express all the TLRs except TLR3, while DC 

expression of TLRs depends upon the subset of the DC [6, 18, 141, 150]. Plasmacytoid 

DCs (pDCs) express TLR7 and TLR9, whereas myeloid DCs express TLR1, TLR2, 

TLR4, TLR5, and TLR8 [6, 18, 141, 150]. These TLR expression patterns change as DCs 

mature, with TLR3 being expressed only in mature DCs [18]. TLRs are not only found 

on a variety of immune cells such as macrophages, DCs, and B cells, but also on mucosal 

epithelium and structural cells of tissues such as fibroblasts [6, 18, 141, 150]. 

In addition to differences in tissue distribution and expression patterns, TLRs also 

exhibit directional expression and differences in expression levels. The expression of 

some TLRs in mucosal epithelium can be restricted in polarized epithelium [101, 102]. In 

intestinal epithelium, expression of TLR5 is limited to the basolateral surface rather than 

the apical surface [103]. This type of directional expression could work to prevent 

inappropriate immune responses by preventing contact between TLRs and commendsal 

organisms, as the apical surface is in constant contact with commensal organisms while 

the basolateral surface comes in contact with invading pathogen species [100, 102, 103]. 

In addition to directional expression of TLRs, the expression levels of TLRs are tightly 

regulated in mucosal tissues to prevent deleterious immune responses [15, 16, 134, 136, 

137]. TLR4 is expressed at low levels in mucosal tissues and this low level expression is 

thought to prevent strong inflammatory reactions to commensal bacteria, which could 

result in the development of disorders and tissue damage [6, 18, 101, 136, 137]. This idea 

is supported by studies on chronic inflammatory diseases such as IBD, where elevated 
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levels of TLR4 have been reported, suggesting that low expression of TLRs is utilized as 

a tolerance mechanism in mucosal epithelium [101, 137]. 

1. Cellular localization 

The cellular localization of TLRs differs depending on the TLR and the cell type 

in which the TLR is expressed. TLRs may be expressed as cell surface receptors at the 

plasma membrane or intracellularly in endosomal vesicles [6, 18, 66, 151]. TLRs that are 

activated by bacterial and fungal PAMPS (TLR1, TLR2, TLR4, TLR5, and TLR6) are 

generally expressed on the cell surface [6, 18]. Some TLR expression can be seen in the 

golgi apparatus, but it is thought that this expression is not required for signaling and 

simply represents a steady-state TLR pool [152]. In contrast to bacterial and fungal-

associated TLRs, TLRs that recognize nucleic acid motifs (TLR3, TLR7, TLR8, and 

TLR9) are expressed primarily in endosomal vesicles [6, 18]. This type of localization 

may be very important for TLRs that recognize nucleic acid motifs, as such subcellular 

localization would allow for the discrimination of bacterial or viral nucleic acid motifs 

from self nucleic acid motifs.  Localization studies utilizing TLR chimeras have 

determined that the cellular localization signal for most TLRs is contained in the 

cytoplasmic tail [140].  Most TLRs are localized either to the surface or to intracellular 

compartments.  However, TLR3 is unique in that it has been found to be expressed on 

both the cell surface and intracellularly depending on the cell type. In a human fibroblast 

cell line, TLR3 was demonstrated to be surface expressed [66, 151]. However, in human 

myeloid DCs, expression was localized to endosomal vesicles [66, 151]. Cellular 

localization of TLR3 has been demonstrated to be dependent upon a cytoplasmic linker 

region located in Box 3 of the TIR domain [65, 153]. However, the linker region is not 
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conserved across TLR species, since the TLR7 localization signal was demonstrated to be 

present in the transmembrane domain [153]. Due to the strong homology of this region 

between TLR7, TLR8, and TLR9, it is postulated that like TLR7, TLR8 and TLR9 also 

are localized to endosomal vesicles through a signal in their transmembrane domains [18, 

153]. 

The expression of TLRs is tightly controlled and is thought to be essential in 

maintaining the balance between appropriate and robust immune responses to pathogen 

and establishment and maintenance of tolerance for commensal organisms and innocuous 

antigen. Many studies have examined the role of this balance in the respiratory and 

gastrointestinal tracts. Several studies demonstrated that TLR2 and TLR4 are expressed 

at very low levels at mucosal epithelial surfaces which are regularly exposed to pathogen 

due to their location, such as the apical surface of the intestinal epithelium or nasal 

mucosal epithelium [15, 16, 103, 136]. Due to the low level expression of TLRs in these 

tissues and other mechanisms employed by the tissue to counteract possibly detrimental 

immune responses, the responses to TLR ligation in these cells is generally muted and 

repeated exposure to antigen results in both homo- and heterotolerance [14, 101, 136]. To 

further support the mechanisms involving TLRs and their role in tolerance, studies have 

demonstrated that increases in the levels of expression of these TLRs are highly 

associated with disorders including allergies and inflammatory gut and lung diseases [35, 

98, 136]. This may not be the case for all TLRs, however, as differences in the expression 

levels of TLR3 and TLR5 are usually similar in both diseased and non-diseased patients, 

although, TLR5 does exhibit polarized expression in the gut [101, 103, 137]. 

2. TLR isoforms 
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The TLR genes are composed of between 2 and 5 exons that undergo splicing to 

form an intact protein [60]. Alternatively spliced mRNA leads to production of several 

known TLR isoforms, which were identified by sequencing mRNA transcript and protein 

sequences for each TLR.  Isoforms have been determined for TLR1 (4 isoforms), TLR2 

(6 isoforms), TLR3 (5 isoforms), TLR4 (7 isoforms), TLR5 (4 isoforms), TLR6 (1 

isoform), TLR7 (2 isoforms), TLR8 (2 isoforms), TLR9  (7 isoforms), and TLR10 (4 

isoforms) [141, 152] http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly}. Although 

many of these isoforms have not been examined in vivo for expression and/or function, 

several isoforms have been detected in vivo and been demonstrated to alter the properties 

of TLR expression and function.  For example, a TLR4 isoform identified in mice results 

in the expression of a truncated soluble form of TLR4, which functions to prevent an 

immune response to LPS [154]. Similarly, an isoform of TLR2 has been identified that 

functions to prevent TLR2-dependent responses in humans [155]. Examination of TLR3 

led to the observation of two different isoforms, which exhibit differences in the LRR 

region of TLR3 and are thought to be involved in differences in TLR3 ligand recognition 

[60, 156, 157].  Although two isoforms have been identified for TLR9, the function of 

these isoforms has not been determined [60, 156, 157]. In addition to the discovered 

isoforms, studies have also observed different splice variants for several TLRs.  Five 

mRNA splice variant species have been identified for TLR2 and are thought to be 

involved in regulation of translation [158]. Alternative splice variants of TLR7 have been 

identified in human, mouse, and chicken, but the function of these variants is unknown 

[159].  Thus, although the expression of TLR isoforms and the effect they have on TLR 

function has not been extensively studied, these studies could provide explanations for 
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the ability of a TLR to alter its expression, ligand specificity, and function in different 

cell types as well as patient-dependent differences in the ability to recognize, combat, and 

effectively eliminate pathogens. 

3. TLR polymorphisms 

Polymorphisms in human TLR human genes have been extensively studied and 

have been shown to be linked with increased susceptibility to infection. TLR4 

polymorphisms (Asp299Gly) are associated with increased susceptibility to Candida 

albicans, gram negative infections, acute coronary events, and septic shock [36, 160-

162]. TLR5 point mutation (TLR5392STOP mutation) results in expression of a 

truncated, dominant negative protein connected with development of Legionella 

pneumophila-induced pneumonia and susceptibility to typhoid fever [163, 164]. Two 

TLR2 polymorphisms (Arg677Trp and Arg753Gln) have been identified that increase 

risk for gram positive septic shock and tuberculosis and Borrelia burgdorferi, 

Mycobacterium leprae, and Treponema pallidum infections [36, 165-168].  The 

examination of TLR polymorphisms is important, since studies have demonstrated that in 

addition to the increased susceptibility to infectious disease, polymorphisms are also 

implicated in development of autoimmune and inflammatory disorders. TLR4 

polymorphisms (Asp299Gly) have been shown to be associated with atherosclerotic 

diseases, Crohn’s disease, and ulcerative colitis [36, 37, 169]. The TLR4 mutation is 

linked to both increased and decreased risk for atherosclerosis depending on the genetic 

background of the individual [36, 160]. Additionally, TLR9 polymorphisms (−1237 C/T 

and 2848 A/G and -1237 tyrosine/cytosine) have been connected to development of 

Crohn’s disease and have been shown to be protective against systemic lupus 
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erythematosus (SLE) [36, 170]. TLR3 polymorphisms (2593 C/T, 2642 C/A, and 2690 

A/G) have been associated with development of Type I Diabetes [171]. Ultimately, TLR 

polymorphisms impact both disease resistance and development of immune disorders, 

indicating the importance of TLRs in the development of immunity and maintenance of 

tolerance. 

C. TLR Signaling 

TLR signaling pathways have been extensively studied. As discussed previously, 

all of the members of the TLR family contain a TIR signaling domain that interacts with 

adaptor molecules also containing a TIR domain [19, 23, 33, 148, 172]. There are 

currently 5 TLR adaptor molecules that have been identified, MyD88, the MyD88-

adaptor like (MAL or TIRAP), TIR-domain containing adaptor protein inducing IFNβ 

(TRIF or TICAM-1), TRIF-related adaptor molecule (TRAM or TICAM-2), and sterile 

α- and armadillo-motif containing protein (SARM) [19, 23, 33, 147, 148, 172]. MyD88 

was the first identified TLR adapter molecule. MyD88 contains a TIR domain that allows 

it to interact with IL-1R family members and a death domain (DD) that recruits IL-1R-

associated kinases (IRAKs) to the signaling complex [19, 23, 33, 85, 147, 148, 172]. 

MyD88 is utilized by all the TLRs except TLR3 [19, 23, 33, 85, 147, 148, 172]. It is the 

sole adaptor identified for TLR5, TLR7, TLR8, and TLR9, while TLR2 and TLR4 use 

the MyD88 adaptor molecule along with other adaptor molecules discussed below [19, 

23, 33, 85, 147, 148, 172, 173]. The MyD88-dependent pathway is known to mediate 

activation of NF-κB and the production of inflammatory cytokines, and the MyD88-

independent pathway induces production of IFN-inducible genes [23, 67, 116, 174]. 

However, MyD88 signaling pathways may also result in the production of IFN-inducible 
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genes, as IFN induction has been demonstrated upon ligation of TLR7 and TLR9, which 

utilize MyD88 [56, 85, 175, 176]. It is unclear why MyD88 mediates IFN induction 

following ligation of TLR7 and TLR9 but is unable to mediate IFN induction through 

TLR4 ligation. 

The TIR-domain-containing adaptor protein (TIRAP), also known as the MyD88-

adaptor-like protein (MAL), was the second TLR adaptor discovered. Although MAL has 

similarities to MyD88, it differs in the N-terminal portion where MAL is 75 amino acids 

shorter and lacks a DD [18, 23, 33, 67, 85, 147, 173, 177]. At the time of discovery, it 

was known that the MyD88-dependent and the MyD88-independent TLR signaling 

pathway existed. It was initially thought that TIRAP would mediate the MyD88-

independent pathway in TLR signaling. However, studies indicated that TIRAP 

deficiencies result in inhibition of inflammatory cytokine production [156, 173, 177]. It 

has since been determined that TIRAP is utilized in the downstream signaling pathways 

for TLR4 and TLR2 but not other TLRs [22, 23, 85, 173].   

The TIR-domain-containing adaptor protein inducing IFNβ (TRIF) or TIR-

domain-containing adaptor molecule (TICAM) 1 has 712 amino acids and was 

simultaneously identified by two groups. TRIF was identified as the adaptor utilized in 

the MyD88-independent production of IFNβ and induction of IFN-stimulated genes [85, 

147, 177-179]. This protein is utilized by both TLR3 and TLR4, although, the 

recruitment of downstream signaling components differs depending on the TLR [22, 85, 

179, 180]. TRIF signaling results in phosphorylation and dimerization of the IRF3 

transcription factor as well as activation of NF-κB, leading to the induction of 

proinflammatory and antiviral genes [22, 85, 179, 180]. It is unclear why TLR4 requires 



 38

MyD88, TIRAP, and TRIF to activate NF-κB events while other TLRs require only 

MyD88 [22, 23, 173]. 

The fourth adaptor molecule identified is termed the TRIF-related adaptor 

molecule (TRAM) or TICAM-2 [85, 180, 181]. TRAM has 253 amino acids and 

associates with TRIF in the TLR4 signaling pathway but not in the TLR3 signaling 

pathway [181]. In the absence of TRAM, TLR4 signaling results in decreased activation 

of IRF3, suggesting its involvement in the MyD88-independent/TRIF-dependent 

signaling cascade [85, 180, 181]. The production of inflammatory cytokines was also 

reduced when TRAM was not expressed [85, 180, 181]. However, dsRNA signaling 

mediated through TLR3 was unaffected by TRAM deficiency [173, 181]. TRAM has 

only been demonstrated to be involved in the TLR4 signaling pathway [85, 180, 181].  

The fifth TLR adaptor molecule is the sterile α motif (SAM) and HEAT-

Armadillo repeat motif (ARM) -containing protein (SARM) and has only recently been 

identified as a TIR-containing adapter and is distinct from other adaptor molecules in that 

it does not activate NF-kB or IRF3 [147, 172].  Rather, SARM acts as a negative 

regulator of TLR signaling and has been specifically demonstrated to target TRIF [147, 

148, 172].  SARM associates with TRIF to block TRIF-induced NF-kB activation [147, 

148, 172].  Additionally, silencing of SARM results in the enhancement of TRIF-

mediated signaling [147, 148, 172].  The exact mechanism by which SARM regulates 

TRIF is unknown, but it is thought that SARM acts to sequester TRIF, preventing its 

interaction with downstream effector molecules, or recruits additional inhibitor proteins 

to block TRIF-mediated signaling [148].   
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The MyD88-dependent signaling pathway involves ligand induced recruitment of 

MyD88 to the TLR signaling complex. MyD88 then recruits IRAK4 followed by IRAK1 

to the signaling complex where IRAK4 phosphorylates IRAK1 [22, 23, 173]. The IRAKs 

then dissociate from the signaling complex and interact with TNF-R-associated factor 

(TRAF) 6, which forms a complex with ubiquitin-conjugating enzymes and acts as an E3 

ligase, activating the MAPKKK family member, TGF-β-activated kinase (TAK) 1 [22, 

23, 173]. This TRAF6/TAK1 interaction requires two adaptor proteins, TAK1 binding 

protein (TAB) 1 and TAB2, which enhance the kinase activity of TAK1 and link TAK1 

to TRAF6, respectively [22, 23, 173]. These signaling interactions result in the activation 

of the NF-κB and AP-1 transcription factors [22, 23, 173]. Dimerization of NF-kB 

subunits and subsequent nuclear translocation of NF-κB transcription factors is essential 

for production of proinflammatory cytokines by TLR ligation [22, 23, 173]. In TLR4 and 

TLR2 signaling, TIRAP is utilized in recruitment of the signaling molecules required for 

NF-κB activation [22, 23, 85, 173]. TLR4 additionally utilizes TRIF and TRAM in 

activation for the IRF3 transcription factor, as discussed below [22, 23, 85, 173]. 

The TLR3 signaling pathway does not utilize the MyD88-dependent signaling 

pathway as described above [22, 23, 173]. Figure 3 depicts what is currently known about 

TLR3 signaling.  Instead, TLR3 uses the adaptor molecule TRIF to independently 

mediate NF-κB, IRF3, jun amino-terminal kinase (JNK) and p38 activation [182, 183]. 

TRIF does not recruit any members of the IRAK family as it does not contain a DD [53, 

88]. Instead, TRIF directly recruits TRAF6 to the signaling complex to initiate NF-κB 

activation [88]. Interference with TRAF6 recruitment does not negatively affect IRF3 

activation [184]. TRAF6 recruits TAK1, TAB2, and PKR resulting in release of the  
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Figure 3.  TLR3 signaling pathways. 

 

Figure 3.  TLR3 signaling pathways (Clin Microbiol Rev. 2008 Jan;21(1):13-25.).  
The activation of NF- B and IRF3 is achieved following ligation of TLR3 to dsRNA and 
recruitment of TRIF.  TRIF then binds the ubiquitin ligase TRAF6 and the kinase RIP1. 
RIP1 ubiquitination is recognized by the ubiquitin receptor proteins TAB2 and TAB3, 
leading to the activation of the kinase TAK1, which is part of the same complex. TAK1 
phosphorylates and activates IKK  and IKKβ, which are part of a bigger IKK complex 
with the IKK adaptor protein IKK . IKKβ phosphorylates I B , which binds and keeps 
NF- B in an inactive state in the cytoplasm. I B  phosphorylation leads to its recognition 
and degradation by the proteasome, allowing NF- B to translocate to the nucleus, where 
it binds and activates specific gene promoters. TRIF also binds TRAF3 and NAP1. 
Whereas the role of TRAF3 is still largely unclear, NAP1 functions as an adaptor for the 
IKK-related kinases IKK  and TBK1. Both kinases phosphorylate IRF3, leading to its 
dimerization and translocation to the nucleus, where it binds and activates specific gene 
promoters.  TLR3 also induces apoptosis via a TRIF- and RIP1-dependent mechanism. 
The binding of RIP1 to TRIF not only activates NF- B but also recruits the DD-
containing adaptor protein FADD via a homotypic DD-DD interaction, which interacts 
with the cysteine protease procaspase-8 through the death effector domain (DED) present 
in both proteins. This is believed to result in the proteolytic auto-activation of procaspase-
8 and the initiation of cell death. CYT, cytoplasmic linker. 
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signaling complex from the receptor and activation of NF-κB and MAP kinases (JNK 

and p38) involved in binding to AP-1 sites [22, 173, 184]. Receptor interacting protein 

(RIP) 1 is essential for activation of NF-κB but not AP-1, although it is unclear when 

recruitment of RIP1 occurs [22, 23, 173, 185]. The signaling cascade involving activation 

of IRF3 is less clearly defined. However, it is known that the TRAF family member-

associated NF-κB activator (TANK) binding kinase (TBK) 1 and IκB kinase (IKK) ε 

protein kinases are involved in the phosphorylation of the essential C-terminal serine and 

threonine residues required for IRF3 activation [186, 187]. Since TBK1 phosphorylates 

IRF3 and can directly bind both TRIF and IRF3, it is thought that TLR3, TRIF, and 

TBK1 form a protein complex that allows phosphorylated IRF3 to be released and 

translocated to the nucleus [22, 23, 186]. TRIF-mediated IRF3 activation following TLR4 

ligation does not proceed with the same pathway [81, 82]. TLR4 requires the TRAM 

adaptor and the NF-κB subunit p65 to induce IFN-stimulated genes and results in 

phosphorylation of the N-terminus rather than the C-terminus of IRF3 [22, 81, 82]. 

D. Human TLRs 

To date, 13 TLRs have been identified in mammals.  10 TLRs have been 

identified in the human as compared to 11 TLRs identified in the mouse. TLR1-10 are 

expressed in the human, and TLR1-9 and TLR11 are expressed in the mouse, while 

TLR10 is a pseudogene in the mouse [18, 19, 188]. While similarities between human 

and mouse TLRs do exist, specific differences in specific TLRs make comparisons 

between human and murine systems difficult. In addition, TLR tissue distribution 

patterns differ between the human and the mouse for most TLRs and some signaling 

differences have been demonstrated despite conservation of signaling cascade 
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components across species [189, 190]. Finally, it has been demonstrated that TLRs 

recognize and respond to different ligands in different species and show enhanced TLR-

related susceptibility to different diseases between species. 

1. TLR1, TLR2, TLR6, and TLR10 

TLRs form both homo- and heterodimers to allow ligand recognition, recruitment 

of adaptor proteins, and initiation of the appropriate signaling cascades. TLR2 forms 

heterodimers with both TLR1 and TLR6 in recognition of  a variety of microbial 

components, such as bacterial lipoproteins, and has recently been demonstrated to form a 

heterodimer with TLR10 [18, 19, 191]. However, the ligand that utilizes the 

TLR2/TLR10 dimer is unknown, and TLR10 remains the only orphan TLR [18, 19, 53, 

136, 191]. The TLR2/TLR1 heterodimers recognizes tri-acyl lipoproteins that are 

primarily found in mycobacterium as well as soluble factors from Neisseria meningitides 

[18, 19, 53, 136]. TLR2/TLR6 heterodimers are involved in recognition of di-acyl 

lipoproteins such as MALP-2 found in mycoplasma species [18, 19, 53, 136]. TLR2 is 

involved in recognition of numerous other gram positive bacterial motifs such as PGN, 

lipotechoic acid (LTA), mycobacterial motifs such as Lipoarabinomannan, glycolipids 

found in the spirochete Treponema maltophilum, fungal motifs such as zymosan, 

parasitic motifs such as glycoinositolphospholipids in Trypanosoma cruzi, and atypical 

LPS found in gram negative bacterial species such as Leptospira interrogans and 

Porphyromonas gingivalis [18, 19, 53, 136]. Studies in mice indicate that in the absence 

of TLR2, mice exhibit greater susceptibility to gram positive bacteria and spirochetes 

such as Borrelia burgdorferi [18, 19, 53, 136]. It is unclear for the majority of TLR2 

ligands whether TLR2 is forming homodimers or if TLR1, TLR6, and/or TLR10 are 
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involved in ligation of these motifs. TLR2 has also been demonstrated to recognize self 

antigens such as Heat Shock Protein 70 (HSP70) [18, 19, 53, 136]. 

2. TLR4 

TLR4 forms a homodimer in recognition of bacterial LPS [18, 19, 53, 136]. TLR4 

functions similarly in the human and the mouse in that both human and murine TLR4 

recognize LPS. However, due to a TLR4 region that is hypervariable across species, 

human TLR4 is able to recognize both normal LPS structures that are penta-acylated and 

hyper-acylated LPS structures in opportunistic bacteria that are not recognized by murine 

TLR4 [124]. TLR4 is also involved in recognition of viral glycoproteins such as RSV 

Fusion protein and Mouse Minute Virus (MMV) envelope proteins and in recognition of 

HSP60 from Chlamydia pneumoniae [18, 19, 53, 79, 136]. TLR4 recognizes an array of 

host-derived molecules including HSP60, HSP70, fibronectin, hyaluronic acid, and 

fibrinogen [18, 19, 53, 136]. TLR4 recognition of Chlamydial HSP60 and human HSP60 

is thought to be involved in generation of atherosclerotic plaques formed when persistent 

Chlamydial infections results in activation of TLR4 through Chlamydial HSP60 and 

human HSP60 [192]. 

3. TLR3 

TLR3 is involved in recognition of dsRNA motifs [54]. The most commonly used 

TLR ligand is synthetic double-stranded polyriboinosinic:polyribocytidylic acid (Poly 

I:C). TLR3 responses to Poly I:C are dependent upon the nucleic acid composition (as 

other synthetic polyribonucleic acids or polydeoxyribonucleic acids do not activate 

TLR3) as well as the structure and length of Poly I:C [49, 54, 86]. TLR3 has been 

demonstrated to be involved in the antiviral response to Mouse Cytomegalovirus 
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(MCMV), human Influenza A virus, and Rhinovirus [63, 79, 125, 193]. TLR3 mediates 

entry of West Nile Virus into the brain of mice leading to lethal encephalitis [194]. 

Human TLR3, in part, mediates responses to RSV [79, 127, 189]. The ligation of TLR3 

has also been demonstrated to be important as a therapeutic agent, as use of Poly I:C as 

an adjuvant increases vaccine efficacy for viruses such as HSV-2, Heptitis B, and 

Influenza A [84, 125, 195]. Even though both mouse and human TLR3 recognize Poly 

I:C, TLR3 responses to virus in mouse versus human seem to differ greatly as TLR3 from 

each species does not seem to recognize the same viral ligands. 

4. TLR5 

TLR5 has been demonstrated to recognize bacterial flagellin [196]. TLR5 directly 

binds a conserved site on flagellin required for flagellar filament assembly and motility 

[197, 198]. Recognition can be specific to the individual species of bacteria as flagella 

from species such as Salmonella typhimurium, Listeria monocytogenes, Pseudomonas 

aeruginosa, Legionella pneumophila, and Escherichia coli but not Campylobacter jejuni, 

Helicobacter pylori, and Bartonella bacilliformis results in TLR5 ligation and production 

of proinflammatory cytokines [197, 199]. A TLR5 polymorphism (TLR5392STOP), in 

which a stop codon is inserted in the ligand-binding domain of TLR5, has been shown to 

be associated with susceptibility to pneumonia and with susceptibility to and outcomes in 

typhoid fever caused by the flagellated bacteria Legionella pneumophila and Salmonella 

enterica serovar Typhi, respectively [163, 164]. TLR5 is also implicated in human 

inflammatory disorders. In the human gut, TLR5 expression is limited to basolateral 

expression where it does not come in contact with commensal bacteria [103, 137]. 

However, TLR5 is able to be activated by flagellin from non-pathogenic commensal 
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bacteria, implicating TLR5 as a possible inducer of inappropriate inflammatory responses 

seen in IBD [130]. IBD patients have higher than normal responses to commensal 

bacteria and flagellin from commensal bacteria has been demonstrated to be a dominant 

antigen in Crohn’s Disease [200]. 

5. TLR7 and TLR8 

The natural ligand for TLR7 and TLR8 was not known for an extensive period 

following their discovery. TLR7 and TLR8 were first found to respond to ligation with 

synthetic antiviral compounds such as imidazoquinoline-like molecules including 

imiquimod (R-837), resiquimod (R-848), S-27609, and guanosine analogues such as 

loxoribine [175, 176, 201, 202]. In the mouse, TLR7 is activated by all of these 

compounds, but TLR8 does not respond to stimulation [57, 175, 203]. However, in the 

human, TLR8 is activated by resiquimod [175, 203]. Numerous imidazoquinoline-like 

molecules have since been identified that selectively activate TLR7 or TLR8 [57]. The 

identification of TLR7 and TLR8 as ligands for imidazoquinoline-like compounds is 

clinically significant in humans since these compounds are utilized in treatment of viral 

infections including HPV-induced genital warts [132, 133]. Another antiviral compound, 

isatoribine, has been demonstrated to reduce plasma viral titers to chronic Hepatitis C 

Virus (HCV) [201]. 

Because TLR7 and TLR8 respond to stimulation with synthetic antiviral 

compounds, it was not surprising that the natural ligands for TLR7 and TLR8 were 

identified to be viral ssRNA species. Murine TLR7 was shown to respond to stimulation 

with purified influenza virus genomic ssRNA as well as Poly(U) motifs and several self 

ssRNA species [56, 59]. This response was MyD88-dependent and murine TLR8 was not 
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involved in responses to influenza virus [56]. Human TLR7 and TLR8 were not 

examined in this study, but the natural ligand for human TLR8 was identified in another 

study. Human TLR8 recognizes a GU-rich sequence from the U5 region of HIV-1 when 

complexed with N-[1-(2,3-Dioleoyloxy)propyl]-N,N,Ntrimethylammoniummethylsulfate 

(DOTAP) [58]. TLR8 could also be stimulated with U-rich analogues of this sequence 

but not G-rich analogues [58]. This study additionally highlighted species differences 

between the mouse and the human. Murine TLR7 responded to the GU-rich sequence but 

not the U-rich sequence, while human TLR7 appeared not to respond to either motif [58]. 

In the mouse, TLR7 has been demonstrated to be important in responses to other viruses 

such as vesicular stomatitis virus (VSV) [58, 59, 123]. Human TLR8, and to a much 

lesser extent TLR7, have been demonstrated to mediate responses to Coxsackie Virus B 

(CAB) viral RNA [204].  

6. TLR9 

TLR9 is involved in both antiviral and antibacterial responses. TLR9 recognizes 

unmethylated CpG motifs that are present in microbes, but rare in mammalian species 

[64]. TLR9 recognition of CpG motifs is both species and cell type specific in that 

different and unique CpG motifs are recognized by cells from different species and of 

different type [64, 205, 206]. In humans, the optimal CpG motif is GTCGTT, and there 

are three categories of stimulatory CpGs that initiate TLR9-mediated responses [18, 53, 

64, 205, 206]. CpG-A motifs (also known as D type) induce high amounts of IFNα and 

are strong activators of NK cells, CpG-B motifs (K type) are potent activators of B cells, 

and CpG-C motifs mediate the effects seen by both CpG-A and CpG-B [62, 205-207]. 

CpG types are structurally different from one another. CpG-A consists of central CpG 
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dinucleotides arranged in a palindrome and G-tetrads (poly-G motif) at the 5' and/or 3' 

ends [207]. The CpG-B motif is composed of repeating units of the optimal human CpG 

sequence [207]. The CpG-C motif is GC-rich 3’ palindromic sequences linked by a T 

spacer to a 5' hexameric CpG motif [207]. TLR9 has been demonstrated to mediate 

antiviral responses to HSV-1 and HSV-2 as well as MCMV [53, 208, 209]. In the mouse, 

CpGs have been used to successfully treat genital herpes infections [208]. TLR9 is also 

involved in susceptibility to autoimmune disorders. A TLR9 polymorphism (-1237 Y/C) 

has been shown to be protective in development of SLE [35, 36]. 

VI. The Endometrium 

The human endometrium is the lining of the uterus, which consists of a single 

layer of columnar epithelium, resting on a layer of connective tissue which varies in 

thickness dependent upon hormones produced by ovarian follicles and primarily serves as 

the site for embryo implantation [108, 111, 112]. The epithelial layer of the endometrium 

undergoes cyclic regeneration, proliferation, secretes macromolecules preparing the 

uterus for embryo implantation and pregnancy, and, in the absence of implantation, is 

sloughed during menstruation [108, 111, 112]. These events ultimately controlled by the 

steroid hormones estrogen (E2) and progesterone (P4) and are collectively referred to as 

the menstrual cycle [111]. Hormone levels are cyclically regulated throughout the 

menstrual cycle and regulate the expression of growth hormones and immune system 

components such as cytokines and immune cells that initiate alterations in the 

endometrial epithelium that are associated with progression through the menstrual cycle 

[24, 111, 112]. In addition, the endometrial immune system is unique in that it must be 

able to mount immune responses to pathogenic organisms, while tolerating the presence 
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of allogeneic sperm and the semiallogeneic fetus [24, 104, 210]. Since progression 

through the menstrual cycle is mediated by hormones, immune cytokines, and cells, a 

delicate balance between tolerance and immune response must be maintained to promote 

the health and normal functioning of the endometrium, while working collectively to 

prevent microbial infection. 

A. Function and Structure of the Human Endometrium 

The human endometrium is the mucosal layer that lines the uterus. It is composed 

of polarized, columnar epithelium connected by tight junctions that extend into the 

underlying stroma via invaginations known as glands [13, 104, 108].  The endometrium 

is comprised of two zones: the functionalis and the basalis [111]. The functionalis is the 

epithelial layer lining the lumen of the uterus that undergoes cyclic proliferation, 

alteration in function, and is sloughed off at menstruation [111]. The basalis is composed 

of the underlying stromal cells that are unaltered during the menstrual cycle and are the 

source of replacement functionalis cells [111]. The endometrium’s primary function is as 

the site of embryo implantation and establishment of pregnancy [108, 111, 112]. 

During the menstrual cycle, the endometrium undergoes cellular and structural 

changes that are controlled by the steroid hormones estrogen and progesterone [111]. The 

idealized menstrual cycle is a 28-day cycle in which the endometrium undergoes 

epithelial proliferation and structural and compositional changes that prepare the 

endometrium for embryo implantation. These changes are followed by sloughing of the 

epithelium in the absence of embryo implantation [111]. The menstrual cycle can be 

divided into three phases: the proliferative phase, the secretory phase, and the menstrual 

phase [108, 111, 112]. In the idealized menstrual cycle, the proliferative phase begins at 
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day 5 (d5) and marks the a proliferation of epithelial cells and growth of the functionalis 

[108, 111, 112]. Endometrial thickening is influenced by rising levels of estrogen and 

continues until ovulation at d14 when estrogen levels peak [108, 111, 112]. At this time 

progesterone levels are low, but begin to rise as the endometrium enters the secretory 

phase [108, 111, 112]. During the secretory phase, glandular epithelium begins to secrete 

substances, such as numerous cytokines and growth factors, required to prepare the 

endometrium for embryo implantation [108, 111, 112]. The secretory phase is divided 

into the early (d15-d18), mid- (d19-23), and late (d24-28) secretory phases [108, 111, 

112]. The implantation window occurs between d20 and d24 and corresponds with the 

peak of progesterone expression and a rise in estrogen levels [106, 108, 111, 112]. If 

implantation does not occur, the endometrium enters the late secretory phase, estrogen 

and progesterone levels decrease, and production of macromolecules involved in 

menstruation ensues [108, 111, 112]. Around d28, the endometrium enters the menstrual 

phase and becomes ischemic and necrosis occurs leading to sloughing of the epithelium 

[108, 111, 112]. 

B. The Role of the Immune System in the Endometrium 

The immune system of the endometrium is complex and serves several functions. 

Not only does it provide protection against pathogen invasion and tumor development, 

but the cells and molecules of the immune system are utilized in progression through the 

menstrual cycle, embryo implantation, and maintenance of the fetus [24, 110, 112]. 

Although the menstrual cycle and accompanying endometrial changes are ultimately 

under the control of hormones, the endometrial changes are directly controlled by 

cytokines and growth factors that are expressed under the control of steroid hormones 
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[24, 110-112]. During the proliferative phase, CSF-1, granulocyte macrophage (GM) -

CSF, and TNFα levels increase under estrogen stimulation [24, 110, 112]. The secretory 

phase decline in estrogen and corresponding rise in progesterone results in decreases in 

CM-CSF and increases in CSF-1, TNFα, LIF, IL-6, and IL-8 [24, 110, 112, 211]. In the 

event of implantation, colony-stimulating factor (CSF) -1 expression is up-regulated and 

continually expressed until proinflammatory cytokine level increases result in parturition 

[24, 110, 112, 210]. In the event of a late-term infection, pre-term labor can be induced 

by the proinflammatory immune response [24, 110, 112, 210]. In the absence of 

implantation, proinflammatory cytokine production occurs and results in up regulation of 

metalloproteinases (MMPs) and menstruation [24, 110, 112, 210]. 

The alteration of cytokine levels across the menstrual cycle also results in the 

cycling of immune cells into and out of the endometrium. The proliferative phase is 

marked by an influx of macrophages into the endometrium [24, 104, 112]. During the 

secretory phase macrophage influx continues but the phenotype of the macrophages is 

altered. At this point, the macrophages possess an immunosuppressant phenotype under 

the influence of CSF-1 [24, 104, 112]. This time-point is also marked by an influx of 

uterine NK (uNK) cells, which play an important role in the decidualization of the stroma 

and vascularization during implantation [24, 104, 112, 212-214].  A role for uNK cells 

has also been suggested in pregnancy, but the role of uNK cells in immune tolerance of 

the fetus and immune responses during pregnancy are unclear. In the event that 

implantation does not occur and CSF-1 levels fall, macrophages acquire an activated 

phenotype during the late secretory phase and are involved in generating the 

proinflammatory environment necessary for menstruation [24, 104, 112]. In addition to 
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the role of macrophages, menstruation is accompanied by migration of eosinophils, 

neutrophils, and mast cells into the endometrium [24, 104, 112]. Uterine neutrophils have 

a unique cytokine profile in that they secrete IFNγ, IL-12, and TNFα into the 

endometrium [24, 104, 112, 215]. The influx of immune cells is induced by up-regulation 

of eotaxin, IL-8, cytokine-induced neutrophil chemoattractant (KC), and RANTES, and 

the presence of these cells allows for the synthesis of the matrix MMPs involved in tissue 

remodeling of the endometrium [24, 104, 112]. Levels of IL-6, IL-8, TNFα, IFNγ, and 

other proinflammatory cytokines peak during the late secretory phase as the endometrium 

undergoes tissue remodeling and sloughing of the epithelium [24, 104, 112].  

Successful implantation depends on a complex balance between the 

developmental stages of the embryo and a series of molecular and cellular events induced 

by autocrine and paracrine regulators in the endometrium.  Thus, implantation of the 

embryo is also strongly influenced by the cytokine environment. Gp130 family cytokines 

are especially important in regulating implantation [24, 112, 216, 217]. In the mouse, LIF 

and IL-11 knock-out mice are infertile [24, 112, 216, 217]. IL-6 knock-out mice do not 

exhibit any problems with fertility, but it is thought that IL-6 is important in regulation of 

embryo implantation in the human [24, 112, 211, 216-218]. TGFβ is strongly implicated 

as a required cytokine for implantation of the embryo as is nitric oxide (NO) [24, 112, 

214, 219, 220]. NO is generated by the NO synthase enzyme and the inducible form of 

this enzyme (iNOS) is up-regulated by progesterone [24, 104, 112]. In rats, antagonism 

of NO results in the inability of the embryo to implant into the endometrium [220]. 

One of the most important and least understood aspects of the endometrial 

immune system is its ability to recognize and eliminate pathogen while tolerating the 
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immunological insult delivered during fertilization and pregnancy [210]. The immune 

system of the human endometrium must be able to tolerate both allogeneic semen and the 

conceptus in order to allow fertilization and embryo implantation to occur [24, 104, 210]. 

Pathogen activation of immune responses during establishment and maintenance of 

pregnancy does not automatically result in rejection of the fetus, but can lead to an 

environment in which the fetus ultimately is rejected [104, 213, 221, 222]. Additionally, 

the endometrium is particularly vulnerable to infection since it undergoes tissue 

remodeling and shedding of the epithelium, weakening the mechanical barrier to 

pathogen infection [105, 107]. The immune system must be able to cope with this 

increased risk of infection without becoming so robust as to be unable to tolerate semen 

and the embryo [107, 213, 222]. Many chronic infections such as Chlamydia trachomatis 

and Neisseria gonorrhoeae negatively impact fertility [105, 122, 223-229]. It is 

postulated that the immune responses generated during these infections disrupt the 

cytokine balance and immune tolerance such that successful fertilization and implantation 

become difficult [105, 112, 122, 230]. 

The epithelial cells of the endometrium are not only important to the function of 

the endometrium, but are also essential cells of the innate immune system. These cells act 

as protective cells and as sentinel cells [13, 107]. The endometrial epithelium continually 

secretes antimicrobial compounds such as defensins as a physical barrier to pathogen 

entry in addition to providing a mechanical barrier [13, 107]. The epithelium is also a rich 

source of cytokine production in the event of contact with foreign antigen [13, 24, 107]. 

Endometrial epithelium cells express PRRs that allow initiation of innate immune 

responses [13, 105, 107, 118, 119, 121, 122]. Additionally, epithelial cells are able to 
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directly present antigen to migrating T cells following activation of the adaptive immune 

system [13]. The epithelial cells of the endometrium are an integral part of the immune 

responses seen in the endometrium and are likely important in the balance between 

tolerance and activation of endometrial immune responses. 

C. Endometrial Steroid Hormones and Receptors 

The human endometrium is the lining of the uterus, which varies in thickness 

dependent upon hormones produced by ovarian follicles and primarily serves as the site 

for embryo implantation [108, 111, 112]. The endoemtrium is divided into two steroid 

hormone-responsive compartments, an epithelial compartment consisting of surface and 

glandular epithelium, and a stromal compartment filled with stromal fibroblasts, 

endothelial cells, macrophages, peri-vascular T lymphocytes and large granular 

lymphocytes [108, 111, 112].  The epithelial layer of the endometrium undergoes cyclic 

regeneration, proliferation, secretes macromolecules preparing the uterus for embryo 

implantation and pregnancy, and, in the absence of implantation, is sloughed during 

menstruation [108, 111, 112]. These events are ultimately controlled by the steroid 

hormones E2 and P4 and are collectively referred to as the menstrual cycle [111]. 

Hormone levels are cyclically regulated throughout the menstrual cycle and regulate the 

expression of growth hormones and immune system components such as cytokines and 

immune cells that initiate alterations in the endometrial epithelium that are associated 

with progression through the menstrual cycle [24, 111, 112].  These hormones act 

primary by regulating the transcription of specific hormone-responsive target genes and 

these transcriptional activities are modulated through the expression of steroid hormone 
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receptors, estrogen receptor (ER) and progesterone receptor (PR).  ER and PR are 

transcription factors whose activity is regulated by binding E2 and P4, respectively.   

1. Estrogen and Estrogen Receptor 

Estrogens are steroid hormones that regulate growth, differentiation, and function 

in a broad range of target tissues within the human body.  Thus, E2 concentrations are 

important in maintaining normal endometrial function.  A wide variety of biological 

processes within the endometrium are governed by estrogen, including cellular 

proliferation, cellular differentiation, extracellular matrix remodeling, angiogenesis, and 

vasculogenesis [231-233].  To accomplish these biological processes, estrogen acts in 

concert with other components of the endometrium, including P4 and various cytokines 

and growth factors.  One of the most important functions of E2 within the endometrium 

may be the priming of the endometrium for receptivity, as E2 is critical in the pre-

ovulatory phase of the menstrual cycle [106, 231-234].   

Estrogen signaling is mediated by one of two estrogen receptors, estrogen 

receptor alpha (ERα) or estrogen receptor beta (ERβ), which are members of the nuclear 

receptor superfamily and act as ligand-activated transcription factors.  ERα and ERβ are 

encoded by two separate genes.  Although these receptors are similar in many ways, they 

have a markedly different tissue distribution.  These receptors contain an N-terminal 

DNA binding domain and C-terminal ligand binding domain [231-233].  ERα contains 

two activation domains, and N-terminal ligand-independent activation function (AF-1) 

and a C-terminal ligand-independent activation function (AF-2), which act synergistically 

to recruit various coactivator proteins [231-233].  Coactivator binding exclusively to AF-

1 leads to either partial or no activation of ERα depending on the cellular and promoter 
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context, while full activation of ERα generally requires that coactivators bind 

simultaneously to both AF-1 and AF-2 [231-233].   In contrast, ERβ appears to have 

diminished AF-1 activity, but possesses fully functional AF-2 activity [231-233].   

ERα and ERβ are expressed at comparable levels in the epithelium and stroma of 

the endometrium [106, 231, 232, 235].   E2 treatment has been demonstrated to decrease 

levels of ERβ in the stroma and increase levels of ERα within the epithelium and the 

stroma [106, 231, 232, 235].  ERβ is thought to have an antiproliferative effect, and as 

such, is thought to keep the endometrium in a quiescent state prior to the secretion of E2 

by the ovaries [106, 231, 232, 235].  In addition, female knockout ERβ mice appear 

normal and undergo cyclic changes in response to ovarian steroids, suggesting that ERα 

may be more important than ERβ for the maintenance of normal endometrial function 

[106, 231, 232].  

Although many mechanisms for the action of estrogen through ER exist, the 

classical mechanism of ER action involves the binding of E2 to ER in the nucleus of the 

cell, after which the receptors undergo dimerization and bind to specific response 

elements (estrogen response elements; EREs) within the promoters of target genes [231, 

232, 236-238].  In addition to the initiation of dimerization upon ligand binding to the 

receptor, conformational changes within the ligand binding domain of the receptors also 

occurs, which allows for the recruitment of several different coactivator proteins [231, 

232, 236-238].  Many mechanisms of ER action exist aside from the classical mechanism 

of ER action.  This is necessary, as not all target genes contain EREs.  In addition to 

direct interaction with DNA, ERs are also able to regulate gene expression without 
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directly binding to DNA by modulating the function of other classes of transcription 

factors via protein-protein interactions in the nucleus, creating a tethering of the ER 

dimer to a transcription factor complex that contacts the DNA [231, 232, 236-246].  One 

example of this type of mechanism is the repression of the Il-6 gene by E2, which is 

mediated through the interaction of ERs with two transcription factors, nuclear factor 

kappa B (NF-kB) and CCAAT/enhancer binding protein β (C/EBPβ) [239, 240, 244, 245, 

247-249].  Thus, there are several ways that E2 through binding to its receptor, ER, is able 

to regulate the expression of target genes, and ultimately, control certain aspects of 

endometrial function.  This type of control has several implications in the endometrium, 

including maintenance of normal endometrial function, preparation of the endometrium 

for implantation, and regulation of the menstrual cycle.  Alterations in the levels of E2 

within the endometrium could significantly alter the endometrial environment, possibly 

in a manner detrimental to normal endometrial function.   

2. Progesterone and Progesterone Receptor 

Like estrogen, progesterone is also very important in the normal functioning of 

the endometrium, as the orchestrated changes in the concentrations of both hormones are 

essential to creating a receptive endometrium that allows for implantation and 

maintenance of successful pregnancy.  P4 induces glandular differentiation and 

glycogenesis, as well as stromal fibroblast proliferation and differentiation [112, 231, 

250, 251]. 

Human progesterone receptor (PR) exists as two functionally distinct isoforms, 

PRA and PRB, which result from different promoter usage in a single gene [231, 250, 

251].  PRA and PRB are usually co-expressed in many tissues, and when expressed in 
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specific ratios these receptors can homodimerize or heterodimerize to bind DNA [231, 

250, 251].  Despite their ability to function as a heterodimer, studies have demonstrated 

that depending on the cell and promoter context under consideration, these PR isoforms 

have very different transcriptional activities [231, 250, 251].  In the endometrium, PRA is 

thought to play a critical role in the decidulalization of the stroma prior to implantation, 

while inhibition of PRB in this system does not appear to have an effect on endometrial 

responses to P4 [231, 250, 251].  PRA and PRB may also play opposing roles in 

cooperation with the E2 response in the endometrium, with PRB being a strong regulator 

of proliferation and PRA expression thought to be required for opposition of E2-induced 

proliferation and PRB-mediated increases in proliferation [231, 250, 251]. 

3. Steroid Hormones and the Immune System 

Steroid hormones are able to alter adaptive and innate immune responses.  Some 

of the mechanisms by which E2 alters immune responses include promotion of TH2-type 

cytokine secretion, suppression of antigen presentation by APCs including epithelial cells 

of the reproductive tract, and alteration of levels of specific cytokines and chemokines 

within the endometrial cytokine milieu [231, 232].  P4 is also able to alter immune 

responses.  P4 has been demonstrated to suppress TH1-type cytokine responses, decrease 

cytotoxic T lymphocyte activity, increase antibody secretion, and increase susceptibility 

to microbial infections [231, 250, 251].  The ability of E2 and P4 to alter immune 

responses within the reproductive tract is important, as a delicate balance must be 

maintained within the endometrium for normal endometrial function and successful 

establishment and maintenance of pregnancy.  It is thought that the combined effects of 

E2 and P4 in the reproductive tract allow for establishment of an environment favorable 
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for the establishment of pregnancy at the appropriate time of the menstrual cycle, with 

the maintenance of an environment that favors differentiation of TH2 cells over that of 

TH1 cells [106, 111, 231, 234, 252].  The ability of E2 and P4 to regulate innate and 

adaptive immune functions suggests that these steroid hormones tightly regulate the 

immune environment of the endometrium such that when the environment is favorable, 

implantation and pregnancy can be established, but when the environment is unfavorable 

due to presence of infection or other potential problems, implantation and pregnancy fail 

to occur and potential pregnancy-associated problems, such as spontaneous abortion, are 

avoided. 

D. Disorders of the Endometrium 

Disorders of the endometrium occur when the delicate balance of tissue 

remodeling, hormone production, and regulation of the cytokine milieu and cellular 

migration is disrupted [24, 112, 113]. Infertility, chronic abortion, pre-term labor, and 

endometriosis are some of the more common endometrial disorders. Difficulties in 

establishment and maintenance of pregnancy are often associated with disruptions in the 

cytokine milieu [24, 112, 113]. Triggers of these disruptions are frequently unidentified. 

1. Spontaneous and habitual abortion 

It is estimated that up to 70% of pregnancies to fail to go to term [113]. The 

majority (50 – 60%) of spontaneous abortions occurs in the first month of pregnancy and 

go unnoticed [113]. The risk of miscarriage increases if a pregnancy has previously been 

lost. The risk of habitual abortion increases with family history of miscarriage, smoking 

or secondhand exposure to smoke, age, ethnic origin, exposure to environmental hazards, 

and number of previous spontaneous abortion [113]. Immune responses are strongly 



 59

implicated in pregnancy loss as immunological and infectious causes are responsible for 

40% and 1% of habitual abortions, respectively [113, 253]. 

The immune system plays an essential role in implantation and maintenance of 

pregnancy. Spontaneous abortion can result from immune imbalances as well as 

generation of active immune responses against the trophoblast [24, 113, 114, 253]. 

Alteration in the balance of immune cells and cytokines is associated with habitual 

abortion [24, 113]. Habitual aborters show an increase in CD8+ T cell populations, the 

CD4:CD8 ratio, CD20+ B cells, and an alteration in uNK cell subpopulations [113, 254]. 

A TH2 bias is observed in normal pregnancy that is disrupted in patients experiencing 

spontaneous abortion [113, 255-257]. In addition to the increased numbers of CD8+ T 

cell in spontaneous abortion, ex vivo stimulation of T cells from these women produce 

higher levels of Th1 cytokines such as IFNγ and TNFα [113, 254, 256]. The uNK cells 

are also essential during implantation. uNK cells help mediate immunosuppression 

during embryo implantation by secreting immunosuppressive cytokines such as IL-10 

[214]. The phenotype of the uNK cells during implantation is critical in modulating 

immune responses. uNK cells can be either activated or inhibitory depending upon the 

phenotype of the subpopulation and secretion of cytokines involved in 

immunosuppression and embryo implantation is essential in establishment and 

maintenance of pregnancy [113, 214, 254]. 

Following coitus, an “inflammatory-like” reaction occurs resulting in the influx of 

lymphocytes and macrophage and the production of inflammatory cytokines such as IL-

1β, TNFα, LIF, and IL-6 as well as CSF-1 [24, 112, 113, 210, 213]. With the exception 

of CSF-1, expression of these cytokines rapidly diminishes to base levels [24, 112, 113, 
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213]. Both the initial production of inflammatory cytokines and the rapid decrease in 

their expression are essential for successful implantation [24, 112, 113, 213]. Levels of 

IL-8, IL-11, IFNγ and soluble IL-6R are increased at the time of pregnancy in women 

with habitual abortions [113, 258-261]. Both increases and decreases of IL-6 expression 

during pregnancy and the mid-secretory phase have been associated with habitual 

abortion [114, 258-261]. Additionally, patients with a polymorphism (−174 G→C) in the 

IL-6 gene promoter have an increased risk of habitual abortion [262]. 

2. Infertility 

In order for a successful pregnancy to occur, the female reproductive system must 

accommodate fertilization by antigenic sperm, implantation of a semiallograft (the 

embryo), and maintenance of the pregnancy through conception, while preventing 

establishment of pathogen infection [108]. The causes of infertility can be genetic or 

naturally occurring or can be associated with the existence of a previous infection that is 

hypothesized to alter the endometrial immune environment such that it becomes difficult 

to accommodate the embryo [105, 107, 110, 113, 225-228, 263]. Immune causes of 

infertility are postulated to include Th1 activation by sperm or trophoblast factors, 

production of anti-sperm antibodies, autoimmune recognition of HSP60 due to 

sensitization from Chlamydial HSP60, and dysregulation of the cytokine milieu [24, 112, 

228, 229, 264-266]. Infertility can be due to disruptions in the female reproductive tract 

such as during Chlamydial infection or endometriosis but can also be due to autoimmune 

infertility [105, 229, 265, 266]. Autoantibody can coat sperm and affect motility, 

penetration of the cervical mucosa, binding to the zona pellucida, and sperm-oocyte 
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fusion [265]. Treatments for infertility must identify the underlying cause of infertility 

and proceed accordingly. 

3. Preterm labor 

Preterm labor is a complication in up to 10% of pregnancies [113]. Causes of 

preterm labor are vastly different from causes of infertility and habitual abortion. 

Parturition is preceded by a decrease in production of progesterone and an induction of 

proinflammatory cytokines [24, 112, 113]. Preterm labor can result if these events are 

prematurely triggered in pregnant women [24, 113, 221]. Parturition is thought to be 

regulated in part by activation of monocytes and macrophages [221, 258]. Systemic or 

local infection can induce activation of macrophage and production of antimicrobial 

compounds. Increased levels of proinflammatory cytokines such as IL-6 and 

antimicrobial peptides such as defensins have been associated with risk of preterm labor 

during infection [24, 112, 253]. It is unclear why parturition is induced by infection in 

some cases but not others. 

4. Endometriosis 

Endometriosis is a disease that is associated with pelvic pain and infertility. The 

disease is prevalent in the normal female population (6 -10%) and disease incidence 

increases to 35-50% in women suffering from infertility and pelvic pain [110, 267]. 

Endometriosis develops when retrograde menstruation transpires, and endometrial issue 

implants and is vascularized outside of the uterus [110, 267]. Retrograde menstruation is 

a common occurrence and it is unclear why the tissue is able to implant in some cases 

and not others. Several inflammatory cytokines have been implicated in this process. IL-8 

and RANTES are both closely associated with endometriosis [30, 32]. IL-8 is able to act 
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as a proliferative factor and promote vascularization of the implanting tissue [30]. This is 

a self-sustaining cycle as IL-8 is able to increase its own production and further promote 

proliferation and survival of the implant. RANTES is secreted into the pelvis by the 

implant at increasing levels correlating with the severity of the disease [30]. It is unclear 

how endometriosis is initiated, but it is thought that genetic, environmental, and immune 

factors contribute to the disease [110, 267]. 

E. TLRs and the Endometrium 

Although the cytokine milieu is ultimately under hormonal control, cognate 

receptors in the endometrium can alter cytokine production and, therefore, endometrial 

function [24, 112]. It has been demonstrated that TLRs are expressed in the endometrium 

and stimulation with TLR ligand induces cytokine production [118-122, 268-270]. The 

consequences of TLR-induced cytokine production on endometrial function are unclear. 

TLR3 is unique among the TLRs in the endometrium in that it has been demonstrated to 

be cyclically regulated [118]. Expression of TLR3 is at the highest level during the mid- 

and late secretory phases and lowest during the menstrual and proliferative phases [118]. 

Expression is highest in the luminal epithelium where contact with microbes would occur 

and stimulation of endometrial epithelium with dsRNA induces production of cytokines, 

chemokines, and antimicrobial peptides in a TLR3-dependent manner [118]. Both 

proinflammatory and antiviral responses develop following stimulation with dsRNA 

[118]. The role that TLR3 plays in altering the cytokine milieu of the endometrium is not 

known, but TLR3 is expressed at high levels in the endometrium during the implantation 

window [118]. It is not understood why TLR3 is cyclically regulated in the endometrium 
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nor how TLR3 contributes to prevention of infection, fetal tolerance, or establishment of 

endometrial diseases such as endometriosis. 

F. TLRs, TLR Signaling, and Endometrial Steroid Hormones 

Ligation of TLRs has been demonstrated to induce the production of 

proinflammatory and antiviral cytokines and chemokines.  Many of the cytokines and 

chemokines have been implicated in promoting a TH1-type immune response following 

ligation of TLRs, specifically TLR3 [117, 255, 271-277].  Previous studies have 

suggested that the TH1/TH2 balance is important in the human endometrium, as TH1-type 

responses have been associated with failed implantation, unsuccessful establishment of 

pregnancy, and spontaneous abortion [255, 273, 275, 276, 278].  As such, the skewing of 

the endometrial TH1/TH2 balance toward a TH2-type response is critical to normal 

endometrial function and reproduction.  Studies have indicated that the TLR3-induced 

response can be directly controlled by the endometrial steroid hormones, E2 and P4, 

indicating that the body maintains a critical balance to control for inappropriate immune 

responses at critical time points during the menstrual cycle [279].  The understanding of 

the impact of TLR-induced signaling on normal endometrial function and the mechanism 

by which the body controls for inappropriate immune responses is critical to our 

understanding of human reproductive biology.  The menstrual cycle could significantly 

influence endometrial TLR-dependent immune responses, and the potency and type of 

innate immune responses in the endometrium may be cycle-dependent.   

1. TLRs and the Proinflammatory Response 

TLR signaling pathways have been extensively studied.  As discussed earlier in 

this chapter, following ligation of TLRs, specific adaptor molecules are recruited to the 
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TIR signaling domain of the activated TLRs to initiate signaling cascades leading to the 

production of an immune response.  The MyD88-dependent pathway mediates activation 

of NF-κB, which is a dimeric transcription factor consisting of p65, RelB, c-Rel, 

p50/p105, and/or p52/p100, with the most common heterodimer being p65/p50 [23, 67, 

174, 280]. Activation of NF-kB through the MyD88-dependent signaling pathway results 

in subsequent nuclear translocation of NF-κB factors, which is essential for production of 

proinflammatory cytokines [23, 67, 147, 148, 172, 174]. Although the MyD88-dependent 

pathway is the most commonly utilized pathway among the TLRs for production of 

proinflammatory responses, these responses can also be induced through the utilization of 

other adaptor molecules, such as TRIF in the case of TLR3.   TLR3 uses TRIF to 

independently mediate NF-κB, IRF3, JNK, and p38 activation [23, 67, 147, 148, 172, 

174, 177, 184, 193].  Thus, there are several TLR-mediated signaling cascades that can 

lead to the production of proinflammatory mediators.  

2. TLRs, the Proinflammatory Response, and Steroid Horomones 

E2 and P4 are steroid hormones that influence cellular responses through binding 

their hormone receptors and altering gene expression and cellular signaling [231, 236, 

250, 281]. E2 and P4 each have two known receptors: estrogen receptor alpha (ERα) and 

estrogen receptor beta (ERβ) and progesterone receptor A (PRA) and progesterone 

receptor B (PRB), respectively [231, 236, 250, 281]. E2 and P4 classically exert their 

effects by binding to cognant nuclear hormone receptors and altering gene transcription 

either by directly binding estrogen or progesterone response elements (EREs or PREs, 

respectively) or by binding nuclear transcription factors and altering their ability to bind 

the appropriate promoter element [231, 233, 235-238, 246, 250, 252, 281, 282]. These are 
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referred to as the classical ligand-dependent pathway and the ERE-independent 

mechanism, respectively. Additionally, E2 can also mediate its affects by using 

membrane-bound ERs that can then modulate intracellular signaling pathways [233, 235, 

237, 238, 246, 282]. These are referred to as non-genomic actions of E2.  Progesterone is 

known to mediate its effects through similar mechanisms as estrogen, but has also been 

demonstrated to influence alternative splicing of some genes by altering expressing of 

splicing factors [231, 236, 250]. 

Steroid hormones are able to influence NF-κB-mediated signaling events by a 

variety of mechanisms. First, E2-bound ER can inhibit IKK activity or inhibit IκB 

degradation, thereby, preventing nuclear translocation of NF-κB [236, 237, 239, 240, 

243, 244, 246-248, 282]. This can be done either by inhibiting transcription of IKK 

activators, directly interfering with IKK kinase activity by unknown mechanisms, or by 

interfering with IκB ubiquitination or degradation following phosphorylation. 

Additionally, ERα has been shown to up-regulate IκBα levels, which then interferes with 

the nuclear translocation of NF-κB [236, 237, 239, 240, 243, 244, 246-248, 282]. Second, 

E2 can affect NF-κB events by interfering with the nuclear actions of NF-κB. ER can 

inhibit the activity of nuclear NF-κB by blocking NF-κB DNA binding, interfering with 

NF-κB co-activators such as Bcl-3 or p300, or it can directly bind to DNA that is bound 

to NF-κB [236, 237, 239, 240, 243, 244, 246-248, 282]. Both ERα and ERβ can directly 

inhibit P50, c-Rel, and p65 DNA binding [236, 237, 239, 240, 243, 244, 246-248, 282]. 

IL-6 transcription is thought to be repressed by ER interaction with NF-κB as well as 

with the co-activator, C/EBPβ [236, 237, 239, 240, 243, 244, 246-248, 282]. The method 



 66

utilized by ERs to inhibit NF-κB activity varies widely on the cell type and which 

pathway is being utilized to activate NF-κB. In addition, E2 can alter the use of AP-1 

elements to affect expression of genes that also contain NF-κB elements in their 

promoters [236, 237, 239, 240, 243, 244, 246-248, 282]. E2 typically interferes with AP-1 

activation through the ERE-independent mechanism. E2-bound ER is able to bind Fos 

and Jun to alter binding to AP-1 promoter elements. This action is mediated primarily by 

ERα [236, 237, 239, 240, 243, 244, 246-248, 282]. 

3. TLRs and the Antiviral Response 

As previously discussed in this chapter, the MyD88-dependent pathway is known 

to mediate activation of NF-κB and the production of inflammatory cytokines, while the 

MyD88-independent pathway induces production of proinflammatory and IFN-inducible 

genes [19, 21, 23, 43, 53, 61, 67, 73, 75, 80, 116, 173, 283]. However, in the case of 

TLR7 and TLR8, the production of IFN-inducible genes has been observed through the 

MyD88-dependent pathway.  The TRIF adaptor is utilized by both TLR3 and TLR4 in 

the MyD88-independent production of IFNβ and induction of IFN-stimulated genes, 

although the recruitment of downstream signaling components differs depending on the 

TLR [19, 21, 23, 43, 53, 61, 67, 73, 75, 80, 116, 173, 283]. TRIF signaling results in 

activation of NF-κB, JNK, and p38, as previously described, as well as the IRF3 

transcription factor, resulting in the production of the antiviral response [19, 21, 23, 43, 

53, 61, 67, 73, 75, 80, 116, 173, 283].  

4. TLRs, the Antiviral Response, and Steroid Hormones 

E2 and P4 are known to exert effects on signaling pathways through interaction 

with their nuclear superfamily receptors, ER and PR, respectively [231, 233, 236, 237, 
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250, 251]. As mentioned above, the influence of E2 and P4 has been well documented in 

the context of NF-κB and the effects occur by a variety of mechanisms, such as 

interference with nuclear translocation and DNA binding of NF-kB in the nucleus. These 

mechanisms have been explored in the context of many cell and tissue systems, and it is 

known that E2 and P4 effects on NF-κB-mediated signaling events vary depending upon 

the cell or tissue culture system and stimuli used to induce NF-κB-mediated signaling 

[231-233, 236, 237, 246, 250, 251]. In addition to NF-kB signaling effects, E2- and P4-

mediated effects have been explored in the context of other signaling pathways, such as 

the MAP kinase pathway, and the mechanisms are similar to those observed for the NF-

κB-mediated pathway [231-233, 236, 237, 246, 250, 251]. However, E2 and P4 effects on 

other signaling pathways involving activation and binding of IRF3 to an ISRE in the 

promoter of IRF3-driven cytokines, such as IP-10 and IFNβ, have also been described 

[235, 238, 252, 282, 284-288]. Several laboratories have shown that E2 and P4 

significantly suppress production of IP-10 upon induction of IP-10 transcription through 

stimulation [279, 285, 289, 290]. Specifically, we have shown that E2 and P4 suppress 

TLR3-induced IP-10 production [279]. The IP-10 promoter contains an ISRE, which has 

been demonstrated to be essential for production of IP-10, and two NF-κB elements that 

may contribute to but are not required for production of IP-10 [279, 285, 289, 290]. 

Despite the evidence that E2 and P4 alter IP-10 production via interactions with ER and 

PR, the mechanism behind these effects, including possible interactions between ER, PR, 

and IRF-related proteins, has not been investigated. There has been one report of a 

nuclear receptor superfamily member interacting with the IRF signaling pathway. 

Glucocorticoid, through binding to its receptor, glucocorticoid receptor (GR), has been 
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shown to mediate cytokine suppression through IRF3-related interactions [236, 286, 

288]. Specifically, GR has been shown to bind an IRF-related co-activator to prevent 

binding of the co-activator to the transcription initiation complex. Since GR has been 

shown to act in a manner similar to that of ER and PR, the study suggests that ER and PR 

may act in a similar manner to suppress production of IRF-driven cytokines by 

interfering with IRF-related signaling components [236, 286, 288]`. Additionally, the 

interactions of ER and PR with the IRF signaling pathway may mirror the mechanisms of 

ER and PR interaction with other signaling pathways, including the NF-kB, MAP kinase, 

and GR signaling pathways. 

VII. Summary  

The endometrial epithelium must tolerate contact with sperm and tissue invasion 

by the embryo, yet actively mount immune responses to pathogens in order to prevent 

infection.  This study examines the role of TLRs, specifically TLR3, in immune 

responses in the human reproductive tract. TLR expression and function within the 

endometrium could be significant as the reproductive tract is an important site of 

exposure to and infection with pathogens. The cytokine milieu is essential in maintenance 

of normal endometrial function, including progression through the menstrual cycle, 

embryo implantation, and establishment and maintenance of pregnancy. The expression 

levels of soluble immune mediators and the influx of immune cells to mediate 

endometrial functions is ultimately controlled by the endometrial steroid hormones, 

estrogen and progesterone.  Since TLRs induce alterations in cytokine production, which 

could significantly affect the balance of cytokines within the endometrium, TLR ligation 

could affect endometrial health.  Additionally, to control for the possible alterations in the 
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cytokine balance of the endometrium due to ligation of TLRs, TLR expression and 

function could be altered by estrogen and progesterone.   

The following chapters will discuss our observations concerning TLR expression 

and function, and the modulation of TLRs by estrogen and progesterone in the human 

endometrium.  Our data demonstrates that TLRs are expressed and functional within the 

endometrium, with the expression of all TLRs examined being cycle-dependent.  

Intrestingly, TLR3 was the only TLR found to be expressed during the window of 

implantation, suggesting that in addition to its possible role in the production of 

proinflammatory and antiviral cytokines and chemokines, TLR3 may play a unique role 

in preparation of the endometrium for implantation.  Our results also show that TLR 

function, can be modulated by estrogen and progesterone.  Thus, the results of this study 

indicate that TLRs initiate immune responses to inflammatory stimuli in the human 

endometrium and may significantly alter endometrial functions. The importance of TLR3 

may be twofold within the human endometrium.  TLR3 may be a significant factor in 

maintaining normal endometrial functions, as it is expressed specifically during the 

window of implantation when other TLRs and associated molecules are expressed at very 

low levels.  In addition, TLR3 can mediate antiviral immune responses to alter the 

cytokine milieu, potentially influencing the outcomes and consequences of infection. This 

suggests not only that TLR3 may play a specific role in preparation of the endometrium 

for implantation, but also that TLR3 ligands may be utilized to develop treatment and 

vaccine strategies against viral pathogens in the endometrium.  Thus, TLRs may be a 

possible target for treatment of endometrial dysfunctions such as endometriosis, 

infertility, and spontaneous abortion. 
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CHAPTER II 
 

MATERIALS & METHODS 
 
 
 
 
I. Cells and Cell Culture Methods 

The endometrial epithelial cell lines, RL95-2, ECC-1, KLE, AN3 CA, and HEC-

1A, and the breast adenocarcinoma cell line, MCF7, were obtained from American Type 

Culture Collection (ATCC). The endometrial epithelial cell line, Ishikawa, was a gift 

from Dr. Bruce Lessey (University of North Carolina-Chapel Hill, Chapel Hill, SC). The 

RL95-2, ECC-1, and KLE, cell lines were maintained in phenol-red free DMEM-F12, the 

Ishikawa and AN3 CA cell lines were maintained in MEM, the HEC-1A cells were 

maintained in McCoy’s, and the MCF7 cells were maintained in EMEM. DMEM-F12, 

MEM, and McCoy’s media were supplemented with 5% fetal bovine serum (FBS) 

purchased from Gibco, 2 mM L-glutamate, and 50 µg/ml gentamicin. EMEM media was 

additionally supplemented with 1 mM sodium pyruvate, 1 mM nonessential amino acids, 

and 1.5 g/L sodium bicarbonate. Adherent cell lines were harvested with 0.25% 

trypsin/0.53 mM EDTA in HBSS. Unless otherwise indicated, all reagents were obtained 

from Invitrogen via the Cell and Immunobiology Core at the University of Missouri-

Columbia. 

II. Steroid Hormone Experiment Culture Conditions 

Cells utilized for steroid hormone experiments (RL95-2, ECC-1, KLE, HEC-1A, 

and MCF7 cells) were cultured as described in section I.  Two days prior to the addition 

of the indicated steroid hormone concentrations, normal culture media was aspirated and 
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replaced with modified DMEM/F12 media, CD-F12 (phenol red-free DMEM/F12, 

supplemented with 5% charcoal/dextran-treated FBS purchased from Hyclone, which 

does not contain detectable levels of steroid hormones, 2 mM L-glutamate, and 50 ug/ml 

gentamicin).  After two days culture in CD-F12, media was aspirated and replaced with 

CD-F12 containing the indicated concentrations of ethanol vehicle, 17β-estradiol (E2), 

progesterone (P4), or E2 and P4 combined.  Unless otherwise indicated, the steroid 

hormone concentrations utilized for the hormone studies were 10-8M E2 and/or 10-7M P4, 

which were determined by dose response (data not shown) and represent physiological 

concentrations of these steroid hormones within the endometrium [112, 234].  Cells were 

cultured in the presence of hormone for at least 72 hours prior to stimulation with the 

indicated ligands in the presence of hormone for the indicated additional times.  Ligands 

utilized for stimulation of TLRs in this study included 10 µg/ml Poly I:C (TLR3 ligand; 

Amersham Pharmaceutical Biotech), 100 ng/ml LPS (TLR4 ligand; Calbiochem), or 50 

ng/ml Flagellin (TLR5 ligand; Calbiochem).  The synthetic dsRNA, Poly dI:dC 

(Amersham Pharmaceutical Biotech), was utilized at 10 µg/ml as a negative control for 

TLR3 stimulation.  Stimulation with PMA/Ionomycin was used as a positive control at 10 

ng/ml PMA and 500 ng/ml Ionomycin (Calbiochem).  A detailed description of cellular 

stimulation conditions is addressed in a subsequent section.       

III. Tissue Collection and Culture 

Primary endometrial epithelial cells were generously provided by Dr. Kathy 

Timms (University Hospital, Columbia, MO) or Dr. Bruce Lessey (University of North 

Carolina-Chapel Hill, Chapel Hill, SC) either as whole tissue biopsy, separated epithelial 

cells, or as flash-frozen tissue. Endometrial biopsy specimens were obtained under 
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institutional review board-approved protocols from 18-38-year-old volunteers with 

normal regular 26-34 day menstrual cycles. Subjects were not taking any medication that 

would affect hormone levels and were not diagnosed with any uterine diseases unless 

otherwise indicated in the text or figure legends. A portion of the biopsy specimen was 

fixed in formalin and embedded in paraffin; the remainder was flash-frozen, placed in 

RNA Later (Ambion), or was separated as previously described into epithelial and 

stromal cells by the laboratory of Dr. Kathy Timms (University Hospital, Columbia, MO) 

[291, 292]. Menstrual cycle stage was determined by morphologic evaluation of a 

hematoxylin-and eosin-stained fixed section following the criteria of Noyes et al [291-

293]. Cell purity was assessed by cytokeratin and vimentin immunostaining, typically 

demonstrating greater than 98% purity [291-293]. In some cases, separated endometrial 

epithelial cells were plated in 25 cm2 flasks and grown to confluency for RNA collection 

or stimulation. In other cases, whole digested endometrial tissue (containing all cell 

populations) or separated endometrial epithelial cells were plated in 12-well plates at 0.1 

x 106 cells/well/ml in 12-well plates in DMEM-F12 or CD-F12 media, treated with 

steroid hormones, and stimulated after the indicated period of time.  

IV. RNA Isolation 

Cells were grown to confluency in 12-well plates, and total RNA was isolated 

with the RNAqueous kit and and treated with Turbo DNase (Ambion) per manufacturer’s 

instructions. RNA was quantified either fluorescently using the RiboGreen RNA 

Quantification kit (Molecular Probes) or spectrophotometrically using the Nanodrop-

1000 spectrophotometer (Nanodrop Technologies). Flourescence was measured with a 

485-nm excitation filter and a 535-nm emission filter on a Fusion Universal Microplate 
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Reader (Perkin-Elmer). RNA concentration was determined by interpolating from a 

standard curve. Samples were measured in triplicate. The Nanodrop was used to measure 

absorbance across the visible light spectrum (220 – 750 nm) from 1 µl of RNA. The 

absorbance at 260 nm was used to quantify RNA using the Beer-Lambert Law (A = εcl) 

as follows: RNA (µg/ml) = A260 * 40 µg/ml. RNA from primary tissues was provided by 

Dr. Lessey (University of North Carolina-Chapel Hill, Chapel Hill, SC) and quantified 

using the Nanodrop. 

V. End Point Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) and 

Electrophoresis 

A total of 100 ng of RNA was used to synthesize cDNA (unless otherwise 

indicated in the text or figure legend) using the random hexamers provided in the ImProm 

II Reverse Transcriptase (RT) kit (Promega). cDNA was synthesized according to 

manufacturer’s instructions. Briefly, 100 ng of RNA was denatured at 65°C for 15 

minutes. RNA was combined with master mix containing or not containing ImProm II 

RT in a total reaction volume of 20 µl. The reaction was then run on an Eppendorf® 

Master Gradient Thermocycler (Brinkman). Polymerase chain reaction (PCR) chain 

reaction using gene-specific primers was performed with 1 µl of cDNA in a 25 µl total 

reaction volume. PCR amplification was performed with Eppendorf® Master Taq 

polymerase for 30 cycles at 95°C for 30 seconds, at 60°C for 30 seconds, and 72°C for 1 

minute unless otherwise indicated (see Table I).  Primers were obtained from the 

literature except IFNβ and IP-10 which were designed with Primer3 software 

(http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) [118, 294]. Loading 
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dye (5 µl) was added to the reaction, and 10 µl of sample was run on a 1.5% agarosoe 3:1 

(Amresco) gel in order to separate PCR products. Gels were stained with SYBR® Green 

(Bio-Whittaker) for 45 minutes and visualized by ultraviolet transillumination at 302 nm. 

Digital images were obtained with a Gel Logic 100 (Kodak). 

VI. Real-Time RT-PCR 

Real-time RT-PCR (qRT-PCR) was performed with cDNA synthesized as for end 

point RT-PCR. cDNA was combined with primer/probe sets  and Taqman® Universal 

PCR Master Mix with AmpErase® uracil-N-glycosylase (UNG) from Applied 

Biosystems (ABI). Taqman® Gene Expression Assay primer/probe sets were purchased 

from and designed by ABI. Catalogue number for ABI primer/probe sets are as follows: 

GUS (Hs99999908_m1), HPRT (Hs99999909_m1), ERα (Hs00174860_m1), TLR2 

(Hs00152932_m1), TLR3 (Hs00152933_m1), TLR4 (Hs00152937_m1), TLR5 

(Hs00152825_m1), TLR7 (Hs00152971_m1), TLR8 (Hs00152972_m1), TLR9 

(Hs00152973_m1), IFNα1 (Hs00256882_s1), IFNα7 (Hs01652729_s1), IFNβ 

(Hs00277188_s1), IRF3 (Hs00155574_m1), IRF7 (Hs01014812_m1), PKR 

(Hs00169345_m1), RANTES (Hs99999048_m1), RIG-1 (Hs01550761_m1), SARM  

(Hs00248344_m1), ISG15 (Hs00192713_m1), OASL (Hs00984387_m1), IL-6 

(Hs00174131_m1), and IP-10 (Hs00171042_m1). Real-time assays were run on the ABI 

Prism® 7000 or 7900 Sequence Detection System. Samples were normalized internally 

by using the cycle threshold (CT) of the housekeeping gene beta-glucuronidase (GUS) or 

hypoxanthine guanine phosphoribosyl transferase (HPRT) as follows: ∆CT = CT (gene-

of interest) – CT (GUS or HPRT) [118, 279]. Samples were analyzed by relative quantity 
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(RQ) values. RNA from samples indicated in the text or figure legends (referred to as 

Norm 1) was set to a RQ value of 1 by calculating the ∆∆CT values as follows: ∆∆CT = 

mean ∆CT (Norm 1 gene-of-interest) – mean ∆CT (Norm 1 GUS or HPRT) [118, 279]. 

All other samples were compared with Norm 1 RQ value using the following equation: 

∆∆CT = ∆CT (sample) – mean ∆CT (Norm 1). RQ values were determined as follows: 

RQ = 2(-1*∆∆CT) [118, 279]. 

VII. Immunohistochemistry (IHC) 

Frozen and paraffin embedded tissue sections from primary endometrial epithelial 

tissue was generously provided by Dr. Kathy Timms (University Hospital, Columbia, 

MO). Frozen tissue sections were air dried, fixed with 4% paraformaldehyde in 

phosphase-buffered saline (PBS) for 10 minutes, and washed in PBS followed by water. 

Endogenous peroxides were quenched with 0.3% H2O2 in methanol and washed in PBS. 

Slides were then permeablized in 0.4% Triton X-100 in PBS for 10 minutes, washed with 

PBS, and blocked with PBS containing 1% NHS in PBS for 20 minutes. Slides were 

incubated with primary antibody (αTLR3.7 monoclonal antibody; eBioscience) at a 1:25 

dilution overnight, followed by wash and incubation with biotin-conjugated antimouse 

IgG1 secondary antibody at 1:200 for 1 hour. Slides were incubated with avidin-

biotinylated enzyme complex (ABC) reagent for 30 minutes and stained with 3,3-

diaminobenzidine (DAB) for 10 minutes. Slides were then counterstained with 1:4 

hematoxylin/water. Pictures of the slides were taken using a Nikon Cool Pix 990 and 

analyzed using Nikon View version 3.1 software (Nikon). Formalin fixed paraffin 

embedded tissue sections were deparaffinized by incubation in Xylene twice for 5 
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minutes, followed by washes in 95% ethanol and 70% ethanol. Slides were then washed 

in water and stained as frozen tissue sections following fixation in 4% paraformaldehyde. 

VIII. Cell Stimulation 

Primary cells were plated at 0.1 x 106 cells/well/ml and cell lines were plated at 

0.2 x 106 cells/well/ml in 12-well plates. Following treatment with the indicated 

concentrations of vehicle, E2, P4, or E2/P4 as described previously, cells were stimulated 

in the presence of hormone treatment with Poly I:C (Amersham Pharmaceutical Biotech), 

Poly dI:dC (Amersham Pharmaceutical Biotech), LPS (Calbiochem), flagellin (Apotech), 

phorbol-12-myristate-13-acetate (PMA) (Calbiochem)/Ionomycin (I) (Calbiochem), PGN 

(Sigma-Aldrich), CpG 2006 (Oligos Etc and Invivogen), CpG 2010 (Oligos Etc), CpG 

2216, or CpG M362, loxoribine, R-848, or ssPolyU/LyoVec. At indicated times, 

supernatants or cells were harvested. Supernatants were centrifuged at 1400 rpm for 5 

minutes at 4°C, transferred to a fresh 1.5 ml tube, and stored at -20°C until use. Cells 

were washed once with 1x PBS prior to lysis for RNA collection or use in flow 

cytometry. Unless otherwise indicated, all reagents were obtained from Invivogen. 

IX. Protein Lysates and Western Blot Analysis 

For preparation of protein lysates from endometrial epithelial cell lines for 

western blot analysis, cells were lysed by adding ice-cold RIPA lysis buffer (50 mM Tris, 

150 mM NaCl, 50 mM NaF, 1 mM Na4P2O7·10H2O, 0.1% DOC, 1.0% NP-40, 50 µl 

Na3VO4, and 100 µl Halt Protease Inhibitor Cocktail (Pierce Biotechnology, Inc)). After 

30 min on ice with shaking, the lysates were centrifuged at 15000 × g for 10 min at 4°C. 

Supernatants were stored at -80°C until use. For western blot analysis, protein 

concentrations were determined using the BCA Protein Assay (Pierce Biotechnology, 
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Inc).  Equal amounts of unboiled protein were loaded onto a 4-20% Tris-HCl Precast Gel 

(BioRad) with 10 µl of sample or Blue Ranger marker (Pierce Biotechnology, Inc), and 

transferred to two identical 0.45 µM PVDF membranes (Millipore).  The membranes 

were washed in Tris-buffered saline containing 0.05% Tween 20 (TBS-T) and non-

specific binding sites were blocked by immersing the membrane in block reagent (1:7.5 

mL Sea Block·TBS blocking buffer)(Pierce Biotechnology, Inc) for 1 hour at room 

temperature on a shaker.  The membranes were then washed with TBS-T. One of two 

identical membranes was incubated overnight at 4°C with the isotype antibody in 

blocking buffer.  The other membrane was incubated overnight at 4°C with ERα clone H-

184 in blocking buffer. ERα clone H-184 was generously provided by Dr. Mark Hannink 

(University of Missouri-Columbia, Columbia, MO).  Membranes were then washed and 

incubated with secondary antibody for 1 hour at room temperature. After incubation, the 

membranes were washed in TBS-T. Bound antibodies were detected by a 

chemiluminescent detection system (West Femto; Pierce Biotechnology, Inc) as 

recommended by the manufacturer's instructions. For exposure (10 seconds, 30 seconds, 

1 min, 5 min, and up to 1 h) we used CL-XPosureTM Film (Pierce Biotechnology, Inc). 

X. Flow Cytometry 

Cells were plated in 6-well or 12-well plates, grown to confluency, treated with or 

without hormone as indicated, and harvested for labeling.  For analysis of surface or 

intracellular TLR3, PE-labeled mIgG1αhTLR3 antibody (clone TLR3.7; eBiosciences) 

was utilized with the isotype control, PE-mIgG1κ (BD Pharmingen).  For staining of 

surface or intracellular TLR2, PE-labeled mIgG1αhTLR2 (clone TLR2.1; eBiosciences) 
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was utilized with the isotype control, PE-mIgG1κ (BD Pharmingen).  Surface and 

intracellular TLR4 staining was performed using PE-labeled mIgG1αhTLR4 (clone 

HTA125; eBiosciences) and PE-mIgG1κ (BD Pharmingen).  For surface staining for the 

lymphocyte cellular marker CD45, PE-labeled mIgG1αhCD45 (clone HI30; BioLegend) 

was used with PE-mIgG1κ (BD Pharmingen) isotype control.  FITC-labeled pan 

cytokeratin (clone C-11; Sigma) was utilized for intracellular staining of the epithelial 

cell marker, cytokeratin with the isotype control FITC-mIgG1 (clone MOPC-21; 

BioLegend). Intracellular cytokine staining was performed using monoclonal antibodies 

for IL-6 (PE-αIL-6; clone MQ2-13A5; BioLegend) or IP-10 (PE-αIP-10; BD 

Pharmingen) and the isotype control PE-mIgG1κ (BD Pharmingen).  For intracellular 

staining, cells were fixed using Cytofix/Cytoperm buffer (BD BioSciences), and all 

washes and incubation were performed in saponin-containing Perm/Wash buffer (BD 

Biosciences). Cells used for surface staining were not fixed, and all washes were done in 

PBS containing 1% BSA. Cells were analyzed using a FACScan instrument, and analysis 

was done using CellQuest software (BD Biosciences). Ten thousand cells were counted, 

and viability was determined by generating forward scatter (FSC) versus side scatter 

(SSC) density plots and setting the gate to exclude dead cells. Histogram plots included 

only gated cells. Markers indicating positive cells were set so that less than 10% of 

isotype control cells were included in the positive marker. 

XI. Enzyme-Linked Immunosorbent Assay (ELISA) 

ELISA was performed using IL-6 (BioLegend), IL-8 (BD Biosciences), IP-10 

(BD Biosciences), and LIF (R&D Systems) capture and detection matched antibody 

pairs, streptavidin-HRP purchased from either R&D Systems or BD Biosciences, and 
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Dako® TMB Blue substrate. RANTES and TNFα Duoset kits were purchased from R&D 

Systems. ELISA was performed according to manufacturer’s instructions using 100 µl of 

cell free supernatant. IL-6 detection limit was 5 pg/ml, IL-8 was 8 pg/ml, IP-10 was 10 

pg/ml, RANTES was 8 pg/ml, TNFα was 16 pg/ml, LIF was 12 pg/ml, and IFNα2 was 

16 pg/ml (the lowest standard used in each standard curve). Absorbance at 450 nm was 

read using the SPECTRAMax™ 190 microplate spectrophotometer, and results were 

analyzed using SOFTMax™ Pro software (Molecular Devices, Sunnyvale, CA). Sample 

concentrations were determined by interpolation from the standard curve. Samples were 

read in triplicate. 
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Table I.  List of RT-PCR Primers. 
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CHAPTER III 
 

EXPRESSION OF TOLL-LIKE RECEPTORS AND TOLL-LIKE RECEPTOR-
ASSOCIATED MOLECULES IN HUMAN ENDOMETRIAL EPITHELIAL 

CELL LINES AND THE HUMAN ENDOMETRIUM 
 
 
 
 

I. INTRODUCTION 
 

TLRs have been shown to be expressed in the epithelium of the respiratory and 

gastrointestinal tracts.  In addition, TLR expression in the respiratory and gastrointestinal 

tracts have been demonstrated to be tightly regulated and alterations in the expression of 

TLRs within these tracts are associated with inflammatory disorders including allergic 

reactions and IBD [11, 92, 136-138, 169, 295]. More recently, we and others have 

demonstrated the expression of TLRs within the human reproductive tract [104, 118-120, 

122, 268-270]. We originally chose to examine the reproductive tract for the presence of 

TLRs because based on the expression patterns of TLRs observed in the epithelium of the 

respiratory and gastrointestinal tracts, it was probable that endometrial epithelial cells 

would express TLRs, and that the TLRs expressed in the endometrium would be involved 

in innate immune responses to sexually transmitted pathogens in the reproductive tract.  

Additionally, the regulation of TLRs within the reproductive tract could play a significant 

role in normal endometrial functions, including establishment and maintenance of 

pregnancy. We investigated the expression of TLRs in the endometrial epithelium at the 

mRNA level using both endpoint RT-PCR and qRT-PCR and found that TLRs are 

differentially expressed in human endometrial epithelial cell lines, the breast 

adenocarcinoma cell line, MCF7, and by endometrial tissue [118-120, 279, 294]. In 



 82

addition to our tissue analysis of TLRs, we also examined endometrial epithelial tissue 

for the presence of TLR-associated signaling molecules and pattern recognition receptors 

(PRRs), as well as cytokines and chemokines. Importantly, the mRNA expression of all 

TLRs examined, as well as expression of TLR-associated signaling molecules, other 

PRRs, and cytokines, was observed to be cycle-dependent, suggesting a tight regulation 

system for TLRs and associated molecules within the endometrium.  Thus, our data 

suggests a potential role for TLRs and TLR-associated molecules in the normal function 

of the endometrium [118-120, 279, 294]. 

II. RESULTS 
 

Our data indicates that TLRs are expressed in the endometrial epithelium and 

demonstrates the cycle dependency of TLR expression within the endometrium [118, 

279, 294]. We found that endometrial epithelial cells and cell lines express TLR1-10, 

with variable expression of TLRs in endometrial epithelial cell lines [118, 279, 294]. 

Endometrial epithelial cells were also examined for protein expression of TLR2, TLR3, 

and TLR4, and we found that endometrial epithelial cells express TLR3 protein 

intracellularly, but do not express protein for TLR2 or TLR4.  In addition and in 

accordance with results obtained from other laboratories, we observed that expression of 

TLR2, TLR3, TLR4, TLR5, TLR7, TLR8, and TLR9 mRNA is cyclically regulated in 

the endometrial epithelium [118-120, 122, 268, 269, 279, 294]. Expression of many of 

these TLRs, with the exception of TLR3, appears to peak during the early secretory phase 

of the menstrual cycle, decrease during the mid-secretory phase, and peak again in the 

late secretory phase.  TLR3 expression was found to be unique among the TLRs 

examined in that its expression peaks in the mid- to late secretory phase, when expression 
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of other TLRs, TLR-associated signaling molecules, and other pattern recognition 

receptors is low.  TLR3 protein expression also appears to be cyclically regulated, with 

peak expression during the mid- and late secretory phase and high levels of expression in 

the luminal epithelium [118]. We also examined expression of several molecules 

involved in TLR signaling, including Sterile-alpha and Armadillo motif containing 

protein (SARM), which has been demonstrated to be a negative regulator of the TLR 

adaptor protein, TRIF, the transcription factors IRF3 and IRF7, expression of other 

pattern recognition receptors involved in antiviral pathogen recognition, PKR and RIG-1, 

and expression of several antiviral cytokines and chemokines important in the primary 

antiviral response induced upon ligation of specific viral-associated TLRs, including 

TLR3, such as IFNα1, IFNβ, and IP-10 [3, 12, 48, 50-52, 74, 109, 148, 172, 179, 283, 

296].  We found that TLR-associated signaling molecules, other pattern recognition 

receptors, and associated antiviral molecules are also cyclically expressed, with 

expression peaking during the early secretory phase, dropping to baseline levels or below 

in the mid-secretory phase, and subsequently increasing to another peak in expression 

during the late secretory phase.  These results suggest that many molecules associated 

with the innate immune response are regulated across the menstrual cycle and may play 

important roles in maintaining normal function within the endometrium.  In addition, 

TLRs and associated molecules may play a significant role in altering the status of the 

endometrium during the secretory phase.  This is notable, as the cytokine balance within 

the endometrium during the secretory phase plays a critical role in implantation and the 

establishment of pregnancy and ligation of TLRs could significantly alter the cytokine 

balance within the endometrium during this phase of the menstrual cycle. Importantly, 
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TLR3 is uniquely expressed in the endometrium and may play a unique role in the 

endometrium, as it was the only molecule demonstrated to be significantly upregulated 

immediately prior to and during the window of implantation, when other TLRs and TLR-

associated molecules are expressed at a low level.  Thus, TLR3 may play a significant 

and unique role in preparing the endometrium for implantation and in the establishment 

and maintenance of pregnancy. 

A. TLRs are Expressed in Human Endometrial Epithelial Cell Lines. 

To determine whether TLRs are expressed by endometrial epithelial cells, 

expression of TLRs 1-10 was examined in the endometrial epithelial cell lines, RL95-2, 

KLE, Ishikawa, AN3 CA, HEC-1A, and ECC-1 using endpoint RT-PCR. We found that 

all cell lines expressed TLR5, while variable expression was observed for all other TLRs 

examined (Table II). TLR4 and TLR10 expression was observed only in the ECC-1 cells, 

with the U-937 monocytic and the SKW 6.4 B cell lines serving as a positive control for 

TLR4 and TLR10, respectively (data not shown).  TLR2 was expressed by Ishikawa, 

AN3 CA, ECC-1 and KLE cells, whereas TLR1 was expressed by Ishikawa, HEC-1-A, 

ECC-1 and KLE cells, and only RL95-2 cells did not express TLR6 (Table II). This was 

an interesting observation because TLR1 and TLR6 function only in a heterodimeric 

conformation with TLR2 [23, 61, 174, 297]. The RL95-2, ECC-1, KLE, and HEC-1-A 

cell lines expressed TLR3, while the Ishikawa and AN3 CA cell lines did not express 

TLR3 mRNA (Table II). Thus, TLRs appear to be differentially expressed by endometrial 

epithelial cell lines in a cell line-dependent manner. 

Since the ECC-1 cells have not been well characterized in regard to TLR 

expression in our laboratory, we further examined this cell line for TLR expression at the 
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protein level.  We examined the ECC-1 cells by FACS analysis for TLR2, TLR3, and 

TLR4.  ECC-1 cells were stained using monoclonal antibodies specific for either mIgG1 

isotype control or the specified TLRs both on the surface and intracellularly.  We found 

that although the ECC-1 cells express mRNA for TLR2 and TLR4, they do not express 

surface (Figure 4A and 4C) or intracellular (data not shown) protein for these TLRs.  

U937 cells were used as a positive control for both TLR2 and TLR4 (data not shown).  In 

contrast to the results obtained for TLR2 and TLR4, ECC-1 cells were positive for 

intracellular expression of TLR3 protein (Figure 4B). However, the TLR3 expressed by 

these cells did not appear to be functional, as the stimulation of the ECC-1 cells with the 

TLR3 ligand Poly I:C did not result in the induction of cytokine and chemokine protein 

secretion (data not shown).  ECC-1 cells were analyzed for production of several 

cytokines and chemokines known to be produced upon stimulation of TLR3, including 

IL-6, IL-8, RANTES, and IP-10 [49, 54, 81, 118-120, 279].  ECC-1 cells did not 

demonstrate a detectable response to stimulation of TLR3 at the mRNA level by RT-PCR 

or protein level by ELISA (data not shown).  These results are in direct contrast to results 

obtained by other laboratories, who have demonstrated that TLR3 is functional in these 

cells [119, 120].         

B. Endometrial Tissue Expresses TLR mRNA 

In addition to our examination of endometrial epithelial cell lines, we examined 

human endometrial tissue for expression of TLRs [118, 294]. Whole endometrial biopsy 

samples, which contain epithelial and stromal tissues, and infiltrating immune cells such 

as macrophages, neutrophils, and uterine natural killer cells, and separated endometrial 

epithelial cells were analyzed for expression of TLR1-10. The results of this study have 
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been published and demonstrate  that whole endometrial tissue from the proliferative 

phase expressed mRNA for all the TLRs except TLR7, TLR8, and TLR10 [118, 294]. 

Endometrial epithelial cells from the proliferative phase demonstrated the same 

expression pattern observed in whole endometrium [118, 294]. TLR7 and TLR8 were 

additionally examined using a primer set obtained from the literature and this 

examination demonstrated that TLR7 was expressed in proliferative phase endometrial 

epithelial tissue [118, 294]. Thus, similar to the results obtained using endometrial 

epithelial cell lines, whole endometrium and the endometrial epithelium strongly 

expresses TLR mRNA. 

We further analyzed primary isolated human endometrial epithelial cells from 

patient HE621 (cycle day 9) using FACS analysis to confirm their expression of the 

intracellularly expressed epithelial cell marker, cytokeratin, lack of expression of the 

leukocyte marker, CD45, and to determine protein expression for TLR2, TLR3, and 

TLR4.  Cells were either unstimulated or stimulated for 18 hours with the synthetic TLR3 

ligand, Poly I:C.  Following stimulation, cells were collected and analyzed by FACS.  M1 

(isotype) and M2 (positive staining) were used to determine the percentage of cells 

positive for intracellular cytokeratin protein expression by comparing isotype controls to 

positive staining, with background staining being set to less than 10%.  We found that 

greater than 90% of the live cells were positive for cytokeratin, confirming our methods 

of epithelial cell isolation (Figure 5A).  In addition, we determined that CD45 was not 

expressed in our population of isolated cells, whether the cells were unstimulated (Figure 

5B) or stimulated (Figure 5C) with the synthetic TLR3 ligand, Poly I:C.  Our analysis of 

TLR2 in these cells demonstrated that although the cells were positive for TLR2 mRNA 
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expression (data not shown), they do not express detectable surface or intracellular TLR2 

protein (Figure 6A and data not shown).  Additionally, TLR2 protein is not up-regulated 

upon stimulation of cells with Poly I:C (Figure 6B).  Similar results were obtained for 

TLR4 protein, which was also not expressed in unstimulated (Figure 7A) or stimulated 

cells (Figure 7B).  Finally, in addition to the expression of TLR3 mRNA, these cells were 

found to express intracellular TLR3 protein, which was slightly up-regulated upon 

stimulation of TLR3 with Poly I:C (Figure 8).  Surface expression of TLR3 was not 

detected in unstimulated or stimulated cells (data not shown).  Thus, our results confirm 

that our isolation of epithelial cells from human endometrial tissue biopsies and 

demonstrate that these cells do not express detectable levels of protein for TLR2 and 

TLR4, but express intracellular TLR3 protein that is up-regulated up on stimulation of 

TLR3 with Poly I:C.  These results are important, as they demonstrate similarities 

between primary endometrial epithelial cells and the endometrial epithelial cell lines 

utilized in our model system.     

C. TLR Expression in the Human Endometrium is Cycle-Dependent 

Research in other laboratories has demonstrated the importance of tight regulation 

of several molecules within the endometrium, such as cytokines and other immune 

mediators, in the endometrium and as a result, many molecules present within the 

endometrium have been shown to be expressed in a cycle-dependent manner, suggesting 

a critical role for fluctuating steroid hormones in the regulation of the system as a whole 

[104, 109, 112, 230, 298].  For example, cycling levels of estrogen (E2) and progesterone 

(P4) in the endometrium have been demonstrated to play a critical role in maintaining 

strict balance of cytokine protein concentrations important in normal endometrial 
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function, such as IL-6 and IL-8 [104, 109, 112, 230, 298].  Since TLRs are expressed in 

the endometrium and ligation of TLRs has been demonstrated to induce the production of 

several cytokines and chemokines known to be important in the endometrium, we 

hypothesized that TLRs may also be under cyclic regulation in the endoemtrium.  

Therefore, in addition to examining endometrial tissue for the presence of TLRs, we 

wanted to determine whether the TLRs expressed in the endometrium were also 

expressed in a cycle-dependent manner.  Initially, we examined cycle-day specific 

endometrial epithelial tissue for alterations in TLR3 expression by RT-PCR and observed 

that TLR3 appeared to be expressed at higher levels during the secretory phase (data not 

shown). In order to verify this observation, we used qRT-PCR to compare relative TLR3 

mRNA expression in different cycle phases [118]. Additionally, we examined TLR3 

protein expression and localization using immunohistochemistry (IHC) [118]. We found 

that TLR3 is cyclically regulated with the highest expression of both mRNA and protein 

occurring in the mid- to late secretory phases, corresponding to the window of 

implantation (Figure 9) [118]. 

Since we observed cyclic regulation of TLR3 across the menstrual cycle, we 

decided to extend our analysis of cycle day-specific samples to determine whether other 

TLRs and TLR-associated molecules were also expressed in a cycle-dependent manner.  

In addition to TLR3, we examined the samples for expression of TLR2, TLR4, TLR5, 

TLR7, TLR8, TLR9,  the antiviral pattern recognition receptors PKR and RIG-1, antiviral 

TLR-associated signaling components IRF3, IRF7, and SARM, and the antiviral 

cytokines IFNα1, IFNβ, and IP-10.   
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1. TLR3 mRNA and protein expression peaks during the mid- and late 

secretory phases, with high levels of protein expression at the luminal 

epithelium 

TLR3 mRNA expression was examined by qRT-PCR, and expression of TLR3 

throughout the menstrual cycle was compared to expression during the proliferative 

phase (cycle day 5 to cycle day 14). Sample sets were compared in two ways, by 

grouping samples according to cycle phase and also by specific cycle day.  The early 

secretory phase represents cycle days 15-18 [104, 106, 108, 109, 111].  The mid-

secretory phase represents cycle days 19-23 [104, 106, 108, 109, 111].  The late secretory 

phase represents cycle days 24-28 [104, 106, 108, 109, 111].  We found that TLR3 

expression began to increase, although not statistically significantly, during the early 

secretory phase and expression levels significantly increased and peaked during the mid- 

and late secretory phases (Figure 9A). Additionally, TLR3 levels begin to increase 

immediately before the window of implantation (days 20-23) and remain high throughout 

the window of implantation (Figure 9B).  These data demonstrate the cyclical nature of 

TLR3 mRNA expression and suggest that TLR3 may play an important role in 

endometrial function during the window of implantation.   

We next wanted to determine whether TLR3 expression at the protein level was 

cyclically regulated. Frozen or paraffin-embedded endometrial tissue sections were 

stained with either the TLR3.7 monoclonal antibody or a mIgG1 isotype control. TLR3 

was expressed at very low levels during the proliferative phase, and high levels of 

expression were observed in mid- and late secretory tissue (Figure 9A). Examination of 

paraffin-embedded tissue revealed that TLR3 is expressed primarily in the luminal 
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epithelial tissue (Figure 9A, red arrow), although some TLR3 expression was detected in 

the glandular epithelium (Figure 9A, blue arrow). These results confirm that TLR3 

protein is expressed and that its expression is cycle-dependent, and demonstrate that 

TLR3 is expressed at highest levels in the luminal epithelium, where contact with 

pathogen is more likely. 

2. TLR2 and TLR4 mRNA expression peaks during the early secretory 

phase 

Expression of TLR2 and TLR4 mRNA was examined by qRT-PCR, and 

expression of these TLRs throughout the menstrual cycle was compared to expression 

during the proliferative phase, which represents baseline expression. Sample sets were 

compared in two ways, by grouping samples according to cycle phase and also by 

specific cycle day.  The early secretory phase represents cycle days 15-18 [104, 106, 108, 

109, 111].  The mid-secretory phase represents cycle days 19-23 [104, 106, 108, 109, 

111].  The late secretory phase represents cycle days 24-28 [104, 106, 108, 109, 111].  

We found that TLR2 and TLR4 expression began to increase during the early secretory 

phase, specifically at day 17 for TLR2 (Figure 10A) and day 15 for TLR4 (Figure 10B). 

Expression of TLR2 and TLR4 continued to increase through day 18, but at day 20, 

expression of both TLRs decreased to baseline levels or lower.  TLR2 mRNA expression 

remained low until a small increase in expression at day 25.  Expression returned to 

baseline levels at day 26 (Figure 10A).  TLR4 mRNA levels did not increase after the 

decrease in expression at day 20 (Figure 10B).  These results demonstrate that expression 

of mRNA for TLR2 and TLR4 is cycle-dependent.  Additionally, in contrast to the results 

obtained for TLR3 mRNA expression, TLR2 and TLR4 are expressed in the early 
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secretory phase and expression is at baseline during the window of implantation, 

suggesting that these TLRs may play a different role than TLR3 in the endometrium, 

specifically during the window of implantation, where TLR3 may play a unique and 

important role. 

3. TLR9 mRNA expression peaks during the early and late secretory 

phases, but is expressed at very low levels during the mid-secretory 

phase 

TLR9 mRNA expression was examined by qRT-PCR and expression of TLR9 

throughout the menstrual cycle was compared to expression during the proliferative 

phase. Sample sets were compared in two ways, by grouping samples according to cycle 

phase and also by specific cycle day.  The early secretory phase represents cycle days 15-

18 [104, 106, 108, 109, 111].  The mid-secretory phase represents cycle days 19-23 [104, 

106, 108, 109, 111].  The late secretory phase represents cycle days 24-28 [104, 106, 108, 

109, 111].  We found that like TLR2 and TLR4 expression, TLR9 mRNA expression 

began to increase during the early secretory phase, specifically at day 17 (Figure 10C). 

Expression of TLR9 continued to increase through day 20, but at day 21 expression 

decreased to baseline levels or lower.  TLR9 mRNA expression remained low until day 

23, at which point expression began to gradually increase to a second peak in expression 

at day 25 and day 26.  Expression returned to baseline levels at day 28 (Figure 10C).  

Thus, in contrast to the results obtained for TLR3 mRNA expression, but similar to the 

results obtained for TLR2 and TLR4, TLR9 is expressed in the early secretory phase, 

peaking immediately prior to the window of implantation, but decreasing to baseline 
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during the window of implantation.  These results demonstrate that TLR9 mRNA 

expression is cycle-dependent and suggest a role for TLR9 in endometrial function. 

4. Glandular TLR5 mRNA expression peaks during the late secretory 

phase, while stromal TLR5 mRNA expression peaks during the mid-

secretory phase. 

Expression of TLR5 mRNA was examined by qRT-PCR from two sets of patient 

samples.  For Figure 11A, biopsy samples were separated into glandular epithelium and  

stroma, and RNA was isolated according to the Materials and Methods.  For Figure 11B, 

endometrial epithelial cells were isolated from biopsy samples and subjected to RNA 

isolation.  For both sample sets, expression of TLR5 throughout the menstrual cycle was 

compared to expression during the proliferative phase.  Glandular and stomal samples 

were compared by grouping samples according to cycle phase, while isolated endometrial 

epithelial cell samples were compared by specific cycle day.  The early secretory phase 

represents cycle days 15-18 [104, 106, 108, 109, 111].  The mid-secretory phase 

represents cycle days 19-23 [104, 106, 108, 109, 111].  The late secretory phase 

represents cycle days 24-28 [104, 106, 108, 109, 111].  We found that TLR5 expression 

peaked during the late secretory phase in the glandular epithelium, while expression 

peaked during the mid-secretory phase in the stroma (Figure 11A).  In isolated epithelial 

cells, expression peaked during the early secretory phase at day 17 and day 18, but 

decreased at day 20.  Expression remained low throughout the mid-secretory phase, but a 

small peak was observed at day 25.  Expression returned to baseline levels at day 26 

(Figure 11B).  These results demonstrate that TLR5 mRNA expression in the 

endometrium is cycle-dependent.  In addition, like TLR2, TLR4, and TLR9, TLR5 
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expression peaks in the early secretory phase.  Thus, TLR5 may also play a role in 

endometrial function. 

5. Glandular TLR7 mRNA expression peaks in the mid-secretory phase, 

while stromal TLR7 mRNA expression peaks in the late secretory and 

menstrual phases 

Expression of TLR7 mRNA was examined by qRT-PCR from two sets of patient 

samples.  For Figure 12A, biopsy samples were separated into glandular epithelium and 

stroma, and RNA was isolated according to the Materials and Methods.  For Figure 12B, 

endometrial epithelial cells were isolated from biopsy samples and subjected to RNA 

isolation.  For both sample sets, expression of TLR7 throughout the menstrual cycle was 

compared to expression during the proliferative phase.  Glandular and stomal samples 

were compared by grouping samples according to cycle phase (Figure 12A), while 

isolated endometrial epithelial cell samples were compared by specific cycle day (Figure 

12B).  The early secretory phase represents cycle days 15-18 [104, 106, 108, 109, 111].  

The mid-secretory phase represents cycle days 19-23 [104, 106, 108, 109, 111].  The late 

secretory phase represents cycle days 24-28 [104, 106, 108, 109, 111].  We found that 

TLR7 expression peaked during the mid-secretory phase in the glandular epithelium, 

while expression peaked during the late secretory and menstrual phases in the stroma 

(Figure 12A).  In isolated epithelial cells, slightly different results were obtained, as 

expression peaked during the early secretory phase at day 17 and day 18, but decreased at 

day 20.  Expression remained low throughout the mid-secretory phase, but a significant 

peak was observed at day 25.  Expression returned to baseline levels at day 26 (Figure 

12B).  These results demonstrate that TLR7 mRNA expression in the endometrium is 
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cycle-dependent and that there may be a high degree of patient genetic variability in 

TLR7 across the menstrual cycle, as the two sample sets demonstrated slightly varied 

results.  In addition, like TLR2, TLR4, and TLR9, TLR7 expression peaks in the early 

secretory phase in isolated endometrial epithelial cells (Figure 12B).  In contrast to TLR5 

mRNA expression, however, TLR7 mRNA expression in the glandular epithelium peaks 

in the mid-secretory phase and stromal expression peaks in the late secretory and 

menstrual phases, whereas TLR5 mRNA expression peaked in the late secretory phase in 

the glandular epithelium and in the mid-secretory phase in the stroma.  Thus, TLR7, a 

viral-associated TLR, may also play a role in endometrial function, and its role may differ 

significantly from that of TLR5, a bacterial TLR. 

6. Glandular TLR8 mRNA expression peaks during the mid-secretory 

phase and stromal TLR8 mRNA expression does not vary 

significantly across the menstrual cycle 

Expression of TLR8 mRNA was examined by qRT-PCR from two sets of patient 

samples.  For Figure 13A, biopsy samples were separated into glandular epithelium and 

stroma, and RNA was isolated according to the Materials and Methods.  For Figure 13B, 

endometrial epithelial cells were isolated from biopsy samples and subjected to RNA 

isolation.  For both sample sets, expression of TLR8 throughout the menstrual cycle was 

compared to expression during the proliferative phase, which represents baseline 

expression. Glandular and stomal samples were compared by grouping samples 

according to cycle phase, while isolated endometrial epithelial cell samples were 

compared by specific cycle day.  The early secretory phase represents cycle days 15-18 

[104, 106, 108, 109, 111].  The mid-secretory phase represent cycle days 19-23 [104, 
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106, 108, 109, 111].  The late secretory phase represents cycle days 24-28 [104, 106, 108, 

109, 111].  We found that like TLR7, TLR8 expression peaked during the mid-secretory 

phase in the glandular epithelium.  However, unlike TLR7, TLR8 mRNA expression in 

the stroma remained constant across the menstrual cycle (Figure 13A).  In isolated 

epithelial cells, expression peaked during the early secretory phase at day 17 and day 18, 

but decreased to levels at or below baseline expression at day 20.  Expression remained 

low throughout the mid-secretory phase, but a lower level of expression was observed at 

day 25 and day 26 in the late secretory phase.  Expression returned to levels at baseline or 

lower at day 28 (Figure 13B).  These results demonstrate that TLR8 mRNA expression in 

the endometrium is cycle-dependent and that patient variability may exist across the 

menstrual cycle for this TLR, as also observed for TLR7 (Figure 12).  In addition, like 

TLR2, TLR4, and TLR9, TLR8 expression peaks in the early secretory phase in isolated 

endometrial epithelial cells.  In contrast to TLR5 and similar to TLR7 mRNA expression, 

however, TLR8 mRNA expression in the glandular epithelium peaks in the mid-secretory 

phase.  Unlike TLR5 and TLR7, however, a peak expression was not observed for 

stromal TLR8 mRNA expression.  Thus, TLR8, also a viral TLR, may also play a role in 

endometrial function, and its role may differ significantly from that of TLR5, a bacterial 

TLR, based upon disparate express patterns throughout the menstrual cycle. 

D. Expression of TLR-Associated Molecules in the Human Endometrium is 

Cycle-Dependent 

Since we observed cyclic regulation of TLRs across the menstrual cycle, we also 

decided to examine the tissue for cyclic regulation of TLR-associated signaling 

molecules, which may also be important in regulation of normal immune function within 
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the endometrium as they play a significant role in proper signaling of TLRs upon 

recognition of pathogen.  We chose to examine samples for expression of IRF3 and IRF7, 

which are important in signaling of TLRs involved in the antiviral response, as we are 

primarily interested in the role of TLR3 due to its unique expression pattern across the 

menstrual cycle as compared to the expression of other TLRs we examined [82, 184, 

296].  In addition, we chose to examine samples for the presence of SARM, a recently 

described adaptor molecule involved in TLR signaling that may play a role 

downregulating TLR signaling dependent on TRIF, which is an adaptor molecule utilized 

only by TLR3 and TLR4 [147, 148, 172].  Samples were examined for IRF3 (Figure 

14A), IRF7 (Figure 14B), and SARM (Figure 14C) mRNA expression by qRT-PCR and 

expression of these molecules throughout the menstrual cycle was compared to 

expression during the proliferative phase. Sample sets were compared by grouping 

samples by specific cycle day.  The early secretory phase represents cycle days 15-18 

[104, 106, 108, 109, 111].  The mid-secretory phase represent cycle days 19-23 [104, 

106, 108, 109, 111].  The late secretory phase represents cycle days 24-28 [104, 106, 108, 

109, 111].  Our results demonstrate that these TLR-associated molecules are expressed in 

a pattern similar to most of the other TLRs examined, with peak expression during the 

early secretory phase.  Specifically, IRF3 up-regulation began at day 15, and peaked at 

day 17 and day 18, with a downregulation in expression to baseline levels at day 20.  

Additional up-regulation of IRF3 was not observed throughout the mid- and late 

secretory phases (Figure 14A).  IRF7 expression was up-regulated at day 17 and day 18, 

and levels decreased to baseline levels or below at day 20.  Up-regulation of IRF7 in later 

phases of the menstrual cycle was not observed (Figure 14B).  Finally, expression 
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patterns for SARM were similar to those of IRF3 and IRF7, with slight up-regulation at 

day 15, significant up-regulation at day 17, day 18, and day 20, and down-regulation to 

baseline levels for the remainder of the cycle days analyzed (Figure 14C).  It should be 

noted that although expression at day 20 was significantly higher than expression during 

the proliferative phase, expression at day 17 and day 18 was significantly higher than that 

observed at day 20.  These results indicate that antiviral TLR-associated signaling 

molecules are also regulated across the menstrual cycle.  However, whether this 

regulation plays a role in the function of the uniquely expressed TLR3 in the menstrual 

cycle is unclear.    

E. Expression of the Antiviral Pattern Recognition Receptors, PKR and RIG-1, 

in the Human Endometrium is Cycle-Dependent 

Since we observed cyclic regulation of TLRs, including those associated with the 

antiviral response, across the menstrual cycle, we also decided to examine the tissue for 

cyclic regulation of other innate immune pattern recognition receptors that recognize 

viral-associated molecular patterns.  We chose to examine samples for expression of PKR 

(Figure 15A) and RIG-1 (Figure 15B), as they recognize viral-associated dsRNA 

molecular patterns similarly to TLR3 [48, 50-52, 68, 74].  Samples were examined for 

PKR and RIG-1 mRNA expression by qRT-PCR and expression of these molecules 

throughout the menstrual cycle was compared to expression during the proliferative 

phase. Sample sets were compared by grouping samples by specific cycle day.  The early 

secretory phase represents cycle days 15-18 [104, 106, 108, 109, 111].  The mid-

secretory phase represent cycle days 19-23 [104, 106, 108, 109, 111].  The late secretory 

phase represents cycle days 24-28 [104, 106, 108, 109, 111].  Our results demonstrate 
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that these antiviral pattern recognition receptors are expressed in a pattern similar to the 

TLRs examined, with peak expression during the early secretory phase and subsequent 

peaks in expression at day 25.  Specifically, PKR (Figure 15A) and RIG-1 (Figure 15B) 

were upregulated at day 17 and day 18, with a downregulation in expression to baseline 

levels or below from day 20 to day 24.  Additional upregulation for both molecules was 

observed at day 25.  These results indicate that other antiviral pattern recognition 

receptors are expressed cyclically across the menstrual cycle, and may also play a role in 

the antiviral response of the endometrium.  Additionally, the results obtained for these 

antiviral pattern recognition receptors further demonstrate the possible importance and 

unique function of TLR3 in the endometrium, as they are also downregulated at a time 

during the menstrual cycle, specifically the implantation window, when TLR3 levels are 

significantly upregulated.   

F. Expression of Antiviral Molecules Produced Upon TLR Ligation in the 

Human Endometrium is Cycle-Dependent 

Since we observed cyclic regulation of several antiviral-associated pattern 

recognition receptors, including TLR3, TLR7, TLR8, TLR9, PKR, and RIG-1, we 

decided to examine the endometrial tissue samples for expression of antiviral cytokines 

that may be produced upon ligation of TLRs to viral motifs.  We chose to examine 

samples for expression of IFNα1 (Figure 16A), IFNβ (Figure 16B), and IP-10 (Figure 

16C), as these proteins have been shown to be produced upon ligation of TLR3 in our 

laboratory and are important components of the primary antiviral response [70, 71, 79, 

81, 82, 118, 283].  Samples were examined for IFNα1, IFNβ, and IP-10 mRNA 

expression by qRT-PCR and expression of these molecules throughout the menstrual 
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cycle was compared to expression during the proliferative phase, which represents 

baseline expression levels. Sample sets were compared by grouping samples by specific 

cycle day.  The early secretory phase represents cycle days 15-18 [104, 106, 108, 109, 

111].  The mid-secretory phase represents cycle days 19-23 [104, 106, 108, 109, 111].  

The late secretory phase represents cycle days 24-28 [104, 106, 108, 109, 111].  Our 

results demonstrate that these antiviral cytokines are expressed in a pattern similar to the 

TLRs examined.  Specifically, IFNα1 was up-regulated slightly at day 15, with peak 

expression at day 17.  At days 18 and 20, expression returned to the level of expression at 

day 15.  Expression remained at baseline levels or below until day 26, where expression 

was slightly upregulated, but not significantly (Figure 16A).  IFNβ expression increased 

slightly across days 15 and 17, with a significant peak in expression at day 18.  

Expression decreased at day 20 and remained at baseline levels or below until day 26, 

where another significant peak was observed.  However, the peak at day 26 was not at the 

level of the highest peak in expression at day 18 (Figure 16B).  Expression of IP-10 

peaked at days 17 and 18, decreased to baseline levels or below from day 20 to day 24, 

and peaked again to a level similar to that observed at days 17 and 18 at day 25 (Figure 

16C).  Thus, antiviral cytokines are also regulated across the menstrual cycle and may 

play a significant role in viral defense in the endometrium. 

G. TLRs are Expressed in MCF7 Cells 

TLR expression in the breast adenocarcinoma cell line, MCF7, had not been 

previously described.  Since this cell line has been used extensively for steroid hormone 

studies and strongly expresses mRNA for steroid hormone receptors, which are an 

important component of endometrial studies, we wanted to determine whether TLRs are 
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expressed [239, 240, 299, 300].  TLR expression was examined using endpoint RT-PCR.  

We found that MCF7 cells express TLR2, TLR3, TLR5, and TLR6 by endpoint RT-PCR 

(Table II, Figure 17, and data not shown) [279].  Thus, it is possible that these cells can 

be utilized to confirm the results of steroid hormone studies in endometrial epithelial cell 

lines.  Additionally, these cells serve to determine if the steroid hormone effects observed 

in endometrial epithelial cells are tissue dependent.    

H. TLR3 is Expressed and Functional in MCF7 Cells  

Since MCF7 cells have been utilized extensively for the study of hormonal effects 

on signaling pathways and one of the major goals of our study was to determine the 

effects of hormones on TLR3 signaling due to the cyclic nature of TLR3 expression in 

the endometrium and possible unique role of TLR3 in endometrial function, we 

determined whether TLR3 was expressed and functional in these cells.  MCF7 cells were 

examined for expression of TLR3 mRNA by endpoint RT-PCR (Figure 17A, lane 2), 

with the housekeeping gene, GUS, utilized as a control.  RL95-2 cells were utilized as a 

positive control for TLR3 mRNA expression (Figure 17A, lane 1).  We found that MCF7 

cells express TLR3 mRNA, as the amplified band in the RL95-2 (lane 1) and MCF7 (lane 

2) cells was of the appropriate size for TLR3 (Figure 17A).  In addition to mRNA 

analysis, we also examined the MCF7 cells for the expression of TLR3 protein by FACS 

analysis and determined that MCF7 cells are also positive for intracellular TLR3 protein 

expression (Figure 17B).  To determine if TLR3 expressed in these cells was functional, 

MCF7 cells were stimulated with Poly I:C, PMA/I (data not shown), the TLR4 ligand 

lipopolysaccharide (LPS), or Poly dI:dC (data not shown) in triplicate (Figure 17C).  

Supernatants were collected following 18 hours of stimulation and examined for 
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production of IL-6, IL-8, and IP-10.  MCF7 cells, as expected, did not respond to 

stimulation with LPS or Poly dI:dC (Figure 17C and data not shown).  MCF7 cells did 

produce detectable amounts of IL-8 and IP-10 after stimulation with Poly I:C and IL-8 

after stimulation with PMA/I (Figure 17C and data not shown).  However, the MCF7 

cells did not produce detectable levels of IL-6.  Our results demonstrate that MCF7 cells 

respond to stimulation of TLR3 with the synthetic TLR3 ligand Poly I:C, and produce 

cytokines and chemokines upon stimulation of TLR3 [279]. 

III. DISCUSSION 
 

We found that TLRs are expressed in both primary endometrial epithelium as well 

as in endometrial epithelial cells lines (Table II) [118, 121, 294]. In addition, TLR 

expression appears to be variable in endometrial epithelial cell lines and differs from 

expression observed in the breast epithelial cell line, MCF7 [279].  In addition to 

demonstrating TLR expression, we examined cycle phase and cycle day-specific 

endometrial epithelial cells to determine whether TLR expression was regulated across 

the cycle.  We found that all TLRs examined, as well as other TLR-associated molecules 

and pattern recognition receptors, are expressed in a cycle-dependent manner.  

Interestingly, TLR3 expression was determined to be unique among the TLRs examined 

in that TLR3 is uniquely expressed at a time during the menstrual cycle, specifically 

during the window of implantation, when all other TLRs, TLR-associated molecules, and 

antiviral pattern recognition receptors examined are expressed at very low levels.  This is 

important, as it suggests that TLR3 may play a critical and unique role in the regulation 

of the innate immune system in the endometrium.  The reason for and consequences of 

this variance in TLR3 expression as compared to other TLRs expressed in the 
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endometrium is not known, but there are numerous potential explanations. Maintenance 

of a healthy and normal endometrium requires a complex balance of many 

immunological factors, and therefore, the endometrium must utilize immune responses to 

prevent viral infection without allowing components of the immune response to interrupt 

or damage normal endometrial functions, including the menstrual cycle, fertilization, 

embryo implantation, pregnancy, and general endometrial health. The expression of 

TLR3 within the endometrium throughout the menstrual cycle suggests that TLR3 may 

be activated in response to virus in the endometrial innate immune system.  If the role of 

TLR3 in the endometrium is specifically involvement in immune responses to viruses 

that infect the reproductive tract, it is possible that regulation of TLR3 expression across 

the menstrual cycle occurs in order to promote the critical balance between immune 

activation and immune tolerance that is required to maintain the health of the 

endometrium while allowing menstruation, embryo implantation, and pregnancy.  

However, the role and impact of the low level expression of molecules involved in TLR3 

signaling, such as IRF3 and IRF7, during specific points in the menstrual cycle when 

TLR3 is up-regulated are unknown and suggest that TLR3 could play a role in 

endometrial functions other than antiviral defense, as these molecules may not be 

expressed sufficiently during time points when TLR3 is up-regulated to generate TLR3-

mediated antiviral responses.  Future work should examine the expression of other 

molecules involved in TLR3 signaling and the levels of expression of these molecules 

required for induction of TLR3-mediated signaling outcomes. 

The finding that TLRs are expressed in the endometrium, and that TLR3 is unique 

in its cyclic expresssion strongly implicates TLRs as cognate receptors of the 
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endometrium that can potentially alter the cytokine milieu and therefore, the function of 

the endometrium. Ligation of TLRs and subsequent TLR-mediated signaling results in 

the production of several proinflammatory and antiviral cytokines and chemokines, many 

of which are involved in critical endometrial functions, including embryo implantation 

and menstruation.  The levels of these cytokines are closely regulated, and over or under 

production of essential cytokines can lead to endometrial dysfunction [24, 30, 104, 108, 

109, 112, 230, 255, 298].  Since several TLRs that recognize different types of pathogen-

associated molecular patterns are expressed within the endometrium and may alter 

immune responses upon recognition of pathogen, it is possible that TLR expression in the 

endometrium represents a specific mechanism by which the endometrium promotes the 

critical balance between immune activation and immune tolerance that is required to 

maintain the health of the endometrium while allowing menstruation, embryo 

implantation, and pregnancy. 

Our data demonstrated that TLRs are differentially expressed in endometrial 

epithelial cell lines and are also expressed in the breast epithelial cell line, MCF7. 

Interestingly, expression of TLR2, TLR1, and TLR6 was not equivalent in distinct cell 

lines. Several cell lines expressed TLR1 and/or TLR6 but not TLR2. This finding is of 

note since TLR1 and TLR6 function only as a heterodimer with TLR2. It is unclear why 

TLR1 or TLR6 would be expressed in a cell lines that does not express TLR2. 

We also observed that TLRs are cyclically expressed in the endometrial 

epithelium [118]. Expression of many of the TLRs, TLR-associated molecules, and other 

pattern recognition receptors examined, peaks during the early secretory phase, with 

several of these molecules also showing slight upregulation during the late secretory 
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phase.  However, expression of TLR3 uniquely peaks during the mid- to late secretory 

phase, corresponding to the implantation window, when expression of all other molecules 

examined is very low [118]. The post-coitus endometrium undergoes a brief 

inflammatory response followed by a suppression of immune responses that is 

maintained throughout pregnancy [105, 106, 109, 112, 210, 213, 221, 222, 230, 255, 

298]. Both of these occurrences are required for successful embryo implantation and 

pregnancy [105, 106, 109, 112, 210, 213, 221, 222, 230, 255, 298]. It is unclear why TLR 

expression is cyclically regulated, or whether TLRs are involved in generation of 

inflammatory responses post-coitus. Although we have previously examined endometrial 

tissue for the ability to respond to stimulation with the TLR3 ligand, Poly I:C, and found 

the tissue responsive, we have not examined the function of other TLRs in endometrial 

tissue [118, 294, 301].  Additionally, it is unclear why TLR3 is unique in its cyclic 

expression and the possible role of TLR3 in the endometrium is unknown, but our data 

suggests that its role could differ significantly from that of other TLRs expressed in the 

endometrium.  It is possible that TLR3 has a critical role in preparation of the 

endometrium for implantation, or it is possible that TLR3 plays a developmental role that 

has not yet been identified. Studies to determine the functional properties of TLRs in the 

endometrium and the effects of cyclic TLR expression will be needed to investigate how 

TLRs, and TLR3 in particular, impact the endometrium.   
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Table II:  Endometrial epithelial cell lines express TLR mRNA. 

 
Table II:  Endometrial epithelial cell lines express TLR mRNA. 
cDNA synthesized from 100 ng total RNA isolated from endometrial epithelial cell lines 
was subjected to end-point PCR using the indicated primer sets (see Table I).  The 
endometrial epithelial cell lines, AN3 CA, ECC-1, HEC-1A, Ishikawa, KLE, and RL95-2 
were scored for TLR expression on the basis of a visible band at the appropriate size.  
The breast adenocarcinoma cell line, MCF7, was also analyzed for TLR expression.  
Positive controls were included for each TLR examined and experiments were repeated a 
minimum of three times. 
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Figure 4: The human endometrial epithelial cell line, ECC-1, does not express TLR2 

or TLR4 protein, but does express intracellular TLR3 protein.   

 
Figure 4: The human endometrial epithelial cell line, ECC-1, does not express TLR2 
or TLR4 protein, but does express intracellular TLR3 protein.  ECC-1 cells were 
plated in triplicate and cultured overnight.  Cells were harvested with 0.25% 
trypsin/EDTA and subjected to surface and intracellular antibody staining to detect 
protein for TLR2, TLR3, or TLR4 as described in the Materials and Methods.  Isotype 
controls (mIgG1κ) were included for each set of samples.  Surface TLR2 protein 
expression in unstimulated cells is represented in A.  Intracellular TLR3 protein 
expression in unstimulated cells is represented in B.  Surface TLR4 protein expression in 
unstimulated cells is represented in C.  Intracellular staining for TLR2 and TLR4 and 
surface staining for TLR3 was also performed, but the results are not shown.   
 

 

 

A. B.

C. 
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Figure 5.  Human endometrial epithelial cells express intracellular cytokeratin 

protein, but do not express CD45 protein.   

 
Figure 5.  Human endometrial epithelial cells express intracellular cytokeratin 
protein, but do not express CD45 protein.  Primary human endometrial epithelial cells 
(HE621; cycle day 9) were isolated from human tissue biopsy samples as described in 
Materials and Methods.  Primary epithelial cells were plated in triplicate and stimulated 
or not stimulated with 10 ug/ml Poly I:C.  18 hours post-stimulation, cells were harvested 
with 0.25% trypsin/EDTA and stained according to the Materials and Methods for the 
epithelial cell marker cytokeratin, lymphocyte marker CD45, or the isotype control 
mIgG1κ using monoclonal antibodies specific for cytokeratin (Sigma) or CD45 
(BioLegend).  Isotype controls are represented by solid black lines, while cytokeratin and 
CD45 are represented by dashed lines.  Cytokeratin protein expression in unstimulated 
cells is represented in (A).  CD45 protein expression in unstimulated cells is represented 
in (B).  CD45 protein expression following 18 hours Poly I:C stimulation is represented 
in (C).   
 
 
 

A. B.

C. 
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Figure 6. Human endometrial epithelial cells do not express TLR2 protein.   

 
Figure 6. Human endometrial epithelial cells do not express TLR2 protein.  Primary 
human endometrial epithelial cells (HE621; cycle day 9) were isolated from human tissue 
biopsy samples as described in Materials and Methods.  Primary epithelial cells were 
plated in triplicate and stimulated or not stimulated with 10 ug/ml Poly I:C.  18 hours 
post-stimulation, cells were harvested with 0.25% trypsin/EDTA and surface stained 
according to the Materials and Methods for TLR2 protein expression using a monoclonal 
antibody specific for TLR2 (eBiosciences).  mIgG1k isotype controls were utilized for 
each sample and are represented by solid black lines.  Surface TLR2 protein expression 
in unstimulated cells is represented in (A) by the dashed line.  Surface TLR2 protein 
following 18 hours Poly I:C stimulation is represented in (B) by the dashed line.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A. B.



 109

Figure 7.  Human endometrial epithelial cells do not express TLR4 protein.   

 
Figure 7.  Human endometrial epithelial cells do not express TLR4 protein.  Primary 
human endometrial epithelial cells (HE621; cycle day 9) were isolated from human tissue 
biopsy samples as described in Materials and Methods.  Primary epithelial cells were 
plated in triplicate and stimulated or not stimulated with 10 ug/ml Poly I:C.  18 hours 
post-stimulation, cells were harvested with 0.25% trypsin/EDTA and surface stained 
according to the Materials and Methods for TLR4 protein expression using a monoclonal 
antibody specific for TLR4 (eBiosciences).  mIgG1κ isotype controls were used for each 
sample (black line).  TLR4 protein expression in unstimulated cells is represented in A 
(dashed line).  TLR4 protein following 18 hours Poly I:C stimulation is represented in B 
(dashed line).   
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A. B.
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Figure 8.  Human endometrial epithelial cells express TLR3 protein intracellularly.   

 
Figure 8.  Human endometrial epithelial cells express TLR3 protein intracellularly.  
Primary human endometrial epithelial cells (HE621; cycle day 9) were isolated from 
human tissue biopsy samples as described in Materials and Methods.  Primary epithelial 
cells were plated in triplicate and stimulated or not stimulated with 10 ug/ml Poly I:C.  18 
hours post-stimulation, cells were harvested with 0.25% trypsin/EDTA and stained for 
surface and intracellular protein expression according to the Materials and Methods for 
TLR3 protein expression using a monoclonal antibody specific for TLR3 (TLR3.7, 
eBiosciences).  mIgG1k isotype controls were used for each sample (black line).  TLR3 
protein expression in unstimulated cells is represented in A (dashed line).  TLR3 protein 
following 18 hours Poly I:C stimulation is represented in B (dashed line). Surface 
staining for TLR3 did not demonstrate detectable surface expression of TLR3 (data not 
shown).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A. B.



 111

Figure 9.  Endometrial epithelial cells cyclically express TLR3 mRNA and protein. 

 
Figure 9.  Endometrial epithelial cells cyclically express TLR3.  Frozen (proliferative 
and late secretory phase) or paraffin-embedded (mid-secretory phase) tissue sections 
from proliferative, mid-secretory, and late secretory phase endometrium were stained 
using the αTLR3.7 monoclonal antibody or mIgG1 isotype control. Staining was 
visualized using DAB substrate followed by a hematoxylin/water counterstain. Lumenal 
epithelium is indicated by the blue arrow, and glandular epithelium is indicated by the red 
arrow (A).  Total RNA (100 ng) from purified endometrial epithelial proliferative (P), 
early secretory (ES), mid-secretory (MS), or late secretory (LS) tissue was used to 
generate cDNA to measure relative expression levels of TLR3 mRNA using qRT-PCR. 
Data is shown as average relative TLR3 quantities (RQ values) from three patients run in 
triplicate using the housekeeping gene HPRT to normalize samples. Expression of each 
sample from the P (red), ES (yellow), MS (green), and LS (blue) phase is relative to the 
average expression of all three P phase samples (A, inset). Expression of each sample day 
across the menstrual cycle is relative to the average expression of three P phase samples 
(B).  Error bars indicate standard deviation between patients. 

A. 

B. 
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Figure 10.  Human endometrial epithelial cells cyclically express TLR2, TLR4, and 

TLR9 mRNA.   

 
Figure 10.  Human endometrial epithelial cells cyclically express TLR2, TLR4, and 
TLR9 mRNA.  Total RNA (100 ng) from purified endometrial epithelial proliferative 
(P), early secretory (ES), mid-secretory (MS), or late secretory (LS) tissue was used to 
generate cDNA to measure relative expression levels of TLR2 (A), TLR4 (B), or TLR9 
(C) mRNA using qRT-PCR. Data is shown as average relative quantities (RQ values) 
from three patients run in triplicate using the housekeeping gene HPRT to normalize 
samples. Expression of each sample is relative to the average expression of all three P 
phase samples. Expression of each sample day across the menstrual cycle is relative to 
the average expression of three P phase samples.  Error bars indicate standard deviation 
between patients. 
 
 
 
 
 
 
 

A. B.

C.
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Figure 11.  Endometrial epithelial cells cyclically express TLR5 mRNA.   

 
Figure 11.  Endometrial epithelial cells cyclically express TLR5 mRNA.  Total RNA 
(100  ng) extracted from purified endometrial epithelial tissue (glands and stroma, A) 
from the proliferative (P), early secretory (ES), mid-secretory (MS), or late secretory 
(LS) phase was used to generate cDNA to measure relative expression levels of TLR5 
mRNA using qRT-PCR.  Total RNA was also extracted from purified endometrial 
epithelial tissue across the menstrual cycle (B).  Data is shown as average relative TLR5 
quantities (RQ values) from triplicate samples from three patients using the housekeeping 
gene, HPRT, to normalize samples.  Expression of each sample from the P, ES, MS, and 
LS phase is relative to the average expression of all three P phase samples (A).  
Expression of each sample day across the menstrual cycle is relative to the average 
expression of three P phase samples (B).  Error bars indicate standard deviation between 
patients. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A. B. 
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Figure 12.  Endometrial epithelial cells cyclically express TLR7 mRNA.   

 
Figure 12.  Endometrial epithelial cells cyclically express TLR7 mRNA.  Total RNA 
(100  ng) extracted from purified endometrial epithelial tissue (glands and stroma, A) 
from the proliferative (P), early secretory (ES), mid-secretory (MS), or late secretory 
(LS) phase was used to generate cDNA to measure relative expression levels of TLR5 
mRNA using qRT-PCR.  Total RNA was also extracted from purified endometrial 
epithelial tissue across the menstrual cycle (B).  Data is shown as average relative TLR5 
quantities (RQ values) from triplicate samples from three patients using the housekeeping 
gene, HPRT, to normalize samples.  Expression of each sample from the P, ES, MS, and 
LS phase is relative to the average expression of all three P phase samples (A).  
Expression of each sample day across the menstrual cycle is relative to the average 
expression of three P phase samples (B).  Error bars indicate standard deviation between 
patients. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A. B. 
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Figure 13.  Endometrial epithelial cells cyclically express TLR8 mRNA.   

 
Figure 13.  Endometrial epithelial cells cyclically express TLR8 mRNA.  Total RNA 
(100  ng) extracted from purified endometrial epithelial tissue (glands and stroma, A) 
from the proliferative (P), early secretory (ES), mid-secretory (MS), or late secretory 
(LS) phase was used to generate cDNA to measure relative expression levels of TLR5 
mRNA using qRT-PCR.  Total RNA was also extracted from purified endometrial 
epithelial tissue across the menstrual cycle (B).  Data is shown as average relative TLR5 
quantities (RQ values) from triplicate samples from three patients using the housekeeping 
gene, HPRT, to normalize samples.  Expression of each sample from the P, ES, MS, and 
LS phase is relative to the average expression of all three P phase samples (A).  
Expression of each sample day across the menstrual cycle is relative to the average 
expression of three P phase samples (B).  Error bars indicate standard deviation between 
patients. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A. B. 
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Figure 14.  Human endometrial epithelial cells cyclically express IRF3, IRF7, and 
SARM mRNA.   

 
Figure 14.  Human endometrial epithelial cells cyclically express IRF3, IRF7, and 
SARM mRNA.  Total RNA (100 ng) from purified endometrial epithelial proliferative 
(P), early secretory (ES), mid-secretory (MS), or late secretory (LS) tissue was used to 
generate cDNA to measure relative expression levels of IRF3 (A), IRF7 (B), or SARM 
(C) mRNA using qRT-PCR. Data is shown as average relative quantities (RQ values) 
from three patients run in triplicate using the housekeeping gene HPRT to normalize 
samples. Expression of each sample is relative to the average expression of all three P 
phase samples. Expression of each sample day across the menstrual cycle is relative to 
the average expression of three P phase samples.  Error bars indicate standard deviation 
between patients. 
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Figure 15.  Human endometrial epithelial cells cyclically express PKR and RIG-1.    

 
Figure 15.  Human endometrial epithelial cells cyclically express PKR and RIG-1.   
Total RNA (100 ng) from purified endometrial epithelial proliferative (P), early secretory 
(ES), mid-secretory (MS), or late secretory (LS) tissue was used to generate cDNA to 
measure relative expression levels of PKR (A) or RIG-1 (B) mRNA using qRT-PCR. 
Data is shown as average relative quantities (RQ values) from three patients run in 
triplicate using the housekeeping gene HPRT to normalize samples. Expression of each 
sample is relative to the average expression of all three P phase samples. Expression of 
each sample day across the menstrual cycle is relative to the average expression of three 
P phase samples.  Error bars indicate standard deviation between patients. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A. B.
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Figure 16.  Human endometrial epithelial cells cyclically express IFNα1, IFNβ, and 
IP-10 mRNA.   

 
Figure 16.  Human endometrial epithelial cells cyclically express IFNα1, IFNβ, and 
IP-10 mRNA.  Total RNA (100 ng) from purified endometrial epithelial proliferative (P), 
early secretory (ES), mid-secretory (MS), or late secretory (LS) tissue was used to 
generate cDNA to measure relative expression levels of IFNα1 (A), IFNβ (B), or IP-10 
(C) mRNA using qRT-PCR. Data is shown as average relative quantities (RQ values) 
from three patients run in triplicate using the housekeeping gene HPRT to normalize 
samples. Expression of each sample is relative to the average expression of all three P 
phase samples. Expression of each sample day across the menstrual cycle is relative to 
the average expression of three P phase samples.  Error bars indicate standard deviation 
between patients. 
 
 
 
 
 
 
 

A. B.

C.
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Figure 17.  MCF7 cells express functional TLR3.   

 
Figure 17.  MCF7 cells express functional TLR3.  MCF7 cells were plated at 0.2 x 10-
6 cells/well.  (A)  Total RNA (100 ng) harvested from triplicate wells was synthesized 
into cDNA and analyzed for the presence of TLR3 mRNA by endpoint RT-PCR.  The 
housekeeping gene GUS was used as a control.  PCR samples were run on a 1% agarose 
gel and a picture was taken using an AlphaImager (Alpha Innotech Corporation) gel 
imager (B). Cells were harvested from triplicate wells using 0.25% trypsin/EDTA.  Cells 
were stained intracellularly as described in the Materials and Methods and analyzed on a 
flow cytometer for TLR3 protein expression (dashed line) by gating on live cells only.  
mIgG1k isotype controls were used for each sample (black line).  (C)  MCF7 cells were 
treated or not treated with the synthetic TLR3 ligand, Poly I:C (10ug/ml), or the TLR4 
ligand, LPS (100 ng/ml).  Supernatants were collected and analyzed for secretion of IL-6, 
IL-8, and IP-10 by ELISA as described in the Materials and Methods.  Error bars 
represent the standard deviation between triplicate samples. 
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CHAPTER IV 
 

EXPRESSION OF STEROID HORMONE RECEPTORS IN HUMAN 
ENDOMETRIAL EPITHELIAL CELL LINES AND THE HUMAN 

ENDOMETRIUM 
 
 
 

 
I. INTRODUCTION 

 
Since we observed cyclic regulation of TLRs, TLR-associated molecules, the 

pattern recognition receptors PKR and RIG-1, and TLR-associated antiviral cytokines 

and chemokines, we wanted to further explore the role of TLRs in the endometrium.  We 

decided to focus our efforts specifically on TLR3, as its expression across the menstrual 

cycle was unique in comparison to the other TLRs analyzed.  Additionally, work in our 

lab has demonstrated that TLR3 is expressed and functional in both our endometrial 

epithelial cell lines and primary endometrial epithelial cells isolated from endometrial 

biopsies [118, 279, 294].   

Cyclic changes in the expression of TLRs, TLR-associated molecules, other 

pattern recognition receptors, and cytokines suggest modulation of expression by the 

cyclical steroid hormones of the endometrium, estradiol (E2) and progesterone (P4) [112, 

231].  In vitro studies have shown that E2 and/or P4 can either inhibit or stimulate 

expression of specific cytokines.  Specifically, Pottratz and colleagues demonstrated 

suppression of cytokine-stimulated IL-6 mRNA by E2 in HeLa cells transfected with 

estrogen receptor (ER) [247].  Suppression of IL-6 was also observed by Tabibzadeh and 

colleagues in IL-1α-induced stromal cells [211].  Girasole and colleagues have 

demonstrated similar results using E2 on mouse cell lines and stromal cell lines [302].  P4, 
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at high concentrations, has been shown by Kelly and colleagues to reduce the level of IL-

8 in the endometrium [112].  However, Tseng and colleagues found IL-6 to be up-

regulated by E2 in stromal cells [303], while von Wolff and colleagues and Rifas and 

colleagues suggested hormones do not regulate IL-6 [304, 305].   Thus, studies 

examining the influence of steroid hormones on cytokine expression and production in 

the human have been somewhat conflicting and the impact of cytokine control by steroid 

hormones on mucosal immunity in the endometrium has not been elucidated [112, 211, 

247, 302-305].  In addition, despite the number of studies performed examining the 

impact of steroid hormones on cytokine expression in the endometrium, the impact of 

steroid hormones on other cyclically expressed molecules within the endometrium, such 

as the TLRs, has not been examined.  The observed differences in the influence of E2 and 

P4 on cytokine expression may depend, in part, on the ligand-receptor signaling system 

responsible for the induction of cytokine expression and production, namely, the TLRs 

and TLR-associated molecules.  The effects of steroid hormones within the endometrium 

have been demonstrated to be dependent on the presence of steroid hormone receptors.  

Therefore, to begin our investigation of the role of TLR3 and TLR3 signaling within the 

human endometrium, we examined endometrial epithelial cell lines and endometrial 

tissue for steroid hormone receptors.       

II. RESULTS 

   To examine the presence of ERα, ERβ, PRA, and PRB in endometrial cell lines, 

mRNA was subjected to RT-PCR.  The human breast adenocarcinoma cell line, MCF7, 

has been utilized extensively in steroid hormone studies and was used as a positive 

control for expression of mRNA coding for estrogen receptor (ER) and progesterone 
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receptor (PR) [306-309].  Expression of ER and/or PR has been previously demonstrated 

in the HEC-1A, KLE, MCF7, and RL95-2 cells [306-308, 310, 311].  Receptor 

expression in these cell lines was confirmed and receptor expression was documented in 

AN3 CA cells.  As summarized in Table III, many of our cell lines express detectable 

levels of mRNA for hormone receptors.  We observed that the band intensity for all cell 

lines expressing hormone receptors was high, with intensity in the MCF7 cells being the 

highest.  To determine if the differences observed by endpoint RT-PCR were due to 

quantitative differences in ERα mRNA expression, we subjected cDNA synthesized from 

100 ng RNA from each of the cell lines to qRT-PCR.    As demonstrated in Figure 18A, 

our cell lines express varying quantities of ERα mRNA.  The AN3 CA and MCF7 cells 

expressed the highest levels of ERα mRNA, with values significantly greater than values 

for the RL95-2, KLE, and HEC-1A cells.  The RL95-2 and KLE cells expressed the 

second highest levels of ERα mRNA, which were significantly lower than values for the 

AN3-CA and MCF7 cells, but greater than values for the HEC-1A cells, which did not 

express ERα mRNA.  Thus, the results in Figure 18A confirm the endpoint RT-PCR 

results shown in Table III and demonstrate differential expression of ERα mRNA in 

endometrial and breast epithelial cell lines. 

We also wanted to confirm that ERα was cyclically expressed in our system.  

Expression of ERα was examined by qRT-PCR, and expression was compared to 

expression during the proliferative phase. Sample sets were compared by specific cycle 

day.  The early secretory phase represents cycle days 15-18 [109, 112, 114, 122, 312, 

313].  The mid-secretory phase represent cycle days 19-23 [109, 112, 114, 122, 312, 
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313].  The late secretory phase represents cycle days 24-28 [109, 112, 114, 122, 312, 

313].  As shown in Figure 18B, we found that ERα expression began to increase during 

the early secretory phase, specifically at day 15.  Expression continued to increase 

through day 20, but at day 21, expression decreased to baseline levels.  ERα mRNA 

expression was again up-regulated at day 22, and continued to increase through day 25, at 

which time expression began to decrease through day 28.  These results demonstrate that 

expression of mRNA for ERα is cycle-dependent.  Our results were similar to those 

demonstrated by other laboratories, with up-regulation of ERα during the early to mid-

secretory phase of the menstrual cycle, downregulation immediately prior to the window 

of implantation, and subsequent up- and downregulation of ERα in the late secretory 

phase leading into menstruation [108, 234, 314].  These results are important, as the 

varying levels of ERα may be important in dictating the type and intensity of interactions 

with TLR3 signaling pathways in the endometrium.   

In addition to endpoint and qRT-PCR, we also analyzed our cell lines for presence 

of ERα protein.  The MCF7 breast epithelial cell line was used as a positive control 

(Figure 18C, lanes 3 and 4).  All cell lines, with the exception of the HEC-1A cells and 

high passage RL95-2 cells (Figure 18C, lane 2), express ERα protein (Figure 18C and 

data not shown).  As shown in Figure 18C, MCF7 cells (lanes 3 and 4) express a greater 

amount of ERα protein than the RL95-2 cells (Figure 18C, lane 1), confirming the qRT-

PCR results.  Additionally, RL95-2 cells lose ERα expression with high passage, which 

has been previously documented [315].  Due to the ability of RL95-2 cells to lose ERα 
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expression with high passage, receptor presence had to be verified prior to experiments 

discussed in later chapters. 

Since hormone treatment has been shown to affect ERα mRNA expression and 

levels of expression may be important in the type and intensity of response generated 

from hormone treatment in our analysis of TLR3 function in the endometrium, we 

decided to determine whether hormone treatment altered expression of ERα mRNA in 

our endometrial epithelial cell lines.  For this study, we subjected the RL95-2 cell line to 

hormone treatment and analyzed ERα mRNA by Real Time RT-PCR.  As demonstrated 

in Figure 19, hormone treatment does not significantly alter levels of ERα mRNA in 

unstimulated RL95-2 cells (Figure 19, 0 Hr IC).  In addition to observing the effects of 

hormone treatment on ERα mRNA expression, we wanted to determine what effects, if 

any, stimulation of TLR3 had on ERα mRNA expression in these cells.  To examine the 

effects of Poly I:C stimulation on ERα mRNA expression, cells were treated with the 

indicated hormones and stimulated with Poly I:C.  Treatment with Poly I:C in the 

absence of hormones did not have an effect on ERα mRNA expression (data not shown).  

However, at 18 hours post-stimulation, the combination of Poly I:C and E2 appeared to 

suppress ERα mRNA levels (Figure 19).    

III. DISCUSSION 

Our results demonstrate that steroid hormone receptors are expressed in human 

endometrial epithelial cell lines and the human endometrium.  The endometrial epithelial 

cell lines, AN3 CA, HEC-1-A, KLE, and RL95-2, and the breast adenocarcinoma cell 

line, MCF7, differentially express ERα, ERB, PRA, and PRB mRNA.  The levels of ERα 
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mRNA in these cell lines differ quantitatively, with the MCF7 cells demonstrating the 

highest quantitative level of ERα mRNA and the HEC-1A cells not expressing ERα 

mRNA.   All the cell lines utilized, with the exception of the HEC-1A cells, also express 

detectable levels of ERα protein.  In addition, ERα mRNA is cyclically expressed and 

our results are consistent with those observed in other laboratories.  Since steroid 

hormone receptors are required for effects of steroid hormones, the presence of steroid 

hormone receptors in our cell lines and endometrial epithelial cells will allow the 

examination of the effects of steroid hormones on TLR3 function in the human 

endometrium.  We observed cyclic regulation of TLRs, TLR-associated molecules, the 

pattern recognition receptors PKR and RIG-1, and TLR-associated antiviral cytokines 

and chemokines.  Cyclic changes in the expression of TLRs, TLR-associated molecules, 

other pattern recognition receptors, and cytokines suggest modulation of expression by 

the cyclical steroid hormones of the endometrium, E2 and P4 [112, 231].  Studies in future 

chapters will specifically address the role of steroid hormones in the modulation of TLR 

function.   
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Table III.  Endometrial epithelial cell lines express steroid hormone receptor 
mRNA. 

 
Table III.  Endometrial epithelial cell lines express steroid hormone receptor 
mRNA.  cDNA synthesized from 100 ng total RNA isolated from endometrial epithelial 
cell lines was subjected to end-point PCR with the indicated primer sets (see Table I).  
The endometrial epithelial cell lines, AN3 CA, ECC-1, HEC-1A, Ishikawa, KLE, and 
RL95-2 were scored for hormone receptor expression on the basis of a visible band at the 
appropriate size.  The breast adenocarcinoma cell line, MCF7, was also analyzed for 
hormone receptor expression and served as a positive control.   
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Figure 18.  Human endometrial epithelial cells and cell lines express Estrogen 

Receptor Alpha (ERα). 

 

 
 
Figure 18.  Human endometrial epithelial cells and cell lines express Estrogen 
Receptor Alpha (ERα).  cDNA was generated from 100 ng of total RNA collected from 
endometrial epithelial cell lines (A), the breast adenocarcinoma cell line, MCF7 (A), and 
primary human endometrial epithelial cells isolated from human tissue biopsy samples 
from each phase of the menstrual cycle (B).  cDNA was utilized to measure ERα mRNA 
expression by qRT-PCR.  Data was analyzed using average delta CT normalized to the 
housekeeping gene, HPRT, (ERα CT – HPRT CT) from triplicate samples for cell lines.  
Cell lines were scored as negative (-), slightly positive (+), or very positive (++) as 
compared to quantitative values for the MCF7 cell line, which served as a positive 
control (A).  Data is shown as average RQ values from triplicate samples using the 
housekeeping gene, HPRT, to normalize samples for primary endometrial epithelial cells 
from each phase of the menstrual cycle (B).  Expression of each sample is normalized to 
the average of all proliferative phase samples (B).  Error bars indicate standard deviation 
between samples.  Protein lysates from endometrial and breast epithelial cell lines were 
collected and 10 µg of protein was analyzed for presence of ERα protein (67 kD) by 
Western Blot.  Samples shown are as follows: (1) RL95-2 cells positive for ERα mRNA 
by endpoint RT-PCR, (2) HEC-1A cells negative for ERα mRNA by endpoint RT-PCR, 
(3) KLE cells positive for ERα mRNA by endpoint RT-PCR, and (4) MCF7 positive 
control. 
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FIGURE 19.  Effects of E2 and P on ERα mRNA expression in RL95-2 cells.   

 
FIGURE 19.  Effects of E2 and P on ERα mRNA expression in RL95-2 cells.  cDNA 
synthesized using 100 ng of RNA from RL95-2 cells treated with ethanol vehicle, 10-8M 
E2, 10-7M P, or a combination of E2 and P for 66 hours and stimulated with the synthetic 
TLR3 ligand, Poly I:C (10 µg/ml) for the indicated time points was used to detect 
expression levels of ERa mRNA by real-time RT-PCR.  Average ERa quantities (RQ 
values) ± SD from samples in triplicate are shown by using the housekeeping gene, 
HPRT, to normalize samples.  Samples were additionally normalized to vehicle-treated 
controls using the relative quantity method (2-∆∆CT).  Experiments were repeated three 
times.  Data representative of three experiments are shown.  Error bars indicate standard 
deviation of three samples.  Statistical significance (*) was determined by one-way 
ANOVA and the Tukey post-hoc test (P<0.05). 
 
 
 
 
 
 
 
 
 
 

*
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CHAPTER V 
 

HORMONAL REGULATION OF TLR3-INDUCED CYTOKINE AND 
CHEMOKINE PROTEIN SECRETION 

 
 
 
 

I. INTRODUCTION 
 

The human endometrium coordinates the reproductive events leading to embryo 

implantation and pregnancy.  The surface and glandular epithelium of the endometrium is 

an important site of contact between the host and several pathogens ascending the 

reproductive tract, including gonorrhea, chlamydia, human immunodeficiency virus 

(HIV), cytomegalovirus (CMV), and herpes simplex virus (HSV), as well as allogeneic 

sperm and the semi-allogeneic embryo.  Thus, the endometrial epithelium must tolerate 

contact with sperm and tissue invasion by the embryo, yet actively mount immune 

responses to pathogens in order to prevent infection.   

An important component of the endometrial epithelial response to pathogens is 

thought to be the elaboration of cytokines, which can activate both innate and acquired 

immune responses.  Cytokines also play an essential role in regulating normal 

endometrial functions including embryo implantation, epithelial proliferation and 

shedding, and regulation of steroid hormone production [24, 112, 210, 230].  The 

endometrial epithelium and stroma are rich sources of cytokine expression and important 

targets for cytokine action [24].  The importance of cytokines in the endometrium is 

further exemplified by the association between abnormal cytokine expression and 

endometrial dysfunctions including infertility, recurrent miscarriage, and endometriosis 

[24, 30, 112, 114, 210, 230].  For example, IL-6 and IL-8 have been shown to be elevated 
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in the peritoneal fluid of women with endometriosis, but the reason for this abnormal 

cytokine expression has not been determined [316-319].  One of the most important roles 

of maintenance of the cytokine milieu within the endometrium may be the role of 

cytokines in implantation and fertility.  The endometrium undergoes precise 

morphological changes in order to prepare for receptivity of the blastocyst and this 

receptivity period is known as the window of implantation.  During the window of 

implantation, the expression profiles of endometrial genes undergo dramatic changes 

orchestrated by steroid hormones, growth factors, and cytokines to attain a receptive 

phase that facilitates the implantation of the developing embryo [106, 110-112, 210, 217, 

255, 273, 275, 276, 298, 313, 320].  Inappropriate endometrial development at this 

critical period could impact fertility.  Therefore, deviations within this precisely regulated 

reproductive cytokine milieu, including alterations in specific cytokines or levels of 

cytokines, may significantly impact successful embryo implantation and contribute to 

other endometrial disorders.         

Cyclic changes in endometrial cytokine expression suggest modulation of 

cytokine expression by estradiol (E2) and progesterone (P4) [112, 231, 232, 250].  In vitro 

studies have shown that E2 and/or P4 can either inhibit or stimulate expression of specific 

cytokines.  Specifically, Pottratz and colleagues demonstrated suppression of cytokine-

stimulated IL-6 mRNA by E2 in HeLa cells transfected with estrogen receptor (ER) 

[247].  Suppression of IL-6 was also observed by Tabibzadeh and colleagues in IL-1α-

induced stromal cells [321].  Girasole and colleagues have demonstrated similar results 

using E2 on mouse cell lines and stromal cell lines [302].  P4, at high concentrations, has 

been shown by Kelly and colleagues to reduce the level of IL-8 in the endometrium 
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[112].  However, Tseng and colleagues found IL-6 to be up-regulated by E2 in stromal 

cells [303], while von Wolff and colleagues and Rifas and colleagues suggested 

hormones do not regulate IL-6 [304, 305].   Thus, studies examining the influence of 

steroid hormones on cytokine expression and production in the human have been 

somewhat conflicting and the impact of cytokine control by steroid hormones on mucosal 

immunity in the endometrium has not been elucidated [112, 211, 247, 302-305].   The 

observed differences in the influence of steroid hormones on cytokine expression may 

depend, in part, on the ligand-receptor signaling system responsible for the induction of 

cytokine expression and production and the effects of steroid hormones on the signaling 

system.   

As discussed in previous chapters, TLRs play an important role in recognition of 

pathogens and induction of several gene expression patterns through specific signaling 

pathways during infection.  TLRs are innate pattern recognition receptors (PRRs) 

characterized by amino-terminal leucine-rich repeats (LRRs) and carboxy-terminal 

Toll/IL-1 receptor (TIR) signaling domains [6, 18, 19, 21, 23, 53, 61, 67, 80, 142, 173, 

297].  TLRs recognize unique pathogen associated molecular patterns (PAMPs) to initiate 

and shape adaptive immune responses [18, 19, 21, 116, 174, 297].  The TLR under 

primary examination in our study, TLR3, has been shown to bind double-stranded RNA 

(dsRNA), a product of most viral life cycles, and TLR4 recognizes bacterial 

lipopolysaccharide (LPS).  As discussed in earlier chapters, we and others have 

demonstrated TLR expression in the endometrial epithelium and endometrial TLRs, such 

as TLR3, have been shown to produce cytokines and chemokines including IL-6 and IL-8 

upon TLR ligation [118-121].  In addition to IL-6 and IL-8 production, TLR3 has been 
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shown in our laboratory to produce several antiviral cytokines and chemokines, such as 

IP-10 and type I interferons [118].  The ability of TLR3 to produce these specific 

cytokines and chemokines upon ligation is important, as many of these cytokines and 

chemokines have been demonstrated to be important in endometrial function.  

Specifically, the levels of many cytokines and chemokines induced by TLR3 are 

important in embryo implantation.  Studies have demonstrated that a TH2-type response 

is critical for the establishment of pregnancy in the endometrium [222, 255, 257, 273-

276, 278].  Ligation of TLR3 has been shown to produce an up-regulation in levels of 

cytokines that skew the endometrial balance toward a TH1-type response, rather than a 

TH2-type response, thus possibly contributing to infertility [117, 222, 255, 257, 272-278, 

322].  In addition to the ability of TLR3 ligation to induce the production of cytokines 

and chemokines that may alter the endometrial cytokine milieu, the TLRs expressed in 

the endometrium have been shown to be expressed in a cycle-dependent manner, further 

confirming an important role for TLRs within the endometrium.  Therefore, since TLR 

activation induces cytokine production and cytokines are required for proper endometrial 

function and TLRs are cyclically expressed within the endometrium, the regulation of 

TLR-mediated responses may play a significant role in influencing and shaping 

immunological outcomes in the endometrium. 

As discussed in earlier chapters and demonstrated in our published results, TLR3 

mRNA and protein is cyclically expressed in the endometrium [118].  Although we also 

observed cyclic regulation for all other TLRs expressed in the endometrium, the 

expression of TLR3 appears to be unique in that TLR3 is up-regulated during the window 

of implantation when all other TLRs, TLR-associated molecules such as interferon 
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regulatory factors, antiviral pattern recognition receptors such as PKR and RIG-1, and 

antiviral cytokines and chemokines are expressed at very low or undetectable levels (see 

Chapter III).  These data indicate that TLR3 may play a unique role in the function of the 

endometrium, with a specific function in regulating some unknown aspect of 

implantation.  In addition to demonstrating the cyclic expression of TLR3, we have 

shown the functionality of TLR3 in the endometrium, as TLR3 in both our endometrial 

epithelial cell lines and primary endometrial epithelial cells responded to dsRNA by 

producing specific cytokines and chemokines, many of which have been shown to be 

important in endometrial function and the antiviral response [118, 279, 294, 301].  

Importantly, ligation of TLR3 at this particular time point during the menstrual cycle may 

result in a skewing of the endometrial cytokine balance toward a TH1-type response, 

which may be detrimental for embryo implantation and thus, the endometrium may need 

to employ specific regulatory mechanisms during the window of implantation to ensure 

that TLR3 does not adversely affect fertility [255, 271-274, 276, 277].  Other antiviral 

pattern recognition receptors are expressed in the endometrium in addition to TLR3.  

Although double-stranded RNA-activated protein kinase (PKR) and RNA helicase RIG-1 

have also been shown to bind dsRNA and are expressed cyclically within the 

endometrium, we found that the response to dsRNA in the endometrial epithelial cell 

line, RL95-2, was dependent on TLR3 by utilizing small inhibitory RNAs (siRNAs) 

against TLR3 [118].  Furthermore, the cyclical expression pattern of these molecules 

within the endometrium differs from that of TLR3 as demonstrated in Chapter III.  Thus, 

our findings established a requirement for TLR3 in the response to dsRNA in the RL95-2 

cells, eliminating the possibility that PKR or RIG-1 is responsible for the dsRNA 
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response in endometrial epithelial cells [118].  Endometrial TLR3 expression has also 

been demonstrated to be cycle-dependent, with an approximately ten-fold up-regulation 

of TLR3 mRNA and protein during the mid- and late secretory phase of the menstrual 

cycle corresponding to the implantation window [118].  Just as cyclic expression of 

cytokines within the endometrium suggests modulation of cytokine expression by steroid 

hormones, it is possible that steroid hormones influence the expression of TLRs and other 

associated molecules within the endometrium and influence TLR-mediated signaling 

pathways.  Since TLR3 expression is unique within the endometrium as compared to 

other cyclically expressed molecules and the role of steroid hormones in the regulation of 

TLR3 expression and function has not been examined, we decided to examine our 

endometrial model system for the possible effects of steroid hormones on TLR3 

expression and function.  As shown in previous Chapters, we have access to several 

endometrial epithelial cell lines expressing both TLR3 and steroid hormone receptors.  In 

this Chapter, we investigated the role of E2 and P4 in the modulation of endometrial 

TLR3 expression and function to begin to elucidate the role of TLR3 within the 

endometrium.   

II. RESULTS 

A. Hormones significantly suppress TLR3-induced cytokine and chemokine protein 

secretion in human endometrial epithelial cell lines 

To begin our study of the effects of steroid hormones on TLR3 expression and 

function within the endometrium, we wanted to first determine whether steroid hormones 

affect TLR3-mediated production of cytokines and chemokines in our endometrial 

epithelial cell lines.  We have previously demonstrated production of IL-6, IL-8, and the 
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antiviral chemokine, IP-10, following stimulation of RL95-2 cells with the synthetic 

TLR3 ligand, Poly I:C [118].  We have also demonstrated through use of small inhibitory 

RNAs specific for TLR3 that the response to Poly I:C in the RL95-2 cells is dependent on 

the expression of TLR3, as use of these siRNAs completely abrogated the response to 

Poly I:C in these cells [118].  Since expression of TLR3 mRNA and protein was shown 

to be cyclically regulated in the human endometrium and the cyclic regulation was 

unique in comparison to other TLRs and associated molecules examined, we performed 

experiments to examine whether E2 and P4 may influence TLR3 expression and/or 

function.  A dose response was performed for E2 and P4 to determine the concentration of 

hormone to be used in the study.  The concentrations chosen, 10-8M E2 and 10-7M P4, 

resulted in the greatest degree of cytokine and chemokine suppression (data not shown) 

and are also physiologically relevant [112, 232].  Cells were stimulated with Poly I:C, 

PMA/I, or Poly dI:dC in triplicate.  PMA/I directly activates intracellular signaling 

mechanisms leading to cytokine expression and was used as a positive control [118].  

Poly dI:dC, a dsDNA analogue of Poly I:C, does not act as a TLR3 ligand and was used 

as a negative control to demonstrate the specificity of Poly I:C for TLR3 [118].  

Supernatants were collected following 18 hours of stimulation and examined for 

production of several proinflammatory and antivirial cytokines and chemokines, 

including IL-6, IL-8, RANTES, LIF, and IP-10.  Experiments were repeated at least three 

times to ensure reproducibility unless otherwise noted.  RL95-2 cells treated with E2 

showed significant suppression of IL-6, IL-8, RANTES, and IP-10 protein secretion upon 

stimulation with Poly I:C in comparison to vehicle-treated controls and P4-treated 

samples (Figure 20A, 20B, 20C, and data not shown).  Treatment with E2 also 
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significantly suppressed PMA/I-induced IL-6 production, but did not significantly 

suppress IL-8 (Figure 20A and 20B).  PMA/I treatment did not induce production of IP-

10 (Figure 20C).  Suppression of PMA/I response by E2 has been previously documented 

[247, 248].  The significance of the suppression is notable considering the significant 

proliferative effect of E2 on RL95-2 cells as compared to vehicle-treated cells (Figure 

20D).  P4 did not induce significant proliferation of RL95-2 cells in comparison to 

vehicle-treated cells (Figure 20D).  The response to the synthetic dsRNA, Poly I:C, was 

specific because stimulation with the synthetic dsDNA, Poly dI:dC, had no effect (data 

not shown).  These results suggest that E2, but not P4, significantly suppresses 

proinflammatory and antiviral cytokine responses upon Poly I:C stimulation of RL95-2 

cells.  These results are even more significant due to the fact that in addition to 

suppressing the TLR3-mediated production of proinflammatory and antiviral cytokines in 

these cells, the suppression is significant despite the increase in proliferation induced by 

treatment of these cells with E2.   

In addition to the endometrial epithelial cell line, RL95-2, we additionally 

examined other endometrial epithelial cell lines to determine if this effect was specific for 

the RL95-2 cells.  As discussed in previous chapters, we have several endometrial 

epithelial cell lines expressing TLR3 and steroid hormone receptors.  Therefore, we 

examined other cell lines, differentially expressing TLR3 and steroid hormone receptors, 

for suppressive effects following treatment with hormones.  As shown in Figure 21A, 

results similar to those obtained for the RL95-2 cells were also observed in the KLE cells, 

which express both TLR3 and steroid hormone receptors.  We observed significant 

suppression of IP-10 and complete suppression of IL-6 in these cells (Figure 21A).  
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Notably, we also observed suppression of the IL-6 and IP-10 in P4-treated cells, unlike in 

the RL95-2 cells.  Examination of cell lines not expressing TLR3, including the AN3 CA 

and Ishikawa cells, did not yield any suppressive results, since these cells did not respond 

to stimulation with Poly I:C (data not shown).  Analysis of cell lines expressing TLR3, 

but not steroid hormone receptors, also did not yield suppression of the TLR3-mediated 

response to Poly I:C, as demonstrated in the HEC-1A cells, which express TLR3 but not 

steroid hormone receptors (Figure 21B).  This suggests that steroid hormone receptors 

may be required for the suppressive effects of E2 and P4 on TLR3-mediated signaling and 

this possibility will be further explored later in this chapter.  Finally, we utilized the 

ECC-1 cell line, newly characterized in our laboratory, to examine steroid hormone 

effects, as this cell line has been used in other laboratories to study TLR3 signaling 

pathways [119].  As shown in Chapter III and Chapter IV, we found that ECC-1 cells 

express TLR3 mRNA and protein, and also express mRNA for steroid hormone receptors 

(Figure 4 and Table II).  Following stimulation of this cell line with Poly I:C, we did not 

detect production of any cytokine and chemokine proteins examined by ELISA, including 

IL-6, IL-8, RANTES, and IP-10 (data not shown).  Notably, despite the lack of detectable 

secreted protein following stimulation, we were able to observe up-regulation of cytokine 

and chemokine mRNA in these cells following stimulation with Poly I:C (data not 

shown).  Additionally, we did observe slight suppression of the mRNA up-regulation by 

E2 and P4 in these cells following Poly I:C stimulation, suggesting that E2 and P4 are also 

to suppress TLR-mediated responses in these cells (data not shown).  These results are in 

direct contrast with the results obtained in other laboratories, suggesting that our stock of 
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ECC-1 cells may differ in TLR3 functionality from those utilized in other laboratories 

[119].           

B. Hormone significantly suppress TLR3-induced cytokine and chemokine protein 

secretion in isolated human endometrial epithelial cells 

To confirm that the results we obtained demonstrating significant suppression of 

TLR3-mediated cytokine and chemokine production in our endometrial epithelial cells, 

we wanted to examine primary endometrial epithelial cells to determine if the effect 

could also be observed ex vivo.   Endometrial tissue biopsies were generously provided 

by Dr. Kathy Sharpe-Timms (University Hospital, Columbia, MO).  Only two tissue 

biopsy samples provided a sufficient number of epithelial cells for hormone studies.  

Tissue biopsies from patients HE537 (cycle day 14) and HE592 (cycle day 12) were 

separated as previously described in the Materials and Methods into epithelial and 

stromal cells.  Epithelial cells were plated in 12-well plates at 0.1 x 10-6 cells/well/ml in 

CD-F12 media.  Hormones were added the next day, and cells were stimulated with Poly 

I:C after 3 days in the presence of hormones.  Following stimulation, cells and 

supernatants were collected and analyzed for the effects of hormone treatment on TLR3 

function.  Just as in our endometrial epithelial cell lines, we observed significant 

suppression of cytokines and chemokines produced upon stimulation of TLR3 by 

treatment with E2 and P4.  Suppression following treatment with P4 was variable in 

HE537, as we observed significant suppression of IP-10 with P4 treatment, but a slight 

increase in protein production with P4 treatment for IL-6.  The cause of this variability 

between cytokines is unknown.  Notably, production of IP-10 in HE537 cells treated with 

E2 and/or P4 was completely suppressed (Figure 22A).  We also observed suppression of 
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TLR3-mediated responses in HE592.  Results for IL-6 are shown (Figure 22B).  

Significant suppression by E2 and P4 was also observed for IP-10 and RANTES for both 

patients (data not shown).  It is not known why suppression was not observed for IL-6 in 

P4-treated samples from patient HE537, but the effect could be patient-dependent or 

possibly dependent up on the specific cycle day from which the sample was obtained.  

Additional tissue biopsy samples will be needed to further examine the effects of 

hormones on TLR3 function in primary endometrial epithelial cells.      

C. Hormones significantly suppress TLR3-induced cytokine and chemokine protein 

secretion in MCF7 cells 

In addition to our analysis of endometrial epithelial cell lines and primary 

endometrial epithelial cells, we wanted to determine if the effects of E2 and P4 on TLR3 

function were dependent upon the tissue type under study.  Since MCF7 cells express 

functional TLR3 and represent epithelial cells from a tissue other than endometrial, we 

examined whether E2 and/or P4 suppress production of cytokines and chemokines in Poly 

I:C-stimulated MCF7 cells.  We demonstrated the functionality of TLR3 in MCF7 cells 

in Chapter III.  The response to dsRNA was specific, as the MCF7 cells did not respond 

to stimulation with the synthetic dsDNA, Poly dI:dC (data not shown).  As expected, the 

cells did not produce IL-6 upon stimulation with Poly I:C during  hormone experiments 

(Figure 23).  MCF7 cells did respond to Poly I:C treatment with production of IL-8 and 

IP-10.  Cells treated with E2 and P4 exhibited a significant suppressed response to Poly 

I:C and PMA/I in comparison to vehicle only controls (Figure 23 and data not shown).  

This is in direct contrast to the RL95-2 cells, in which significant cytokine and 
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chemokine suppression when treated with P4 was not observed (Figure 21A, 21B, and 

21C).   

D. Hormones do not suppress TLR3-induced cytokine and chemokine protein 

secretion by sequestering proteins within the cell  

Since we observed significant suppression of cytokine and chemokine protein 

secretion by ELISA in our endometrial epithelial cell lines, primary endometrial 

epithelial cells, and MCF7 cells, we wanted to rule out the possibility that these proteins 

are simply being sequestered within the cell through some effect of the hormone 

treatment.  To determine whether the effect was due to trapping of the proteins within the 

cell, we initiated preliminary intracellular cytokine staining experiments as described in 

the Materials and Methods.  For this study, we utilized the RL95-2 cells and MCF7 cells 

and performed intracellular cytokine staining for unstimulated and stimulated cells 

treated or not treated with hormones.  We examined cells for intracellular IL-6 and IP-10 

by FACS analysis using commercially available monoclonal antibodies.  As shown in 

Figure 24, E2 and P4 do not affect secretion of IL-6 or IP-10 protein in RL95-2 cells.  

This observation was consistent between stimulated and unstimulated cells.  Intracellular 

protein for IL-6 and IP-10 was present when comparing stimulated versus unstimulated 

cells (Figure 24).  We obtained similar results with the MCF7 cells, as shown in Figure 

25, with no change in the amount of intracellular IL-6 and IP-10 protein detected with 

hormone treatment.  The IL-6 results in the MCF7 cells were expected, as these cells do 

not produce IL-6 upon stimulation with Poly I:C, and production of IL-6 between 

unstimulated and stimulated cells was not observed (Figure 25).  Although results 

obtained in the MCF7 cells confirm those observed in the RL95-2 cells, these 
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experiments were preliminary in nature, as they were performed only once in each cell 

line, and must be repeated to ensure reproducibility.  However, it is not likely that 

sequestration of proteins within the cell contributes to the mechanism of E2 and P4-

mediated suppression of TLR3-induced responses, as hormones appear to affect TLR3-

induced transcription of target genes, demonstrated in Chapter VI.   

E. Hormones do not affect TLR3 mRNA or protein expression in RL95-2 cells and 

MCF7 cells 

Previous work in our laboratory discussed in Chapter III and in our publications 

has demonstrated cyclic variation of TLR3 mRNA and protein expression in human 

endometrium, as well as the cyclic regulation of other TLRs, TLR-associated molecules, 

pattern recognition receptors, and antivirial cytokines and chemokines [118, 121, 279].  

In addition, we have demonstrated that E2 and P4 significantly suppress TLR3-mediated 

responses in endometrial epithelial cell lines, primary endometrial epithelial cells, and 

MCF7 cells [279].  These data suggest the possibility that some of the E2 and P4-mediated 

suppression of Poly I:C-stimulated cytokine production demonstrated earlier in this 

chapter might be due to direct E2 and P4 regulation of TLR3 expression.  To examine this 

possibility, RNA collected in triplicate from RL95-2 cells treated with ethanol vehicle, 

10-8M E2, or 10-7M P4 was used to examine TLR3 mRNA expression by qRT-PCR as 

described in the Materials and Methods.  E2 and P4 did not significantly alter TLR3 

mRNA expression (P > 0.05) as compared to vehicle-only controls (Figure 26A and 

26B).  To confirm these results in endometrial epithelial cells, we also performed 

experiments using the KLE cells, which were also shown to demonstrate significant 

suppression of TLR3-mediated responses with hormone treatment.  We obtained similar 
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results in the KLE cells (data not shown).  Additionally, we looked at one component of 

the TLR3 signaling pathway and found through our preliminary analysis that steroid 

hormones also do not affect the levels of IRF3 mRNA, which encodes a protein activated 

upon ligation of TLR3 to mediate the production of the TLR3-induced antiviral response 

(Figure 27).  The results in this in vitro model system suggest that neither E2 nor P4 

directly regulates TLR3 mRNA expression in endometrial epithelial cells.  Additionally, 

our preliminary analysis of IRF3 demonstrated that E2 and P4 do not directly affect IRF3 

mRNA levels, suggesting that E2 and P4 may be acting either on TLR3 or IRF3 protein 

expression or later components of the TLR3 signaling pathway following activation of 

IRF3. 

Protein expression was examined by FACS analysis of RL95-2 cells treated with 

ethanol vehicle, 10-8M E2, or 10-7M P4 in triplicate.  We had previously shown that RL95-

2 cells express TLR3 intracellularly [118, 279].  In these experiments, the intracellular 

expression of TLR3 in RL95-2 cells was not altered by treatment with E2 and P4 as 

compared to vehicle-treated controls (Figure 26C).  Protein expression remained 

unaltered in response to E2 or P4 treatment for up to 7 days (data not shown).  These 

experiments were also confirmed in the KLE cells (data now shown).  Importantly, 

effects on TLR3 expression were not observed for P4 treatment in the KLE cells, which 

demonstrated significant suppression of cytokine and chemokine production in response 

to treatment with P4 upon stimulation of TLR3, whereas the RL95-2 cells did not 

demonstrate significant suppression of TLR3-mediated responses when treated with P4 

(data not shown).  The lack of alteration in TLR3 mRNA and protein expression in 

response to E2 and P4 in endometrial epithelial cells suggests that the observed 
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suppression of cytokine production is not due to direct transcriptional or translational 

regulation of TLR3. 

To further confirm our result that E2 and P4 treatment does not alter TLR3 mRNA 

or protein expression, we utilized the MCF7 cells.  These cells were used to ensure that 

the lack of effect on TLR3 mRNA expression was not limited to endometrial epithelial 

cells.  RNA collected in triplicate from MCF7 cells treated with ethanol vehicle, 10-8M 

E2, or 10-7M P4 was used to examine TLR3 mRNA expression by qRT-PCR as described 

in the Materials and Methods.  E2 and P4 did not significantly alter TLR3 mRNA 

expression (P > 0.05) as compared to vehicle-only controls (Figure 28A).  In addition to 

analysis of mRNA expression, we analyzed the MCF7 cells for TLR3 protein expression.  

Protein expression was examined by FACS analysis of MCF7 cells treated with ethanol 

vehicle, 10-8M E2, or 10-7M P4 in triplicate.  We had previously shown that these cells 

express TLR3 intracellularly.  In these experiments, the intracellular expression of TLR3 

in unstimulated (Figure 28B and 28D) or stimulated (Figure 28C and 28E) MCF7 cells 

was not altered by treatment with E2 (Figure 28B and Figure 28C) and P4 (Figure 28D 

and Figure 28E) as compared to vehicle-treated controls.   Our results indicate that 

steroid hormones do not alter TLR3 mRNA or protein expression and this effect is not 

limited to endometrial epithelial cells.  Furthermore, these results suggest that E2 and P4 

are acting on components of the TLR3 signaling pathway, rather than on the TLR3 gene 

or protein itself.   

F. Suppression of TLR3-induced cytokine and chemokine protein secretion is 

dependent on expression of hormone receptors in human endometrial epithelial 

cell lines 
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Our results in previous sections of this chapter indicate that E2 and P4 

significantly suppress TLR3-mediated cytokine and chemokine protein secretion in 

endometrial epithelial cells.  Furthermore, our results suggest that these results may be 

dependent on the presence of steroid hormone receptors, as suppression was not observed 

in the endometrial epithelial cell line, HEC-1A, which expresses TLR3 but does not 

express ERα, PRA, or PRB (Table III).  It should be noted, in the case of estrogen 

receptor, that the effects may be dependent only upon ERα, as the HEC-1A cells do 

express ERβ, but did not demonstrate any suppression of TLR3-mediated responses 

despite ERβ expression (Table III).  Since treatment with E2 and P4 did not affect TLR3 

mRNA or protein expression in the RL95-2 cells (Figure 26), but did affect TLR3-

induced cytokine and chemokine production, and hormone receptor-negative cell lines do 

not show a suppressive response, we postulated that the suppressive effect may be 

hormone receptor-dependent and performed experiments to examine this possibility.  To 

determine if the suppression of cytokine and chemokine production in RL95-2 cells was 

hormone receptor-dependent, we utilized the hormone receptor antagonists, ICI 182,780 

(ER antagonist) and RU486 (PR antagonist) [299, 315, 323].  For the no-antagonist 

controls, cells were treated with ethanol vehicle, E2, or P4 (representative data in Figure 

20).  Treatment with the ER antagonist, ICI 182,780, restored cytokine and chemokine 

levels in E2-treated samples to those of vehicle-treated controls (Figure 29A).  RU486, a 

PR antagonist, had no restorative effect on E2-treated samples, as expected (Figure 29B).  

Since suppression was not seen in the no-antagonist, P4-treated samples, treatment with 

the PR antagonist, RU486, had no effect (Figure 29B).  These results are not due to a 

suppression of cytokine and chemokine production in the vehicle-treated samples by the 



 145

antagonists themselves because the antagonists caused a reduction in cell number for all 

antagonist-treated samples (data not shown).  Thus, our results confirm that E2 suppresses 

cytokine and chemokine production in Poly I:C-stimulated RL95-2 cells in a hormone 

receptor-dependent manner.  These results were independently and unexpectedly 

confirmed in the RL95-2 cells, which spontaneously lose expression of hormone 

receptors and therefore, demonstrate a lack of hormone-mediated suppression of TLR3-

induced responses when hormone receptor expression has been lost [279].   

G. Suppression of TLR3-induced cytokine and chemokine protein secretion is 

dependent on expression of hormone receptors in MCF7 cells 

MCF7 cells demonstrated suppression of TLR3-induced cytokine and chemokine 

production in response to E2 and/or P4 treatment (Figure 30) and we did not observe E2- 

or P4-dependent changes in TLR3 mRNA or protein expression in these cells (Figure 28).  

Therefore, we wanted to further confirm that the suppressive responses were hormone 

receptor-dependent, as in the RL95-2 cells.  Additionally, since the MCF7 cells 

demonstrate suppression in response to treatment with P4 following Poly I:C stimulation, 

these experiments would determine whether this response in particular was due to the 

presence or absence of PR.  ICI 182,780 and RU486 have previously been shown to be 

effective on MCF7 cells by other investigators [279, 299, 315, 323].  Treatment of E2-

treated wells with ICI 182,780 and P4-treated wells with RU486 restored cytokine and 

chemokine levels to those of vehicle-treated controls upon Poly I:C stimulation (Figure 

30B and 30C).  Since treatment with antagonists resulted in a decrease in cell number 

(data not shown), these results are not due to the suppression of cytokine and chemokine 

levels by the antagonists alone.  Had the antagonists caused suppression of cytokine and 
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chemokine production, the levels of cytokine and chemokine protein in the antagonist-, 

hormone-treated samples would have been decreased as compared to the antagonist-, 

vehicle-treated samples.  Thus, E2 and P4 suppress cytokine and chemokine production in 

Poly I:C-stimulated MCF7 cells in a hormone receptor-dependent manner as was 

observed in the RL95-2 cells. 

H. Hormones significantly suppress TLR5-induced cytokine and chemokine protein 

secretion in RL95-2 cells 

In addition to our analysis of hormone-mediated suppression of TLR3 function in 

endometrial epithelial cell lines and primary endometrial epithelial cells, we wanted to 

determine if the effects of E2 and P4 were specific to TLR3.  Since RL95-2 cells also 

express TLR5 and we have determined that TLR5 is functional in these cells (data not 

shown), we examined whether E2 and/or P4 suppress production of cytokines and 

chemokines in flagellin-stimulated RL95-2 cells.  RL95-2 cells were treated with   

concentrations of ethanol vehicle, E2, P4, or a combination of E2 and P4 and stimulated 

with the TLR5 ligand, flagellin.  Cells were also stimulated with Poly I:C as a positive 

control for hormone-mediated suppression.  Cell-free supernatants were analyzed by 

ELISA for production of IL-6, IL-8, and IP-10 following stimulation with flagellin.  We 

observed significant suppression of IL-8 and IP-10 by E2, P4, and the combination of E2 

and P4 in these cells (Figure 31).  These results, although preliminary in nature as the 

experiment was performed only once, indicate that hormone effects are not limited to the 

TLR3 signaling pathway, and suggest that hormones may be acting on a conserved 

component of TLR signaling pathways.  Additionally, these results were interesting, as 

significant suppression of the TLR5-mediated response were observed with P4 treatment 
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in the RL95-2 cells, which was not observed in these cells for stimulation of TLR3 using 

Poly I:C despite their expression of PRA and PRB (see Table III).  Other laboratories 

have begun to explore the impact of hormones on TLR-mediated responses, and studies 

have recently demonstrated that suppressive effects may also be observed for TLR4 [324-

327].  Thus, our results and those of other laboratories indicate that the effects of steroid 

hormones on TLR function are not limited to TLR3, but also impact the function of other 

TLRs, such as TLR4 and TLR5. 

III. DISCUSSION 

In this chapter, we demonstrate that steroid hormones affect TLR function in 

endometrial epithelial cell lines, primary endometrial epithelial cells, and the breast 

epithelial cell line, MCF7.  Specifically, E2 and P4 modulate TLR3 function through 

significant suppression of Poly I:C-induced proinflammatory and antiviral cytokine and 

chemokine production, which we have previously shown to be dependent on TLR3 in the 

RL95-2 cells [118].  Additionally, E2, P4, and the combination of E2 and P4 significantly 

suppress TLR3-mediated responses in other endometrial epithelial cell lines, primary 

endometrial epithelial cells, and the breast epithelial cell line, MCF7, whereas only 

effects from E2 treatment were observed in RL95-2 cells except in the case of TLR5 

stimulation.  These results are important, as they demonstrate that the effects of steroid 

hormones are not limited to RL95-2 cells, endometrial epithelial cell lines, or endometrial 

tissue.  The suppressive effect is not due to a decrease in the steady state levels of TLR3 

mRNA or protein, as shown by qRT-PCR and FACS analysis in the RL95-2 and MCF7 

cells.  However, the inhibition of function is hormone receptor-dependent, as 

demonstrated through the use of hormone receptor-positive and hormone receptor-
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negative cell lines and the hormone receptor antagonists, ICI 182,780 and RU486.  In 

addition, our demonstration of the hormone dependency of hormone effects in these cells 

was independently confirmed in the RL95-2 cells, which spontaneously lose expression 

of hormone receptors.  When hormone receptors are not present in the RL95-2 cells, the 

suppressive effects of E2 and P4 are not observed.  Finally, we were also able to 

demonstrate that the suppressive effect observed following hormone treatment is not the 

result of sequestration of proinflammatory and antiviral cytokines and chemokines within 

the cell, as hormone treatment did not appear to trap IL-6 or IP-10 proteins within the cell 

by intracellular cytokine staining in the RL95-2 and MCF7 cells.  Furthermore, the 

suppressive effects of hormones are not limited to the TLR3 signaling pathway, as we 

also demonstrated suppression by E2 and P4 in the RL95-2 cells following stimulation of 

the bacterial-associated TLR5 with flagellin.  Other laboratories have also demonstrated 

suppression of the TLR4-induced response, further confirming that our results are not 

limited to TLR3 [325-327].  These results suggest that E2 and P4 may affect a common 

component of TLR signaling pathways, rather than a component specific to individual 

TLRs.       

We found that E2, but not P4, significantly suppressed production of both 

proinflammatory and antiviral cytokines in Poly I:C-stimulated RL95-2 cells [279].  Both 

E2 and P4 suppress production of cytokines and chemokines in KLE and MCF7 cells.  

Previous reports have demonstrated suppression of IL-6 mRNA by E2 in cytokine-

stimulated and LPS-stimulated cells [248, 325], but other investigators have suggested 

that IL-6 production is not regulated by ovarian steroids [304, 305].  The data presented 

in our study suggests that regulation of the TLR3 signaling pathway by E2 and P4 results 
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in suppression of secreted IL-6, as well as IL-8, RANTES, and IP-10.  The contradictory 

findings in the regulation of IL-6 by E2 may be due to variable expression of ER in the 

tissues under examination [305].  Additionally, instability of hormone receptor 

expression in RL95-2 cells has been documented [315].  In order to address these issues, 

hormone receptor expression was verified prior to all experiments in this study to 

eliminate the possibility of incorrect observations due to variable receptor expression.  

Furthermore, we have observed that E2 suppression of Poly I:C-stimulated cytokine 

production in RL95-2 cells occurs only when ERα is present.   

Significant P4 effects were observed in the KLE and MCF7 cells.  Although RT-

PCR results for the RL95-2, KLE, and MCF7 cells in Table II demonstrate that these cell 

lines all express PR, potential differences in quantitative PR expression may be present 

between the cell lines and this may account for the difference in P4 effects.  However, 

other investigators have documented differential efficiency of the two PR isoforms 

dependent on cell context [281, 328, 329].  Thus, we speculate that differences between 

specific cell lines and/or differences in co-activator and co-repressor expression may 

underlie the differences in P4 action between cell lines.   

In addition to suppression of IL-6, IL-8, and RANTES production, we 

demonstrate suppression of IP-10 by E2 in Poly I:C-stimulated RL95-2 cells.  E2 has been 

shown to suppress IP-10 function in murine mammary cells and keratinocytes [285, 289].  

However, suppression of IP-10 by E2 has not been previously documented in endometrial 

cells and tissues.  Our findings are noteworthy due to the presence of TLR3, which 

recognizes viral dsRNA, in the endometrium and the role of IP-10 in the antiviral 

response.  IP-10 may be important in recruitment of immune effector cells and activation 
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of cell surface receptors essential for immune defense against viral pathogens, such as 

HIV, CMV, and HSV in the human endometrium [289, 330].  Thus, TLR3 activation and 

subsequent production of IP-10, as well as other cytokines and chemokines, following 

dsRNA stimulation may be a pivotal event in modulating endometrial events.  This is 

especially important because many of the cytokines and chemokines produced upon 

ligation of TLR3 have been demonstrated to be involved in the generation of a TH1-type 

response, which could significantly influence normal endometrial function [117, 257, 

271, 273-278, 322].  Studies have demonstrated that an immune response skewed toward 

a TH1-type response can significantly alter the cytokine balance of the endometrium, 

potentially resulting in failed implantation, as TH2-type immune responses are thought to 

be important for the implantation and the establishment of pregnancy [117, 257, 271, 

273-278, 322]. Cytokine production is inhibited in the presence of physiological 

concentrations of E2 and P4 and may control for any significant impact on normal 

endometrial function potentially induced by levels of these cytokines resulting from 

ligation of TLR3. The mechanism of inhibition is not known and the consequences of 

TLR3-induced cytokine production are unclear. Understanding the hormonal regulation 

of proinflammatory and antiviral cytokine production that leads to a TH1-type response 

and how steroid hormones influence this balance following the ligation of TLR3 could 

aid in understanding how innate immune responses could impact embryo implantation, 

other endometrial functions, and the development of endometrial disorders.  

Although our finding of cycle-dependent expression of TLR3, as well as 

expression of other TLRs and associated molecules, in the endometrium suggested 

potential control of TLR3 expression and function by cyclical steroid hormones, we 
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found that E2 and P4 do not suppress Poly I:C-induced cytokine and chemokine 

production by altering TLR3 mRNA or protein expression.  Thus, our findings in the in 

vitro model system suggest that E2 and P4 do not directly regulate TLR3 expression, but 

do regulate TLR3 function through some type of interaction of the TLR3 signaling 

pathway with hormone-bound steroid hormone receptors.  We demonstrated in earlier 

chapters that maximal expression of TLR3 in the endometrium occurs in the mid- and 

late secretory phases, during the window of implantation.  Additionally, we demonstrated 

that expression of ERα mRNA is also cyclical, and is expressed at time points during the 

menstrual cycle when TLR3 is expressed.  These findings are in accordance with 

published data from other laboratories, who have also demonstrated cyclic expression of 

PR, in addition to ER [281, 331, 332].  It should be noted that during this time in the 

menstrual cycle, the window of implantation, P4 levels are increasing and E2 levels, 

although still relatively high, are decreasing.  Thus, the suppressive action of E2 and P4 on 

cytokine expression would serve to suppress TLR3-mediated responses upon ligation of 

TLR3 at times of low TLR3 expression.  Whether or not inhibition of TLR3 function 

would occur during specific times of maximal TLR3 expression when the expression 

levels of ERα are decreasing are unknown, but the presence of ERα at times of high 

TLR3 expression suggests that any TLR3 responses generated that may prove to be 

detrimental to normal endometrial function could be suppressed to manageable levels.  A 

similar mechanism of E2 inhibition of expression has been proposed for the β3 integrin 

subunit, which is expressed on endometrial epithelium in a pattern similar to that 

observed for TLR3, except with the β3 integrin subunit, E2 inhibits expression rather than 

function [281, 333].  The regulation of TLR3 function at these specific time points may 
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be important, as this time corresponds to the window of implantation, when the cytokine 

balance within the endometrium is critical for implantation and the establishment of 

pregnancy.  Additionally, it is possible that increased frequency of exposure to and/or 

susceptibility to viral pathogens may be associated with this phase of the menstrual cycle 

due to increased frequency of coitus.  Any response generated from ligation of TLR3 to a 

viral pathogen ascending the reproductive tract at this critical implantation time could 

potentially shift the cytokine balance of the endometrium such that implantation does not 

occur or so that other endometrial dysfunctions develop, especially since ligation of 

TLR3 has been demonstrated to induce the production of specific cytokines and 

chemokines associated with a TH1-type response rather than a TH2-response, which has 

been shown to be important for embryo implantation and the establishment of pregnancy 

[117, 257, 271, 273-278, 322].  Thus, any response generated from ligation of TLR3 may 

result in failed implantation and altered endometrial function at the window of 

implantation.  However, it is possible that the role of TLR3 at this phase of the menstrual 

cycle may not be related to antiviral defense.  Due to its unique expression pattern and 

specific up-regulation during the window of implantation, the possibility that TLR3 may 

have an undiscovered role in development and may be cyclically regulated for reasons 

independent of immune responses should also be considered.  A developmental role for 

TLR3 becomes increasingly possible following consideration of the expression of other 

viral-associated TLRs and PRRs across the menstrual cycle (see Chapter III).  Other 

viral-associated molecules, such as TLR7, TLR8, RIG-1, and PKR are downregulated 

during the phases of the menstrual cycle when TLR3 is up-regulated.  If the role of TLR3 

during its specific phases of up-regulation during the menstrual cycle were related only to 
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the antiviral response, one would expect a similar up-regulation of other viral-associated 

molecules, since different viral-associated PRRs have been demonstrated to respond to 

different types and classes of virus. 

The exact mechanism by which E2 and P4 regulate TLR3 function remains to be 

elucidated.  Ray and colleagues and Galien and colleagues demonstrated an inhibition of 

the DNA-binding activity of the transcription factors NF-IL6 and NF-kB by the estrogen 

receptor, resulting in suppression of IL-6 gene expression [239, 240, 248].  However, the 

mechanism of IL-8 and IP-10 suppression have not been thoroughly explored.  Only 

recently have studies begun to examine interactions between nuclear hormone receptors 

and the IP-10 signaling pathway.  Specific studies have examined the suppression of IP-

10 by E2 in keratinocytes, where they found that E2 suppresses IP-10 transcription 

through inhibiting binding of signal transducer and activator of transcription 1α binding 

to the IFN-stimulated response element within the IP-10 promoter [76, 285, 289, 290].  

However, this study examined IFNγ-induced production of IP-10 and did not examine the 

hormone receptor-mediated effects of this mechanism or the possible role of IRF3 [285].  

Additionally, this study was performed in keratinocytes and cell-specific mechanisms of 

ER and PR action have been described.  Thus, studies examining interactions of IRF3 

with ER and PR have not been performed and will be necessary to determine if the nature 

of the suppressive effect of E2 and P4 on IP-10 production is similar to that of NF-кB and 

ER and PR.  Our future studies, as discussed in the following chapters, will be designed 

to determine the mechanism by which E2 and P4 regulate TLR3 signaling components. 

Suppression of cytokines and chemokines by E2 and P4 was determined to be ER- 

and PR-dependent in this study.  Hormone effects have been shown to be hormone 
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receptor-dependent in other studies [309].  TLR3-positive endometrial epithelial cell lines 

that do not express ERα, such as the HEC-1A line, do not exhibit suppressed cytokine 

and chemokine production upon stimulation with Poly I:C.  Additionally, treatment of 

TLR3-positive, ERα-positive cell lines with the ER antagonist, ICI 182,780, restores 

levels of cytokine and chemokine production to vehicle only levels.  All of the data 

presented in this study has been obtained using in vitro experiments with endometrial 

epithelial cell lines.  We have previously demonstrated that TLR3 is functional in primary 

endometrial epithelial cells [118].  Since the response to E2 and P4 may be different in 

primary endometrial epithelial cells as compared to endometrial epithelial cell lines, 

future experiments will be performed using primary endometrial epithelial cells to 

address this question. 

Our current and previous studies suggest a role for TLR3 in the endometrium.  

We have shown TLR3 expression to be cycle-dependent in primary endometrial 

epithelial cells and that the response to Poly I:C in our in vitro system requires TLR3 

[118].  This study demonstrates modulation of TLR3 function by the hormones of the 

endometrium.  The cytokines and chemokines produced upon TLR3 ligation are 

important in normal endometrial functions and may be crucial in the pathogenesis of 

endometrial dysfunctions such as endometriosis [24, 30, 110, 112, 230, 267, 298, 334].  

Recognition of viral dsRNA by TLR3 and the resulting production of inflammatory and 

antiviral cytokines and chemokines may be pivotal in the protection of the endometrium 

from pathogens.  The cyclic regulation of TLR3 in the endometrium may allow 

protection against pathogens while maintaining a system of tolerance toward the embryo 

and preventing extensive tissue damage from the inflammatory response.  It has been 
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suggested that development of endometrial dysfunction is characterized by an increased 

inflammatory environment, allowing progression of disease [30].  Thus, the influence of 

steroid hormones on TLR3 function, specifically the suppression of cytokines and 

chemokines produced upon stimulation of TLR3 by dsRNA, may be critical in the 

regulation, maintenance, and defense of the human endometrium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 156

Figure 20: Steroid hormones significantly suppress TLR3-induced cytokine and 

chemokine production in RL95-2 cells.   

 
Figure 20: Steroid hormones significantly suppress TLR3-induced cytokine and 
chemokine production in RL95-2 cells.  RL95-2 cells were plated at 0.2 × 106 
cells/well/ml and maintained in charcoal/dextran-treated DMEM/F12 (CD-F12) for 48 
hours prior to experiments.  Media was replaced with media containing either 10-8M E2 
or 10-7M P4 as determined by dose response.  Cells remained in hormone-containing 
media for 66 hours total and were stimulated with vehicle, Poly I:C (10 µg/ml), or PMA/I 
(10 ng/ml and 500 ng/ml)18 hours prior to harvest.  A total of 100 µl of cell-free 
supernatant was used to detect IL-6, IL-8, and IP-10 by ELISA (A, B, and C).  RL95-2 
cells were plated at 0.2 × 106 cells/well/ml, harvested, and counted after 18 hours of 
stimulation with vehicle (black bars) or Poly I:C (10 µg/ml, gray bars) .  The mean of 
three cell counts of triplicate wells counted for each time point from one experiment is 
shown (D).  Experiments were performed using triplicate wells for each treatment 
condition and repeated three times.  Representative data is shown.  Error bars indicate 
standard deviation of three samples.  Statistical significance (*) was determined by one-
way ANOVA and the Tukey post-hoc test (P<0.05). 
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FIGURE 21.  Effects of E2 and P4 on endometrial epithelial cells expressing or not 

expressing hormone receptors.   

 
FIGURE 21.  Effects of E2 and P4 on endometrial epithelial cells expressing or not 
expressing hormone receptors.  KLE (A) and HEC-1-A (B) cells were plated at 0.2 × 
106 cells/well/ml and maintained in CD-F12 for 48 hours prior to experiments.  Media 
was replaced with media containing either 10-8M E2 or 10-7M P.  Cells remained in 
hormone-containing media for a total of 66 hours.  18 hours prior to harvest of 
supernatants, cells were stimulated with the vehicle (data now shown), Poly I:C (10 
µg/ml), or PMA/I (10 ng/ml and 500 ng/ml; data not shown).  ELISA was performed 
with 100 µl of cell-free supernatant.  Data representative of three experiments are shown.  
Error bars indicate standard deviation of three samples.  Statistical significance (*) was 
determined by one-way ANOVA and the Tukey post-hoc test (P<0.05). 

A. 

B. 
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Figure 22: Steroid hormones significantly suppress TLR3-induced cytokine and 

chemokine production in primary endometrial epithelial cells.   

 
Figure 22: Steroid hormones significantly suppress TLR3-induced cytokine and 
chemokine production in primary endometrial epithelial cells.  Primary human 
endometrial epithelial cells were isolated from two separate human tissue biopsy samples 
(HE537, cycle day 14, and HE592, cycle day 9) as described in the Materials and 
Methods and plated at 0.2 × 106 cells/well/ml and maintained in charcoal/dextran-treated 
DMEM/F12 (CD-F12) for 48 hours prior to experiments.  Media was replaced with 
media containing either 10-8M E2 or 10-7M P4 as determined by dose response.  Cells 
remained in hormone-containing media for 66 hours total and were stimulated with 
vehicle (data not shown), Poly I:C (10 µg/ml, A), or PMA/I (10 ng/ml and 500 ng/ml, 
data not shown)18 hours prior to harvest.  A total of 100 µl of cell-free supernatant was 
used to detect IL-6, IL-8, and IP-10 by ELISA (A, B, and data not shown).  Experiments 
were performed using triplicate wells for each treatment condition.  Error bars indicate 
standard deviation of three samples.  Statistical significance (*) was determined by one-
way ANOVA and the Tukey post-hoc test (P<0.05). 
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Figure 23: Steroid hormones significantly suppress TLR3-induced cytokine and 

chemokine production in MCF7 cells.   

 
Figure 23: Steroid hormones significantly suppress TLR3-induced cytokine and 
chemokine production in MCF7 cells.   MCF7 cells were plated at 0.2 × 106 
cells/well/ml and maintained in charcoal/dextran-treated DMEM/F12 (CD-F12) for 48 
hours prior to experiments.  Media was replaced with media containing either 10-8M E2 
or 10-7M P4 as determined by dose response.  Cells remained in hormone-containing 
media for 66 hours total and were stimulated with vehicle (data not shown), Poly I:C (10 
µg/ml), or PMA/I (10 ng/ml and 500 ng/ml; data not shown)18 hours prior to harvest.  A 
total of 100 µl of cell-free supernatant was used to detect IL-6, IL-8, and IP-10 by 
ELISA.  Experiments were performed using triplicate wells for each treatment condition 
and repeated three times.  Representative data is shown.  Error bars indicate standard 
deviation of three samples.  Statistical significance (*) was determined by one-way 
ANOVA and the Tukey post-hoc test (P<0.05). 
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FIGURE 24.  E2 and P4 do not affect secretion of IL-6 or IP-10 protein in RL95-2  
 
cells.   

 
FIGURE 24.  E2 and P4 do not affect secretion of IL-6 or IP-10 protein in RL95-2 
cells.  For preliminary analysis of hormone effects on protein secretion, cells were plated, 
cultured in the presence of vehicle, 10-8M E2, and/or 10-7M P4 for a total of 72 hours, and 
stimulated with the TLR3 ligand, Poly I:C (10 ug/ml).  After 18 hours stimulation, cells 
were collected, saponized, and labeled antibodies against human IL-6, IP-10, or isotype 
controls in order to detect intracellular IL-6 or IP-10 protein by FACS analysis.  Isotype 
control (black line), unstimulated cells (dotted line) and stimulated cells (dashed line) 
stained for intracellular IL-6 protein are shown in (A).  Vehicle (dark line) versus E2 
(dashed line) staining for IL-6 in stimulated cells is shown in (B).  Vehicle (dark line) 
versus P4 (dashed line) staining for IL-6 in stimulated cells is shown in (C).  Isotype 
control (black line), unstimulated cells (dashed line) and stimulated cells (dotted line) 
stained for intracellular IP-10 protein are shown in (D).  Vehicle (black line) versus E2 
(dotted line) staining in stimulated cells for IP-10 is shown in (E).  Vehicle (black line) 
versus P4 (dotted line) staining for IP-10 in stimulated cells is shown in (F). 
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FIGURE 25.  E2 and P4 do not affect secretion of IL-6 or IP-10 protein in MCF7  
 
cells.   

 
FIGURE 25.  E2 and P4 do not affect secretion of IL-6 or IP-10 protein in MCF7 
cells.  For preliminary analysis of hormone effects on protein secretion, cells were plated, 
cultured in the presence of vehicle, 10-8M E2, and/or 10-7M P4 for a total of 72 hours, and 
stimulated with the TLR3 ligand, Poly I:C (10 ug/ml).  After 18 hours stimulation, cells 
were collected, saponized, and labeled antibodies against human IL-6, IP-10, or isotype 
controls in order to detect intracellular IL-6 or IP-10 protein by FACS analysis.  Isotype 
control (black line), unstimulated cells (dotted line) and stimulated cells (dashed line) 
stained for intracellular IL-6 protein are shown in (A).  Vehicle (dark line) versus E2 
(dashed line) staining for IL-6 in stimulated cells is shown in (B).  Vehicle (dark line) 
versus P4 (dashed line) staining for IL-6 in stimulated cells is shown in (C).  Isotype 
control (black line), unstimulated cells (dashed line) and stimulated cells (dotted line) 
stained for intracellular IP-10 protein are shown in (D).  Vehicle (black line) versus E2 
(dashed line) staining in stimulated cells for IP-10 is shown in (E).  Vehicle (black line) 
versus P4 (dashed line) staining for IP-10 in stimulated cells is shown in (F). 
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FIGURE 26.  E2 and P4 do not alter TLR3 mRNA or protein expression in RL95-2  
 
cells.   

 
 
FIGURE 26.  E2 and P4 do not alter TLR3 mRNA or protein expression in RL95-2 
cells.  cDNA synthesized using 100 ng of RNA from RL95-2 cells treated with 10-8M E2 
or 10-7M P4 for 66 hours was used to detect expression levels of TLR3 mRNA by real-
time RT-PCR.  Data are shown as average cycle threshold ± SD from samples in 
triplicate for TLR3 and HPRT (A).  Average TLR3 quantities (RQ values) ± SD from 
samples in triplicate are shown by using the housekeeping gene, HPRT, to normalize 
samples (B).  RL95-2 cells were harvested after 72 hours of treatment with 10-8M E2 or 
10-7M P and labeled with PEαTLR3.7 mAb in order to detect intracellular TLR3 protein 
by FACS analysis.  PE-conjugated mIgG1 was used as an isotype control (C).  
Experiments were repeated three times.  Data representative of three experiments are 
shown.     
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FIGURE 27.  E2 and P4 do not alter IRF3 mRNA expression in RL95-2 cells.   

 
FIGURE 27.  E2 and P4 do not alter IRF3 mRNA expression in RL95-2 cells.  cDNA 
synthesized using 100 ng of RNA from RL95-2 cells treated with 10-8M E2, 10-7M P, or a 
combination of E2 and P for 66 hours was used to detect expression levels of IRF3 
mRNA by real-time RT-PCR.  Average IRF3 quantities (RQ values) ± SD from samples 
in triplicate are shown by using the housekeeping gene, HPRT, to normalize samples.  
Experiments were repeated three times.  Data representative of three experiments are 
shown.     
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FIGURE 28.  E2 and P4 do not alter TLR3 mRNA or protein expression in MCF7  
 
cells. 

  
FIGURE 28.  E2 and P4 do not alter TLR3 mRNA or protein expression in MCF7 
cells.  cDNA synthesized using 100 ng of RNA from MCF7 cells treated with 10-8M E2 
or 10-7M P4 for 66 hours was used to detect expression levels of TLR3 mRNA by real-
time RT-PCR.  Average TLR3 quantities (RQ values) ± SD from samples in triplicate are 
shown by using the housekeeping gene, HPRT, to normalize samples (A).  MCF7 cells 
were harvested after 72 hours of treatment with ethanol vehicle, 10-8M E2 or 10-7M P4 
and labeled with PEαTLR3.7 mAb in order to detect intracellular TLR3 protein by FACS 
analysis.  Cells were either stimulated or not stimulated (data not shown) with the TLR3 
ligand Poly I:C (10 ug/ml) for 18 hours.  PE-conjugated mIgG1k was used as an isotype 
control (black line).  Isotype control (black line) and TLR3 protein (dashed line) staining 
in stimulated cells is represented in (B).  Isotype control (black line) and vehicle (dashed 
line) versus 10-8M E2 (dotted line) TLR3 protein staining in stimulated cells is 
represented in (C).  Isotype control (black line) and vehicle (dashed line) versus 10-7M P4 
(dotted line) TLR3 protein staining in stimulated cells is represented in (D).  Experiments 
were repeated three times.  Data representative of three experiments are shown.     
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FIGURE 29.  Effects of E2 and P4 in RL95-2 cells are mediated by ER and PR.   

 
FIGURE 29.  Effects of E2 and P4 in RL95-2 cells are mediated by ER and PR.  
RL95-2 cells were plated at 0.2 × 106 cells/well/ml and maintained in CD-F12 for 48 
hours prior to experiments.  Media was replaced with media containing vehicle, 10-6M 
ICI 182,780 (A), or 10-6M RU486 (B).  After 2 hours, media was replaced with the 
indicated combinations of ethanol vehicle, 10-8M E2, 10-7M P, 10-6M ICI 182,780, and 10-

6M RU486.  Cells remained in the indicated media for a total of 66 hours.  Cells were 
stimulated with vehicle (data not shown), Poly I:C (10 µg/ml), or PMA/I (10 ng/ml and 
500 ng/ml; data not shown) 18 hours prior to harvest.  A total of 100 µl of cell-free 
supernatant was used to detect IL-6, IL-8, and IP-10 by ELISA (A, B, and data not 
shown).  Experiments were performed using triplicate wells for each treatment condition 
and repeated three times.  Data representative of three experiments are shown.  Error bars 
indicate standard deviation of three samples.  Statistical significance (*) was determined 
by one-way ANOVA and the Tukey post-hoc test (P<0.05). 

A. 

B. 

 *  * 

 * 

 * 
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FIGURE 30.  Effects of E2 and P4 in MCF7 cells are mediated by hormone  
 
receptors.   

 
FIGURE 30.  Effects of E2 and P4 in MCF7 cells are mediated by hormone 
receptors.  MCF7 cells were plated at 0.2 × 106 cells/well/ml and maintained in CD-F12 
for 48 hours prior to experiments.  Media was replaced with media containing ethanol 
vehicle (A), 10-6M ICI 182,780 (B), or 10-6M RU486 (C).  After 2 hours, media was 
replaced with the indicated combinations of ethanol vehicle, 10-8M E2, 10-7M P, 10-6M 
ICI 182,780, and 10−6Μ RU486.   Cells remained in the indicated media for a total of 66 
hours.  Cells were stimulated with vehicle (data not shown), Poly I:C (10 µg/ml), or 
PMA/I (10 ng/ml and 500 ng/ml; data not shown) 18 hours prior to harvest.  A total of 
100 µl of cell-free supernatant was used to detect IL-6, IL-8, and IP-10 by ELISA (A, B, 
C, and data not shown).  Experiments were performed in triplicate and repeated three 
times.  Representative data are shown.  Error bars indicate standard deviation of three 
samples.  Statistical significance (*) was determined by one-way ANOVA and the Tukey 
post-hoc test (P<0.05). 
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Figure 31: Steroid hormones significantly suppress TLR5-induced cytokine and  
 
chemokine production in RL95-2 cells.   

 
Figure 31: Steroid hormones significantly suppress TLR5-induced cytokine and 
chemokine production in RL95-2 cells.  RL95-2 cells were plated at 0.2 × 106 
cells/well/ml and maintained in charcoal/dextran-treated DMEM/F12 (CD-F12) for 48 
hours prior to experiments.  Media was replaced with media containing either 10-8M E2 
or 10-7M P as determined by dose response.  Cells remained in hormone-containing 
media for 66 hours total and were stimulated with vehicle (data not shown), the TLR5 
ligand Flagellin (50 ng/ml), or PMA/I (10 ng/ml and 500 ng/ml; data not shown) 18 hours 
prior to harvest.  A total of 100 µl of cell-free supernatant was used to detect IL-6, IL-8, 
and IP-10 by ELISA.  This was a preliminary experiment generated from analysis of 
single samples and performed once.  Further experiments will be necessary to determine 
the accuracy of this data.  Statistical significance (*) was determined by one-way 
ANOVA and the Tukey post-hoc test (P<0.05). 

 

 

 

 

 

*

* 

*
* 

* 



 168

CHAPTER VI 
 

HORMONAL REGULATION OF TLR3-INDUCED CYTOKINE AND 
CHEMOKINE GENE TRANSCRIPTION 

 
 
 

IV. INTRODUCTION 

In previous chapters we examined the expression and role of TLRs in the human 

endometrium.  We have demonstrated that TLRs, TLR-associated signaling molecules, 

other viral-associated PRRs, and TLR-induced cytokines and chemokines are cyclically 

expressed and regulated across the menstrual cycle (see Chapter III).  In addition, we 

have demonstrated that TLR3 is unique among the cyclically expressed molecules, in that 

it is upregulated during the window of implantation, a time when the other TLRs and 

PRRs examined are expressed at baseline levels or lower.  These results suggest that the 

expression and regulation of TLR3 may play a unique role in the function of the 

endometrium, specifically in the time period immediately prior to and during the window 

of implantation.  Thus, TLR3 may be important in the establishment and maintenance of 

pregnancy.  We also demonstrated that TLR3 is functional in the endometrium and in 

endometrial epithelial cell lines, as ligation of TLR3 to the synthetic TLR3 ligand, Poly 

I:C, results in the production of several proinflammatory and antiviral cytokines and 

chemokines that are important in maintaining normal endometrial function in these cells 

[118].  As discussed in Chapter I, proinflammatory cytokines and chemokines are 

induced upon TLR3 signaling following the recruitment of TIR domain-containing 

adaptor proteins (TRIF) and the subsequent activation and nuclear translocation of 

several transcription factors required for the induction of proinflammatory gene 
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transcription, such as NF-kB [147, 177, 179, 184, 335].  To initiate the antiviral response, 

TLR3 signaling results in the activation and nuclear translocation of the transcription 

factor IRF3, which is responsible for the activation of antiviral genes involved in the 

primary antiviral response (Type I IFNs), which in turn, activate the secondary antiviral 

response, which is mediated by activation and nuclear translocation of the transcription 

factor IRF7 [147, 177, 179, 181, 184, 185, 193, 335, 336].  Due to the possible 

importance of TLR3 expression and function in the endometrium and since the cyclic 

nature of the human endometrium is thought to be a direct result of cycling levels of the 

steroid hormones, E2 and P4, we began to further explore the effects of E2 and P4 on the 

expression and function of TLR3 in the endometrium as described in Chapter V.  Our 

initial studies demonstrated that E2 and P4 do not directly affect TLR3, as hormone 

treatment did not result in a change in TLR3 mRNA or protein expression in any of the 

cell lines examined (see Chapter V).  However, we did observe significant suppressive 

effects on TLR3 signaling outcomes resulting from hormone treatment and found these 

effects to be dependent upon the expression of hormone receptors in endometrial 

epithelial cell lines, primary endometrial epithelial cells, and the breast epithelial cell 

line, MCF7.  Specifically, we found that E2 and P4 are able to significantly suppress 

TLR3-mediated proinflammatory and antiviral cytokine and chemokine protein secretion.  

These results were dependent upon hormone receptor expression in all cell lines 

examined.  This finding is important and supports our hypothesis that regulation of TLR3 

expression and function may be very important in the endometrium, as the cytokine and 

chemokine response generated from ligation of TLR3 has been shown to promote a TH1-

type immune response, which may be detrimental for implantation and the establishment 
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of pregnancy [117, 272, 274].    Previous studies have suggested that the TH1/TH2 

balance is critical in the human endometrium, as TH1-type responses have been 

associated with failed implantation, unsuccessful establishment of pregnancy, and 

spontaneous abortion [117, 255, 256, 272-276, 278].  As such, the skewing of the 

endometrial TH1/TH2 balance toward a TH2-type response is required for normal 

endometrial function and reproduction.  Since the possible TH1-type immune response 

generated from TLR3-induced proinflammatory and antiviral response can be directly 

controlled by E2 and P4 as demonstrated by the ability of these hormones to suppress the 

TLR3-induced response, this suggests that although ligation of TLR3 during this time 

point in the menstrual cycle may be detrimental to the establishment and maintenance of 

pregnancy, the body maintains a critical balance to control for inappropriate immune 

responses at critical time points during the menstrual cycle in order to restore normal 

endometrial function and promote reproduction.  Thus, in order to maintain the critical 

balance in the cytokine milieu required for normal endometrial function, the hormone-

controlled menstrual cycle could significantly influence endometrial TLR3-dependent 

immune responses, as well as immune responses generated from ligation of other PRRs, 

and the potency and type of innate immune responses in the endometrium may be cycle-

dependent.  Since we have established that E2 and P4 are able to significantly alter TLR3-

induced secretion of cytokines and chemokines, and may possibly influence the 

development of a TH1 versus a TH2 type response through modification of TLR3 

signaling, we wanted to extend our study to examine the mechanism behind the hormone-

mediated suppression of the TLR3-induced response.   
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Several laboratories have demonstrated E2- and P4-mediated suppression of 

cytokine and chemokine production in several types of cells and tissues [239-245, 247, 

251, 252, 279, 285, 287, 302, 304, 305, 321, 324, 325, 327].  Specifically, Pottratz and 

colleagues demonstrated suppression of cytokine-stimulated IL-6 mRNA by E2 in HeLa 

cells transfected with estrogen receptor (ER) [247].  Suppression of IL-6 was also 

observed by Tabibzadeh and colleagues in IL-1α-induced stromal cells [211].  Girasole 

and colleagues have demonstrated similar results using E2 on mouse cell lines and 

stromal cell lines [302].  P4, at high concentrations, has been shown by Kelly and 

colleagues to reduce the level of IL-8 in the endometrium [112].  In addition to these 

studies focusing on proinflammatory responses, studies have demonstrated a significant 

inhibition of the production of IP-10 by E2 in human keratinocytes, demonstrating the 

ability of steroid hormones to suppress the antiviral response as well as the 

proinflammatory response [285].  More recently, studies have begun to examine the 

effects of steroid hormones on TLR signaling pathways.  As discussed in previous 

chapters, our studies have demonstrated significant E2- and P4-medaited suppression of 

TLR3-induced proinflammatory and antiviral cytokine and chemokine production [279].  

Our results also indicate that suppression occurs from hormone treatment of TLR5-

mediated responses (see Chapter V).  Other laboratories have focused on the hormone 

effects on the TLR4 signaling pathway, demonstrating that TLR4 signaling can also be 

affected by treatment with steroid hormones [321, 324-327].  Thus, several studies have 

determined that E2 and P4 have significant effects on the production of proinflammatory 

and antiviral cytokines and chemokines.  Differences in the influence of steroid hormones 

on cytokine expression do exist, and may depend, in part, on the cell or tissue under study 
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and the ligand-receptor signaling system responsible for the induction of cytokine 

expression and production and the effects of steroid hormones on the signaling system 

[279]. 

Since our results demonstrated significant suppression of TLR3-induced 

proinflammatory and antiviral cytokine and chemokine production in all of our cell lines 

and primary endometrial epithelial cells expressing TLR3 and steroid hormone receptors, 

we wanted to begin to explore the mechanism behind our observed suppression.  We 

demonstrated in previous chapters that the suppression is not due to hormone-mediated 

sequestration of cytokine and chemokine proteins within the cell.  We also determined 

that the suppression of the cytokine and chemokine response is not due to direct action of 

E2 and P4 on TLR3 mRNA or protein expression, as these levels remained unaltered with 

hormone treatment.  Since several reports have indicated that steroid hormones, through 

binding of steroid hormone receptors, are able to effectively alter the transcription of 

target genes, it was probable that cytokine and chemokine protein suppression in our 

system was due to a similar mechanism.  Therefore, we decided to further explore the 

TLR3 signaling pathway by examining our system for hormone-mediated regulation of 

cytokine and chemokine transcription.   

V. RESULTS 

E2 and P4, through interactions with ER and PR, are known to alter expression of 

target genes containing NF-κB promoter elements, as well as promoter elements for other 

transcription factors, by a variety of mechanisms, which vary between cell and tissue 

types as well as the stimuli used to induce cytokine production [231-233, 236-238, 246, 

249-252, 282, 337]. To begin our investigation of E2- and/or P4-dependent suppression of 
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TLR3-mediated production of proinflammatory and antiviral cytokines and chemokines, 

several of which have NF-kB elements in their promoters, we wanted to determine 

whether the effect was transcriptional or translational. To begin our analysis, we 

examined the effects of E2 and/or P4 on RNA transcription of cytokines and chemokines 

induced upon ligation of TLR3.  RNA was harvested from endometrial epithelial cell 

lines, primary endometrial epithelial cells, and MCF-7 cells and analyzed for expression 

of proinflammatory and antiviral cytokine and chemokine transcripts by qRT-PCR.  We 

have previously demonstrated the induction of mRNA transcription of several genes, 

including IL-6, IP-10, IFNβ, PKR, and ISG15 following stimulation of TLR3 with Poly 

I:C in our cell lines [301].  We found that E2 and/or P4 treatment results in decreases in 

the levels of several proinflammatory and antiviral cytokines and chemokines, including 

IL-6, IP-10, type I IFNs, and RANTES, which are produced upon ligation of TLR3.  This 

data suggests that E2 and/or P4 are likely acting primarily at the transcriptional level to 

inhibit TLR3-driven cytokine production.  However, these results do not rule out the 

possibility that post-transcriptional effects may also be contributing to the observed 

suppression of TLR3-mediated proinflammatory and antiviral cytokine and chemokine 

protein production.    

In addition to examining the transcriptional effects of steroid hormones on 

components of the primary antiviral pathway, we further explored the effects of E2 and/or 

P4 on the production of antiviral cytokines by examining components of the secondary 

antiviral pathway following stimulation with Poly I:C.  We determined from our 

preliminary experiments that E2 and/or P4 treatment also results in the suppression of 

several secondary antiviral RNAs, including IRF7, PKR, and ISG15, which are produced 
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upon stimulation of TLR3 with Poly I:C.  These results suggest that E2 and/or P4 also act 

at the level of transcription on secondary antiviral cytokines and chemokines, however, it 

is possible that the reduction of secondary antiviral RNA is due to the suppression of the 

primary antiviral response and not a direct result of steroid hormone treatment.  Further 

work will be required to determine the mechanism behind transcriptional repression of 

TLR3-induced responses.   

A. Hormones significantly suppress TLR3-induced proinflammatory cytokine 

and chemokine gene transcription in human endometrial epithelial cell lines 

To begin our investigation of the mechanism by which E2 and P4 are able to 

significantly suppress TLR3-mediated induction of proinflammatory and antiviral 

cytokines and chemokines, we utilized our human endometrial epithelial cell lines 

expressing ER and PR.  Experiments were performed using the RL95-2 cells and KLE 

cells.  As demonstrated in Chapter V, stimulation of TLR3 with the synthetic ligand Poly 

I:C results in the production of several proinflammatory cytokines, including IL-6, IL-8, 

and RANTES.  We have previously demonstrated the production of mRNA of these 

cytokines following stimulation of our cells with Poly I:C [301].  To determine whether 

E2- and P4-mediated suppression of these proinflammatory cytokines occurred as a result 

of the ability of E2 and P4 through binding to ER and PR to repress transcription, cells 

were plated and treated with hormone as previously described.  Cells were then 

stimulated with Poly I:C over a range of time points from 0  hours Poly I:C stimulation 

(untreated) to 18 hours Poly I:C stimulation.  Following stimulation, total RNA was 

harvested from the cells, made into cDNA, and utilized for qRT-PCR analysis of specific 

proinflammatory cytokines and chemokines using commercially available labeled 
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primer/probe sets.  As shown in Figure 32, significant suppression of IL-6 and RANTES 

was observed in the RL95-2 cells.  We did not observe suppression of human beta 

defensin 1 (HBD1), a natural antimicrobial peptide which has been shown to be up-

regulated by TLR3 signaling and is also cyclically expressed in the endometrium (Figure 

32A), demonstrating that not all components of the TLR3-mediated response are 

regulated by steroid hormone treatment.  In RL95-2 cells stimulated with Poly I:C for 1 

hour, IL-6 was suppressed almost completely (Figure 32B).  For the remaining time 

points, IL-6 was significantly suppressed, but not to the degree of suppression observed 

for the 1 hour Poly I:C stimulation time point.  Interestingly, P4 also had a suppressive 

effect on IL-6 in the early time points, which disappeared for the 18 hour Poly I:C 

stimulation time point.  This observation is interesting, as P4 effects on RL95-2 cells were 

not generally observed at the protein level.  RANTES mRNA was analyzed at the 0 hour 

and 18 hour Poly I:C stimulation time points, and demonstrated significant suppression 

by both E2 and P4 at the 18 hour time point, which was consistent with ELISA results 

obtained for RANTES (Figure 32C).   

In addition to our use of the RL95-2 cell line, we wanted to examine another 

endometrial epithelial cell line to determine whether the observed effects were dependent 

upon the cell line utilized for the study.  Additionally, we wanted to confirm the results in 

another epithelial cell line due to the loss of hormone receptors in our RL95-2 cells, 

which renders these cells unusable for hormone experiments.  We chose to utilize the 

KLE cell line, as we have previously demonstrated hormone-mediated suppression of 

TLR3-induced responses in these cells.  In addition, we confirmed all results obtained in 

the RL95-2 cells in the KLE cells to ensure that significant differences were not present 
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between the two cell lines.  Production of RANTES mRNA following stimulation of 

KLE cells with Poly I:C is shown in Figure 33A.  Just as observed in the RL95-2 cells, 

we observed E2- and P4-mediated suppression of proinflammatory gene transcription in 

the KLE cells.  Suppression was observed for both IL-6 (data not shown) and RANTES 

(Figure 33B).  Interestingly, suppression of RANTES was not observed until the 18 hour 

Poly I:C stimulation time point.  Also of interest was the slight up-regulation of RANTES 

mRNA for certain time points.  It is unclear why a slight up-regulation in expression 

would occur prior to significant suppression of RANTES in these cells. 

Our results indicate that E2 and P4 are able to significantly suppress 

proinflammatory gene transcription resulting from activation of the TLR3 signaling 

pathway, which in turn, results in significant suppression of TLR3-induced 

proinflammatory cytokine protein secretion.  This discovery is an important step in 

determining the mechanism by which E2 and P4 alter TLR3-induced responses, and 

suggest some type of potential interaction between E2 and P4 bound to ER and PR with 

proinflammatory transcription factors, cofactors, and/or gene promoters.      

B. Hormones significantly suppress TLR3-induced proinflammatory cytokine 

and chemokine gene transcription in isolated primary endometrial epithelial 

cells 

We next wanted to determine whether E2- and P4-mediated suppression of 

proinflammatory gene transcription induced upon activation of the TLR3 signaling 

pathway could be suppressed in isolated primary endometrial epithelial cells to determine 

if the effect could also be observed ex vivo.   Endometrial tissue biopsies were generously 

provided by Dr. Kathy Sharpe-Timms (University Hospital, Columbia, MO).  Only two 
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tissue biopsy samples provided a high enough number of epithelial cells for hormone 

studies and one did not provide concentrations of RNA adequate for analysis by qRT-

PCR.  A tissue biopsy from patient HE592 (cycle day 9) was separated as previously 

described into epithelial and stromal cells.  Epithelial cells were plated in 12-well plates 

at 0.1 x 10-6 cells/well/ml in CD-F12 media.  Hormones were added the next day, and 

cells were stimulated with Poly I:C after 3 days in the presence of hormones.  Following 

stimulation, cells were collected, total RNA was isolated and quantitated, and cDNA was 

synthesized for the examination by qRT-PCR.  We have previously demonstrated the 

production of proinflammatory cytokine mRNA following Poly I:C stimulation in 

primary endometrial epithelial cells [301].  Just as in our endometrial epithelial cell lines, 

RL95-2 and KLE, we observed significant suppression of the proinflammatory cytokine, 

IL-6, at the level of mRNA expression, indicating that suppression of proinflammatory 

gene transcription occurs ex vivo as well as in our cell lines (Figure 34).  Interestingly, 

suppressive effects were only observed in cells treated with E2 or a combination of E2 and 

P4.  This was quite interesting, as suppression of IL-6 by P4 was observed following 

ELISA analysis of IL-6 protein production in these cells.  It is possible that this is a 

sample-dependent phenomenon, and additional samples will be required to determine 

whether the observed results are accurate.  Due to unavailability of sufficient sample 

numbers and small sample sizes, we were only able to obtain results for epithelial cells 

from one patient, HE592.       

C. Hormones significantly suppress TLR3-induced proinflammatory cytokine 

and chemokine gene transcription in MCF7 cells 
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To continue our investigation of the mechanism by which E2 and P4 are able to 

significantly suppress TLR3-mediated induction of proinflammatory and antiviral 

cytokines and chemokines, we utilized the MCF7 cells to determine whether the observed 

effects are tissue-dependent.  As demonstrated in Chapter V, stimulation of TLR3 with 

the synthetic ligand Poly I:C results in the production of several proinflammatory 

cytokines, including IL-6, IL-8, and RANTES.  Production of RANTES mRNA 

following stimulation of MCF7 cells was observed but the data is not shown.  To 

determine whether E2- and P4-mediated suppression of these proinflammatory cytokines 

occurred as a result of the ability of E2 and P4 through binding to ER and PR to repress 

transcription, cells were plated and treated with hormone as previously described.  Cells 

were then stimulated with Poly I:C over a range of time points from 0  hours Poly I:C 

stimulation to 18 hours Poly I:C stimulation.  Following stimulation, total RNA was 

harvested from the cells, made into cDNA, and utilized for qRT-PCR analysis of specific 

proinflammatory cytokines.  As shown in Figure 35, significant suppression of RANTES 

was observed in the MCF7 cells.  We did not observe suppression of IL-6 in these cells, 

as they do not appear to produce IL-6 as a result of TLR3 stimulation (data not shown).  

Just as in the KLE cells discussed earlier, a slight up-regulation of RANTES was 

observed for certain time points prior to observation of suppressive responses.  

Specifically, P4 appeared to up-regulate RANTES mRNA production at 2 hours Poly I:C 

stimulation, which was then significantly suppressed at 4 hours and 18 hours Poly I:C 

stimulation.  Additionally, E2 appeared to up-regulate RANTES mRNA production at 4 

hours Poly I:C stimulation, and mRNA production was significantly suppressed at 18 

hours.  The reason for the disparity in mRNA expression between time points is unclear, 
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but our overall results demonstrate that E2 and P4 are able to significantly suppress 

RANTES gene transcription in breast epithelial cells, as well as endometrial epithelial 

cells.      

D. Hormones significantly suppress TLR3-induced primary and secondary 

antiviral cytokine and chemokine gene transcription in human endometrial 

epithelial cell lines 

In addition to analysis of proinflammatory cytokine and chemokine gene 

transcription, we wanted to analyze our cells for suppression of antiviral gene 

transcription upon stimulation of TLR3 signaling.   Since we observed significant 

suppression of IP-10 protein secretion by E2 and P4 in our model system, we 

hypothesized that just as with the proinflammatory cytokines and chemokines, E2 and P4 

suppressed antiviral cytokine and chemokine protein secretion through suppression of 

gene transcription.  To determine whether E2 and P4 suppress antiviral gene transcription, 

we utilized the RL95-2 cells and KLE cells as previously described.  We have previously 

demonstrated up-regulation of mRNA transcripts for several primary antiviral cytokines 

and chemokines in RL95-2 cells [301].  Our qRT-PCR analysis of the RL95-2 cells 

shown in Figure 36 demonstrated significant suppression of IP-10 in response to 

treatment with E2 at 1 hour and 18 hours Poly I:C stimulation.  Suppression of IP-10 

transcription by P4 was observed at all time points examined.  The observed suppression 

of IP-10 by P4 was interesting, as suppression of IP-10 protein by ELISA was not 

observed.  It is possible that the degree of mRNA suppression may not have been great 

enough to result in a significant suppression of IP-10 protein in P4-treated RL95-2 cells.  

Suppression of IFNα1 and IFNβ was also observed in the RL95-2 cells, with significant 
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suppression of IFNβ at several time points, including in unstimulated cells, suggesting 

that E2 and P4 are able to suppress constituitive IFN production (data not shown and 

Figure 37).   It should be noted that we observed varying results for the RL95-2 cells 

between experiments.  Specifically, the degree of suppression observed between 

experiments seemed to correlate to the degree of expression of hormone receptors in the 

cells (data not shown).  As the RL95-2 cells began to lose receptor expression, the degree 

of suppression was significantly decreased (data not shown).  Thus, our results that 

suppression of TLR3-mediated responses are dependent on the presence of hormone 

receptors were further confirmed with these studies.   

We also examined the KLE cells for E2- and P4-mediated effects on antiviral gene 

transcription.  Representative data to demonstrate induction of primary and secondary 

antiviral gene mRNA transcripts, specifically IP-10 and OAS-2, are shown in Figure 38.  

Similar results were obtained for other antiviral gene transcripts, including IFNβ, PKR, 

and ISG15 (data not shown).  We observed significant suppression of several primary 

antiviral genes in these cells, including IP-10 (Figure 39), IFNα1 (Figure 40A), and IFNβ 

(Figure 40C).  Significant suppression of IFNα7 was not observed in these cells (Figure 

40B).  In addition to our analysis of several primary antiviral genes, we also examined 

the KLE cells for suppression of the transcription of secondary antiviral genes.  We found 

that in addition to suppression of the primary antiviral response, suppression of the 

secondary antiviral response induced upon stimulation of TLR3 with Poly I:C was 

observed.  We found significant suppression of the secondary antiviral genes, OAS-2 and 

ISG15 (Figure 41A and 41B).  However, it is not known whether the observed 

suppression of the secondary antiviral response is an effect of the suppression of the 
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primary antiviral response, or whether E2 and P4 actually interfere with the function of 

transcription factors involved in the secondary antiviral response.    

E. Hormones significantly suppress TLR3-induced primary and secondary 

antiviral cytokine and chemokine gene transcription in MCF7 cells 

To continue our investigation of the mechanism by which E2 and P4 are able to 

significantly suppress TLR3-mediated induction of proinflammatory and antiviral 

cytokines and chemokines, we utilized the MCF7 cells to determine whether the observed 

effects are tissue-dependent.  As demonstrated previously, stimulation of TLR3 with the 

synthetic ligand Poly I:C results in the production of several proinflammatory and 

antiviral cytokines and chemokines, including IL-6, IL-8, RANTES, IFNs, IP-10, and 

secondary antiviral genes.  Additionally, we have demonstrated that treatment of 

endometrial epithelial cells and MCF7 cells with steroid hormones results in the 

suppression of cytokine and chemokine proteins produced upon stimulation of TLR3.  To 

determine whether E2- and P4-mediated suppression of these antiviral cytokines and 

chemokines occurred in the MCF7 cells as a result of the ability of E2 and P4 through 

binding to ER and PR to repress transcription, cells were plated and treated with hormone 

as previously described.  Cells were then stimulated with Poly I:C over a range of time 

points from 0  hours Poly I:C stimulation to 18 hours Poly I:C stimulation.  Following 

stimulation, total RNA was harvested from the cells, made into cDNA, and utilized for 

qRT-PCR analysis of specific primary and secondary antiviral cytokines and chemokines.  

Induction of primary and secondary antiviral gene mRNA transcripts, specifically IFNβ, 

PKR, and IRF7, in the MCF7 cells following stimulation with Poly I:C is shown in 

Figure 42.  Similar results were obtained for other antiviral genes, including IP-10 and 
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ISG15 (data not shown).  As shown in Figures 43-45, and similarly to the results obtained 

in the RL95-2 and KLE cells, significant suppression of primary antiviral cytokines and 

chemokines, including IP-10 (Figure 43), IFNα1 (Figure 44A), and IFNβ (Figure 44B) 

was observed in the MCF7 cells.  Suppression of IFNα1 did not occur until the 18 hour 

Poly I:C stimulation time point, suggesting that hormone-mediated regulatory 

mechanisms of IFNα1 may differ from those employed in regulation of IFNβ and IP-10.  

In addition to our analysis of primary antiviral genes in MCF7 cells, we examined the 

cells for suppression of the secondary antiviral response by analyzing samples for PKR 

(Figure 45A), IRF7 (Figure 45B), and ISG15 (Figure 45C) mRNA expression by qRT-

PCR.  Similarly to the primary antiviral response, we also observed suppression of the 

secondary antiviral response by E2 and P4 in MCF7 cells.   However, it is not known 

whether the observed suppression of the secondary antiviral response is an effect of the 

suppression of the primary antiviral response, or whether E2 and P4 actually interfere with 

the function of transcription factors involved in the secondary antiviral response.            

VI. DISCUSSION 

In this chapter, we demonstrate that the previously observed significant 

suppression of TLR3-mediated cytokine and chemokine protein production by steroid 

hormones is due to the ability of steroid hormone treatment to suppress transcription of 

TLR3-induced proinflammatory and antiviral genes.  We found that steroid  hormones 

are able to effectively suppress the transcription of proinflammatory cytokines and 

chemokines, such as IL-6 and RANTES, as well as antiviral cytokines and chemokines 

including those encompassing the primary antiviral response (IFNα1, IFNβ, and IP-10) 

and those involved in the secondary antiviral response (IRF7, PKR, OAS-2, ISG15).  
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Although other laboratories have demonstrated the suppression of proinflammatory 

cytokines and chemokines in response to steroid hormone treatment, ours is the first 

report of steroid hormone action specific to the TLR3 signaling pathway, and the first 

report of significant suppression of primary and secondary antiviral genes other than IP-

10, which has previously been reported to be suppressed by treatment with E2 [285, 289].  

Suppression of secondary antiviral genes is notable, although it is unclear whether the 

suppression of transcription of these genes is the result of a direct interaction of steroid 

hormones and hormone receptor complexes with components of the Jak/Stat signaling 

pathway or merely a byproduct of the hormone-mediated suppression of the primary 

antiviral response.   

Our results suggest that steroid hormones, through the binding of their respective 

hormone receptors, are able to regulate the TLR3 signaling pathway to significantly 

suppress the transcription of many TLR3-mediated genes.  There are several possible 

mechanisms that may be employed by steroid hormone/steroid hormone receptor 

complexes to suppress the transcription of TLR3-induced genes.  The action of 

hormone/hormone receptor complexes on proinflammatory signaling pathways has been 

examined in many laboratories.  Specifically, the mechanisms behind inhibition of 

proinflammatory genes resulting from NF-kB-mediated transcription have been well 

studied and effects seem to be dependent upon the cell and promoter context under 

investigation [231, 232, 235-237, 240-249, 282, 302, 305, 325, 337].  Very few studies 

examining hormone effects on antiviral signaling pathways have been performed, but the 

few studies examining E2-mediated effects on IP-10 and interactions between GRIP and 
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IRF3 give some insight into the possible mechanisms behind hormone effects on antiviral 

signaling pathways [235, 285, 286].   

Steroid hormones are able to influence NF-κB-mediated signaling events by a 

variety of mechanisms and these mechanisms tend to be similar across different types of 

hormone receptors, such as ER, PR, and glucocorticoid receptor (GR) [231, 233, 235-

238, 282]. The mechanisms involved in ER-mediated control of NF-κB-mediated 

signaling events have been well studied.  First, E2-bound ER can inhibit IKK activity or 

inhibit IκB degradation, thereby, preventing nuclear translocation of NF-κB [235-237, 

243]. This can occur either through the inhibition of transcription of IKK activators, 

directly interfering with IKK kinase activity by unknown mechanisms, or by interfering 

with IκB ubiquitination or degradation following phosphorylation [235-237, 243]. 

Additionally, ERα has been shown to up-regulate IκBα levels, which then interferes with 

the nuclear translocation of NF-κB [235-237, 243].  Second, E2 can affect NF-κB events 

by interfering with the nuclear actions of NF-κB. ER can inhibit the activity of nuclear 

NF-κB by blocking NF-κB DNA binding, interfering with NF-κB co-activators such as 

Bcl-3 or p300, or it can directly bind to DNA that is bound to NF-κB [235-237, 239-246, 

249, 325].  Both ERα and ERβ can directly inhibit P50, c-Rel, and p65 DNA binding 

[235-237, 239-246, 249, 325]. IL-6 transcription is thought to be repressed by ER 

interaction with NF-κB as well as with the co-activator, C/EBPβ [239, 240, 244, 245, 

247-249, 302, 305, 325].  However, in addition to these regulatory mechanisms, ER can 

recruit coactivators or corepressors to alter gene transcription.  For example, it has been 

demonstrated that inhibition of TNFa gene transcription occurs through the recruitment 
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of steroid receptor coactivator 2 (Src-2), which acts as a transcriptional repressor [241]. 

The method utilized by ERs to inhibit NF-κB activity varies widely on the cell type and 

which pathway is being utilized to activate NF-κB. Finally, E2 can alter the use of AP-1 

elements to affect expression of genes that also contain NF-κB elements in their 

promoters [282]. E2 typically interferes with AP-1 activation through the ERE-

independent mechanism [282]. E2-bound ER is able to bind Fos and Jun to alter binding 

to AP-1 promoter elements [282]. This action is mediated primarily by ERα [282].  

However, it has been demonstrated that in some cell lines ERβ plays a more prominent 

role in the suppressive activities of E2/ER complexes, and thus, the specific ER 

responsible for regulation of gene transcription may be dependent up on cell or tissue 

type [231-233, 235-237, 252, 314, 315].  In our studies, ERα seems to be primarily 

responsible for the observed effects, as treatment with the ERα antatgonist ICI 182,780 

completely restored cytokine and chemokine production upon treatment with E2 in our 

cells.  In addition, we did not observe suppressive effects in the HEC-1A cells, which 

express TLR3 and only ERβ. 

We also demonstrated P4-mediated suppression of TLR3-induced 

proinflammatory and antiviral cytokine and chemokine production.  Like E2/ER, P4/PR is 

also able to suppress gene transcription, but the mechanisms behind P4/PR-mediated 

regulation are less well defined [250, 251, 337].  However, there is abundant evidence to 

suggest that inflammatory and immunosuppressive actions PR may be very similar to 

those of ER and GR, as antagonism of NF-κB-mediated gene transcription for both of 

these receptors occurs via several cell type- and promoter-specific mechanisms [250, 251, 
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337]. These mechanisms, as described previously, include direct or indirect (through 

CREB-binding protein) interaction between the N-terminus of p65 and DNA-binding 

domain of ER or GR, competition between ER or GR and NF-κB for several coactivators, 

such as CBP/p300 SRC-1 and ER- or GR-mediated induction of IκBα gene expression 

[232, 233, 235, 236, 238, 240, 246]. Specific studies have demonstrated that P4 can 

inhibit NF-κB activation by induction of IκBα expression was previously observed in 

human myometrial cells, macrophage cell lines] and in T47D cells [250, 251, 337]. Since 

PR is structurally very similar to ER and GR, it is likely that similar mechanisms of 

regulation of NF-κB-mediated gene transcription apply to all of these nuclear receptors. 

As mentioned above, the influence of E2 and P4 has been well documented in the 

context of NF-κB and the effects occur by a variety of mechanisms, such as interference 

with nuclear translocation, DNA binding of NF-κB in the nucleus, and specific 

interactions with associated cofactors. These mechanisms have been explored in the 

context of many cell and tissue systems, and it is known that E2 and P4 effects on NF-κB-

mediated signaling events vary depending upon the cell or tissue culture system and 

stimuli used to induce NF-κB-mediated signaling [232, 233, 235-237, 239-246, 249-251, 

282, 325]. In addition to NF-κB signaling effects, E2- and P4-mediated effects have been 

explored in the context of other signaling pathways, such as the MAP kinase pathway, 

and the mechanisms are similar to those observed for the NF-κB-mediated pathway [231-

233, 235-238, 248, 250, 252, 282]. However, E2 and P4 effects on the antiviral signaling 

pathway, involving activation and binding of IRF3 to an ISRE in the promoter of IRF3-

driven cytokines, such as IP-10 and IFNβ, have also been described [252, 285]. Several 

laboratories have shown that E2 and P4 significantly suppress production of IP-10 upon 
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induction of IP-10 transcription through stimulation [285]. Specifically, we have shown 

that E2 and P4 suppress TLR3-induced IP-10 production [279]. The IP-10 promoter 

contains an ISRE, which has been demonstrated to be essential for production of IP-10, 

and two NF-κB elements that may contribute to but are not required for production of IP-

10 { Kanda, 2003 #329}. Despite the evidence that E2 and P4 alter IP-10 production via 

interactions with ER and PR, the mechanism behind these effects, including possible 

interactions between ER, PR, and IRF-related proteins, has not been investigated. There 

has been one report of a nuclear receptor superfamily member interacting with the IRF 

signaling pathway. Glucocorticoid, through binding to GR, has been shown to mediate 

cytokine suppression through IRF3-related interactions [236, 286, 288]. Interactions 

between the G/GR and NF-kB have also been described, as detailed previously [236, 286, 

288].  Specifically, GR has been shown to bind an IRF-related co-activator to prevent 

binding of the co-activator to the transcription initiation complex [236, 286, 288]. Since 

GR has been shown to act in a manner similar to that of ER and PR, the study suggests 

that ER and PR may act in a similar manner to suppress production of IRF-driven 

cytokines by interfering with IRF-related signaling components [236, 286, 288]. 

Additionally, the interactions of ER and PR with the IRF signaling pathway may mirror 

the mechanisms of ER and PR interaction with other signaling pathways, including the 

NF-κB, MAP kinase, and GR signaling pathways. 

Our studies indicate that the endometrial steroid hormones, E2 and P4, are able to 

significantly suppress TLR3-mediated signaling outcomes through the inhibition of 

proinflammatory and antiviral gene transcription.  Although we have just begun to 

explore the mechanisms responsible for the regulation of the TLR3 signaling pathway by 
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E2 and P4, it is possible that the inhibition of TLR3-mediated responses occurs through 

hormone receptor-mediated interactions with TLR3-induced transcription factors, such as 

NF-kB and IRF3.  Several mechanisms for this regulation are possible, and further 

studies in our laboratory will begin to explore whether suppression of TLR3-induced 

responses occurs through hormone receptor-mediated blocking of transcription factor 

binding to specific sites on gene promoters, nuclear translocation of specific transcription 

factors, recruitment of coactivators or corepressors to transcription factor complexes, or 

the possible upregulation of other regulatory molecules that are able to regulate 

transcription factor functions.  These results are important, as they further our 

understanding of the role of TLR3 in the endometrium.  Since our data suggests that 

expression of TLR3, as well as other TLRs and PRRs, is highly regulated, as are 

proinflammatory and antiviral responses to TLR ligation, TLRs could be an essential part 

of immune system activation and tolerance in the endometrium as well as an important 

target in prevention and treatment of STDs. TLR responses in the endometrium could 

also contribute to development of endometrial dysfunction and modulation of those 

responses could be utilized in treatment of endometrial dysfunction.  This may be 

especially important in the context of TLR3, which is uniquely expressed during the 

window of implantation, a time during the menstrual cycle when strict regulation of the 

cytokine balance within the endometrium is critical for the establishment and 

maintenance of pregnancy. 
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FIGURE 32.  Effects of E2 and P4 on TLR3-induced proinflammatory gene  
 
transcription in RL95-2 cells.   

 
FIGURE 32.  Effects of E2 and P4 on TLR3-induced proinflammatory gene 
transcription in RL95-2 cells.  cDNA synthesized using 100 ng of RNA from RL95-2 
cells treated with ethanol vehicle, 10-8M E2, or 10-7M P for 66 hours and stimulated with 
the synthetic TLR3 ligand, Poly I:C (10 µg/ml) for the indicated time points was used to 
detect expression levels of HBD-1 (A), IL-6 (B), and RANTES (C) mRNA by real-time 
RT-PCR.  Average HBD-1, IL-6, or RANTES quantities (RQ values) ± SD from samples 
in triplicate are shown by using the housekeeping gene, HPRT, to normalize samples.  
Samples were additionally normalized to vehicle-treated controls using the relative 
quantity method (2-∆∆CT).  Error bars indicate standard deviation of three samples.  
Statistical significance (*) was determined by one-way ANOVA and the Tukey post-hoc 
test (P<0.05). 
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FIGURE 33.  Effects of E2 and P4 on TLR3-induced RANTES gene transcription in  
 
KLE cells.   

 
FIGURE 33.  Effects of E2 and P4 on TLR3-induced RANTES gene transcription in 
KLE cells.  cDNA synthesized using 100 ng of RNA from KLE cells treated with ethanol 
vehicle, 10-8M E2, 10-7M P, or a combination of E2 and P for 66 hours and stimulated 
with the synthetic TLR3 ligand, Poly I:C (10 µg/ml) for the indicated time points was 
used to detect expression levels of RANTES mRNA by real-time RT-PCR.  Average 
RANTES quantities (RQ values) ± SD from samples in triplicate are shown by using the 
housekeeping gene, HPRT, to normalize samples.  Samples were additionally normalized 
to vehicle-treated controls using the relative quantity method (2-∆∆CT).  Up-regulation of 
RANTES gene expression following stimulation of KLE cells with Poly I:C is 
demonstrated in (A).  Hormonal effects on production of RANTES mRNA expression are 
shown in (B). Experiments were repeated three times.  Data representative of three 
experiments are shown.  Error bars indicate standard deviation of three samples.  
Statistical significance (*) was determined by one-way ANOVA and the Tukey post-hoc 
test (P<0.05). 
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FIGURE 34.  Effects of E2 and P on TLR3-induced IL-6 gene transcription in  
 
primary endometrial epithelial cells.   

 
FIGURE 34.  Effects of E2 and P on TLR3-induced IL-6 gene transcription in 
primary endometrial epithelial cells.  cDNA was synthesized using 100 ng of RNA 
from primary endometrial epithelial cells isolated from patient HE592 (cycle day 9) as 
described in the Materials and Methods.  Cells were treated with ethanol vehicle, 10-8M 
E2, 10-7M P, or a combination of E2 and P for 66 hours and were stimulated with the 
synthetic TLR3 ligand, Poly I:C (10 µg/ml) for the indicated time points was used to 
detect expression levels of IL-6 mRNA by real-time RT-PCR.  Average IL-6 quantities 
(RQ values) ± SD from samples in triplicate are shown by using the housekeeping gene, 
HPRT, to normalize samples.  Samples were additionally normalized to vehicle-treated 
controls using the relative quantity method (2-∆∆CT).  Error bars indicate standard 
deviation of three qRT-PCR replicates.  Statistical significance (*) was determined by 
one-way ANOVA and the Tukey post-hoc test (P<0.05). 
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FIGURE 35.  Effects of E2 and P4 on TLR3-induced RANTES gene transcription in  
 
MCF7 cells.   

 
FIGURE 35.  Effects of E2 and P4 on TLR3-induced RANTES gene transcription in 
MCF7 cells.  cDNA synthesized using 100 ng of RNA from MCF7 cells treated with 
ethanol vehicle, 10-8M E2, 10-7M P, or a combination of E2 and P for 66 hours and 
stimulated with the synthetic TLR3 ligand, Poly I:C (10 µg/ml) for the indicated time 
points was used to detect expression levels of RANTES mRNA by real-time RT-PCR.  
Average RANTES quantities (RQ values) ± SD from samples in triplicate are shown by 
using the housekeeping gene, HPRT, to normalize samples.  Samples were additionally 
normalized to vehicle-treated controls using the relative quantity method (2-∆∆CT).  
Experiments were repeated three times.  Data representative of three experiments are 
shown.  Error bars indicate standard deviation of three samples.  Statistical significance 
(*) was determined by one-way ANOVA and the Tukey post-hoc test (P<0.05). 
 
 
 
 
 
 
 
 



 193

FIGURE 36.  Effects of E2 and P4 on TLR3-induced IP-10 gene transcription in 
RL95-2 cells.   

FIGURE 36.  Effects of E2 and P4 on TLR3-induced IP-10 gene transcription in 
RL95-2 cells.  cDNA synthesized using 100 ng of RNA from RL95-2 cells treated with 
ethanol vehicle, 10-8M E2, 10-7M P, or a combination of E2 and P4 for 66 hours and 
stimulated with the synthetic TLR3 ligand, Poly I:C (10 µg/ml) for the indicated time 
points was used to detect expression levels of IP-10 mRNA by real-time RT-PCR.  
Average IP-10 quantities (RQ values) ± SD from samples in triplicate are shown by using 
the housekeeping gene, HPRT, to normalize samples.  Samples were additionally 
normalized to vehicle-treated controls using the relative quantity method (2-∆∆CT).  
Experiments were repeated three times.  Data representative of three experiments are 
shown.  Error bars indicate standard deviation of three samples.  Statistical significance 
(*) was determined by one-way ANOVA and the Tukey post-hoc test (P<0.05). 
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FIGURE 37.  Effects of E2 and P4 on TLR3-induced IFNβ gene transcription in  
 
RL95-2 cells.   

 
FIGURE 37.  Effects of E2 and P4 on TLR3-induced IFNβ gene transcription in 
RL95-2 cells.  cDNA synthesized using 100 ng of RNA from RL95-2 cells treated with 
ethanol vehicle, 10-8M E2, 10-7M P, or a combination of E2 and P4 for 66 hours and 
stimulated with the synthetic TLR3 ligand, Poly I:C (10 µg/ml) for the indicated time 
points was used to detect expression levels of IFNβ mRNA by real-time RT-PCR.  
Average IFNβ quantities (RQ values) ± SD from samples in triplicate are shown by using 
the housekeeping gene, HPRT, to normalize samples.  Samples were additionally 
normalized to vehicle-treated controls using the relative quantity method (2-∆∆CT).  
Experiments were repeated three times.  Data representative of three experiments are 
shown.  Error bars indicate standard deviation of three samples.  Statistical significance 
(*) was determined by one-way ANOVA and the Tukey post-hoc test (P<0.05). 
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FIGURE 38.  Up-regulation of primary and secondary antiviral gene transcripts  
 
following stimulation of TLR3 in KLE cells.   

 
FIGURE 38.  Up-regulation of primary and secondary antiviral gene transcripts 
following stimulation of TLR3 in KLE cells.  cDNA synthesized using 100 ng of RNA 
from KLE cells stimulated with the synthetic TLR3 ligand, Poly I:C (10 µg/ml) for the 
indicated time points was used to detect expression levels of IP-10 (A) or OAS-2 (B) 
mRNA by real-time RT-PCR.  Average quantities (RQ values) ± SD from samples in 
triplicate are shown by using the housekeeping gene, HPRT, to normalize samples.  
Samples were additionally normalized to non-stimulated controls using the relative 
quantity method (2-∆∆CT).  Data demonstrating the up-regulation of IP-10 (A) and OAS-2 
(B) mRNA transcripts following stimulation of TLR3 are shown.  Similar results were 
obtained for additional antiviral genes, including IFNβ, ISG15, and PKR (data not 
shown).  Experiments were repeated three times.  Data representative of three 
experiments are shown.  Error bars indicate standard deviation of three samples.   
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FIGURE 39.  Effects of E2 and P4 on TLR3-induced IP-10 gene transcription in  
 
KLE cells.   

 
FIGURE 39.  Effects of E2 and P4 on TLR3-induced IP-10 gene transcription in 
KLE cells.  cDNA synthesized using 100 ng of RNA from KLE cells treated with ethanol 
vehicle, 10-8M E2, 10-7M P, or a combination of E2 and P4 for 66 hours and stimulated 
with the synthetic TLR3 ligand, Poly I:C (10 µg/ml) for the indicated time points was 
used to detect expression levels of IP-10 mRNA by real-time RT-PCR.  Average IP-10 
quantities (RQ values) ± SD from samples in triplicate are shown by using the 
housekeeping gene, HPRT, to normalize samples.  Samples were additionally normalized 
to vehicle-treated controls using the relative quantity method (2-∆∆CT).  Experiments were 
repeated three times.  Data representative of three experiments are shown.  Error bars 
indicate standard deviation of three samples.  Statistical significance (* or **) was 
determined by one-way ANOVA and the Tukey post-hoc test (P<0.05). 
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FIGURE 40.  Effects of E2 and P4 on TLR3-induced antiviral gene transcription in  
 
KLE cells.   

 
FIGURE 40.  Effects of E2 and P on TLR3-induced antiviral gene transcription in 
KLE cells.  cDNA synthesized using 100 ng of RNA from KLE cells treated with ethanol 
vehicle, 10-8M E2, 10-7M P, or a combination of E2 and P for 66 hours and stimulated 
with the synthetic TLR3 ligand, Poly I:C (10 µg/ml) for the indicated time points was 
used to detect expression levels of IFNα1 (A), IFNα7 (B), and IFNβ (C) mRNA by real-
time RT-PCR.  Average IFNα1 (A), IFNα7 (B), and IFNβ (C) quantities (RQ values) ± 
SD from samples in triplicate are shown by using the housekeeping gene, HPRT, to 
normalize samples.  Samples were additionally normalized to vehicle-treated controls 
using the relative quantity method (2-∆∆CT).  Experiments were repeated three times.  Data 
representative of three experiments are shown.  Error bars indicate standard deviation of 
three samples.  Statistical significance (*) was determined by one-way ANOVA and the 
Tukey post-hoc test (P<0.05). 
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FIGURE 41.  Effects of E2 and P4 on TLR3-induced secondary antiviral gene  
 
transcription in KLE cells.   

 
FIGURE 41.  Effects of E2 and P4 on TLR3-induced secondary antiviral gene 
transcription in KLE cells.  cDNA synthesized using 100 ng of RNA from KLE cells 
treated with ethanol vehicle, 10-8M E2, 10-7M P4, or a combination of E2 and P for 66 
hours and stimulated with the synthetic TLR3 ligand, Poly I:C (10 µg/ml) for the 
indicated time points was used to detect expression levels of OAS2 (A) and ISG15 (B) 
mRNA by real-time RT-PCR.  Average OAS2 (A) or ISG15 (B) quantities (RQ values) ± 
SD from samples in triplicate are shown by using the housekeeping gene, HPRT, to 
normalize samples.  Samples were additionally normalized to vehicle-treated controls 
using the relative quantity method (2-∆∆CT).  Experiments were repeated three times.  Data 
representative of three experiments are shown.  Error bars indicate standard deviation of 
three samples.  Statistical significance (*) was determined by one-way ANOVA and the 
Tukey post-hoc test (P<0.05). 
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FIGURE 42.  Up-regulation of primary and secondary antiviral mRNA transcripts  
 
following stimulation of TLR3 in MCF7 cells. 

 
FIGURE 42.  Up-regulation of primary and secondary antiviral mRNA transcripts 
following stimulation of TLR3 in MCF7 cells.  cDNA synthesized using 100 ng of 
RNA from MCF7 cells stimulated with the synthetic TLR3 ligand, Poly I:C (10 µg/ml) 
for the indicated time points was used to detect expression levels of IFNβ (A), PKR (B), 
or IRF7 (C) mRNA by real-time RT-PCR.  Average quantities (RQ values) ± SD from 
samples in triplicate are shown by using the housekeeping gene, HPRT, to normalize 
samples.  Samples were additionally normalized to non-stimulated controls using the 
relative quantity method (2-∆∆CT).  Data demonstrating the induction of IFNβ mRNA (A), 
PKR mRNA (B), and IRF7 mRNA (C) expression following stimulation of TLR3 are 
shown.  Similar results were obtained for other antiviral genes, including IP-10 and 
ISG15 (data not shown).  Experiments were repeated three times.  Data representative of 
three experiments are shown.  Error bars indicate standard deviation of three samples.   
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FIGURE 43.  Effects of E2 and P4 on TLR3-induced IP-10 gene transcription in  
 
MCF7 cells.   

 
FIGURE 43.  Effects of E2 and P4 on TLR3-induced IP-10 gene transcription in  
MCF7 cells.  cDNA synthesized using 100 ng of RNA from MCF7 cells treated with 
ethanol vehicle, 10-8M E2, or 10-7M P for 66 hours and stimulated with the synthetic 
TLR3 ligand, Poly I:C (10 µg/ml) for the indicated time points was used to detect 
expression levels of IP-10 mRNA by real-time RT-PCR.  Average IP-10 quantities (RQ 
values) ± SD from samples in triplicate are shown by using the housekeeping gene, 
HPRT, to normalize samples.  Samples were additionally normalized to vehicle-treated 
controls using the relative quantity method (2-∆∆CT).  Experiments were repeated three 
times.  Data representative of three experiments are shown.  Error bars indicate standard 
deviation of three samples.  Statistical significance (*) was determined by one-way 
ANOVA and the Tukey post-hoc test (P<0.05). 
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FIGURE 44.  Effects of E2 and P4 on TLR3-induced primary antiviral gene  
 
transcription in MCF7 cells.   

 
 
FIGURE 44.  Effects of E2 and P4 on TLR3-induced primary antiviral gene 
transcription in MCF7 cells.  cDNA synthesized using 100 ng of RNA from MCF7 
cells treated with ethanol vehicle, 10-8M E2, or 10-7M P4 for 66 hours and stimulated with 
the synthetic TLR3 ligand, Poly I:C (10 µg/ml) for the indicated time points was used to 
detect expression levels of IFNα1 (A) and IFNβ (B) mRNA by real-time RT-PCR.  
Average IFNα1 (A) and IFNβ (B) quantities (RQ values) ± SD from samples in triplicate 
are shown by using the housekeeping gene, HPRT, to normalize samples.  Samples were 
additionally normalized to vehicle-treated controls using the relative quantity method (2-

∆∆CT).  Experiments were repeated three times.  Data representative of three experiments 
are shown.  Error bars indicate standard deviation of three samples.  Statistical 
significance (*) was determined by one-way ANOVA and the Tukey post-hoc test 
(P<0.05). 
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FIGURE 45.  Effects of E2 and P4 on TLR3-induced secondary antiviral gene  
 
transcription in MCF7 cells.   

 
FIGURE 45.  Effects of E2 and P4 on TLR3-induced secondary antiviral gene 
transcription in MCF7 cells.  cDNA synthesized using 100 ng of RNA from MCF7 
cells treated with ethanol vehicle, 10-8M E2, or 10-7M P4 for 66 hours and stimulated with 
the synthetic TLR3 ligand, Poly I:C (10 µg/ml) for the indicated time points was used to 
detect expression levels of PKR (A), IRF7 (B), and ISG15 (C) mRNA by real-time RT-
PCR.  Average PKR (A), IRF7 (B), or ISG15 (C)  quantities (RQ values) ± SD from 
samples in triplicate are shown by using the housekeeping gene, HPRT, to normalize 
samples.  Samples were additionally normalized to vehicle-treated controls using the 
relative quantity method (2-∆∆CT).  Experiments were repeated three times.  Data 
representative of three experiments are shown.  Error bars indicate standard deviation of 
three samples.  Statistical significance (*) was determined by one-way ANOVA and the 
Tukey post-hoc test (P<0.05). 
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CHAPTER VII 
 

DISCUSSION 
 
 

 
I. Discussion 

In this study, we have observed that TLRs, TLR-associated molecules, other 

PRRs, and several TLR-induced cytokines and chemokines are expressed in the 

endometrial epithelium and contribute to immune responses [118, 121, 279, 301]. This 

observation suggests that these molecules play an important role in natural immune 

responses to pathogen in the endometrium and may be utilized in development of 

treatment and prevention strategies for STDs. Additionally, since ligation of TLRs results 

in the production of cytokines and chemokines, TLR ligation could cause significant 

alterations in the cytokine milieu of the endometruim and, therefore, may lead to the 

development of dysfunctions within the endometrium. Specifically, the ligation of certain 

TLRs, such as TLR3, has been associated with the development of TH1-type immune 

responses, which may be detrimental to normal endometrial functions, including the 

establishment and maintenance of pregnancy, which has been shown to require a TH2-

type immune environment [271, 272, 274, 277, 322].  Thus, due to the expression of 

TLRs within the endometrium and their potential ability to significantly alter the cytokine 

milieu of the endometrium, our data suggests that modulation of TLRs in the 

endometrium could be utilized in treatment and prevention of endometrial disorders such 

as endometriosis, spontaneous and habitual abortion, preterm labor, and abnormal 

menstruation. 
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Our studies have not only demonstrated the expression of TLRs and other 

molecules within the endometrium, but have also shown these molecules to be cyclically 

expressed across the menstrual cycle.  We examined endometrial samples across the 

menstrual cycle for expression of several TLRs (TLRs 2-5 and 7-9), other PRRs, (RIG-1, 

PKR), TLR-associated signaling molecules (IRF3, IRF7, and SARM), and components of 

the antiviral response (IFNα1, IFNβ, and IP-10).  Through our qRT-PCR examination of 

these samples, we found that all of the molecules examined were expressed in a cycle-

dependent manner, with most of the molecules examined demonstrating up-regulation 

during the early secretory phase.  In addition, several molecules were again up-regulated 

in the late secretory phase.   The implications of the cycle-dependent nature of the 

expression of these molecules is not known, but could be related to preparation of the 

endometrium for implantation.  For example, IP-10 has been demonstrated to play a role 

in the development of TH1-type immune responses, whereas the establishment of a TH2-

type immune environment has been shown to be important for implantation and the 

establishment of pregnancy [271, 272, 274, 277, 322].  Therefore, the downregulation of 

IP-10 during this specific phase of the menstrual cycle may work to direct the cytokine 

balance of the endometrium toward a TH2-type environment, rather than a TH1, enabling 

the endometrium to prepare for successful implantation and pregnancy.   

Interestingly, we have found that TLR3 expression in the endometrium is unique 

among the other TLRs and molecules examined because expression levels are dependent 

upon the stage of the menstrual cycle [118, 122, 268-270]. Peak expression was observed 

during the mid- and late secretory phase when the implantation window occurs and the 

expression of the other molecules examined is at baseline levels or below [118, 122, 268-
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270]. The reason for and consequences of this variance in TLR3 expression as compared 

to other TLRs expressed in the endometrium is not known, but there are numerous 

potential explanations. Maintenance of a healthy and normal endometrium requires a 

complex balance of many immunological factors, and therefore, the endometrium must 

utilize immune responses to prevent viral infection without allowing components of the 

immune response to interrupt or damage normal endometrial functions, including the 

menstrual cycle, fertilization, embryo implantation, pregnancy, and general endometrial 

health [104, 109, 112, 298]. The expression of TLR3 within the endometrium throughout 

the menstrual cycle suggests that TLR3 may be activated in response to virus in the 

endometrial innate immune system.  If the role of TLR3 in the endometrium is 

specifically involvement in immune responses to viruses that infect the reproductive tract, 

it is possible that regulation of TLR3 expression across the menstrual cycle occurs in 

order to promote the critical balance between immune activation and immune tolerance 

that is required to maintain the health of the endometrium while allowing menstruation, 

embryo implantation, and pregnancy. The endometrium undergoes vast tissue remodeling 

during the course of the menstrual cycle as the result of cycling levels of E2 and P4 [24, 

104, 108, 109, 112, 298, 301]. Since the levels of hormones, several proinflammatory and 

antiviral mediators, and PRRs fluctuates across the menstrual cycle, it is likely that 

susceptibility to disease is increased or decreased at different phases during this cycling 

[24, 104, 108, 109, 112, 298, 301]. The concept of varying disease susceptibility is 

important, as exposure to pathogen will vary depending on the exposure of the 

reproductive tract to outside pathogens. Frequency of coitus will influence exposure to 

STDs, and sperm has been demonstrated to carry pathogens into the reproductive tract 
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[104, 105, 108, 109, 298, 301]. Additionally, since hormones have been demonstrated to 

have a significant impact on the status of the endometrium through the enhancement 

and/or suppression of immune responses, fluctuations in hormone levels throughout the 

menstrual cycle are likely to influence the ability of the endometrial immune system to 

respond to pathogens [24, 104-106, 108, 109, 112, 230, 298, 301]. It is possible that 

TLR3 is up-regulated during phases of the menstrual cycle, such as the window of 

implantation, when other TLRs are downregulated due to increased frequency of 

exposure to and/or susceptibility to viral pathogens that are associated with different 

phases of the menstrual cycle. However, due to its unique expression pattern and specific 

up-regulation during the window of implantation, the possibility that TLR3 may have an 

undiscovered role in development and may be cyclically regulated for reasons 

independent of immune responses should also be considered.  A developmental role for 

TLR3 becomes increasingly possible following consideration of the expression of other 

viral-associated TLRs and PRRs across the menstrual cycle.  Other viral-associated 

molecules, such as TLR7, TLR8, RIG-1, and PKR are downregulated during the phases 

of the menstrual cycle when TLR3 is up-regulated.  If the role of TLR3 during its specific 

phases of up-regulation during the menstrual cycle were related only to the antiviral 

response, one would expect a similar up-regulation of other viral-associated molecules, 

since different viral-associated PRRs have been demonstrated to respond to different 

types and classes of virus. 

In addition to suggesting a possible important role for TLR3 in the function of the 

endometrium, our finding that TLR3 expression is cycle-dependent has important 

implications in the possible estrogen and progesterone effects on TLR3 expression and 
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responses. Research in other laboratories has demonstrated that the cyclic nature of the 

endometrium is due to direct regulation of endometrial functions by the endometrial 

steroid hormones, E2 and P4 [24, 104, 108, 109, 301].  The observed cyclic regulation of 

TLRs, TLR-associated molecules, other PRRs, and antiviral mediators suggests possible 

regulation by these hormones.  Since data suggests that hormonal effects are dependent 

upon the expression of hormone receptors, we examined our model system for expression 

of ER and PR.  We found that several of our endometrial epithelial cell lines and the 

MCF7 cell line express varying levels of ER and PR.  Additionally, we examined our 

primary endometrial epithelial cells for ERα expression across the cycle and found that 

ERα expression was also cycle-dependent, as described by other laboratories.  These 

results enabled us to further explore the relationship between cycle stage and TLR3 

expression as well as hormone regulation of TLR3 responses in our endometrial cell 

lines, primary endometrial epithelial cells, and the MCF7 cells [279].   Our analysis of 

hormone receptor expression in our model system was important, as varying levels of 

ERα, as well as ERβ and PR, may be important in the type and intensity of interactions 

with TLR3 signaling pathways in the endometrium.  We found this to be true, as we 

observed differential effects between cell lines and also between hormones in the effects 

of E2 and P4 on TLR3-mediated cytokine and chemokine production.     

We have previously demonstrated TLR3-dependent production of 

proinflammatory and antiviral cytokines and chemokines following stimulation with 

dsRNA in endometrial epithelial tissue and cell lines [118, 279].  Since we have observed 

that TLR3 is functional in our system and is expressed in a cycle-dependent manner, we 

further examined our system to begin to elucidate the role of steroid hormones is 
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modulating the expression and function of TLR3 in the endometrium.   Our results 

suggested that E2 and P4 are able to significantly alter TLR3-mediated signaling 

outcomes in the endometrium.  Specifically, we observed significant suppression of 

TLR3-induced cytokine and chemokine protein production in endometrial epithelial cell 

lines, primary endometrial epithelial cells, and the MCF7 cells.  These results suggested 

that E2 and P4 may be directly involved in the regulation of TLR3 expression and 

function across the menstrual cycle.  Additionally, these results were in agreement with 

studies performed by other laboratories, demonstrating the ability of E2 and P4 to 

suppress cytokine and chemokine production [239, 241, 243, 248, 279, 285, 287, 289, 

302, 324-327].  To determine whether the observed suppression was due to the ability of 

E2 and P4 to act directly on TLR3 in order to suppress TLR3-mediated effects, we 

examined our cell lines for TLR3 mRNA and protein expression following hormone 

treatment.  We found that E2 and P4 do not significantly alter TLR3 mRNA or protein 

expression, suggesting that hormones do not modulate TLR3 expression, but work to 

regulate TLR3 function upon stimulation by dsRNA (see Chapter V).  These results were 

important, as they indicated that the cycle-dependent expression of TLR3 was not due to 

direct modulation by steroid hormones.  However, TLR3 expression may be indirectly 

controlled by steroid hormones, through hormonal regulation of some other molecule that 

is able to directly affect the TLR3 promoter.  For example, IFNs have been demonstrated 

to up- and down-regulate TLR3 expression, and since IFNs are also regulated across the 

menstrual cycle in a cycle-dependent manner, these molecules may play a role in 

controlling the regulation of TLR3 across the cycle [338].       
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Our results demonstrated that E2 and P4 do not modulate TLR3 expression, but do 

significantly suppress TLR3-mediated proinflammatory and antiviral cytokine and 

chemokine protein production following dsRNA stimulation.  In addition, we determined 

that the observed suppression was dependent upon the expression of ER and PR, as 

treatment with ER and PR antagonists restored TLR3-mediated cytokine and chemokine 

protein production to normal levels.  We also did not observe suppressive effects from 

hormone treatment in cell lines that do not express ER and PR.  Interestingly, we did not 

observe suppressive effects in the HEC-1A cells, which express TLR3 and ERβ.  These 

results suggest that the suppressive effects mediated by E2 in our cells may be dependent 

only upon ERα.  These results were further confirmed by the utilization of the Era-

specific antagonist, ICI 182,780, which resulted in complete restoration of the 

suppressive response following stimulation of TLR3 with dsRNA.  Our findings that 

suppression in our system may be due to the specific effects of ERα versus ERβ are 

interesting as ERβ has been demonstrated to have similar suppressive functions in other 

systems [232, 233, 236, 237, 249].  However, ERα and ERβ functions have been 

reported to be variable depending on the cell or tissue type under investigation [232, 233, 

315, 339].     

E2 and P4 treatment of our endometrial epithelial cells and cell lines results in the 

suppression of TLR3-mediated responses, but not specific regulation of TLR3 expression 

[279].   Importantly, although additional samples will be required to confirm our findings, 

our results were demonstrated in primary endometrial epithelial cells as well as 

endometrial epithelial cell lines, suggesting that our in vitro results may be applicable to 

the in vivo endometrial epithelium.  These responses were also observed in the non-



 210

endometrial epithelial cell line, MCF7, demonstrating that the ability of E2 and P4 to 

suppress TLR3-mediated cytokine and chemokine production is not specifically limited 

to the endometrium [279].  Thus, these hormones are able to effectively suppress 

proinflammatory and antiviral responses generated upon ligation of TLR3.  The ability of 

E2 and P4 to modulate TLR3 function in the endometrium may be critical to the 

maintenance of a healthy and functional endometrium, as many of the cytokines and 

chemokines induced upon ligation of TLR3, such as IL-6 and IL-8, have been shown to 

be important in endometrial function [24, 112, 230].  Thus, ligation of TLR3 may 

potentially significantly alter the cytokine milieu of the endometrium.  In addition, TLR3 

has been demonstrated to be expressed during the window of implantation during the 

menstrual cycle, at phase during which abnormal responses and disruption of the 

cytokine balance within the endometrium may alter the ability of the endometrium to 

prepare and establish an environment conducive to implantation [118, 301].  Any 

response generated from ligation of TLR3 to a viral pathogen ascending the reproductive 

tract at this critical implantation time could potentially shift the cytokine balance of the 

endometrium such that implantation does not occur or so that other endometrial 

dysfunctions develop, especially since ligation of TLR3 has been demonstrated to induce 

the production of specific cytokines and chemokines associated with a TH1-type response 

rather than a TH2-response, which has been shown to be important for embryo 

implantation and the establishment of pregnancy [271, 272, 274, 277, 322].  Thus, our 

demonstration that hormones can significantly alter TLR3-induced responses suggests 

that the human endometrium employs several mechanisms to control for factors that may 
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significantly alter the immune state of the endometrium, ensuring the maintenance of a 

healthy and functional endometrium. 

Finally, we were able to further our understanding of the mechanism behind the 

ability of E2 and P4 to alter TLR3-mediated production of proinflammatory and antiviral 

cytokines and chemokines through examination of gene transcription initiated upon 

ligation of TLR3 to dsRNA.  Since we determined that E2 and P4 effects were not due to 

direct regulation of TLR3 expression, but still resulted in the suppression of TLR3-

mediated cytokine and chemokine production, we analyzed several TLR3-induced 

cytokine and chemokines at the level of RNA.  Through qRT-PCR analysis, we were able 

to demonstrate significant suppression of gene transcription for several proinflammatory 

and antiviral cytokines and chemokines following treatment with E2 and P4.  These 

results were consistent across endometrial epithelial cell lines and were also observed in 

primary endometrial epithelial cells.  Additionally, these results were confirmed in the 

breast epithelial cell line, MCF7.  Interestingly, variations were observed in the degree of 

suppression at different time points following Poly I:C stimulation in each of the cell 

lines.  Although the reason for these variances is unknown, it is possible that variations 

exist due to variations in the type of ER or PR expressed within the cell or variations in 

the mechanism behind the repression of gene transcription in each cell type.   

Several studies have examined possible mechanisms for E2/ER- and P4/PR-

mediated suppression of gene expression, and have determined that suppression may 

occur through several possible mechanisms.  We have demonstrated that E2 and P4 are 

able to effectively suppress TLR3-mediated transcription of proinflammatory genes, 

including IL-6 and RANTES.  TLR3 has been shown to initiate proinflammatory 
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responses through activation and nuclear translocation of NF-kB, as well as other 

transcription factors [54, 118-120, 193, 340].  Steroid hormones are able to influence NF-

κB-mediated signaling events by a variety of mechanisms and these mechanisms tend to 

be similar across different types of hormone receptors, such as ER, PR, and 

glucocorticoid receptor (GR) [231-233, 236-238, 246, 250, 282]. The mechanisms 

involved in ER-mediated control of NF-κB-mediated signaling events have been well 

studied.  First, E2-bound ER can inhibit IKK activity or inhibit IκB degradation, thereby, 

preventing nuclear translocation of NF-κB [236, 237, 243, 246, 247]. This can occur 

either through the inhibition of transcription of IKK activators, directly interfering with 

IKK kinase activity by unknown mechanisms, or by interfering with IκB ubiquitination 

or degradation following phosphorylation [236, 237, 243, 246, 247]. Additionally, ERα 

has been shown to up-regulate IκBα levels, which then interferes with the nuclear 

translocation of NF-κB [236, 237, 243, 246, 247].  Second, E2 can affect NF-κB events 

by interfering with the nuclear actions of NF-κB. ER can inhibit the activity of nuclear 

NF-κB by blocking NF-κB DNA binding, interfering with NF-κB co-activators such as 

Bcl-3 or p300, or it can directly bind to DNA that is bound to NF-κB [236, 237, 239, 240, 

243, 244, 246-248, 325].  Both ERα and ERβ can directly inhibit P50, c-Rel, and p65 

DNA binding [235-237, 239, 246-248, 325]. IL-6 transcription is thought to be repressed 

by ER interaction with NF-κB as well as with the co-activator, C/EBPβ [240, 244].  

However, in addition to these regulatory mechanisms, ER can recruit coactivators or 

corepressors to alter gene transcription.  For example, it has been demonstrated that 

inhibition of TNFα gene transcription occurs through the recruitment of steroid receptor 
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coactivator 2 (Src-2), which acts as a transcriptional repressor [241]. The method utilized 

by ERs to inhibit NF-κB activity varies widely on the cell type and which pathway is 

being utilized to activate NF-κB. Finally, E2 can alter the use of AP-1 elements to affect 

expression of genes that also contain NF-κB elements in their promoters [282]. E2 

typically interferes with AP-1 activation through the ERE-independent mechanism. E2-

bound ER is able to bind Fos and Jun to alter binding to AP-1 promoter elements [282]. 

This action is mediated primarily by ERα [282].  However, it has been demonstrated that 

in some cell lines ERβ plays a more prominent role in the suppressive activities of E2/ER 

complexes, and thus, the specific ER responsible for regulation of gene transcription may 

be dependent up on cell or tissue type [231-233, 235-237, 339].  In our studies, ERα 

seems to be primarily responsible for the observed effects, as treatment with the ERα 

antatgonist ICI 182,780 completely restored cytokine and chemokine production upon 

treatment with E2 in our cells.  In addition, we did not observe suppressive effects in the 

HEC-1A cells, which express TLR3 and only ERβ. 

We also demonstrated P4-mediated suppression of TLR3-induced 

proinflammatory and antiviral cytokine and chemokine production.  Like E2/ER, P4/PR is 

also able to suppress gene transcription, but the mechanisms behind P4/PR-mediated 

regulation are less well defined.  However, there is abundant evidence to suggest that 

inflammatory and immunosuppressive actions PR may be very similar to those of ER and 

GR, as antagonism of NF-κB-mediated gene transcription for both of these receptors 

occurs via several cell type- and promoter-specific mechanisms [231, 236, 250, 251, 

337]. These mechanisms, as described previously, include direct or indirect (through 
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CREB-binding protein) interaction between the N-terminus of p65 and DNA-binding 

domain of ER or GR, competition between ER or GR and NF-κB for several coactivators, 

such as CBP/p300 SRC-1 and ER- or GR-mediated induction of IκBα gene expression 

[231-233, 235-238, 250, 251, 288]. Specific studies have demonstrated that P4 can inhibit 

NF-κB activation by induction of IκBα expression was previously observed in human 

myometrial cells, macrophage cell lines and in T47D cells [231, 236, 250, 251, 337]. 

Since PR is structurally very similar to ER and GR, it is likely that similar mechanisms of 

regulation of NF-κB-mediated gene transcription apply to all of these nuclear receptors. 

In addition to regulation of TLR3-induced proinflammatory responses, we also 

demonstrated that steroid hormones are able to significantly suppress TLR3-mediated 

production of antiviral cytokines and chemokines, including components of the primary 

(type I IFNs) and secondary antiviral response (IFN-stimulated genes).  E2 and P4 effects 

on the antiviral signaling pathway, involving activation and binding of IRF3 to an ISRE 

in the promoter of IRF3-driven cytokines, such as IP-10 and IFNβ, have been described 

by a limited number of studies [285, 289]. Several laboratories have shown that E2 and P4 

significantly suppress production of IP-10 upon induction of IP-10 transcription through 

stimulation [285, 289]. Specifically, we have shown that E2 and P4 suppress TLR3-

induced IP-10 production [279]. The IP-10 promoter contains an ISRE, which has been 

demonstrated to be essential for production of IP-10, and two NF-κB elements that may 

contribute to but are not required for production of IP-10 [76, 285, 289, 290]. Despite the 

evidence that E2 and P4 alter IP-10 production via interactions with ER and PR, the 

mechanism behind these effects, including possible interactions between ER, PR, and 

IRF-related proteins, has not been investigated. There has been one report of a nuclear 



 215

receptor superfamily member interacting with the IRF signaling pathway. Glucocorticoid, 

through binding to GR, has been shown to mediate cytokine suppression through IRF3-

related interactions [286]. Interactions between the G/GR and NF-kB have also been 

described, as detailed previously [236, 286, 288].  Specifically, GR has been shown to 

bind an IRF-related co-activator to prevent binding of the co-activator to the transcription 

initiation complex [236, 286, 288]. Since GR has been shown to act in a manner similar 

to that of ER and PR, the study suggests that ER and PR may act in a similar manner to 

suppress production of IRF-driven cytokines by interfering with IRF-related signaling 

components [236, 286, 288]. Additionally, the interactions of ER and PR with the IRF 

signaling pathway may mirror the mechanisms of ER and PR interaction with other 

signaling pathways, including the NF-κB, MAP kinase, and GR signaling pathways. 

Our studies indicate that the endometrial steroid hormones, E2 and P4, are able to 

significantly suppress TLR3-mediated signaling outcomes through the inhibition of 

proinflammatory and antiviral gene transcription.  Although we have just begun to 

explore the mechanisms responsible for the regulation of the TLR3 signaling pathway by 

E2 and P4, it is possible that the inhibition of TLR3-mediated responses occurs through 

hormone receptor-mediated interactions with TLR3-induced transcription factors, such as 

NF-kB and IRF3.  Several mechanisms for this regulation are possible, and further 

studies in our laboratory will begin to explore whether suppression of TLR3-induced 

responses occurs through hormone receptor-mediated blocking of transcription factor 

binding to specific sites on gene promoters, nuclear translocation of specific transcription 

factors, recruitment of coactivators or corepressors to transcription factor complexes, or 

the possible upregulation of other regulatory molecules that are able to regulate 
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transcription factor functions.  These results are important, as they further our 

understanding of the role of TLR3 in the endometrium.  Since our data suggests that 

expression of TLR3, as well as other TLRs and PRRs, is highly regulated, as are 

proinflammatory and antiviral responses to TLR ligation, TLRs could be an essential part 

of immune system activation and tolerance in the endometrium as well as an important 

target in prevention and treatment of STDs. TLR responses in the endometrium could 

also contribute to development of endometrial dysfunction and modulation of those 

responses could be utilized in treatment of endometrial dysfunction.  This may be 

especially important in the context of TLR3, which is uniquely expressed during the 

window of implantation, a time during the menstrual cycle when strict regulation of the 

cytokine balance within the endometrium is critical for the establishment and 

maintenance of pregnancy. 

Although our results have begun to demonstrate the possible mechanisms by 

which TLR3 is expressed and regulated in the endometrium, it is unknown how TLR3 

functions in vivo during viral infection or what specific role it plays in determining the 

health of the endometrium. Our findings will allow further examination of the responses 

of TLR3 during viral infection of endometrial epithelial cells, and the role that TLR3 

activation plays in endometrial dysfunctions such as endometriosis, recurrent 

miscarriage, or infertility can be examined. Future studies examining the purpose of 

TLR3 during in vitro viral infection using viruses known to infect the endometrium can 

be used to investigate the balance between beneficial and detrimental TLR-mediated 

immune responses in the endometrium.  Additionally, we will continue to explore the 

mechanisms by which TLRs, specifically TLR3, are regulated in the endometrium by 
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endometrial steroid hormones.  This work is important, as immune responses to dsRNA 

may be altered in endometrial epithelial cells as a mechanism to control inflammatory 

and antiviral responses and promote pathogen elimination, while not breaking tolerance 

to foreign antigen such as sperm or the conceptus or causing disruption of cytokine 

milieu and endometrial dysfunction. 

Work in our laboratory over the course of this study has demonstrated that TLRs 

and steroid hormone receptors are expressed and functional in the human endometrium 

and in the breast epithelial cell line, MCF7.  Additionally, we have demonstrated that the 

TLRs expressed in the endometrium are cyclically regulated, with expression of most of 

the TLRs examined reaching a peak in expression levels during the early secretory phase, 

and in some cases, also in the late secretory phase.  TLR3 was determined to be unique in 

its cyclic expression, as it was up-regulated during the mid- to late secretory phase when 

the other TLRs examined were expressed at baseline levels or below.  This finding was 

significant, as it suggests a possible unique role for TLR3 during the window of 

implantation.  In addition to TLR expression, we also examined our endometrial samples 

for expression of TLR-associated signaling molecules (IRF3, IRF7, and SARM), other 

antiviral PRRs (PKR and RIG-1), and the antiviral cytokines, IP-10 and IFNβ.  These 

molecules were also determined to be cyclic in their expression pattern, with expression 

similar to that of the TLRs with the exception of TLR3.  Due to the unique cyclic 

expression of TLR3, we focused our studies on the regulation of TLR3 in the 

endometrium.  We had previously demonstrated that TLR3 is functional in the 

endometrium.  We furthered our study to examine the effects of steroid hormones on 

TLR3 expression and function due to the cyclic nature of its expression.  Our studies 
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demonstrated that although TLR3 expression is not directly regulated by steroid 

hormones, E2 and P4 do significantly alter TLR3-induced responses, resulting in the 

significant suppression of TLR3-mediated cytokine and chemokine gene transcription, 

which ultimately results in inhibition of TLR3-mediated cytokine and chemokine protein 

production.  Our future research will focus on determining the mechanism by which 

steroid hormones suppress TLR3-mediated gene transcription.  We hypothesize that 

steroid hormones are working in concert with steroid hormone receptors on specific 

components of the TLR3 signaling pathway, such as interference with transcription factor 

binding to TLR3-responsive gene promoters.  However, the possibility that post-

transcriptional effects also contribute to the observed suppression of TLR3-mediated 

cytokine and chemokine protein production should also be considered.     

Overall, the results of this study indicate that TLRs are cognant receptors of the 

endometrium that contribute to immune responses in the endometrial epithelium. Our 

data suggests that expression and function of TLRs in the endometrium is highly 

regulated, providing evidence that TLRs could be an essential part of immune system 

activation and tolerance in the endometrium as well as an important target in prevention 

and treatment of STDs. Additionally, our data suggests that TLR responses in the 

endometrium could contribute to development of endometrial dysfunction and 

modulation of those responses could be utilized in treatment of endometrial dysfunction.  

Finally, our data also suggests that endometrial mechanisms are present for the regulation 

of TLR-induced responses, specifically, hormone-mediated suppression of possible TLR-

mediated responses that may be detrimental to endometrial function 

II. Recommendation for Future Research 
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The results of this study clearly indicate that TLR-mediated responses in the 

human endometrium are important in immune activation of endometrial epithelial cells 

and that TLR expression and function are subject to tight regulation by endometrial 

steroid hormones. Furthermore, our data strongly suggests that TLRs could be an 

important therapeutic target in STD prevention and treatment and understanding and 

treating infertility, spontaneous or habitual abortion, cycle dysregulation, and 

inflammatory disorders of the endometrium. However, in order to develop therapeutic 

targets, a better understanding of the hormonal regulation of TLR functions and the TLR 

response in primary endometrial epithelial cells in natural disease and infection models 

must be further investigated. 

A. Chapter III 

In this chapter, we determined that the expression of TLRs, TLR-associated 

signaling molecules, other antiviral PRRs, and antiviral cytokines are cyclic nature.  

Furthermore, we established that TLR3 mRNA and protein is uniquely expressed among 

the molecules examined, in that its expression is up-regulated during the window of 

implantation when the expression of other molecules examined is at baseline levels or 

below.  Although we examined endometrial tissue for TLR3 protein across the menstrual 

cycle, we have yet to examine the expression of other TLRs and TLR-associated 

molecules at the protein level across the cycle.  In addition, due to the preliminary nature 

of our across the cycle examination, additional samples should be obtained to confirm our 

results.  We have performed functional studies for TLR3 in the human endometrium, but 

have not obtained samples to examine the function of other TLRs in the endometrium.  

Our future research will also require the examination of primary endometrial tissue for 
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the function of other cyclically expressed TLRs.  Finally, comparison of TLR expression 

between normal and diseased samples across the menstrual cycle will be required to 

determine if abnormal expression of TLRs is associated with any endometrial disorders. 

Recommendations for future research are as follows: 

1. Determine expression of all human TLRs at the protein level using IHC, 
flow cytometry, and in situ hybridization techniques. 

 
2. Examine the cycle-dependent expression of all expressed TLRs at the 

protein level using IHC, flow cytometry, and in situ hybridization 
techniques. 

 
3. Determine the expression of other TLR-associated signaling molecules at 

the RNA and protein level across the menstrual cycle using qRT-PCR, 
IHC, flow cytometry, and in situ hybridization techniques. 

 
4. Determine the functionality of all expressed TLRs in endometrial 

epithelial tissue using the appropriate TLR-specific ligands. 
 
5. Obtain samples from patients diagnosed with endometriosis or viral 

infection such as HPV and HSV and investigate any disruptions in the 
cycle-dependent TLR-expression patterns to determine if there is any 
correlation between TLR dysregulation and disease. Additionally examine 
samples from women experiencing habitual abortion and infertility and 
determine if there are any abnormalities in cyclic TLR expression. 

 
6. Infect endometrial epithelial tissue ex vivo with viruses that affect 

endometrial health and determine the impact on TLR expression in the 
endometrium. 

 
B. Chapter IV 

In this chapter we examined the expression of steroid hormone receptors in 

endometrial tissue and endometrial epithelial cell lines.  We found that ER and PR are 

differentially expressed in our endometrial cell lines.  Additionally, we found that Era 

protein is expressed in our cell lines and is also expressed in a cycle-dependent manner in 

the endometrium.  Future studies should confirm protein and cycle-dependent expression 
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for the remaining hormone receptor isoforms, ERb, PRA, and PRB.  In addition, 

differences in steroid hormone receptor localization and the contribution of specific 

hormone receptors should be examined to determine if possible differences in hormone-

mediated effects in the endometrium are due to differences in hormone receptor 

localization or the involvement of specific hormone receptors.  Future studies should also 

examine the impact of the level of hormone receptor expression on hormone-mediated 

effects in the endometrium, specifically, whether hormone-mediated effects are evident to 

a greater or lesser degree with more or less expression of hormone receptors.  This is 

important, as hormone receptors have been shown to be expressed in a cycle-dependent 

manner in the endometrium, with high and low levels of expression.  Finally, the impact 

of specific hormone receptor isotypes on hormone-mediated effects in the endoemtrium 

should be examined, as different isoforms have been demonstrated to have variable 

functions pertaining to specific cell and tissue types.  Recommendations for future 

research are as follows: 

1. Confirm protein expression of other hormone receptor isoforms, including 
ERβ, PRA, and PRB by western blot analysis. 

 
2. Examine the cyclic expression of other hormone receptor isoforms across 

the menstrual cycle using qRT-PCR. 
 

3. Determine the localization of hormone receptors in endometrial epithelial 
cells and cell lines using IHC, western blot analysis of cytoplasmic and 
nuclear extracts, and immunofluorescence.   

 
4. Examine the contribution of specific hormone receptors to hormone-

mediated responses in the endometrium by over-expressing individual 
hormone receptors and determining the subsequent hormonal effects on 
TLR signaling pathways using qRT-PCR and ELISA analysis of TLR-
mediated signaling outcomes.  These studies may be confirmed by using 
antagonists specific for each hormone receptor isoform and through 
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inhibition of specific hormone receptors using several techniques, such as 
siRNA. 

 
5. Determine the contribution of specific levels of hormone receptor 

expression on hormone-mediated effects by transfecting cell lines with 
varying concentrations of hormone receptor and analyzing hormone 
effects on TLR-mediated signaling pathways through qRT-PCR and 
ELISA.   

 
C. Chapter V 

We observed that although TLR3 expression is not directly regulated by 

endometrial steroid hormones, E2 and P4 are able to significantly suppress TLR3-

mediated proinflammatory and antiviral cytokine and chemokine protein production.  In 

addition, we found that these responses are dependent upon the expression of hormone 

receptors in the endometrium.  In our system, it appears as though E2 effects are 

mediated through ERα, as the HEC-1A cell line, which expresses TLR3 and ERβ only, 

did not respond to treatment with E2.  Furthermore, treatment with the ERα antagonist, 

ICI 182,780 completely restored cytokine and chemokine levels to that of vehicle-only 

controls.  These observations were confirmed using several endometrial epithelial cell 

lines, the non-epithelial cell line, MCF7, and in primary endometrial epithelial cells, 

suggesting that these effects are not dependent upon cell line or tissue type.  In addition 

to examining TLR3-mediated signaling outcomes in response to hormone treatment, we 

determined that hormones are also able to suppress TLR5-mediated cytokine and 

chemokine production.  Future experiments should examine the effects of steroid 

hormones on all TLRs expressed in the endometrium.  Additional experiments should 

also continue to examine hormone-mediated effects on TLR function in primary 

endometrial tissue from different phases of the menstrual cycle when TLR expression is 
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variable, as we were only able to obtain two samples large enough to perform hormone 

experiments and these experiments were specific to effects on TLR3.  These experiments 

should be performed in diseased and non-diseased patients in order to determine if 

differences in hormone-mediated effects on TLR-mediated signaling outcomes exist.  In 

addition, since TLR3-mediated signaling has been demonstrated to promote TH1-type 

responses, whole endometrial tissue containing stromal cells and immune cells should be 

examined to determine the effects of hormones on the generation of TH1-type responses 

following ligation of TLR3.  Whole tissue experiments should be performed for samples 

from patients determined to be fertile or non-fertile, since TLR3 may play a significant 

role during the window of implantation.  Experiments should also be performed in the 

context of live viral infections to determine whether hormone-mediated effects on TLR3-

induced cytokine and chemokine production can be observed using live virus.  

Recommendations for future research are as follows: 

1. Determine the effects of steroid hormones on the expression and function 
of other TLRs in endometrial epithelial cell lines using TLR-specific 
ligands and ELISA analysis of cell-free supernatants. 

 
2. Acquire a greater number of endometrial epithelial samples from each 

phase of the menstrual cycle to examine the effects of steroid hormone 
treatment on TLR-mediated cytokine and chemokine protein production 
by ELISA analysis of cell-free supernatants. 

 
3. Acquire a greater number of cycle day-specific endometrial epithelial 

samples from diseased and non-diseased patient samples. Compare the 
effects of steroid hormones on TLR-induced cytokine and chemokine 
protein production between diseased and non-diseased patient samples. 

 
4. Examine whole endometrial tissue samples containing endometrial 

epithelium, stroma, and lymphocytes to determine whether ligation of 
TLR3 results in the generation of a TH1-type immune response.  
Additionally, determine the effects of steroid hormone treatment on the 
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development of TH1-type responses following ligation of TLR3 in whole 
endometrial tissue. 

 
5. Perform experiments as described in recommendation 4 in whole 

endometrial tissue samples obtained from fertile or non-fertile patient 
samples to determine if differences between responses exist for these 
patient populations. 

 
6. Repeat experiments designed to determine the effect of steroid hormones 

on TLR3 function using live virus as a ligand for TLR3 to determine 
whether the suppression of TLR3-induced cytokine and chemokine protein 
production occurs during live infection.  Viruses to be examined should be 
those that could possibly infect and alter immune responses in the 
endometrium, such as HSV. 

 
 
D. Chapter VI 

In this chapter, we demonstrated that the suppression of TLR3-induced 

proinflammatory and antiviral cytokine and chemokine protein production in endometrial 

epithelial cells and MCF7 cells is, at least partially, due to suppression of the 

transcription of TLR3-induced cytokine and chemokine genes.  We observed significant 

suppression of the proinflammatory genes IL-6 and RANTES.  In addition, we observed 

significant suppression of genes involved in both the primary (IFNα1, IFNβ, IP-10) and 

secondary antiviral response (PKR, OAS-2, ISG15, IRF7).  However, it is unclear 

whether suppression of the secondary antiviral response with hormone treatment is due to 

the specific action of hormones on the secondary antiviral pathway or if the suppression 

is a result of the suppression of the primary antiviral response.  Future research should 

examine additional proinflammatory and antiviral mediators and other components of the 

TLR3 signaling pathway.  Additional experiments should also be performed in primary 

endometrial tissue from samples across the menstrual cycle and those from diseased and 

non-diseased as well as fertile and non-fertile patients.  In addition, the effects of 
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hormones on gene transcription mediated by other TLRs should be examined.  To further 

our understanding of the mechanisms behind hormone effects on TLR-mediated gene 

transcription, several experiments should be performed to examine interactions between 

hormone receptors and the transcription factors responsible for TLR-mediated gene 

transcription.  Since there are several possible mechanisms by which hormone receptor-

mediated suppression of TLR-induced gene transcription may occur, including 

interactions between hormone receptors and transcription factors to prevent DNA binding 

of transcription, recruitment of coactivators and/or corepressors to prevent transcription, 

and prevention of transcription factor nuclear localization, several experiments must be 

performed to determine the mechanisms responsible for suppression.  Finally, we 

observed significant suppression of both the primary and secondary antiviral response, 

but it is not clear whether hormone effects on the secondary antiviral response are the 

result of effects on the primary antiviral response or whether hormones directly affect the 

secondary antiviral signaling pathway.  Future work should also determine the 

mechanism behind hormone-mediated suppression of the secondary antiviral response.  

Recommendations for future research are as follows: 

 
1. Examine additional proinflammatory and antiviral (primary and 

secondary) cytokines and chemokines and other components of the TLR3 
signaling pathway, such as adaptor molecules and kinases, to determine 
whether additional such mediators are significantly suppressed as a result 
of hormone effects on TLR3 function.  These experiments should be 
performed using qRT-PCR, western blot, and ELISA analysis. 

   
2. Perform experiments to determine whether the observed hormone-

dependent effects on TLR3-mediated gene transcription occur following 
stimulation of other TLRs expressed in the endometrium. 
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3. Acquire additional endometrial patient samples from across the cycle in 
diseased and non-diseased patients to determine whether the observed 
suppressive effects of hormones on TLR-mediated gene transcription 
occur ex vivo and if differences exist between diseased and non-diseased 
or fertile and non-fertile patients. 

 
4. Begin to explore the mechanism behind hormone-mediated suppression of 

TLR3-induced proinflammatory gene transcription.  Determine whether 
DNA binding of NF-κB subunits to promoter elements is decreased 
following hormone treatment using ChIP assays and investigate possible 
physical interactions between hormone-bound ER and PR with NF-kB 
subunits by IP and western blot analysis.  

 
5. Determine whether hormones are able to inhibit NF-kB nuclear 

translocation through analysis of nuclear and cytoplasmic levels of NF-kB 
subunits.  

 
6. Examine whether ER and PR can directly bind NF-κB cofactors using 

antibodies to IP nuclear and cytoplasmic extracts. Perform competition 
assays to determine if ER or PR are competitively preventing binding of 
cofactors to NF-κB subunits.  

 
7. Begin to explore the mechanism behind hormone-mediated suppression of 

TLR3-induced primary antiviral gene transcription.  Examine whether 
hormone-bound ER and PR can directly interact with IRF3 proteins and 
whether the interaction occurs in the nucleus or cytoplasm.   

 
8. Investigate whether ER and PR can directly bind IRF3 proteins to prevent 

association with the ISRE. 
 
9. Determine whether ER and PR prevent binding of IRF3 cofactors to the 

transcription initiation complex.  Perform competition assays to determine 
if ER or PR are competitively preventing binding of cofactors to IRF3. 

 
10. Examine the possibility that ER and PR prevent phosphorylation and 

subsequent activation of IRF3 and determine if ER and PR are able to 
affect levels of the kinases responsible for IRF3 phosphorylation.  

 
11. Determine whether hormone-mediated effects on the secondary antiviral 

response are due to direct effects of ER and PR on the secondary antiviral 
signaling pathway (IRF7 transcription factor studies) or a result of the 
suppression of the primary antiviral response.  These experiments may be 
performed using type I IFNs to specifically stimulate the secondary 
antiviral signaling pathway under hormonal treatment.  Additionally, 
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studies to determine ER and PR effects on IRF7 may be performed as 
outlined previously for IRF3.   
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