
 

 

THE INNATE IMMUNE RESPONSE AND TOLL-LIKE RECEPTORS 

IN THE HUMAN ENDOMETRIUM 

 
 
 
 

A Dissertation 

Presented to 

the Faculty of the Graduate School 

University of Missouri-Columbia 

 
 
 
 
 

In Partial Fulfillment 

Of the Requirements for the Degree 

 

Doctor of Philosophy 

 
 
 
 
 

by 

REBECCA L. JORGENSON 

 

Dr. Michael L. Misfeldt, Dissertation Supervisor 

 

DECEMBER 2005 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Copyright by Rebecca Liv Jorgenson 2005 
All Rights Reserved 



The undersigned, appointed by the Dean of the Graduate School, 

have examined the dissertation entitled: 

THE INNATE IMMUNE SYSTEM AND TOLL-LIKE RECEPTORS 

IN THE HUMAN ENDOMETRIUM 

Presented by Rebecca Liv Jorgenson 

A candidate for the degree of Doctor of Philosophy 

And hereby certify that in their opinion it is worthy of acceptance. 



DEDICATION 
 

 
 
To my parents, Dennis and Lois, and my siblings, Wayne and Jennifer, who have 
encouraged me and have made this possible with their constant help and guidance both 
during my time as a Ph.D. candidate and throughout my life. And to the friends who have 
supported me during my career as a graduate student, without whom, this could not have 
been accomplished.



 ii

ACKNOWLEDGEMENTS 
 
 
 
I would like to express my appreciation to my adviser, Dr. Michael L. Misfeldt, for the 

opportunity he extended to me in agreeing to be my mentor and allowing me to become a 

part of his laboratory. I would additionally like to thank him for the guidance, support, 

teaching, patience, and friendship that he provided during my tenure as a Ph.D. candidate. 

I would like to thank my committee members, Dr. David Lee, Dr. David Pintel, Dr. Mark 

Estes, Dr. Mark Hannink, and Dr. Steven Young, for the advice and suggestions that have 

improved the quality of my research and knowledge as a scientist. I would particularly 

like to thank Dr. Pintel for the assistance and guidance he provided during the difficulties 

I encountered as a rotational student. I also want to acknowledge the help and guidance 

provided by members of the Cell and Immunobiology Core. 

I would like to thank my lab partner and comrade, Maggie “Peg” Lesmeister, for her 

assistance on the bench as well as intellectually. I cannot suitably express the eternal 

gratitude I feel for her decision to join my lab and make it our lab. She has made my 

experience as a graduate student more enjoyable than I ever imagined it could be. I would 

also like to acknowledge my roommate, Terri Lyddon, for her technical assistance during 

my early years as a graduate student and advice during the later years. I would like to 

express my appreciation for her contributions to this dissertation, her friendship, and for 

bringing my dog, Mia, into our home. I would also like to thank my friend and roommate, 

Erin Jarvis, for the late night support and companionship she and Caspian provided 

during the writing of my dissertation and for encouraging me to celebrate my PhD with a 

trip to Australia, New Zealand, Fiji, and Tonga. 



 iii

I would like to thank my research assistants, Leanne Drumright and Nathan Northup, for 

their contributions to my research and their friendship. I would like to thank former 

fellow MMI graduate students, Travis and India Barnard-Hook for their friendship and 

support during my early years as a graduate student. I would also like to express my 

supreme gratitude to my fellow graduate student, Jason Furrer, who has been present 

throughout my time in MMI and with whom I have shared the lab, traded advice, and 

argued the eternal MMI dilemma, “Immunology or Bacteriology?” 

Finally and most importantly, I would like to thank my parents, Dennis and Lois, my 

brother, Wayne, and his family, and my sister, Jenny, and her family, for the 

unconditional love and support they provide. The stubbornness, determination, drive, and 

independence my family instilled upon me has served me well in life and in graduate 

school. This upbringing has allowed me to live my life with the courage necessary to 

accomplish my dreams, aspirations, and desires. Without my family, none of the 

exceptional things in my life would have been possible, and I would like to express my 

love and gratitude for their everlasting presence and support in life.



 iv

TABLE OF CONTENTS 
 
 
 

ACKNOWLEDGEMENTS ............................................................................................. ii 
 
LIST OF TABLES ........................................................................................................... xi 
 
LIST OF FIGURES ........................................................................................................ xii 
 
LIST OF ABBREVIATIONS ....................................................................................... xvi 
 
ABSTRACT.................................................................................................................... xix 
 
CHAPTER I 
INTRODUCTION............................................................................................................. 1 
 
I. The Immune System ............................................................................................. 1 

 
A. The Immune Response Upon Invasion by Pathogen ......................................... 1 
B. Innate Verses Adaptive Immunity...................................................................... 2 
C. Toll-like Receptors and the Immune System ..................................................... 4 

 
II. The Proinflammatory Response .......................................................................... 5 

 
A. The Role of Cytokines and Chemokines in the Proinflammatory Response..... 5 
B. TLRs and the Proinflammatory Response ......................................................... 7 

 
III. The Antiviral Response ........................................................................................ 7 

 
A. The Primary Antiviral Response........................................................................ 8 
B. The Secondary Antiviral Response .................................................................... 9 
C. TLRs and the Antiviral Response .................................................................... 10 

 
IV. Defensins .............................................................................................................. 11 

 
A. Natural Antimicrobials..................................................................................... 12 
B. Defensin ........................................................................................................... 12 
 1. α-defensins.................................................................................................. 13 
 2. β-defensins.................................................................................................. 14 
 3. θ-defensins .................................................................................................. 16 
C. Defensin Function ............................................................................................ 16 
D. Defensin Production in Response to TLR Ligation ......................................... 17 
E. Defensins in the Human Endometrium ............................................................ 18 

 



 v

V. Mucosal Immunity .............................................................................................. 19 
 
A. Mucosal Tracts................................................................................................. 20 
B. The Mucosal Epithelium .................................................................................. 22 
C. TLRs in Mucosal Immunity ............................................................................. 23 

 
VI. Toll-like Receptors .............................................................................................. 24 

 
A. TLR Structure .................................................................................................. 26 
B. TLR Expression Patterns.................................................................................. 27 
 1. Cellular localization .................................................................................... 28 
 2. TLR isoforms .............................................................................................. 30 
 3. TLR polymorphisms ................................................................................... 31 
C. TLR Signaling.................................................................................................. 32 
D. Human TLRs.................................................................................................... 36 
 1. TLR2, TLR1, TLR6, and TLR10................................................................ 36 
 2. TLR4........................................................................................................... 37 
 3. TLR3........................................................................................................... 38 
 4. TLR5........................................................................................................... 38 
 5. TLR7 and TLR8.......................................................................................... 39 
 6. TLR9........................................................................................................... 41 

 
VII. The Endometrium ............................................................................................... 41 

 
A. Function and Structure of the Human Endometrium....................................... 42 
B, The Role of the Immune System in the Endometrium..................................... 44 
C. Disorders of the Endometrium ......................................................................... 47 
 1. Spontaneous and habitual abortion ............................................................. 47 
 2. Infertility ..................................................................................................... 49 
 3. Preterm labor............................................................................................... 50 
 4. Endometriosis ............................................................................................. 50 
D. TLRs and the Endometrium............................................................................. 51 

 
CHAPTER II 
MATERIALS & METHODS ........................................................................................ 53 
 
I. Cells and Cell Culture Methods......................................................................... 53 
 
II. Tissue Collection and Culture............................................................................ 54 
 
III. RNA Isolation ...................................................................................................... 54 
 
IV. End Point Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 
 and Electrophoresis ............................................................................................ 55 
 



 vi

V. Real-Time RT-PCR ............................................................................................ 57 
 
VI. Immunohistochemistry (IHC)............................................................................ 58 
 
VII. Cell Stimulation................................................................................................... 59 
 
VIII. Flow Cytometry................................................................................................... 59 
 
IX. Enzyme-Linked Immunosorbent Assay (ELISA) ............................................ 60 
 
X. Cytometric Bead Array (CBA) .......................................................................... 60 
 
XI. siRNA Treatment ................................................................................................ 61 
 
XIII. Transfection of Cell Lines .................................................................................. 61 
 
CHAPTER III 
TLRs ARE EXPRESSED IN ENDOMETRIAL EPITHELIUM............................... 63 
 
I. Introduction......................................................................................................... 63 
 
II. Results .................................................................................................................. 63 

 
A. Epithelial Cell Lines Express TLRs................................................................. 64 
 1. TLR1-6, TLR9, and TLR10 mRNA are expressed differentially in                 

endometrial epithelial cell lines .................................................................. 64 
 2. Expression of TLR1-6, TLR9, and TLR10 mRNA in lung and colorectal 

cell lines differs from expression in endometrial epithelial cell lines ........ 66 
 3. Expression of mRNA for TLR7 and TLR8 depends on primer design 
  in endometrial epithelial cell lines............................................................... 68 
B.Endometrial Tissue Expresses TLR mRNA...................................................... 68 
C.TLR3 Expression in the Endometrial Epithelium is Cycle-Dependent ............ 70 
 1. TLR3 mRNA expression peaks during the mid- and late secretory 
  phases .......................................................................................................... 70 
 2. TLR3 protein is expressed at the highest level in luminal epithelial and 

expression peaks during the mid- and late secretory phase ........................ 72 
 
III. Discussion............................................................................................................. 72 
 
CHAPTER IV 
HUMAN ENDOMETRIAL EPITHELIAL CELLS EXPRESS FUNCTIONAL 
TLR3 AND EXHIBIT TLR3-DEPENDENT PROINFLAMMATORY AND 
ANTIVIRAL RESPONSES TO STIMULATION WITH dsRNA ............................. 77 
 
I. Introduction......................................................................................................... 77 



 vii

 
 
II. Results .................................................................................................................. 78 

 
A. Stimulation with dsRNA Alters Expression of TLR mRNA........................... 78 
 1. Stimulation with dsRNA alters expression levels of others TLRs ............. 79 
 2. Stimulation with dsRNA alters expression levels of 
  viral-associated TLRs.................................................................................. 81 
B. Endometrial Epithelial Cell Lines Express TLR3 Both on the Cell 
 Surface and Intracellularly .............................................................................. 81 
C. Stimulation of Endometrial Epithelial Cells Lines with dsRNA Leads to 
 TLR3-Dependent Production of Proinflammatory and Antiviral Cytokines .. 84 
 1. RL95-2 cells respond to a low dose stimulation with dsRNA.................... 86 
 2. Stimulation with dsRNA induces a rapid and sustained cytokine 
  response in RL95-2 cells ............................................................................. 86 
 3. Endometrial epithelial cell lines produce proinflammatory and antiviral 

cytokines in response to stimulation with dsRNA...................................... 88 
(a) Stimulation with dsRNA induces mRNA for proinflammatory and 

antiviral cytokines in RL95-2 cells ..................................................... 90 
(b) RL95-2 cells produce an array of cytokines and chemokines in 

response to stimulation with dsRNA .................................................. 90 
 (i)   RL95-2 cells produce cytokines in response to dsRNA 
  stimulation as measured by CBA................................................. 92 
 (ii)  RL95-2 cells produce chemokines in response to dsRNA 

stimulation as measured by CBA................................................. 92 
(c) Endometrial epithelial cell lines differentially produce cytokines 
  in response to stimulation with dsRNA .............................................. 95 

 4. Responses to dsRNA in RL95-2 cells are TLR3-dependent .................... 100 
(a) PKR is expressed in both dsRNA responsive and non-responsive 
  cell line.............................................................................................. 100 
(b) TLR3 siRNAs reduce the expression of TLR3 and inhibit 
  RL95-2 responses to dsRNA ............................................................ 102 

 (i)   TLR3-specific siRNAs decrease TLR3 mRNA expression....... 102 
 (ii)  TLR3-specific siRNAs decrease TLR3 protein expression....... 104 
 (iii) TLR3-specific dsRNA inhibit production of cytokines 
  in response to stimulation with dsRNA in RL95-2 cells ........... 104 

(c) Transfection of TLR3-negative cell lines with the TLR3 gene 
  confers responsiveness to dsRNA..................................................... 107 

D. Responsiveness to dsRNA is Hormonally Regulated in the 
 RL95-2 Cell Line .......................................................................................... 110 
E. Primary Endometrial Epithelium Expresses Functional TLR3...................... 113 

 
III. Discussion........................................................................................................... 116 
 
 



 viii

 
CHAPTER V 
ENDOMETRIAL EPITHELIAL CELLS CYCLICALLY EXPRESS  
α- AND β-DEFENSINS AND REGULATE DEFENSIN EXPRESSION  
LEVELS FOLLOWING STIMULATION WITH dsRNA....................................... 121 
 
I. Introduction....................................................................................................... 121 
 
II. Results ................................................................................................................ 122 

A. Endometrial Epithelial Cells Cyclically Express α-defensins ....................... 123 
 1.Endometrial epithelial cells express HNP4 during the menstrual phase ... 125 
 2. HD5 is expressed by endometrial epithelial cells and cell lines............... 125 
 3. HD6 is not expressed by endometrial epithelial cells ............................... 127 
B. Endometrial Epithelial Cells Cyclically Express β-defensins........................ 127 
 1. HBD1 is constitutively expressed by endometrial epithelial cells 
  and cell lines and peak expression is seen during the mid- to late 
  secretory phases......................................................................................... 129 
 2. HBD2 is constitutively expressed by endometrial epithelial cells and 
  cell lines and peak expression is observed during the menstrual phase.... 129 
 3. Endometrial epithelial cells express HBD3 .............................................. 131 
 4. Endometrial epithelial cells express HBD4 .............................................. 133 
 5. HBD5 is expressed by endometrial epithelial cells during the early 

secretory phase.......................................................................................... 136 
 6. HBD6 is not expressed by endometrial epithelial cells ............................ 136 
C. dsRNA Induction of Defensins ...................................................................... 138 
 1. HD5 is down-regulated in primary endometrial epithelial cells 
  following stimulation with dsRNA ........................................................... 138 
 2. HBD1 can be up- or down-regulated following stimulation with 
  dsRNA in endometrial epithelial cells ...................................................... 140 
 3. HBD2 is up-regulated following stimulation with dsRNA in primary 

endometrial epithelial cells and cell lines ................................................. 142 
 4. HBD3 can be up- or down-regulated following stimulation with 
  dsRNA in primary endometrial epithelium............................................... 142 
 5. HBD4 can be up-regulated following stimulation with dsRNA in 
  primary endometrial epithelium ................................................................ 145 
 6. HNP4, HD6, HBD5, and HBD6 are not regulated by stimulation 
  with dsRNA in endometrial epithelial cells .............................................. 145 

 
III. Discussion........................................................................................................... 147 
 
 
 
 
 
 



 ix

CHAPTER VI 
ENDOMETRIAL EPITHELIAL CELL LINES CONSTITUTIVELY EXPRESS 
mRNA OF CYTOKINES ASSOCIATED WITH ANTIVIRAL RESPONSES ..... 150 
 
I. Introduction....................................................................................................... 150 
 
II. Results .............................................................................................................. 1533 

 
A. Endometrial Epithelial Cell Lines Differentially Up-Regulate IFNβ 
 Following Stimulation with dsRNA.............................................................. 153 
 1. RL95-2 and HEC-1-A endometrial epithelial cell lines up-regulate 
  IFNβ mRNA expression following stimulation with dsRNA................... 154 
 2. KLE, Ishikawa, and AN3 CA endometrial epithelial cells lines do not 
  up-regulate IFNβ following stimulation with dsRNA .............................. 154 
 3. Primary endometrial epithelial cells up regulate expression of IFNβ 

following stimulation with dsRNA........................................................... 156 
B. IFNα Expression Depends Upon Subtype in Endometrial Epithelial 
 Cell Lines and Does Not Appear to be Regulated by Stimulation 
 with dsRNA................................................................................................... 156 
 1. IFNα mRNA is constitutively expressed and does not respond to 

stimulation with dsRNA ........................................................................... 158 
 2. IFNα1 is expressed constitutively by RL95-2 cells but is not 
  up-regulated by stimulation with dsRNA.................................................. 158 
 3. IFNα7 is not expressed by RL95-2 cells .................................................. 161 
C. RL95-2 Cells Constitutively Express IRF7 and Exhibit Low Level Up-

Regulation of IRF7 Following Stimulation with dsRNA ............................. 161 
D. RL95-2 Cells Constitutively Express mRNA for Genes Normally 
 Expressed Only as Induced by IRF7............................................................. 164 
 1. iNOS ......................................................................................................... 166 
 2. ISG15 ........................................................................................................ 166 

 
III. Discussion........................................................................................................... 166 
 
CHAPTER VII 
FUNCTIONAL TLRs ARE EXPRESSED IN ENDOMETRIAL 
EPITHELIAL CELLS AND CELL LINES ............................................................... 171 
 
I. Introduction....................................................................................................... 171 
 
II. Results ................................................................................................................ 171 

A. TLR7 and TLR8 May Be Expressed in Endometrial Epithelial Cell Lines... 172 
 1. Endometrial epithelial cell and cell line expression of TLR7 and 
  TLR8 depends upon the primer set ........................................................... 173 
 2. Endometrial epithelial cell stimulation with dsRNA affects cell lines 

expression of TLR7 and TLR8 ................................................................. 173 



 x

 3. Stimulation with TLR7 and TLR8 ligands does not result in 
proinflammatory or antiviral responses .................................................... 174 

B. TLR9 Appears to be Expressed at the mRNA Level, but No Responses to CpG 
A, CpG B, or CpG C Were Observed in Endometrial Epithelial Cell Lines 176 

 
 
C. Endometrial Epithelial Cells and Cell Lines Differentially Express 
 TLR1, TLR2, TLR6, and TLR4 and Respond to Stimulation with 
 TLR2 and TLR4 Ligands ....................................................................................

....................................................................................................................... 177 
 1. Endometrial epithelial cell lines respond to stimulation with TLR2 
  and TLR4 ligands ...................................................................................... 178 

(a) Endometrial epithelial cell lines differentially respond to 
  stimulation with the TLR2 ligand PGN............................................ 179 
(b) KLE cells respond to stimulation with the TLR4 ligand LPS 
  in the absence of TLR4 mRNA expression ...................................... 179 

 2. Primary endometrial epithelial cells respond to stimulation with 
  the TLR4 ligand LPS................................................................................. 183 
D. Endometrial Epithelial Cells Express TLR5 and Respond to Stimulation 
 with Flagellin ................................................................................................ 183 
 1. RL95-2 but not Ishikawa cells produce cytokines and chemokines in 

response to stimulation with flagellin ....................................................... 185 
 2. Endometrial epithelial cell lines differentially respond to stimulation 
  with flagellin ............................................................................................. 188 

 
III. Discussion........................................................................................................... 189 
 
CHAPTER VIII 
DISCUSSION ................................................................................................................ 192 
 
I. Discussion........................................................................................................... 192 
 
II. Recommendations for Future Research ......................................................... 199 

A. Chapter III ...................................................................................................... 199 
B. Chapter IV...................................................................................................... 200 
C. Chapter V ....................................................................................................... 201 
D. Chapter VI...................................................................................................... 202 
E. Chapter VII..................................................................................................... 203 

 
REFERENCES.............................................................................................................. 205 
 
VITA............................................................................................................................... 236 
 
 



 xi

LIST OF TABLES 
 
 
 

Table 
 
Chapter II 
 
I PCR Primers.......................................................................................................... 56 
 
Chapter III 
 
II Expression of TLR mRNA in endometrial epihtelial cell lines. ........................... 65 
 
III Expression of TLR mRNA in lung and colorectal cell lines ................................ 67 
 
IV Expression of TLR7 and TLR8 mRNA in endometrial epithelial cell lines......... 69 
 
V Expresion of TLR mRNA in endometrial tissue................................................... 71 
 
Chapter IV 
 
VI dsRNA regulation fo TLR mRNA expression...................................................... 80 
 
VII Differential expression of TLR3 in epithelial cell lines........................................ 85 
 
Chapter V 
 
VIII Primary cells ....................................................................................................... 124 
 
IX Expression and dsRNA stimulated regulation of defensin expression 
 in endometrial epithelial cells and cell lines ....................................................... 148 
 
Chapter VII 
 
X Regulation of TLR7 and TLR8 mRNA expression following stimulation 
 with dsRNA ........................................................................................................ 175 



 xii

LIST OF FIGURES 
 
 
 

Figure 
 
Chapter III 
 
1 Endometrial epithelial cells cyclically express TLR3 mRNA.............................. 73 
 
2 Endometrial epithelial cells cyclically express TLR3 protein. ............................. 74 
 
Chapter IV 
 
3 RL95-2 cell expression of mRNA for viral-associated TLRs is altered upon 

stimulation with dsRNA ....................................................................................... 82 
 
4 TLR3 is expressed on the cell surface and intracellularly on endometrial 
 epithelial cell lines ................................................................................................ 83 
 
5 RL95-2 cells respond to low doses of Poly I:C. ................................................... 87 
 
6 RL95-2 cells exhibit a rapid and sustained response to dsRNA stimulation........ 89 
 
7 dsRNA stimulation induces rapid expression of proinflammatory and 
 antiviral cytokine mRNA...................................................................................... 91 
 
8 dsRNA stimulation induces an array of cytokines................................................ 93 
 
9 dsRNA stimulation induces an array of chemokine production ........................... 94 
 
10 dsRNA stimulation induces differential cytokine production in 
 TLR3-expressing endometrial epithelial cell lines ............................................... 96 
 
11 dsRNA stimulation induces cytokine production in TLR3-expressing 
 lung cell lines ........................................................................................................ 98 
 
12 dsRNA stimulation differentially induces cytokine production in TLR3-

expressing colorectal epithelial cell lines ............................................................. 99 
 
13 Ishikawa and RL95-2 cells express PKR............................................................ 101 
 
14 TLR3-specific siRNAs inhibit production of TLR3 mRNA .............................. 103 
 
15 TLR3-specific siRNAs inhibit production of TLR3 protein............................... 105 



 xiii

 
 
16 Treatment of RL95-2 cells with TLR3-specific siRNAs inhibits cytokine 

production in response to stimulation with dsRNA............................................ 106 
 
17 Transfection with the TLR3 gene induces expression of TLR3 mRNA 
 in Ishikawa cells.................................................................................................. 108 
 
18 Transfection with the TLR3 gene induces expression of TLR3 protein in 
 Ishikawa cells...................................................................................................... 109 
 
19 Transfection with the TLR3 gene confers dsRNA responsiveness to 
 Ishikawa cells...................................................................................................... 111 
 
20 Treatment of RL95-2 cells with estrogen and progesterone inhibits 
 production of IL-6 in responses to stimulation with dsRNA.............................. 112 
 
21 Primary endometrial epithelium expresses funcitonal TLR3 ............................. 114 
 
Chapter V 
 
22 Endometrial epithelial cells express HNP4 during the menstrual phase ............ 126 
 
23 Endometrial epithelial cells express HD5 during the mid-secretory phase ........ 128 
 
24 Endometrial epithelial cells constitutively express HBD1 with peak 
 expression seen during the mid-secretory phase................................................. 130 
 
25 Endometrial epithelial cells constitutively express HBD2 with peak 
 expression seen during the menstrual phase ....................................................... 132 
 
26 Endometrial epithelial cells express HBD3 ........................................................ 134 
 
27 Endometrial epithelial cells express HBD4 ........................................................ 135 
 
28 Endometrial epithelial cells express HBD5 during the early secretory phase .... 137 
 
29 Endometrial epithelial cells down-regulate HBD5 following stimulation 
 with dsRNA ........................................................................................................ 139 
 
30 Endometrial epithelial cells up- and down-regulate HBD1 following 
 stimulation with dsRNA ..................................................................................... 141 
 
31 Endometrial epithelial cells up-regulate HBD2 following stimulation 
 with dsRNA ........................................................................................................ 143 



 xiv

 
32 Endometrial epithelial cells regulate HBD3 expression following 
 stimulation with dsRNA ..................................................................................... 144 
 
33 Endometrial epithelial cells up-regulate HBD4 following stimulation 
 with dsRNA ........................................................................................................ 146 
 
Chapter VI 
 
34 Endometrial epithelial cells diffentially regulate IFNβ production 
 following stimulation with dsRNA..................................................................... 155 
 
35 Primary endometrial epithelial cells up-regulate IFNβ production 
 following stimulation with dsRNA..................................................................... 157 
 
 
36 Endometrial epithelial cells constitutively express IFNα mRNA but do 
 not up-regulate expression following stimulation with dsRNA ......................... 159 
 
37 RL95-2 cells constitutively express IFNα1 mRNA but do not up-regulate 

expression following stimulation with dsRNA................................................... 160 
 
38 RL95-2 cells do not express IFNα7 mRNA ....................................................... 162 
 
39 RL95-2 cells constitutively express IRF7 mRNA and slightly up-regulate 

expression following stimulation with dsRNA................................................... 163 
 
40 RL95-2 cells express IRF3 and PKR mRNA constitutively and up-regulate 
 IP-10 and PKR expression following stimulation with dsRNA ......................... 165 
 
41 RL95-2 cells constitutively express iNOS mRNA and up-regulate 
 expression following stimulation with dsRNA................................................... 167 
 
42 RL95-2 cells constitutively express ISG15 mRNA but do not up-regulate 

expression following stimulation with dsRNA................................................... 168 
 
Chapter VII 
 
43 RL95-2 and Ishikawa cells do not respond to stimulation with PGN................. 180 
 
44 Endometrial epithelial cells that express TLR2 respond differentially to 

stimulation with PGN ......................................................................................... 181 
 
45 KLE cells respond to stimulation with LPS in the absence of expression 
 of TLR4 mRNA .................................................................................................. 182 



 xv

 
46 Primary endometrial epihtelial cells respond to stimulation with LPS............... 184 
 
47 RL95-2 cells produce an array of cytokines and chemokines response to 

stimulation with flagellin .................................................................................... 186 
 
48 Endometrial epithelial cells differentially respond to stimulation with 
 flagellin ............................................................................................................... 187 
 
Chapter VIII 
 
49 Stimulation with dsRNA results in down-regulation of other TLRs in 
 endometrial epithelial cells ................................................................................. 196 
 
50 Endometrial epithelial cells exhibit altered expression and dsRNA-mediated 

regulation of proteins involved in the secondary antiviral response................... 197 



 xvi

LIST OF ABBREVIATIONS 
 
 
 
ABC Avidin-Biotinylated Enzyme Complex 
ABI Applied Biosystems 
ADCC Antibody-Dependent Cytotoxicity 
AP-1 Activator Protein 1 
APC Antigen Presenting Cell 
ARM Armadillo Repeat Motif 
ATCC American Type Culture Collection 
BALT Bronchial-Associated Lymphoid Tissues 
BCR B Cell Receptor 
BSA Bovine Serum Albumin 
CAB Coxsackie Virus B 
CARD Caspase Recruitment Domains 
CBA Cytometric Bead Array 
cDNA complimentary DNA 
COCP Combined Oral Contraceptive Pill 
COPD Chronic Obstructive Pulmonary Disorders 
CSF Colony-Stimulating Factor 
CT Cycle Threshold 
DAB 3,3-Diaminobenzidine 
DC Dendritic Cell 
DD Death Domain 
DEFT θ-defensins 
DOTAP N-[1-(2,3-Dioleoyloxy)propyl]-N,N,Ntrimethylammoniummethylsulfate 
dsRNA double-stranded RNA 
eIF-2α Eukaryotic Initiation Factor 2α 
ELISA Enzyme-Linked Immunosorbent Assay 
FACS Fluorescence-Activated Cell Sorting 
FBS Fetal Bovine Serum 
GALT Gut-Associated Lymphoid Tissues 
GM Granulocyte Macrophage 
GUS beta-Glucuronidase 
H&E Hematoxylin and Eosin 
HBD Human Beta Defensin 
HCV Hepatitis C Virus 
HD Human α-Defensin 
HIV Human Immunodeficiency Virus 
HLA Human Lymphocyte Antigen 
HNP Human Neutrophil Defensin 
HPLC High Performance Liquid Chromatography 
HPRT Hypoxanthine Guanine Phosphoribosyl Transferase 
HPV Human Papilloma Virus 



 xvii

HSP Heat Shock Protein 
HSV Herpes Simplex Virus 
I Ionomycin 
IBD Inflammatory Bowel Disease 
IFN Interferon 
IFNα/βR Interferon Alpha/Beta Receptor 
IHC Immunohistochemistry 
IKK IκB kinase 
IL Interleukin 
IL-1R Interleukin-1 Receptor 
iNOS Inducible Nitric Oxide Synthase 
IP-10 Interferon-Inducible Protein-10 
IRAK IL-1R-Associated Kinase 
IRF Interferon Regulatory Factor 
ISG15 Interferon-Stimulated Gene-15 
ISGF3 Interferson-Stimulated Gene Factor 3 
ISRE Interferon Stimulated Response Elements 
KC Cytokine-Induced Neutrophil Chemoattractant 
JNK Jun Amino-Terminal Kinase 
LIF Leukemia Inhibitory Factor 
Lox Loxoribine 
LPS Lipopolysaccharide 
LRR Leucine Rich Repeat 
LTA Lipotechoic Acid 
MAL MyD88-Adaptor-Like 
MALT Mucosal-Associated Lymphoid Tissue 
MAPK Mitogen-Activated Protein Kinase 
MCMV Mouse Cytomegalovirus 
MHC Major Histocompatibility Factor 
MMP Metalloproteinases 
MMV Mouse Minute Virus 
MyD88 Myeloid Differentiation Primary Response Gene 88 
NALT Nasal-Associated Lymphoid Tissues 
NF-κB Nuclear Factor kappa B 
NK Natural Killer 
NO Nitric Oxide 
OAS-2 2'-5'Oligoadenylate Synthetase 2 
ODN Oligodeoxynucleotides 
PAMP Pathogen-Associated Molecular Pattern 
PBS Phosphate-Buffered Saline 
PCR Polymerase Chain Reaction 
pDC Plasmacytoid Dendritic Cell 
PGN Peptidoglycan 
PID Pelvic Inflammatory Disease 
PMA Phorbol-12-Myristate-13-Acetate 



 xviii

PKR Protein Kinase RNA Regulated 
Poly I:C Polyriboinosinic:Polyribocytidylic Acid 
PRR Pattern Recognition Receptor 
pTIR pZERO-hLTR3-TIR- 
pTLR3 pUNO-hTLR3  
qRT-PCR Real-Time RT-PCR 
RANTES Regulated Upon Activation, Normal T-cell Expressed and Secreted 
RIP-1 Receptor Interacting Protein 
RIG-1 Retinoic Acid Inducible Gene 1 
RQ Relative Quantity 
RSV Respiratory Syncytial Virus 
RT Reverse Transcriptase 
SAM Sterile α Motif 
SARM SAM and HEAT-Armadillo Repeat Motif 
siRNA small inhibitory RNA 
ssU ssPolyU/LyoVec 
SLE Systemic Lupus Erythematosus 
STAT Signal Transducer and Activator of Transcription 
STD Sexually Transmitted Disease 
TAB TAK1 Binding Protein 
TAK TGF-β-Activated Kinase 
TANK TRAF Family Member-Associated NF-κB Activator 
TBK TANK Binding Kinase 
TCR T Cell Receptor 
TICAM TIR-Domain-Containing Adaptor Molecule 
TIR Toll/Interleukin-1 Receptor 
TIRAP TIR-Domain-Containing Adaptor Protein 
TLR Toll-Like Receptor 
TNFα Tumor Necrosis Factor alpha 
TRAF Tumor Necrosis Factor Receptor-Associated Factor 
TRAM TRIF-Related Adaptor Molecule 
TRIF TIR-Domain-Containing Adaptor Protein Inducing IFNβ 
UNG Uracil-N-Glycosylase 
uNK uterine NK 
VSV Vesicular Stomatitis Virus



 xix

THE INNATE IMMUNE RESPONSE AND TOLL-LIKE RECEPTORS 

IN THE HUMAN ENDOMETRIUM 

 

Rebecca Liv Jorgenson 
 
 
 

Dr. Michael L. Misfeldt, Dissertation Supervisor 
 
 
 

ABSTRACT 
 
 
 
This study examines 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 functioning of 

the human endometrium such as progression through the menstrual cycle, embryo 

implantation, and pregnancy maintenance. 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 induce alterations in cytokine 

production, TLR ligation could affect endometrial health. 

We detected mRNA expression of all TLRs except TLR10 in the human endometrial 

epithelium. Our data indicates that TLR7 and TLR8 are expressed as alternatively spliced 

variants that can be modulated by stimulation of TLR3. This suggests that TLR7 and 

TLR8 isoforms could be expressed and regulated by inflammatory stimuli. We found that 

TLR2, TLR4, and TLR5 are expressed, and that stimulation with the appropriate ligand 

induces proinflammatory responses. 
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TLR3 recognizes dsRNA (the viral genome or a product viral replication), to induce 

immune responses. We demonstrated cycle-dependent expression of TLR3 in the 

endometrium and established that dsRNA induces TLR3-dependent proinflammatory and 

antiviral responses and production of defensins. The defensins were cyclically expressed 

in non-stimulated endometrial epithelium, and we made the novel observation that HNP4 

and HBD5 are cyclically expressed in the endometrium. Defensin expression was 

modulated by dsRNA stimulation. We additionally observed that the antiviral response in 

endometrial epithelial cells was altered. Secondary antiviral response genes were 

constitutively up-regulated, and responses to dsRNA stimulation were initially robust, 

while secondary responses appeared subdued. 

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

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

protein 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 broadly classified into the adaptive and the innate 

immune systems (1, 2). Adaptive immunity mediates a delayed, specific response to 

foreign antigen while innate immunity is not antigen specific and develops immediately 

following exposure to immune stimuli (3). Adaptive immune responses are essential for 

control of pathogens that escape elimination by the innate immune response and are 

important in development of immunological memory (1, 2, 4). Because of its role in 

immune memory, the adaptive immune systems’ contributions to pathogen elimination 

and vaccine development have been widely studied (5, 6, 7). The innate immune system 

was long thought to be a non-specific inflammatory response generated during exposure 

to foreign antigen (7, 8). However, studies conducted in recent years indicate the innate 

immune response is able to discriminate between pathogen classes and direct innate and 

adaptive immune responses toward elimination of the invading pathogen (1, 2, 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 (5, 7, 9). 

A. The Immune Response Upon Invasion by Pathogen 

The innate and adaptive immune systems cooperate in controlling an invading pathogen. 

Upon infection, sentinel cells of the innate immune system recognize the presence of a 
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pathogen through binding of a PAMP to a PRR (2, 3, 8). Sentinel cells are generally 

antigen presenting cells (APC) or epithelial cells present at sites of infection such as the 

skin or mucosal membranes that express PRRs and serve to release soluble mediators of 

the immune system (4, 8, 10). After an APC, typically a dendritic cell (DC), takes up and 

processes an antigen, these cells become activated to produce cytokines and chemokines 

that will directly eliminate pathogen and alert other cells to the presence of antigen 

requiring an immune response (3, 7, 8). Activated DCs will travel to the draining lymph 

nodes where they will present antigen in the context of major histocompatibilty complex 

(MHC) to T and B cells, inducing the adaptive immune response (3, 4, 8). Activated T 

and B cells expressing T cell receptor (TCR) or B cell receptor (BCR) specific to the 

antigen presented by the DC will migrate to the site of infection due to the production of 

chemokines during the innate immune response (8). These cells will serve to eradicate 

out 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, 6). 

B. Innate Verses Adaptive Immunity 

The adaptive immune system is described as a more specific, less rapid immune response 

than the innate immune response (1, 3). While these two arms of the immune system 

serve two distinct purposes using distinct methods to eliminate pathogen, parallels 

between the two systems can be used to illustrate the mechanisms by which each system 

operates. Both the adaptive and the innate immune system use cell receptors to bind 

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

(2, 4). The adaptive immune system utilizes clonal B cell receptors (BCR or soluble 
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antibody) or TCR that have undergone germline rearrangement and recognize short 

antigenic sequences (peptides) that are specific to each individual pathogen species (3, 4). 

In contrast, the innate immune system uses PRRs to initiate immune responses to broad 

patterns (PAMPs) that are shared by classes of pathogens (2, 3, 8). 

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). 

The innate immune system is able to respond more quickly, partially, because cells of the 

innate immune system are sentinels that are surveying the body for presence of foreign 

antigen (3, 13). These cells are the first to arrive at a site of infection and alert the 

immune system to respond. However, the nature of the response of the innate immune 

system also allows it to react more quickly to pathogen. The adaptive immune system 

must receive signals from the innate immune system rather than directly from the 

pathogen (2, 3, 4, 8). 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 eliminated (3, 4, 7). Cells of the innate immune system do not 

require expansion to eliminate pathogen. Responses are immediate and usually sufficient 

to prevent establishment of infection (3). 

The other underlying difference between the innate and adaptive immune systems 

involves immunological memory. Upon secondary exposure to a pathogen, the innate 

immune response remains unaltered (3, 4). However, the adaptive immune system can 

now react more rapidly and robustly due to the presence of memory T and memory B 

cells (4, 6). Unlike the adaptive immune response, the innate immune response does not 

change with repeated exposure to the same pathogen. In fact, innate immune responses 
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are subdued upon repeated exposure to the same ligand (14, 15, 16). Homo- and 

heterotolerance by the innate immune system is thought to prevent inappropriate 

proinflammatory and autoimmune reactions to antigen. 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 (1, 3, 4). 

C. Toll-like Receptors and the Immune System 

The PRRs of the innate immune system serve 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. One important family of PRRs is the Toll-like 

receptor (TLR) family (17). TLRs recognize broad classes of PAMPS and are emerging 

as a central player in initiating and directing immune responses to pathogens (12, 17, 18). 

TLRs have been demonstrated to have a wide array of functions including initiation of 

proinflammatory responses and antiviral responses, up-regulation of costimulatory 

molecules on APCs, release of chemokines to induce migration of responder cells to the 

site of infection, and induction cross-priming of T cells by DCs (8, 17, 19, 20). TLRs 

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). TLRs have emerged as essential not only 
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in innate immune responses but also in shaping adaptive immune responses to pathogen 

(2, 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 (2, 

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) (21, 22). This results in 

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) (2, 4, 21, 22). These molecules then serve to recruit 

additional responder cells and induce a general state of inflammation. This alerts the 

immune system to the presence of a pathogen, initiates adaptive immune responses, and 

directs the appropriate immune response. 

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

Cytokines are not only an essential component of the proinflammatory immune response, 

but also act to direct cell fate. Developing or immature cells will differentiate according 

to the cytokine milieu during and in the absence of infection (23, 24). Cytokines can act 

as growth factors, chemotactic agents, apoptosis initiators, induce cellular differentiation, 

and initiate release of intracellular granules (23, 24, 25, 26). Cytokines interact with one 



 6

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 pathogen-

directed immune responses. 

IL-6 is a gp130 family cytokine produced primarily by epithelial cells, macrophages, and 

T cells that is induced upon nuclear translocation of NF-κB (27). 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 (23, 24, 27). Other family members 

include IL-11 and leukemia inhibitory factor (LIF) (28). IL-8, a CXC family chemokine, 

is also induced upon activation of NF-κB in multiple cell types including epithelial cells 

and is an important inflammatory mediator (25, 29, 30). IL-8 is a potent neutrophil 

chemoattractant that induces neutrophil degranulation and plays a significant role in 

angiogenesis (25, 29). Another important proinflammatory cytokine is TNFα, which is 

produced primarily by white blood cells but can be induced in some other cells types 

(23). TNFα induces cytolysis of tumor cells, enhances phagocytosis, modulates 

expression of IL-6, and is involved in cell-mediated immunity against bacteria and 

parasites. (23, 24, 25) Expression of TNFα is induced by IFN, but inhibited by IL-6 (23, 

25, 31). RANTES is a chemokine that is induced by TNFα and acts to enhance migration 

of monocytes and memory T cells to an endothelial site of infection (31). RANTES 

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

(31). These cytokines, as well as others, act in coordination with one another to mediate 

proinflammatory responses. 
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B. TLRs and the Proinflammatory Response 

TLR signaling induces production of many of the cytokines discussed above (21). TLRs 

have been recognized as one of the most important families of cell receptors in induction 

of immediate proinflammatory responses to a wide variety of pathogens from virus to 

bacteria to fungus. TLR ligation has been demonstrated to result in production of IL-6, 

IL-8, RANTES, and TNFα as well as other cytokines essential in development of 

adaptive immune responses such as IL-12 (21, 22). Elimination of functional TLRs 

results in organisms and cells becoming hyporesponsive to immune stimuli (17, 32). The 

consequences of this are unclear, but several human TLR polymorphisms have been 

identified that cause individuals to exhibit enhanced susceptibility to infection and 

disease. 

III. The Antiviral Response 

The antiviral response is initiated upon activation of IFN regulatory factors (IRFs) 

following exposure of cells to viral pathogen. Nuclear translocation of IRF transcription 

factors results in the production of soluble mediators (IFNs) that act in an autocrine and 

paracrine fashion to alert the immune system to the presence of virus (33). This results in 

the transcriptional activation of over 100 genes involved in controlling and eliminating 

viral pathogens (34). The antiviral response can be initiated through a variety of cell 

receptors that respond to PAMPS that indicate the presence of virus such as double-

stranded RNA (dsRNA), viral glycoproteins, and nucleic acid motifs found 

predominately in viral genomes (35, 36). The antiviral response can be divided into two 

components: the primary and secondary antiviral response (33, 36, 37). The primary 

antiviral response is initiated when IRF3 becomes phosphorylated, is translocated into the 
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nucleus, and initiates expression of Type I IFN (33, 38, 39). Upon secretion of IFN, 

autocrine and paracrine activation of cell surface expressed IFN alpha/beta receptor 

(IFNα/βR) occurs as a part of the secondary antiviral response (33, 37). This results in 

the activation of transcription factors, which enter the nucleus and bind to IFN stimulated 

response elements (ISREs) in IFN responsive genes (40). This action ultimately results in 

expression and activation of the IRF7 transcription factor, which mediates transcription 

of numerous genes associated with the antiviral response (33, 37, 41). 

A. The Primary Antiviral Response 

Initiation of the primary immune response has been primarily studied by examining the 

effect of dsRNA stimulation on immune and epithelial cells. dsRNA motifs typically seen 

only during viral infections act though intracellular receptors such as retinoic acid 

inducible gene 1 (RIG1), protein kinase RNA regulated (PKR), and TLR3 to trigger a 

signaling cascade that results not only in IRF3 phosphorylation, but often acts to induce 

NF-κB activation as well (37, 42, 43, 44). IRF3 nuclear translocation induces 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 (45, 46). 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) (47). 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 (45, 46). 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 (45). 
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B. The Secondary Antiviral Response 

Subsequent to secretion of IFNβ and IFNα1, the IFNα/βR is bound in an autocrine or 

paracrine fashion to initiate the secondary antiviral response (35, 37). This event results 

in activation of the IFN stimulated gene factor 3 (ISGF3) complex, with is composed of 

IRF9, STAT1 (signal transducer and activator of transcription), and STAT2 (35, 37). 

ISGF3 enters the nucleus, binds to ISREs and induces transcription of IRF7. IRF7 can 

then be activated by the presence of viral motifs such as dsRNA and, in conjunction with 

other transcription factors, mediates transcription of antiviral proteins such as PKR, 

Interferon-Inducible Protein-10 (IP-10), 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 genes directly involved in elimination of 

viral pathogens (34, 35, 37, 41). Additionally, transcription factors that bind to ISREs are 

up-regulated to amplify the antiviral response.  

The proteins up-regulated by the IFN response have a wide variety of functions. PKR is a 

protein kinase that can directly bind dsRNA and initiate or amplify the antiviral response 

(42). 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 (37). This 

prevents virally infected cells from translating viral mRNA and prevents cellular 

replication of the infected cell as well as the viral replication. IP-10 is a CXCL family 

chemokine involved in recruiting activated T cells to a site of infection and has been 

reported to have some antitumor effects (48). It is generally produced as a part of the 

secondary anti-viral response, but can be seen at earlier time-points as it is also induced 

by inflammatory mediators such as IL-1β or TNFα (37, 48). iNOS is an enzyme 
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responsible for production of free radical nitric oxide, which can act to kill virally 

infected or tumor cells (37, 49). ISG15 is produced by a variety of cells and acts to 

enhance proliferation and activation of NK cells (37). The up-regulation of numerous 

genes with functions both similar to and divergent from the antiviral proteins mentioned 

above allows the innate antiviral response to eliminate viral and intracellular pathogens. 

C. TLRs and the Antiviral Response 

TLRs are an important initiator of the antiviral response. 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 

(5, 47, 50, 51). dsRNA stimulation leads to TLR3 initiation of IRF3 activation, and TLR4 

is thought to recognize viral glycoproteins (17, 52). Both TLR3 and TLR4 signaling 

result in activation of IRF3, but the responses differ in both quantity and quality. TLR3 

initiates an antiviral response that is stronger and more sustained than the response 

initiated through TLR4 signaling (53, 54). 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 (55). 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 (55). Finally, TLR3, but 

not TLR4 agonists protect against intravaginal challenge with Herpes Simplex Virus 

(HSV) -2 in mouse models (56). 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 (21, 53, 54, 57). 
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TLR3 recognizes dsRNA to initiate the antiviral responses discussed above (52, 58, 59). 

Although TLR3 ligation induces a potent antiviral response, the in vivo role of TLR3 in 

viral infection is debated. TLR3 is not the only protein to recognize dsRNA and initiate 

antiviral responses. The double stranded RNA kinase, PKR, and the cytosolic RNA 

helicase, RIG1, have been demonstrated to bind dsRNA to initiate immune responses (37, 

42, 43, 44). PKR directly binds independently of sequence to dsRNA motifs as short as 

11 nucleotides through 2 RNA binding domains (37). Following dsRNA binding, PKR 

becomes autophosphorylated and then acts to phosphorylate eIF-2a, resulting in 

inhibition of protein translation initiation (37, 42). This inhibits viral replication since 

viral proteins are unable to be translated. Phosphorylation of PKR also results in 

activation of NF-κB (42). RIG1 binds dsRNA through 2 caspase recruitment domains 

(CARD) and activates the IRF3 and NF-κB transcription factors (44, 60). It is known that 

PKR is a component of the TLR3 signaling cascade, and further studies are needed to 

determine whether RIG1 and PKR represent TLR3-independent pathways that induce the 

antiviral response. 

IV. Defensins 

The defensins are a family of natural antimicrobial peptides that are expressed in the 

mucosal epithelium and act to inhibit infection by pathogenic organisms through a variety 

of mechanisms (61, 62, 63, 64, 65). Defensin peptides can be constitutively expressed in 

mucosal tissue and act as a chemical barrier to infection or can be up-regulated and 

released in response to inflammatory stimuli (61, 66, 67, 68). Once released, defensins 

can act directly as microbicidal agents or can act to initiate innate and adaptive immune 

responses to pathogen through binding of cell surface receptors or by uptake into immune 
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cells (62, 63, 64). The diversity by which defensin peptides can inhibit microbial 

infection allows these molecules to be active against an array of organisms including 

bacterial, viral, fungal, and parasitic microbes. 

A. Natural Antimicrobials 

Antimicrobial peptides are produced by multicellular organisms throughout the animal 

and plant kingdom and act as natural antibiotics during the innate immune response (63). 

These are typically amphiphathic molecules that are cationic, and have diverse structural 

characteristics usually essential for their function (61, 62, 63). Antimicrobial peptides are 

diverse both in specificity and function. Lysozyme is an antimicrobial enzyme found in 

nasal secretions that can cleave peptidogylan (PGN) (69). Lactoferrin is an iron-chelating 

molecule that demonstrates bacteriostatic effects through iron sequestration, acts as an 

antifungal and protozoa agent by increasing membrane permeability, and is an antiviral 

agent that prevents viral entry or by binding the virus itself (63, 69). The defensins are a 

family of small antimicrobials that are characterized as short (~24-48 amino acids) 

polypeptides that contain disulfide bonds and act as general antimicrobials (61, 62, 63, 

64, 65). Antimicrobial peptides generally serve to inhibit bacteria, fungus, protozoa, or 

virus from establishing an infection by preventing replication, inducing cell lysis, or 

preventing pathogen entry (63, 64, 70). Antimicrobial peptides are found primarily on 

mucosal and epithelial surfaces (sites of pathogen entry) as a component of innate 

defenses against pathogen (61, 63, 71, 72, 73). 

B. Defensin 

The defensin family is a group of evolutionarily related cysteine-rich polypeptides found 

across both the plant and animal kingdoms (63, 64). Defensins are composed of three 
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subfamilies: the α-defensins, the β-defensins, and the θ-defensins. These subfamilies are 

categorized based upon the pattern of cysteine parings (61). Defensins contain six 

cysteine residues that form three disulfide linkages. α-defensins are characterized by a 

C1-C6, C2-C4, and a C3-C5 pairing, β-defensins have a C1-C5, C2-C4, C3-C6 linkage, 

and θ-defensins are a circular defensin formed during post-translational processing of a 

mutated α-defensin gene (61, 63, 64). Defensins are expressed by many cell types and 

tissues, but are predominantly expressed by epithelial cells and neutrophils as both 

constitutively expressed protein and as inducible protein (62, 63). In addition to the 

ability to directly act as natural antibiotics, defensins perform numerous functions as 

immune mediators. Defensins act directly as chemotactic proteins and can induce the 

production of proinflammatory cytokines and chemokines (62, 63, 64). Additionally, 

defensins can act to enhance phagocytosis and activate the complement cascade, enhance 

the IgA response, induce maturation of DCs, and inhibit immunosuppressive hormone 

production (62, 63, 64). 

1. α-defensins 

The human α-defensins family is comprised of six members; four of which are termed 

neutrophil defensins and two of which were thought to be exclusively expressed in 

Paneth cells (61, 66, 74, 75). However, it is now known that all six α-defensins are 

expressed by other cells types (68, 76, 77). Mucosal epithelial cells have been shown to 

express all six α-defensins. α-defensins 1 through 4 are termed human neutrophil 

peptides (HNPs). HNP1-4 are constitutively expressed primarily in the granules 

neutrophils, and HNP1-3 are inducible in T cells (63, 76). HNP1 and HNP3 are identical, 



 14

except the first amino acid in HNP3 is an aspartic acid substitution for alanine resulting 

from a point mutation in the HNP3 gene (63). The HNP2 gene has never been 

discovered, and the protein is thought to arise from proteolytic processing of HNP1 

and/or HNP3 (63). HNP1-3 exert both anti-viral properties such as inhibition of human 

immunodeficiency virus (HIV) -1 replication, inactivation of HSV -1, and antibacterial 

properties such as Pseudomonas aeruginosa (78, 79, 80, 81, 82). HNP4 is found at the 

same chromosomal location as human α-defensins (HD) 5 and HD6, and the 

antimicrobial properties of HNP4, other than its anti-HIV-1 activity, have not been 

examined (83). HD5 and HD6 are constitutively expressed in Paneth cells and have been 

demonstrated to be constitutively expressed in human endometrial epithelial cells (61, 66, 

67, 68). However, HD5 and HD6 have been demonstrated to be involved in necrotizing 

enterocolitis and exhibit both antiviral and antibacterial properties (75, 80, 84, 85). In 

addition to acting as antimicrobial agents, α-defensins act to recruit immune cells, 

enhance cytokine production, and enhance the antigen-specific B and T cell responses 

(62, 64). 

2. β-defensins 

Human β-defensins (HBDs) are expressed primarily by epithelial cells and are generally 

slightly larger than the α-defensins (61, 62, 63). HBD1 is constitutively expressed and is 

thought to provide a preventative antimicrobial covering of mucosal epithelial (61, 63, 

86). It is active primarily against gram negative bacteria, but exhibits antimicrobial 

activity against multiple classes of organisms (75). HBD1 is not inducible by a variety of 

bacterial, viral and inflammatory stimuli and has no NF-κB or AP-1 regulatory elements 

in the gene, but does contain a NF-IL-6 and IFN-γ consensus site within the promoter 
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(63, 86). While HBD-1 is not up-regulated following exposure to recombinant IL-6 in 

lung cells, this does suggest that HBD-1 expression can be responsive to IL-6 and/or 

IFN-γ (86, 87). 

The remaining HBDs are inducible upon exposure to inflammatory stimuli. HBD2 is an 

NF-κB inducible protein, while HBD3 and HBD4 have been shown to be NF-κB 

independent (61, 62, 63). HBD2 is inducible by a variety of stimuli including dsRNA and 

LPS (63, 88, 89, 90). HBD3 is inducible by bacterial and viral products as well as 

inflammatory factors (such as cytokines), whereas HBD4 is inducible only by bacterial 

and viral products (63, 88). dsRNA induces up-regulation of HBD3, while HBD4 has not 

been demonstrated to be up-regulated by stimulation with dsRNA (63, 91). Like HBD1, 

HBD2 is primarily active against gram-negative bacteria, while HBD3 is active against 

both gram-negative and gram-positive bacteria (62, 63, 75, 86). HBD5 and HBD6 were 

recently found to be expressed exclusively in the epididymis and little is known regarding 

their expression, regulation, or function (92). The antibacterial effects of β-defensins are 

thought to be achieved by bacterial membrane disruption mediated by electrostatic 

interaction between the cationic defensin and the negatively charged phospholipids on the 

bacteria or by formation of ion channels by defensin oligomers (63, 64, 65). The β-

defensins are primarily involved in antibacterial activities, but have been demonstrated to 

exert antiviral effects as well. HBD2 and HBD3 inhibit replication of HIV-1, and HBD1 

exhibits anti-viral effects on adenovirus infection (63, 93, 94). Additionally, β-defensins 

have been implicated in inflammatory disorders such as ulcerative colitis (77, 95, 96). β-

defensins also exhibit chemotactic properties, induce production of cytokines, induce DC 

maturation, and enhance antigen-specific B and T cell responses (63). 
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3. θ-defensins 

The θ-defensins family is a three member family of arginine-rich circular defensins. 

These defensins arise from a mutated α-defensin with a stop codon between the third and 

fourth cysteine codon (62, 97, 98). Cellular processing results in the circularization of the 

θ-defensins (97, 98). The three θ-defensins (DEFTs) are encoded by two DEFT genes 

(97, 98). These θ-defensins have to date only been found in non-human primates. 

However, the genes are found and expressed in humans as are the genes for 

posttranslational processing of θ-defensins (62, 97, 98). It is unclear why the DEFT 

protein is not expressed in the human (although DEFT mRNA is expressed), but it is 

thought that these defensins possess anti-viral activity and could have uses as therapeutic 

agents. 

C. Defensin Function 

The defensins were initially identified as cationic antimicrobial peptides in rabbit and 

guinea pigs (62, 75). These peptides (the α-defensins) were later discovered to be present 

in human neutrophil granules and to be released upon neutrophil activation to act as 

natural antimicrobials (62, 64). The β-defensins were first identified in the bovine species 

about 10 years after the α-defensins were found to be expressed in human neutrophils 

(62, 75). These defensins were demonstrated to be present in human epithelium and 

possess antibacterial and antifungal characteristics. It is now known that human α- and β-

defensins exhibit antimicrobial activities against a wide variety of bacteria, fungus, 

parasites, and viruses utilizing numerous methods to prevent infection (61, 62, 63, 64, 

75). Defensins have been shown to directly cause pathogen death, block pathogen entry 
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into the cell by binding cell surface receptors necessary for pathogen entry, and inhibit 

pathogen replication (61, 62, 63, 64, 89). 

In addition to directly affecting the invading pathogen, defensins contribute to the 

immune response in a variety of ways. The defensins have been shown to act as 

chemotactic proteins (63, 64). HNP1-3, HBD3 and HBD4 recruit monocytes, HBD2 is 

chemotactic for mast cells, and several defensins have been shown to be selectively 

chemotactic for immature DCs and for effecter or memory T cells (62, 63, 64). Defensins 

also induce production of inflammatory mediators. HNP1-3 leads to production of IL-8, 

TNFα, and IL-1 as well as decreasing production of IL-10 (62, 63, 64). HNP1-3 also 

enhances macrophage phagocytosis and activates the classical pathway of complement 

(63). HBD2 is known to induce degranulation of mast cells and, in combination with 

HBD3, increase antigen-specific humoral immune responses against antigen as well as 

lead to development of antitumor immunity (62, 63, 64). 

D. Defensin Production in Response to TLR Ligation 

Human TLRs bind PAMPs to activate cell signaling pathways that generate 

proinflammatory and antiviral responses (17). TLRs accomplish this through 

dimerization with Toll/IL-1 receptor (TIR) –containing adaptor molecules, which recruit 

kinases to the receptor complex that result in the activation of NF-κB, MAPK, and IRF3 

(21). Since the promoter region of defensin genes have been demonstrated to possess not 

only NF-κB and AP-1 (a transcription factor activated by MAPK that is composed of a c-

fos and c-jun heterodimer) sites but also response elements to inflammatory cytokines, it 

was thought that TLR ligation may induce production and/or secretion of defensins (63, 

86, 87). Studies have demonstrated that TLR ligands such as lipopolysaccharide (LPS), 
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lipoprotein, PGN, dsRNA, and unmethylated CpG oligodeoxynucleotides (ODNs) induce 

production of specific β-defensins in the lung, gut, skin, and the female reproductive tract 

(63, 86, 87, 90). Additionally, β-defensins have been shown to act as a TLR4 ligand in 

the mouse (63). Production of defensins is additionally mediated by downstream products 

of the TLR signaling pathway such as IL-6 and TNFα (17, 63, 86, 88, 89). 

E. Defensins in the Human Endometrium 

The human endometrial epithelium expresses both α- and β-defensin (99). Expression of 

the defensins is altered by administration of hormones, and endometrial expression of the 

defensin molecules is dependent upon the stage of the menstrual cycle (99). The α-

defensin HD5 is expressed by endometrial epithelium with peak expression during the 

early secretory phase of the menstrual cycle (67, 68). β-defensins HBD1-4 have been 

shown to be expressed in the endometrial epithelium at varying stages of the menstrual 

cycle. HBD1 expression peaks during the secretory phase, but is expressed across the 

menstrual cycle (99). HBD2 is expressed at the maximum level during the menstrual 

phase (99). HBD3 expression reaches the highest levels during the early and late 

secretory phase and is expressed across the cycle with the lowest level seen during the 

proliferative phase (99, 100). HBD4 expression peaks during the proliferative phase and 

is seen at lower levels during the early secretory phase (99, 100). 

The administration of the combined oral contraceptive pill (COCP) results in alteration of 

the described expression patterns (99). This regulation has important implications in the 

acquisition of sexually transmitted diseases (STDs). Increased rates of disease 

transmission are reported in COCP users (99, 101). Since COCPs generally attenuate 

production of defensins, this could be a causative factor in disease susceptibility (99). 
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Additionally, uterine infection, a major contributor to preterm births, increases 

production of antimicrobial peptides, and high defensin levels are associated with 

increased preterm labor (99, 101). These observations suggest that defensins play an 

important role in the balance between prevention of infection and maintenance of 

pregnancy in the human endometrium. 

V. Mucosal Immunity 

The mucous membranes of the respiratory, gastrointestinal, and reproductive tract are 

constantly exposed to pathogen and foreign antigen. These mucosal surfaces are the 

primary sites of pathogen entry in the body (73, 102, 103). The mucosal immune system 

protects these membranes and the interior of the body from invading pathogens, while 

discriminating between foreign antigen and commensal microbes that do not require an 

immune response (102, 103, 104). Recognition and elimination of foreign antigen is 

accomplished through innate and adaptive immune responses. Avoiding overreaction to 

harmless antigen is achieved through mucosal tolerance where the antigen is either 

ignored or suppressive immune responses are activated in the mucosa (102). The mucosal 

immune system is composed of an epithelial tract capable of responding to foreign 

antigen generated during pathogen invasion, mucosal-associated lymphoid tissue 

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

response initiation, and immune cells (103, 104, 105). 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 and the B and T cells of 

the adaptive immune system (72, 103, 104, 105). The sentinel cells must distinguish 

between innocuous and detrimental antigen signals and alert the cells of the immune 
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system to the presence of an invading pathogen, while preventing immune responses to 

self antigen, harmless antigen, or antigen from commensal organisms (72, 103). 

A. Mucosal Tracts 

The respiratory, gastrointestinal, and reproductive mucosal tracts are all mucous 

membranes designed to protect the body from foreign agents. While similar, these 

mucosal membranes have adapted to the unique demands of their environment. The 

respiratory tract will encounter pathogen in a variety of forms, generally as inhaled 

antigen (106). The respiratory system is composed of the nasal, esophageal, and lung 

mucosal surfaces (103, 106). Several mechanisms have development to prevent 

establishment of infection. The respiratory tract is lined with cilia and coated with 

mucous that acts as a mechanical barrier to pathogen entry (106). The epithelial cells of 

the respiratory mucosa secrete natural antimicrobials such as defensins to provide an 

innate line of defense against pathogen (72, 73, 103, 106). The nasal-associated lymphoid 

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

where adaptive immune responses occur (103, 106). The lung is generally considered a 

“sterile” site, so if microbes advance to the lower respiratory tract, pathogen must be 

eliminated to avoid infection (103, 106). Immune responses in the respiratory tract must 

be tightly regulated as autoimmune and inflammatory disorders such as allergy, asthma, 

and chronic obstructive pulmonary disorders (COPD) can develop when tolerance to 

harmless antigens is not maintained (104, 106, 107). Tolerance in the respiratory tract is 

usually an ignorance of antigen rather than an active suppression of immune responses as 

seen in the gastrointestinal tract (104, 106). 
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The gastrointestinal tract consists of the mucosal lining of the stomach, intestines, and 

rectum. The epithelial cells of the gut mucosa compose a physical barrier to pathogen 

entry and are colonized with commensal microbes (102, 103, 105). Infection occurs when 

an invading pathogen gains entry to the gut, usually through ingestion, or when a 

commensal microbe colonizes a location normally devoid of the particular organism 

(103, 105). As in the respiratory tract, the epithelial cells form a mechanical barrier to 

pathogen entry, and specialized epithelial cells secrete a variety of natural antibiotic 

peptides to control infection (71, 72). 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 (102, 103). Oral tolerance to innocuous antigen is essential 

to prevent development of inflammatory disorders and allergy (72, 103, 104). Tolerance 

develops through a variety of mechanisms in the gastrointestinal mucosa, but generation 

of suppressive immune responses is a common tolerance mechanism utilized in 

prevention of immune reactions to non-pathogenic organisms and antigen (102, 103). 

Additionally, the gut commonly uses immune sequestration as a method of preventing 

inappropriate immune responses (108, 109, 110). 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 (111). Breaking of tolerance leads to 

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

antigens (102, 103, 111). 

The female reproductive tract 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 antigen such as semen and the conceptus (112, 113, 114, 115). The reproductive 
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mucosal immune system consists of an epithelial luminal lining with glandular crypts 

(13, 112, 116). The MALTs found in the respiratory and gastrointestinal mucosa are not 

present in the reproductive mucosal immune system (117, 118). Instead, lymphoid foci 

consisting of a core of B cells surrounded by T cells are present (117, 118). Additionally, 

the respiratory and gastrointestinal mucosa is rich in secretory IgA, while the 

reproductive mucosa expresses more IgG than IgA (112). The reproductive mucosa is 

also unique in that it undergoes constant tissue remodeling as the uterus progresses 

through the menstrual cycle (119). The entire lining of the uterus is shed approximately 

every 28 days during menstruation (119). The reproductive mucosal immune 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 immune 

molecules such as cytokines (24, 112, 115, 120). The immune system is utilized not only 

to prevent infection, but also to regulate progression through the menstrual cycle, embryo 

implantation, decidualization, and maintenance of pregnancy (24, 120). Under the control 

of estrogen and progesterone, cells of the immune system and the mucosal epithelium 

produce an array of cytokines and chemokines that form the cycle-dependent cytokine 

milieu (24, 120). Imbalances in the cytokine milieu can result in disorders such as 

endometriosis, chronic miscarriages, and infertility (24, 101, 118, 120, 121). 

B. The Mucosal Epithelium 

The epithelial lining of the mucosal immune system has emerged as an essential 

component of the immune system. It serves four concurrent functions: a barrier function, 

a secretory function, an absorptive function, and an immune function (72, 103, 106). The 

epithelium forms the lining of the cavities of the respiratory, gastrointestinal, and 
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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 (72). 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 (102, 103, 105, 122). To decrease these occurrences, the epithelium also 

utilizes physical barriers by secreting natural antimicrobial peptides such as defensins 

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

presence of foreign antigen (71, 72, 73). The epithelium can also directly recognize 

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

initiating immune responses (71, 72, 104). Additionally, epithelial cells can present 

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

pathogen (123, 124). The epithelium has long been known to serve as a mechanical 

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

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

C. TLRs in Mucosal Immunity 

TLRs are expressed on the cell surface and intracellularly in epithelial cells (17, 88, 125, 

126, 127, 128). These PRRs have emerged as an important component in regulating 

mucosal immune responses and tolerance. TLRs are essential in the initiation of the 

innate response through production of proinflammatory cytokines, 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 (17). In the lung, expression of TLRs has 

been demonstrated to be critical in the immune response to pathogens such as 
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Pseudomonas aeruginosa, Bordetella, and Haemophilus influenzae, Respiratory 

Syncytial Virus (RSV), and Influenza Virus (17, 51, 129, 130, 131, 132, 133, 134). In the 

gut, TLRs play a role in controlling Salmonella enterica, Escherichia coli, and Shigella 

dysenteriae and preventing dysentery (5, 17, 135, 136, 137). Additionally, topical agents 

used in the treatment of Human Papilloma Virus (HPV) –induced genital warts exert their 

effects through TLR ligation (138, 139). TLRs also play important roles in 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, 15, 16, 108, 109, 109, 110, 111, 

140, 141). Increases in expression levels of TLRs in nasal epithelium have been 

associated with development of disorders such as allergic rhinitis (106, 107). In the gut, 

inappropriate TLR expression occurs during the IBDs, Crohn’s Disease, and ulcerative 

colitis (142, 143, 144). TLR expression in mucosal epithelium is essential for prevention 

of infection, but must be tightly regulated to maintain mucosal tolerance and prevent 

development of autoimmune or inflammatory disorders. 

VI. 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 (145). He correctly postulated that these PAMPs must be essential 

microbial components that the microbe cannot modify and maintain fitness and that 

PAMPs are structures or molecules that are characteristic of classes of pathogen (1, 11, 

12, 145). The Toll protein was first identified as a developmental protein in Drosophila 
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and was later demonstrated to be important in immune responses to fungal and gram 

positive bacterial infections but not gram negative bacterial infections (12, 146). This 

development indicated that Toll was able to distinguish between classes of microbes in 

initiation of Drosophila immune responses. These immune responses initiated a signaling 

pathway that strongly resemble the IL-1 receptor (IL-1R) signaling pathway due to the 

conserved TIR domain found in the cytoplasmic domain of both Toll and IL-1R (12, 17). 

Following the discovery of the immune function of Toll, mammalian expression of a Toll 

homologue, TLR4, was identified (11, 12, 17). TLR4 was established to be essential in 

recognition of bacterial LPS, and the C3H/HeJ mouse strain (long known to be 

hyporesponsive to LPS) 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 

(17, 32). Subsequently, an entire family of TLRs was identified, each recognizing a 

unique microbial PAMP. The TLR family has since been identified to be essential in 

mediating adjuvant activity, alerting the immune system to the presence of pathogen and 

initiating innate immune responses, and shaping the adaptive immune responses to the 

appropriate pathogen (12, 17, 18, 19). TLRs have also been demonstrated to be involved 

in phenomena such as cross-priming of DCs that have been identified for many years, but 

the mechanisms have gone unsolved (20). 

TLRs are IL-1R family members defined by the presence of the N-terminal TIR signaling 

domain and the C-terminal leucine rich repeats (LRRs) (12, 17, 147). Most IL-1R family 

members contain TIR domains, but TLRs are unique in that other IL-1R family members 

have C-terminal IgG domains instead of LRRs (12, 17). Members of the TLR family are 

expressed ubiquitously and are found both on the cell surface and intracellularly in 
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endosomal vesicles (5, 17, 148, 149). The LRRs are extracellular for surface expressed 

TLRs or on the vesicle lumen for intracellularly expressed TLRs and are involved in 

ligand recognition (150). The TIR domain is cytoplasmic and, following ligand 

recognition, recruits TIR-containing adaptor molecules to the receptor to activate cellular 

signaling resulting in production of proinflammatory and antiviral cytokines (17). 

A. TLR Structure 

TLRs are classified based upon the presence of the LRRs and the TIR domain, but the 

structure of TLRs was unknown. Recently, the crystal structure of TLR3 has been solved 

(151). The TLR ectodomain is comprised of 19-25 tandem repeats of the LRR motif 

(150). The LRRs form a horseshoe-shaped solenoid that is highly glycosylated and 

possesses a glycosylation-free face thought to be involved in ligand binding (150, 151). 

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) (12, 17, 150, 151). These residues form the hydrophobic core of the 

solenoid structure. The ectodomains of the TLRs differ from each other in the number of 

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

and in the number and position of insertions in the LRRs (150, 151). The TLRs 

frequently contain insertions following position 10 or position 15 of the LRR (150, 151). 

These insertions are thought to contribute significantly to ligand specificity and binding 

in TLRs. 

The N-terminus of the TLR proteins contains a weakly conserved cytoplasmic 150-200 

residue TIR domain (21). The N-terminus of the TIR domain begins with a conserved 
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(F/Y)DA motif and ends 8 residues C-terminal of a conserved FW motif (32). 

Structurally, the TIR region contains 5 β-sheets, 5 α-helices, and 5 loops forming specific 

links between β-sheets and α-helices (32). The TIR domain is divided into 3 conserved 

motifs involved in different aspects of signaling and/or receptor interactions (21, 32, 152, 

153). The residues in Box 1 (consensus sequence FDAFISY) are not highly conserved 

between TLRs, and this region is thought to be involved in receptor oligermization as 

well as signaling specificity (32, 153). Box 2 (consensus sequence GYKLC-RD-PG) is 

implicated in oligermization of the TLR adapter molecules utilized in the TLR signaling 

cascade (32, 153). 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) TLR adapter molecule (32, 152). In the C3H/HeJ mouse, a P to H 

point mutation at this position in the TLR4 protein results in hyporesponsiveness to LPS 

(21, 32). This residue is conserved between all the TLRs except TLR3. Due the presence 

of an A instead of P, TLR3 is the only receptor that does not utilize MyD88 for signaling 

(154). The third box (a conserved W surrounded by basic residues), is required for TLR 

function and is involved in receptor localization and/or connecting the TIR domains of 

the adaptor molecules the TLR (32, 153). 

B. TLR Expression Patterns 

Examination of cell-specific expression of TLRs has indicated the TLRs are expressed 

ubiquitously, meaning that all tissues examined express at least one TLR. However, 

expression of individual TLRs differs greatly between cell types and subsets and 

activation state of the cell (5, 17, 148, 155). For example, human monocytes and 

macrophages express all the TLRs except TLR3, while DC expression of TLRs depends 
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upon the subset of the DC (5, 17, 148, 155). Plasmacytoid DCs (pDCs) express TLR7 

and TLR9, whereas myeloid DCs express TLR1, TLR2, TLR4, TLR5, and TLR8 (17, 

155). These expression patterns alter as DCs mature with TLR3 being expressed only in 

mature DCs (17). 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 (17, 148). 

Expression differences in TLRs are not limited to 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 (109, 111). In intestinal epithelium, expression of TLR5 is limited to the 

basolateral surface rather than the apical surface (111). This could serve to prevent 

deleterious immune responses since the apical surface is in constant contact with 

commensal organisms while the basolateral surface comes in contact with penetrating 

pathogen species (108, 109, 111). The expression levels of TLRs are also tightly 

regulated in mucosal tissues to prevent inappropriate immune responses (14, 15, 141, 

142, 143). TLR4 is expressed at extremely low levels, possibly to prevent strong 

inflammatory reactions to commensal bacteria (5, 17, 110, 142, 143). In chronic 

inflammatory diseases such as IBD, elevated levels of TLR4 have been reported 

supporting the hypothesis that low expression of TLRs is utilized as a tolerance 

mechanism in mucosal epithelium (110, 142). 

1. Cellular localization 

The TLRs show differences in cellular localization depending on the TLR and the cell 

type in which the TLR is expressed. TLRs may be expressed as cell surface receptors or 
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as intracellular receptors expressed on endosomal vesicles (5, 17, 156, 157). TLRs that 

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

are expressed on the cell surface (5, 17). Some TLR expression can be seen in the golgi 

apparatus, but it is postulated that this expression is not required for signaling and simply 

represents a steady-state TLR pool (158). The TLRs known to recognize nucleic acid 

motifs (TLR3, TLR7, TLR8, and TLR9) are expressed primarily in endosomal vesicles 

(5, 17). TLR chimera studies have identified the cytoplasmic tail as providing the cellular 

localization signal for most TLRs (149). TLR3 is unique in its cellular localization in that 

it has been found to be both surface and intracellularly expressed depending on the cell 

type. In a human fibroblast cell line, TLR3 was demonstrated to be surface expressed 

(156). However, in human myeloid DCs, expression was localized to endosomal vesicles 

(157). Cellular localization of TLR3 has been demonstrated to be dependent upon a 

cytoplasmic linker region located in Box 3 of the TIR domain (159, 160). This was 

demonstrated in transfected cells where mutations in this region resulted in loss of 

intracellular expression (159, 160). However, linker region is not conserved across TLR 

species, since the TLR7 localization signal was demonstrated to in the transmembrane 

domain (160). Due to the strong homology of this region between TLR7, TLR8, and 

TLR9, it is postulated that TLR8 and TLR9 also are localized to endosomal vesicles 

through a signal in their transmembrane domains (17, 160). 

TLR expression levels in individual cells and tissues are tightly controlled and are 

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. This balance has been most closely studied 
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in the respiratory tract and the intestine. Several studies demonstrated that TLR2 and 

TLR4 are expressed at very low levels in mucosal epithelium that is regularly exposed to 

pathogen such as in apical intestinal epithelium or in nasal mucosal epithelium (14, 15, 

111, 143). The responses to TLR ligation in these cells is generally muted and repeated 

exposure to antigen results in both homo- and heterotolerance (16, 110, 143). Increases in 

expression levels of these TLRs are highly associated with disorders such as allergy and 

inflammatory gut and lung diseases (107, 143, 161). TLR3 and TLR5, on the other hand, 

are usually highly expressed in both diseased and non-diseased patients, although, TLR5 

does exhibit polarized expression in the gut (110, 111, 142). 

2. TLR isoforms 

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

intact protein (162). Alternatively spliced mRNA leads to production of the following 

numbers of known isoforms as identified by sequencing of mRNA transcript and protein 

sequences for each TLR: TLR1 produces 4, TLR2 produces 6, TLR3 produces 5, TLR4 

produces 7, TLR5 produces 4, TLR6 produces 1, TLR7 produces 2, TLR8 produces 2, 

TLR9 produces 7, and TLR10 produces 4 {158, 314, 148, 811, 

http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly}. Although in vivo expression 

and/or function has not been demonstrated for all these isoforms, several isoforms have 

been detected in vivo and been demonstrated to alter the properties of TLR expression 

and function. A TLR4 isoform has been identified in mice that results in expression of a 

truncated soluble form of TLR4 that acts to inhibit responses to LPS (163). Additionally, 

a soluble TLR2 isoform has been identified in the human that inhibits TLR2 responses 

(164). Two isoforms of both TLR3 and TLR9 have been identified. The TLR3 isoforms 
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exhibit differences in the LRR region and are thought to be involved in differences in 

TLR3 ligand recognition, while the TLR9 isoforms have not been identified to serve a 

specific function (162, 165, 166). Five mRNA splice variant species have been identified 

for TLR2 and are thought to be involved in regulation of translation (167). Alternative 

splice variants of TLR7 have been identified in human, mouse, and chicken, but the 

function of these variants is unknown (168). The expression of TLR isoforms and effect 

they have on TLR function has not been extensively studied, but could provide 

explanations for the ability of a TLR alter its expression, ligand specificity, and function 

in different cell types. 

3. TLR polymorphisms 

Unlike TLR isoforms, polymorphisms in human TLR human genes have been 

extensively studied. TLR polymorphisms are linked with increased susceptibility to 

infection with pathogen. TLR4 polymorphisms (Asp299Gly) are associated with 

increased susceptibility to Candida albicans, gram negative infections, acute coronary 

events, and septic shock (169, 170, 171). TLR 5 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 (172, 173). 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 (171, 

174, 175, 176, 177). In addition to the increased susceptibility to infectious disease, the 

presence of TLR polymorphisms is implicated in development of autoimmune and 

inflammatory disorders as well. TLR4 polymorphisms (Asp299Gly) have been identified 
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in association with atherosclerotic diseases, Crohn’s disease, and ulcerative colitis (171, 

178, 179). The TLR4 mutation is linked to both increased and decreased risk for 

atherosclerosis depending on the genetic background of the individual (169, 171). 

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 erythematosus (SLE) (171, 180). TLR3 

polymorphisms (2593 C/T, 2642 C/A, and 2690 A/G) have been associated with 

development of Type I Diabetes (181). Ultimately, TLR polymorphisms impact both 

disease resistance and development of immune disorders, indicating the importance of 

TLRs in development of immunity and maintenance of tolerance. 

C. TLR Signaling 

TLR signaling pathways have been extensively studied. The TLRs all contain a TIR 

signaling domain that interacts with the TIR domains of TLR adaptor molecules (21, 22, 

57). There are currently 5 TLR adaptor molecules that have been identified (182). 

MyD88 was the first identified TLR adapter molecule. It 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 (57). MyD88 is utilized by 

all the TLRs except TLR3 (17, 21, 22). 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 (17, 21, 22, 57, 183). 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 (21, 22). However, IFN induction by TLR7 and TLR9 ligation is dependent upon 
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MyD88 expression (57, 184, 185, 186). 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. It contains a TIR 

domain but no DD (57, 182, 187). 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 (166, 183, 187). It has since been determined that 

TIRAP is utilized in the downstream signaling pathways for TLR4 and TLR2 but not 

other TLRs (21, 22, 57, 183). 

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

containing adaptor molecule (TICAM) 1 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 (57, 187, 188, 189). This protein is utilized 

by both TLR3 and TLR4, although, the recruitment of downstream signaling components 

differs depending on the TLR (21, 57, 189, 190). TRIF signaling results in 

phosphorylation of the IRF3 transcription factor as well as activation of NF-κB (21, 57, 

189, 190). It is unclear why TLR4 requires MyD88, TIRAP, and TRIF to activate NF-κB 

events while other TLRs require only MyD88 (21, 22, 183). 

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

(TRAM) or TICAM-2 (57, 190, 191). TRAM associates with TRIF in the TLR4 signaling 
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pathway but not in the TLR3 signaling pathway (191). In the absence of TRAM, TLR4 

signaling results in decreased activation of IRF3, suggesting its involvement in the 

MyD88-independent/TRIF-dependent signaling cascade (21, 57, 191). The production of 

inflammatory cytokines was also reduced when TRAM was not expressed (21, 57, 191). 

However, dsRNA signaling mediated through TLR3 was unaffected by TRAM 

deficiency (183, 191). TRAM has only been demonstrated to be involved in the TLR4 

signaling pathway (21, 57, 191). 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 (182, 192). 

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 (21, 22, 183). The IRAKs 

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

(TRAF) 6. TRAF6 forms a complex with ubiquitin-conjugating enzymes and acts as an 

E3 ligase, activating the MAPKKK family member, TGF-β-activated kinase (TAK) 1 

(21, 22, 183). 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 (21, 22, 183). These signaling interactions result in the 

activation of the NF-κB and AP-1 transcription factors (21, 22, 183). Nuclear 

translocation of NF-κB factors is essential for production of proinflammatory cytokines 

by TLR ligation (21, 22, 183). In TLR4 and TLR2 signaling, TIRAP is utilized in 

recruitment of the signaling molecules required for NF-κB activation (21, 22, 57, 183). 
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TLR4 additionally utilizes TRIF and TRAM in activation for the IRF3 transcription 

factor (discussed below) (21, 22, 57, 183). 

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

as described above (21, 22, 183). Instead, TLR3 uses the adaptor molecule TRIF to 

independently mediate NF-κB, IRF3, jun amino-terminal kinase (JNK) and p38 

activation (193, 194). TRIF does not recruit any members of the IRAK family as it does 

not contain a DD (21, 195). Instead, TRIF directly recruits TRAF6 to the signaling 

complex to initiate NF-κB activation (195). Interference with TRAF6 recruitment does 

not negatively affect IRF3 activation (196). TRAF6 recruits TAK1, TAB2, and PKR 

resulting in release of the signaling complex from the receptor and activation of NF-κB 

and MAP kinases (JNK and p38) involved in binding to AP-1 sites (21, 183, 196). 

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 (21, 183). 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 (197, 198). 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 (21, 22, 197). TRIF-mediated IRF3 activation 

following TLR4 ligation does not proceed with the same pathway (53). 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 (21, 55). 
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D. Human TLRs 

To date, 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 (17, 18, 199). Some 

TLRs are similar between the mouse and the human, whereas others exhibit striking 

differences that make comparisons between human and murine systems difficult. 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 components across species (200, 201). Additionally, the TLRs recognize and 

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

susceptibility to different diseases between species. 

1. TLR2, TLR1, TLR6, and TLR10 

TLRs form both homo- and heterodimers to allow ligand recognition and appropriate 

cellular signaling. TLR2 forms heterodimers with both TLR1 and TLR6 in recognition of 

bacterial lipoproteins and has recently been demonstrated to form a heterodimer with 

TLR10 (17, 202). However, the ligand that utilizes the TLR2/TLR10 dimer is unknown, 

and TLR10 remains the only orphan TLR (11, 17, 147, 202). The TLR2/TLR1 

heterodimers recognizes tri-acyl lipoproteins that are primarily found in mycobacterium 

as well as soluble factors from Neisseria meningitides (11, 17, 147). TLR2/TLR6 

heterodimers are involved in recognition of di-acyl lipoproteins such as MALP-2 found 

in mycoplasma species (11, 17, 147). 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 
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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 

(11, 17, 147). Studies in mice indicate that in the absence of TLR2, mice exhibit greater 

susceptibility to gram positive bacteria and spirochetes such as Borrelia burgdorferi (11, 

17, 147). It is unclear for the majority of TLR2 ligands whether TLR2 is forming 

homodimers or if TLR1, TLR6, and/or TLR10 are involved in ligation of these motifs. 

TLR2 has also been demonstrated to recognize self antigens such as Heat Shock Protein 

70 (HSP70) (11, 17, 147). 

2. TLR4 

TLR4 forms a homodimer in recognition of bacterial LPS (11, 17, 147). 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 

(129). 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 (11, 17, 51, 147). TLR4 recognizes an array of host-derived 

molecules including HSP60, HSP70, fibronectin, hyaluronic acid, and fibrinogen (11, 17, 

147). 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 

(203). 
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3. TLR3 

TLR3 is involved in recognition of dsRNA motifs (59). 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 (52, 58, 59). TLR3 has been demonstrated to 

be involved in the antiviral response to Mouse Cytomegalovirus (MCMV) and human 

Influenza A virus (51, 132, 204, 205). TLR3 mediates entry of West Nile Virus into the 

brain of mice leading to lethal encephalitis (206). Human TLR3, in part, mediates 

responses to RSV (51, 131, 201). The ligation of TLR3 has also been demonstrated to be 

important as a therapeutic agent. Use of Poly I:C as an adjuvant increases vaccine 

efficacy for viruses such as HSV-2, Heptitis B, and Influenza A (56, 132, 207). Even 

though both mouse and human TLR3 recognize Poly I:C, TLR3 responses to virus seem 

to differ greatly between the human and the mouse as TLR3 from each species does not 

seem to recognize the same viral ligands. 

4. TLR5 

TLR5 has been demonstrated to recognize bacterial flagellin (208). TLR5 directly binds a 

conserved site on flagellin required for flagellar filament assembly and motility (209, 

210). 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 (210, 211). A TLR5 polymorphism (TLR5392STOP), in 
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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 (172, 173). 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 (111, 142). 

However, TLR5 is able to be activated by flagellin from non-pathogenic commensal 

bacteria, implicating TLR5 as a possible inducer of inappropriate inflammatory responses 

seen in IBD (137). 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 (212). 

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 (185, 

186, 213, 214). In the mouse, TLR7 is activated by all of these compounds, but TLR8 

does not respond to stimulation (186, 215, 216). However, in the human, TLR8 is 

activated by resiquimod (186, 216). Numerous imidazoquinoline-like molecules have 

since been identified that selectively activate TLR7 or TLR8 (215). 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 
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HPV-induced genital warts (138, 139). Another antiviral compound, isatoribine, has been 

demonstrated to reduce plasma viral titers to chronic Hepatitis C Virus (HCV) (213). 

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 

(184, 217). This response was MyD88-dependent and murine TLR8 was not involved in 

responses to influenza virus (184). 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) (218). 

TLR8 could also be stimulated with U-rich analogues of this sequence but not G-rich 

analogues (218). 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 (218). In the 

mouse, TLR7 has been demonstrated to be important in responses to other viruses such as 

vesicular stomatitis virus (VSV) (130, 217, 218). Human TLR8, and to a much lesser 

extent TLR7, have been demonstrated to mediate responses to Coxsackie Virus B (CAB) 

viral RNA (219). Investigation into the role of TLR7 and TLR8 in viral protection is 

relatively young, but is likely to yield important results in treatment and prevention of 

viral disease. 
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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 

(220). 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 (220, 221, 222). In humans, the optimal CpG motif is GTCGTT, and there 

are three categories of stimulatory CpGs that initiate TLR9-mediated responses (17, 147, 

220, 221, 223). 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 (221, 222, 223, 

224). CpG types are structurally different from one another. CpG-A consists of central 

CpG dinucleotides arranged in a palindrome and G-tetrads (poly-G motif) at the 5' and/or 

3' ends (223). The CpG-B motif is composed of repeating units of the optimal human 

CpG sequence (223). The CpG-C motif is GC-rich 3’ palindromic sequences linked by a 

T spacer to a 5' hexameric CpG motif (223). TLR9 has been demonstrated to mediate 

antiviral responses to HSV-1 and HSV-2 as well as MCMV (147, 225, 226). In the 

mouse, CpGs have been used to successfully treat genital herpes infections (225). 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 (161, 171). 

VII. The Endometrium 

The endometrium is the lining of the uterus and primarily serves as the site for embryo 

implantation (116, 119, 120). The epithelial layer of the endometrium undergoes 

proliferation, secretes macromolecules preparing the uterus for embryo implantation and 
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pregnancy, and, in the absence of implantation, is sloughed during menstruation (116, 

119, 120). These events ultimately controlled by the steroid hormones estrogen and 

progesterone and are collectively referred to as the menstrual cycle (119). Hormone 

levels are cyclically regulated 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, 119, 120). 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 of allogeneic sperm and the semiallogeneic fetus (24, 112, 227). Since 

progesssion through the menstrual cycle is mediated by 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 preventing 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, 112, 116).  The endometrium 

is comprised of two zones: the functionalis and the basalis (119). 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. The basalis is underlying 

stromal cells that are unaltered during the menstrual cycle and are the source of 

replacement functionalis cells (119). The endometrium’s primary function is as the site of 

embryo implantation and establishment of pregnancy (116, 119, 120). 
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During the menstrual cycle, the endometrium undergoes cellular and structural changes 

that are controlled by the steroid hormones estrogen and progesterone (119). 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 (119). The menstrual cycle can be 

divided into three stages: the proliferative phase, the secretory phase, and the menstrual 

phase (116, 119, 120). In the idealized menstrual cycle, the proliferative phase begins at 

day 5 (d5) and marks the re-epithelization and growth of the functionalis (116, 119, 120). 

Endometrial thickening is influenced by rising levels of estrogen and continues until 

ovulation at d14 when estrogen levels peak (116, 119, 120). At this time progesterone 

levels are low, but begin to rise as the endometrium enters the secretory phase (116, 119, 

120). During the secretory phase, glandular epithelium begins to secrete substances 

required to prepare the endometrium for embryo implantation (116, 119, 120). The 

secretory phase is divided into the early (d15-d18), mid- (d19-23), and late (d24-28) 

secretory phases (116, 119, 120). The implantation window occurs between d20 and d24 

and corresponds with the peak of progesterone expression and a rise in estrogen levels 

(114, 116, 119, 120). 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 (116, 119, 120). Around d28, the 

endometrium enters the menstrual phase and becomes ischemic and necrosis occurs 

leading to sloughing of the epithelium (116, 119, 120). 
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B. The Role of the Immune System in the Endometrium 

The immune system serves several functions in the human endometrium. Not only does it 

provide protection against pathogen invasion and tumor development, the cells and 

molecules of the immune system are utilized in progression through the menstrual cycle, 

embryo implantation, and maintenance of the fetus (24, 118, 120). 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 (24, 118, 119, 120). 

During the proliferative phase, CSF-1, granulocyte macrophage (GM) -CSF, and TNFα 

levels increase under estrogen stimulation (24, 118, 120). The secretory phase decline in 

estrogen and corresponding rise in progesterone results in decreases in CM-CSF and 

increaes in CSF-1, TNFα, LIF, IL-6, and IL-8 (24, 118, 120, 228). 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, 118, 120, 227). In the event of a late-term infection, pre-term labor can be induced 

by the proinflammatory immune response (24, 118, 120, 227). In the absence of 

implantation, proinflammatory cytokine production occurs and results in up regulation of 

metalloproteinases (MMPs) and menstruation (24, 118, 120, 227). 

The alteration of cytokines levels across the menstrual cycle also results in cycling of 

immune cell migration into and out of the endometrium. The proliferative phase is 

marked by an influx of macrophages into the endometrium (24, 112, 120). During the 

secretory phase macrophage influx continues but the phenotype is altered. At this point, 

the macrophages possess an immunosuppressant phenotype under the influence of CSF-1 
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(24, 112, 120). This time-point is also marked by an influx of uterine NK (uNK) cells 

(24, 120, 229, 230). uNK cells play a pivotal role in decidualization of the stroma and 

vascularization during implantation (24, 112, 120, 230, 231). However, the role of uNK 

cells in immune tolerance of the fetus and immune responses during pregnancy are less 

clear. In the event that implantation does not occur and CSF-1 levels fall, the 

macrophages acquire an activated phenotype during the late secretory phase and are 

involved in generating the proinflammatory environment necessary for menstruation (24, 

112, 120). Menstruation is accompanied by migration of eosinophils, neutrophils, and 

mast cells into the endometrium (24, 112, 120). Uterine neutrophils have a unique 

cytokine profile and in that they secrete IFNγ, IL-12, and TNFα into the endometrium 

(24, 112, 120, 232). 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, 112, 120). 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, 112, 120).  

Implantation of the embryo is also strongly influenced by the cytokine environment. 

Gp130 family cytokines are especially important in regulating implantation (24, 120, 233, 

234). In the mouse, LIF and IL-11 knock-out mice are infertile (24, 120, 233, 234). 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, 120, 228, 233, 234, 

235). TGFβ is strongly implicated as a required cytokine for implantation of the embryo 

as is nitric oxide (NO) (24, 120, 229, 230, 236). NO is generated by the NO synthase 
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enzyme and the inducible form of this enzyme (iNOS) is up-regulated by progesterone 

(24, 49, 120). In rats, antagonism of NO results in the inability of the embryo to implant 

into the endometrium (236). 

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 

immunological insult delivered during fertilization and pregnancy (227). Both allogeneic 

semen and the conceptus must be tolerated by the immune system in order allow 

fertilization and embryo implantation to occur (24, 112, 227). Pathogen activation of 

immune responses during establishment and maintenance of pregnancy does not 

automatically result in rejection of the fetus (112, 231, 237, 238). Additionally, the 

endometrium is particularly vulnerable to infection since it undergoes tissue remodeling 

and shedding of it epithelium, weakening the mechanical barrier to pathogen infection 

(113, 115). 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 (113, 231, 

237). Many chronic infections such as Chlamydia trachomatis and Neisseria 

gonorrhoeae negatively impact fertility (101, 115, 127, 239, 240, 241, 242, 243, 244). 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 (115, 120, 127, 245). 

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, 113). The endometrial epithelium continually 

secretes antimicrobial compounds such as defensins as a physical barrier to pathogen 
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entry in addition to providing a mechanical barrier (13, 113). The epithelium is also a rich 

source of cytokine production in the event of contact with foreign antigen (13, 24, 113). 

Endometrial epithelium cells express PRRs that allow initiation of innate immune 

responses (13, 113, 115, 125, 126, 127, 128). Additionally, epithelial cells are able to 

directly present antigen to migrating T cells following activation of the adaptive immune 

system (113). 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. 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, 101, 120). 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, 101, 120). Triggers of these disruptions are frequently unidentified. 

1. Spontaneous and habitual abortion 

It is estimated that up to 70% of pregnancies to not go to term (101). The majority (50 – 

60%) of spontaneous abortions occurs in the first month of pregnancy and go unnoticed 

(101). 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 (101). Immune responses are strongly implicated in 
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pregnancy loss as immunological and infectious causes are responsible for 40% and 1% 

of habitual abortions, respectively (101, 246). 

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, 101, 121, 247). 

Alteration in the balance of immune cells and cytokines is associated with habitual 

abortion (24, 101). Habitual aborters show an increase in CD8+ T cell populations, the 

CD4:CD8 ratio, CD20+ B cells, and an alteration in uNK cell subpopulations (101, 248). 

A Th2 bias is observed in normal pregnancy that is disrupted in patients experiencing 

spontaneous abortion (101, 249, 250, 251). 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 (101, 248, 250). The uNK cells 

are also essential during implantation. uNK cells help mediate immunosuppression 

during embryo implantation by secreting immunosuppressive cytokines such as IL-10 

(230). 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 (101, 230, 248). 

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, 101, 120, 227, 231). With the exception 

of CSF-1, expression of these cytokines rapidly diminishes to base levels (24, 101, 120, 
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231). Both the initial production of inflammatory cytokines and the rapid decrease in 

their expression are essential for successful implantation (24, 101, 120, 231). Levels of 

IL-8, IL-11, IFNγ and soluble IL-6R are increased at the time of pregnancy in women 

with habitual abortions (101, 252, 253, 254, 255). Both increases and decreases of IL-6 

expression during pregnancy and the mid-secretory phase have been associated with 

habitual abortion (121, 252, 255). Additionally, patients with a polymorphism (−174 

G→C) in the IL-6 gene promoter have an increased risk of habitual abortion (256). 

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. 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 (101, 113, 115, 118, 240, 241, 243, 244, 257). 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, 120, 

241, 242, 258, 259, 260). 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 (115, 242, 259, 260). Autoantibody can coat sperm and affect 

motility, penetration of the cervical mucosa, binding to the zona pellucida, and sperm-
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oocyte fusion (260). 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 (101). 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, 101, 120). Preterm labor can result if these events are 

prematurely triggered in pregnant women (24, 101, 238). Parturition is thought to be 

regulated in part by activation of monocytes and macrophages (238, 255). 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, 120, 246). 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 (118, 261). Endometriosis 

develops when retrograde menstruation transpires, and endometrial issue implants and is 

vascularized outside of the uterus (118, 261). 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 (29, 31). IL-8 is able to act as a 
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proliferative factor and promote vascularization of the implanting tissue (29). 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 (29). It is unclear 

how endometriosis is initiated, but it is thought that genetic, environmental, and immune 

factors contribute to the disease (118, 261). 

D. 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, 

120). It has been demonstrated that TLRs are expressed in the endometrium and 

stimulation with TLR ligand induces cytokine production (88, 125, 126, 127, 128, 262). 

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 (128). Expression of TLR3 is at the highest level 

during the mid- and late secretory phases and lowest during the menstrual and 

proliferative phases (128). 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 (128). Both proinflammatory and antiviral responses develop 

following stimulation with dsRNA (128). 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 (128). It is not understood why TLR3 
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is cyclically regulated in the endometrium nor how TLR3 contributes to prevention of 

infection, fetal tolerance, or establishment of endometrial diseases such as endometriosis.
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CHAPTER II 
 

MATERIALS & METHODS 
 
 
 
I. Cells and Cell Culture Methods 

The endometrial epithelial cell lines, RL95-2, KLE, AN3 CA, and HEC-1-A, the lung 

epithelial cell lines, A549 and BEAS-2B, the lung fibroblast cell line, MRC-5, the 

epithelial colorectal (intestinal) cell lines, Caco-2, T84, and HT-29, the monocytic cell 

lines, THP-1 and U-937, and the B cell line, SKW 6.4 were obtained from American 

Type Culture Collection (ATCC). The endometrial epithelial cell line, Ishikawa, was a 

gift from Dr. Bruce Lessey (Greenville Hospital, Greenville, SC). The RL95-2, KLE, 

A549, BEAS-2B, and T84 cell lines were maintained in phenol-red free DMEM-F12, the 

Ishikawa, AN3 CA, and Caco-2 cell lines were maintained in MEM, the HEC-1-A and 

HT-29 cells were maintained in McCoy’s, the MRC-5 cells were maintained in EMEM, 

and the THP-1, U-937, and SKW 6.4 cells were maintained in RPMI media. DMEM-F12, 

MEM, and McCoy’s media were supplemented with 5% fetal bovine serum (FBS) 

purchased from US Bio-Technologies, 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. RPMI media was additionally 

supplemented with 1 mM sodium pyruvate and 10 mM HEPES buffer. Adherent cell 

lines were harvested with 0.05% trypsin/0.53 mM EDTA in HBSS. Unless otherwise 

indicated, all reagents were obtained from Invitrogen. 
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II. Tissue Collection and Culture 

Primary endometrial epithelial cells were generously provided by Dr. Kathy Timms 

(University Hospital, Columbia, MO) or Dr. Bruce Lessey (Greenville Hospital, 

Greenville, SC) either as separated epithelial cells or as flash-frozen tissue. Endometrial 

biopsy specimens were obtained under 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) (263). Menstrual cycle stage was 

determined by morphologic evaluation of a hematoxylin-and eosin-stained fixed section 

following the criteria of Noyes et al (264, 265). Cell purity was assessed by cytokeratin 

and vimentin immunostaining, typically demonstrating greater than 98% purity (263). 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, cells were plated in 12-

well plates at 0.1 x 106 cells/well/ml in 12-well plates in DMEM-F12 media and 

stimulated the following day. 

III. 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 
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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 

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 (Greenville Hospital, Greenville, SC) and quantified using the Nanodrop. 

IV. 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  
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which were designed with Primer3 software (http://www-genome.wi.mit.edu/cgi-

bin/primer/primer3_www.cgi) (125, 128). Loading 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). 

V. 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), TLR3 (Hs00152933_m1), TLR5 

(Hs00152825_m1), TLR7 (Hs00152971_m1), TLR8 (Hs00152972_m1), HBD1 

(Hs00174765_m1), HBD2 (Hs00175474_m1), HBD3 (Hs00218678_m1), HBD4 

(Hs00414476_m1), HBD5 (Hs00845803_m1), HBD6 (Hs00823760_m1), HNP4 

(Hs00157252_m1), HD5 (Hs00360716_m1), HD6 (Hs00236950_m1), IFNα1 

(Hs00256882_s1), IFNα7 (Hs01652729_s1), IRF3 (Hs00155574_m1), IRF7 

(Hs01014812_m1), PKR (Hs00169345_m1), iNOS (Hs01075526_m1), ISG15 

(Hs00192713_m1), and IP-10 (Hs00171042_m1). Real-time assays were run on the ABI 

Prism® 7000 Sequence Detection System. Samples were normalized internally by using 

the cycle threshold (CT) of the housekeeping gene beta-glucuronidase (GUS) or 
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hypoxanthine guanine phosphoribosyl transferase (HPRT) as follows: ∆CT = CT (gene-

of interest) – CT (GUS or HPRT) (128). Samples were analyzed by relative quantity 

(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) (128). 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) (128). 

VI. 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) 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 
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incubation in Xylene twice for 5 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. 

VII. 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. The next day (~12 hours), cells were stimulated 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. 

VIII. Flow Cytometry 

Cells were plated in 12-well plates, grown to confluency, and harvested for labeling with 

either PE-labeled mIgG1αhTLR3 antibody (clone TLR3.7) or PE-labeled mIgG1 isotype 

control purchased from eBiosciences and BD BioSciences, respectively. For intracellular 

staining, cells were fixed using Cytofix/Ctyoperm 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 
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was done using CellQuest software (BD Biosciences). Five 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. 

IX. Enzyme-Linked Immunosorbent Assay (ELISA) 

ELISA was performed using IL-6 (BioLegend), IL-8 (BD Biosciences), IP-10 (BD 

Biosciences), LIF (R&D Systems), and IFNα2 (Endogen) capture and detection matched 

antibody pairs, streptavidin-HRP purchased from either R&D Systems or BD 

Biosciences, and Dako® TMB Blue substrate. RANTES and TNFα Duoset kits were 

purchased from R&D Systems. ELISA was done 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. 

X. Cytometric Bead Array (CBA) 

The human inflammation cytometric bead array (CBA) kit and the human chemokine 

CBA kit were purchased from BD Biosciences and used according to manufacturer’s 

instructions. Briefly, 50 µl of supernatant was incubated with capture antibody-linked 



 61

beads and PE-labeled detection beads. Mean fluorescent intensities of samples were read 

on a FACSVantage instrument and analyzed using software provided by the 

manufacturer (BD Biosciences). Concentrations were determined by interpolation from a 

standard curve. 

XI. siRNA Treatment 

Cells were plated using regular growth media at 0.2 x 106 cells/well/ml in 12-well plates.  

The next day (~12 hours) media was replaced with antibiotic-free media and 10 pmol of 

TLR3 or GUS-specific siRNAs and 6 µl of oligofectamine (Invitrogen) were added as 

described by manufacturer. HPLC-purified siRNAs designed by the manufacturer were 

purchased from Ambion. Sequence information can be found on the manufacturer’s 

website (www.ambion.com). The siRNA ID numbers for TLR3 and GUS are 4626 and 

8128, respectively. Forty-eight hours later, media was replaced with fresh growth media 

and stimulated with ligand. At 18 hours post-stimulation, cells were collected for analysis 

by flow cytometry for expression of TLR3, RNA was collected and examined by real-

time RT-PCR for expression of TLR3, TLR5, GUS, and HPRT mRNA, and supernatants 

were collected and analyzed for cytokine production by ELISA. All experiments were 

done in triplicate. 

XII. Transfection of Cell Lines 

The pUNO-hTLR3 (pTLR3) and pZERO-hLTR3-TIR- (pTIR) expression vectors were 

purchased from Invivogen. Vector DNA was purified from Escherichia coli grown in 

FastMedia™ + Blasticidin or Fast Media™ + Puromycin (Invivogen), respectively, using 

the Qiaprep® Spin Minprep kit (Qiagen) and quantified by spectrophotometry using the 

Eppendorf® Biophotometer. Ishikawa cells were plated at 0.1 x 106 cells/well/0.5 ml in 
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24 well plates. The next day (~12 hours) media was replaced with OptiMEM (Invitrogen) 

and 0.4 µg of vector and 4 µl Lipofectamine (Invitrogen) were added to each well per 

manufacturer’s instructions. At 12 hours, 400 µl of growth media containing 2x serum 

was added. Twenty-four hours post-transfection, media was replaced with normal growth 

media. At 48 hours post-transfection, cells were stimulated with TLR ligands for 18 

hours. RNA, cells, and supernatant were collected. RNA was used to analyze for the 

expression of TLR3, TLR5, and GUS mRNA. Cells were used for FACS analysis of 

expression of TLR3 protein. Supernatants were used to measure production of cytokine 

by ELISA. 
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CHAPTER III 
 

TLRs ARE EXPRESSED IN ENDOMETRIAL EPITHELIUM 
 
 
 
I. Introduction 

TLRs are expressed in respiratory and gastrointestinal epithelium, however, expression in 

the reproductive tract was unclear (17, 148). In the respiratory and gastrointestinal 

epithelium, TLR expression has been demonstrated to be tightly regulated and alterations 

in TLR expression are associated with inflammatory disorders such as allergic reactions 

and IBD (142, 143, 144, 212). It was probable that endometrial epithelial cells would 

express TLRs, and that the TLRs expressed would be involved in immune responses to 

sexually transmitted pathogen as well as alterations of endometrial functions observed 

when microbial and self antigens trigger immune responses. We investigated the 

expression of TLRs in the endometrial epithelium at the mRNA level and found that all 

TLRs, except TLR7 and TLR8, are expressed by whole endometrium and the endometrial 

epithelium (125). Importantly, TLR3 expression was observed to be cycle-dependent 

with peak expression observed during the mid- to late secretory phase (128). 

II. Results 

Our data indicates that TLRs are expressed in the endometrial epithelium (125). We 

found that endometrial epithelial cells and cell lines express TLR1-9, but not TLR10 

(125). TLR7 and TLR8 expression was observed, but was dependent upon the primer set 

utilized. Our results also indicate that endometrial epithelial cell lines differentially 

express TLRs. We also observed that TLR3 is cyclically regulated in the endometrial 

epithelium (128). Expression of TLR3 peaks during the mid- and late secretory phase and 



 64

is expressed at the highest levels in luminal epithelium (128). We have found that TLRs 

are cognate receptor in the endometrial epithelium that can be expressed under hormonal 

control. 

A. Epithelial Cell Lines Express TLRs 

TLR expression in human epithelial cell lines of the endometrium, respiratory tract, and 

gastrointestinal tract were examined by end point reverse transcription polymerase chain 

reaction (RT-PCR). We found that TLRs are differentially expressed by epithelial cell 

lines of the endometrium, lung, and intestine. Additionally, we found that expression of 

TLR7 and TLR8 is dependent upon primer design, indicating the cell line-dependent 

expression of different species of mRNA for TLR7 and TLR8. 

1. TLR1-6, TLR9, and TLR10 mRNA are expressed differentially in 

endometrial epithelial cell lines 

In order to determine whether TLRs can be expressed by endometrial epithelial cells, 

TLR1-6, TLR9, and TLR10 expression in the endometrial epithelial cell lines, RL95-2, 

KLE, Ishikawa, AN3 CA, and HEC-1-A, were examined by RT-PCR. We found that all 

5 cell lines expressed TLR5, while no cell lines expressed TLR10 or TL4 (Table II). As a 

positive control, the U-937 monocytic and the SKW 6.4 B cell lines were demonstrated to 

express TLR4 and TLR10, respectively (data not shown). TLR9 was expressed only by 

the RL95-2 and KLE cell lines (Table II). Interestingly, TLR2 was expressed by 

Ishikawa, AN3 CA, and KLE cells, whereas TLR1 was expressed by Ishikawa, HEC-1-

A, and KLE cells, and only RL95-2 cells did not express TLR6 (Table II). This 

observation was surprising since TLR1 and TLR6 only function as a heterodimer with 

TLR2 (17). The RL95-2, KLE, and HEC-1-A cell lines expressed TLR3, while the 
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Ishikawa and AN3 CA cell lines did not express TLR3 mRNA (Table II). TLRs appear to 

be differentially expressed by endometrial epithelial cell lines in a cell line-dependent 

manner. 

2. Expression of TLR1-6, TLR9, and TLR10 mRNA in lung and colorectal 

cell lines differs from expression in endometrial epithelial cell lines 

We next wanted to compare TLR expression in endometrial epithelial cell lines to 

expression of TLRs in the lung and gut. Expression of TLR1-6, TLR9, and TLR10 was 

examined by RT-PCR in the lung epithelial cell lines, BEAS-2B and A549, the lung 

fibroblast, MRC-5, and the colorectal cell lines, Caco-2, T84, and HT-29. TLR9 was 

differentially expressed in endometrial epithelial cell lines, but was expressed by all lung 

cell lines examined (Table III). In the gut, only the HT-29 cell line expressed TLR9 

(Table III). All the lung and colorectal cell lines except the Caco-2 gut cell line expressed 

mRNA for TLR3 (Table III). Expression of TLR10 was observed only in the A549 cell 

line, and expression of TLR4 was restricted to the BEAS-2B and HT-29 cell lines (Table 

III). As in the endometrial epithelial cell lines, differential expression of TLR2, TLR1, 

and TLR6 was observed in the lung. TLR2 expression was limited to the BEAS-2B cell 

line in the lung, whereas TLR1 was expressed only in the MRC-5 and A549 cell lines 

(Table III). TLR6 expression was observed in all the lung cell lines (Table III). In the gut, 

TLR2 was expressed in the Caco-2 and T84 cells, while TLR1 and TLR6 was only 

expressed in the HT-29 cell line (Table III). All the endometrial cell lines expressed 

TLR5, but TLR5 expression was not observed in any lung cell lines and was observed 

only in the T84 colorectal cell line (Table III). Expression of TLRs in lung and gut cell 

lines appears to differ from expression of TLRs in endometrial epithelial cell lines.
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3. Expression of mRNA for TLR7 and TLR8 depends on primer design in 

endometrial epithelial cell lines 

Endometrial epithelial cell line expression of TLR7 and TLR8 was analyzed by RT-PCR. 

Primers were designed using Primer3 software (TLR7c and TLR8a), were taken from the 

literature (TLR7w and TLR8w), or were designed by and purchased from ABI. Analysis 

of TLR7 and TLR8 expression with the 3 primer sets resulted in different expression of 

TLR7 and TLR8 from the same cDNA. TLR7 was not expressed by endometrial 

epithelial cell when the Primer3-designed primers were utilized (Table IV). TLR7 was 

expressed in the SKW 6.4 B cell lines used as a positive control (data not shown). 

However, using TLR7 primers obtained from the literature, TLR7 was expressed in the 

Ishikawa and KLE cell lines (Table IV). Analysis by qRT-PCR primers purchased from 

ABI demonstrated expression of TLR7 in the RL95-2 cell line (data not shown). TLR8 

expression was also dependent upon the primer set utilized. The primer3-designed TLR8 

primers indicated that TLR8 was only expressed by KLE cells (Table IV). However, use 

of TLR8 primers obtained from the literature demonstrated expression of TLR8 mRNA 

in the RL95-2 and Ishikawa cell lines (Table IV). Analysis by qRT-PCR using primers 

purchased from ABI suggested that TLR8 is not constitutively expressed in the RL95-2 

or Ishikawa cell lines (data not shown). TLR7 and TLR8 expression in endometrial 

epithelium appears to be dependent upon primer design and must be analyzed in more 

detail to determine expression in endometrial epithelial cells. 

B. Endometrial Tissue Expresses TLR mRNA 

Once we determined that endometrial epithelial cell lines express TLRs, we examined 

human endometrial tissue for expression of TLRs (125). Whole endometrial biopsy 
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samples and separated endometrial epithelial cells were analyzed for expression of 

TLR1-10. Whole endometrium is composed of epithelial and stromal tissues and 

infiltrating immune cell such as macrophages, neutrophils, and uNK cells. Whole 

endometrial tissue from the proliferative phase expressed mRNA for all the TLRs except 

TLR7, TLR8, and TLR10 (Table V) (125). TLR7 and TLR8 expression was examined 

using the Primer3-designed primers (TLR7c and TLR8a). Endometrial epithelial cells 

from the proliferative phase demonstrated the same expression pattern seen in whole 

endometrium (Table V) (125). TLR7 was additionally examined using a primer set 

obtained from the literature (TLR7w and TLR8w). These data indicated that TLR7 was 

expressed in proliferative phase endometrial epithelial tissue (Table V) (125). Our results 

indicate that the endometrial epithelium strongly expresses TLR mRNA. 

C. TLR3 Expression in the Endometrial Epithelium is Cycle-Dependent 

When cycle-day specific endometrial epithelial tissue was examined, we observed by RT-

PCR that TLR3 was 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. Additionally, we examined TLR3 protein 

expression using immunohistochemistry (IHC). We found that TLR3 is cyclically 

regulated with the highest expression of both mRNA and protein occurring in the mid- to 

late secretory phases. 

1. TLR3 mRNA expression peaks during the mid- and late secretory phases 

TLR3 mRNA expression was examined by qRT-PCR, and expression of TLR3 

throughout the menstrual cycle was compared to expression during the proliferative 

phase. We found that TLR3 expression begin to increase, although not statistically  
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significant, during the early secretory phase and expression levels significantly increased 

and  peaked during the mid- and late secretory phases (Figure 1). These data indicate that 

TLR3 mRNA expression is cycle-dependent and expression peaks during the 

implantation window. 

2. TLR3 protein is expressed at the highest level in luminal epithelial and 

expression peaks during the mid- and late secretory phase 

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 mouse IgG 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 2). Examination of 

paraffin-embedded tissue revealed that TLR3 is expressed primarily in the luminal 

epithelial tissue, although some TLR3 expression was detected in the glandular 

epithelium (Figure 2). These results confirm that TLR3 expression is cycle-dependent, 

and demonstrate that TLR3 is expressed at highest levels in the lumen, where contact 

with pathogen is more likely. 

III. Discussion 

We found that TLRs are expressed in both primary endometrial epithelium as well as in 

endometrial epithelial cells lines (125, 128). TLR expression patterns in endometrial 

epithelial cell lines differ from expression in other mucosal epithelial cell lines and are 

differentially expressed in endometrial epithelial cell lines. Expression of TLR7 and 

TLR8 was difficult to determine, since expression is dependent upon primer design. 

However, it appears that TLR7 and TLR8 are likely expressed in endometrial epithelial  
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Figure 1: Endometrial epithelial cells cyclically express TLR3 mRNA. 

 

 
 
 
Figure 1: Endometrial epithelial cells cyclically express TLR3 mRNA. Total RNA 
(100 ng) extracted from purified endometrial epithelial tissue 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 TLR3 mRNA using qRT-PCR. 
Data is shown as average relative TLR3 quantities (RQ values) from triplicate samples 
from three patients using the housekeeping gene GUS 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. Error bars indicate standard 
deviation between patients. 
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Figure 2: Endometrial epithelial cells cyclically express TLR3 protein. 

 

 
 
 
Figure 2: Endometrial epithelial cells cyclically express TLR3 protein. Frozen 
(proliferative and late secretory phase) or paraffin-embedded (mid-secretory phase) 
endometrial tissue sections were stained using the αTLR3.7 monoclonal antibody or 
mIgG1 isotype control. Staining was visualized using DAB substrate followed by a 
hematoxylin/water counterstain. Luminal epithelium is indicated by the blue arrow, and 
glandular epithelium is indicated by the red arrow. 
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cell lines, and TLR7 is likely expressed in endometrial epithelial tissue. TLR3 was 

determined to be unique among the TLRs in that TLR3 is cyclically regulated and was 

strongly expressed in mid- to late secretory tissue at both the RNA and protein level 

(128). 

The finding that TLRs are expressed in the endometrium, and that TLR3 is cyclically 

regulated strongly implicates TLRs as cognate receptors of the endometrium that can 

alter the cytokine milieu. TLR ligation and signaling results in the production of 

proinflammatory and antiviral cytokines, many of which are involved in functions of the 

endometrium such as embryo implantation and menstruation. Levels of cytokines are 

closely regulated, and over or under production of essential cytokines can lead to 

endometrial dysfunction (24, 101, 120, 121, 233, 253, 261). 

Our data demonstrated that TLRs are differentially expressed in endometrial epithelial 

cell lines, and that the expression of TLRs is dissimilar between cell lines from differing 

mucosal epithelium. 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 (17). It is unclear why TLR1 or TLR6 would be expressed in a cell lines that does 

not express TLR2. 

Initially, we observed that TLR7 and TLR8 mRNA did not appear to be expressed in 

endometrial epithelial cells using primers designed using the Primer3 software. However, 

we then analyzed expression of TLR7 and TLR8 using primers obtained from the 

literature and using qRT-PCR primer/probe sets purchased from ABI. To our surprise, we 

found that TLR7 and TLR8 expression was variable depending on the primer set utilized. 
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The SKW 6.4 B cell line used as a positive control expressed TLR7 using all primer sets, 

but TLR8 was differentially expressed in all cell lines examined. These data indicate that 

TLR7 and TLR8 may undergo alternative splicing, and isoform expression may be cell 

line dependent. Further experiments will need to be conducted to investigate this 

possibility.  

We also observed that TLR3 is cyclically expressed in the endometrial epithelium (128). 

TLR3 expression peaks during the mid- to late secretory phase, corresponding to the 

implantation window (128). The post-coitus endometrium undergoes a brief 

inflammatory response followed by a suppression of immune responses that is 

maintained throughout pregnancy (24, 101, 120, 227, 266). Both of these occurrences are 

required for successful embryo implantation and pregnancy (24, 227, 266). It is unclear 

why TLR3 expression is cyclically regulated, or whether TLR3 is involved in generation 

of inflammatory responses post-coitus. It is possible that TLR3 has a role in immune 

responses, 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 TLR3 expression will be needed to investigate how TLRs, and TLR3 

in particular, impact the endometrium. 



 77

CHAPTER IV 
 

HUMAN ENDOMETRIAL EPITHELIAL CELLS EXPRESS FUNCTIONAL 
TLR3 AND EXHIBIT TLR3-DEPENDENT PROINFLAMMATORY AND 

ANTIVIRAL RESPONSES TO STIMULATION WITH dsRNA 
 
 
 
I. Introduction 

The endometrial immune system must be uniquely adapted to carry out robust immune 

responses against the array of pathogenic organisms it encounters, while tolerating 

antigenic sperm and a semiallogeneic implant (the conceptus) (112, 115). How these 

seemingly incompatible events are simultaneously regulated by the immune system is not 

clear. Cells and soluble mediators of the immune system are under hormonal regulation 

and are intricately involved in the normal functioning of the endometrium (24, 112, 120). 

Imbalances in the cytokine milieu can result from genetic abnormalities or from known 

and unknown external triggers such as sperm, the conceptus, and infection (101, 112). 

Exposure to pathogen and infections of the endometrium are common and can cause 

immediate and long term complications to reproductive health (101, 112, 240, 242, 244, 

246, 261). Prevention of infection and elimination of STDs in the human endometrium is 

an important topic in reproductive health. 

TLR3 recognizes dsRNA produced either as a viral replication intermediate or as a part 

of the viral genome (51, 58, 59, 147). TLR3 is not the only receptor that recognizes 

dsRNA and, upon infection with virus, TLR4 has been demonstrated to initiate antiviral 

responses similar to those observed with TLR3 (53, 54). Because TLR3 likely serves a 

redundant function, it is difficult to determine the exact role TLR3 plays in natural viral 

infections. It is clear, however, that TLR3 mediates potent antiviral responses and 
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activates the IFN and proinflammatory responses (52, 58). The purpose TLR3 serves in 

immune responses to natural viral infections is not apparent, but stimulation of TLR3 

using dsRNA in vivo in mouse models of viral infections such as HSV-2, RSV, or 

Influenza Virus decreases viral infectivity (56, 131, 132). Potentially, TLR3 is an 

important receptor in initiation of immune responses during viral infection and, also, an 

important therapeutic target in prevention of STD transmission. 

II. Results 

Our data from Chapter III demonstrates that TLR3 is cyclically regulated and, to date, is 

the only TLR demonstrated to be cyclically regulated (Figure 2) (800). This result 

indicates that TLR3 protein levels are under hormonal control, and suggests that TLR3 

may play an important role in the balance between immune responses and immune 

tolerance in the endometrium. For this reason, we decided to investigate TLR3 responses 

in human endometrial epithelial tissues and cell lines. We found that functional TLR3 

protein is expressed, and that stimulation with dsRNA results in production of 

proinflammatory and antiviral cytokines and chemokines. Production of cytokines is 

qualitatively and quantitatively different from those observed in non-endometrial 

epithelial cell lines. Stimulation of distinct cell lines and samples from different donors 

results in differential production of cytokines. These responses are hormonally regulated, 

and TLR3 is both required and sufficient for responses to occur. 

A. Stimulation with dsRNA Alters Expression of TLR mRNA 

In order to determine if TLR3 stimulation alters expression of other TLRs, we examined 

the expression of TLRs by RT-PCR in endometrial epithelial cell lines following 

stimulation with dsRNA. We found that stimulation with dsRNA decreased expression of 
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TLR5 and TLR7 mRNA in some endometrial epithelial cell lines. Expression of other 

TLRs, including TLR3, was affected by dsRNA stimulation in lung and colorectal cell 

lines but not endometrial epithelial cell lines. Expression of TLR3 mRNA appears to be 

minimally affected by dsRNA stimulation in endometrial epithelial cell lines. These 

results suggest that endometrial epithelial cells express functional TLR3, and that ligation 

can impact the TLR-mediated innate immune responses by altering TLR expression 

levels.  

1. Stimulation with dsRNA alters expression levels of others TLRs 

Epithelial cell lines were stimulated with dsRNA for 2, 11, or 20 hours and expression of 

TLR1-10 mRNA was examined by RT-PCR and compared to untreated controls. We 

found that expression of mRNA for TLR1-4, TLR6, and TLR10 was not affected by 

dsRNA treatment in endometrial epithelial cell lines (Table VI). In contrast, stimulation 

with dsRNA in lung cell lines resulted in up-regulation of TLR2 in all 3 lung cell lines 

examined, TLR4 was up-regulated following dsRNA stimulation in the BEAS-2B cell 

line, and TLR6 and TLR10 were down-regulated in the BEAS-2B and A549 cell lines, 

respectively (Table VI). In the colorectal cell lines, TLR1 is up-regulated, and TLR9 is 

down-regulated in the HT-29 cell line (Table VI). TLR3 expression did not appear to be 

altered by dsRNA stimulation in the endometrial epithelial cell lines, but all 3 lung cell 

lines up-regulated TLR3 expression following dsRNA stimulation (Table VI). In 

colorectal cell lines, TLR3 was up-regulated following dsRNA stimulation only in the 

TLR3-expressing cell lines, T84 and HT-29 (Table VI). Although TLR3 mRNA 

expression in the endometrial epithelial cell lines did not appear to be altered by RT-

PCR, examination by qRT-PCR indicated that TLR3 may be slightly, but not  



 80

T
ab

le
 V

I. 
ds

R
N

A
 r

eg
ul

at
io

n 
of

 T
L

R
 m

R
N

A
 e

xp
re

ss
io

n.
 

T
ab

le
 V

I:
 d

sR
N

A
 r

eg
ul

at
io

n 
of

 T
L

R
 m

R
N

A
 e

xp
re

ss
io

n.
 T

ot
al

 R
N

A
 (

10
0 

ng
) 

co
lle

ct
ed

 f
ro

m
 e

nd
om

et
ria

l 
ep

ith
el

ia
l 

ce
ll 

lin
es

 
(R

L9
5-

2,
 Is

hi
ka

w
a,

 A
N

3 
C

A
, H

EC
-1

-A
, a

nd
 K

LE
), 

lu
ng

 c
el

l l
in

es
 (M

R
C

-5
, A

54
9,

 a
nd

 B
EA

S-
2B

), 
an

d 
co

lo
re

ct
al

 c
el

l l
in

es
 (C

ac
o-

2,
 

T8
4,

 a
nd

 H
T-

29
) w

as
 u

se
d 

to
 g

en
er

at
e 

cD
N

A
 fo

r m
ea

su
re

m
en

t o
f e

xp
re

ss
io

n 
of

 T
LR

1-
6,

 T
LR

9,
 a

nd
 T

LR
10

 m
R

N
A

 b
y 

en
dp

oi
nt

 R
T-

PC
R

. C
el

ls
 w

er
e 

pl
at

ed
 a

t 0
.2

 x
 1

06  c
el

ls
/w

el
l i

n 
1 

m
l o

f m
ed

ia
 a

nd
 w

er
e 

ei
th

er
 n

ot
 st

im
ul

at
ed

 o
r s

tim
ul

at
ed

 w
ith

 1
 µ

g/
m

l o
f P

ol
y 

I:C
 

fo
r 

20
 h

ou
rs

. 
Ex

pr
es

si
on

 o
f 

TL
R

s 
in

 s
tim

ul
at

ed
 s

am
pl

es
 w

as
 c

om
pa

re
d 

to
 u

nt
re

at
ed

 s
am

pl
es

. 
Th

e 
(↔

) 
ar

ro
w

 i
nd

ic
at

es
 t

ha
t 

ex
pr

es
si

on
 is

 n
ot

 a
lte

re
d,

 th
e 

(↑
) a

rr
ow

 in
di

ca
te

s t
ha

t e
xp

re
ss

io
n 

is
 u

p-
re

gu
la

te
d,

 a
nd

 th
e 

(↓
) a

rr
ow

 in
di

ca
te

s t
ha

t e
xp

re
ss

io
n 

is
 d

ow
n-

re
gu

la
te

d.
 T

he
 h

ou
se

ke
ep

in
g 

ge
ne

 G
U

S 
w

as
 c

on
si

st
en

t 
be

tw
ee

n 
al

l 
sa

m
pl

es
. 

Ex
pe

rim
en

ts
 w

er
e 

do
ne

 i
n 

tri
pl

ic
at

e.
 D

at
a 

sh
ow

n 
re

pr
es

en
ts

 th
e 

av
er

ag
e 

of
 a

ll 
sa

m
pl

es
. 

 



 81

significantly, up-regulated following stimulation with dsRNA (Figure 3). The observed 

up-regulation in TLR3 was small but consistent between experiments. Our data indicates 

that stimulation of TLR3-expressing cell lines results in regulation of expression of other 

TLRs. 

2. Stimulation with dsRNA alters expression levels of viral-associated TLRs 

In order to investigate the effect of stimulation with dsRNA on the primer set-dependent 

expression of TLR7 and TLR8, RL95-2 cells were stimulated with 1 µg/ml of Poly I:C 

for 2, 11, or 20 hours. dsRNA-stimulated samples were compared to untreated controls 

and analyzed for expression of TLR7 and TLR8 by qRT-PCR using the primer/probe sets 

purchased from ABI. In untreated cells, TLR7, but not TLR8 was expressed in RL95-2 

cells using this primer set (data not shown). Following stimulation with dsRNA, TLR7 

expression was down-regulated, while TLR8 expression was not detectable in significant 

quantities (Figure 3). These results indicate that TLR3 ligation can alter expression 

patterns of viral-associated TLRs. 

B. Endometrial Epithelial Cell Lines Express TLR3 Both on the Cell Surface and 

Intracellularly 

In humans, TLR3 has been demonstrated to be expressed intracellularly in pDCs and on 

the cell surface in the MRC-5 lung fibroblast cell line (156, 157). We wanted to assess 

whether TLR3 is surface or intracellularly expressed in endometrial epithelial cell lines. 

Endometrial epithelial cell lines were collected and analyzed by flow cytometry for 

expression of TLR3 using the TLR3.7 monoclonal antibody. In confirmation of RT-PCR 

results, TLR3 protein was detected in the RL95-2, HEC-1-A, and KLE cell lines but not 

the Ishikawa or AN3 CA cell lines (Figure 4). As compared to isotype controls, TLR3 
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Figure 3: RL95-2 cell expression of mRNA for viral-associated TLRs is altered upon 
stimulation with dsRNA. 
 

 
 
 
Figure 3: RL95-2 cell expression of mRNA for viral-associated TLRs is altered upon 
stimulation with dsRNA. Total RNA (100 ng) from RL95-2 cells was used generate 
cDNA used to measure relative expression levels of TLR3, TLR7, and TLR8 mRNA 
using qRT-PCR. RL95-2 cells were either untreated (U) or treated with 1 µg/ml of Poly 
I:C for 2 hours (IC2), 11 hours (IC11), or 20 hours (IC20). Data is shown as average 
relative TLR3, TLR7, or TLR8 quantities (RQ values) from 3 samples run in triplicate 
using the housekeeping gene HPRT to normalize samples. Expression of each U (red), 
IC2 (green), IC11 (yellow), and IC20 (blue) samples is relative to the average expression 
of all three U samples. Error bars indicate standard deviation between samples. 
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Figure 4: TLR3 is expressed on the cell surface and intracellularly on endometrial 
epithelial cell lines.  
 

 
 
 
Figure 4: TLR3 is expressed on the cell surface and intracellularly on endometrial 
epithelial cell lines. RL95-2 (a), HEC-1-A (b), KLE (c), Ishikawa (d), and AN3 CA (d) 
cells were labeled with PEαTLR3.7 mAb in order to detect surface (red) or intracellular 
(blue) TLR3 protein by FACS analysis. PE-mIgG1 was used as an isotype control for 
both surface (yellow) and intracellular (green) staining. Histogram plots were generated 
by gating on live cells. Experiments were repeated two times. Representative data is 
shown. 
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was expressed intracellularly but not on the surface of RL95-2 (Figure 4a) and HEC-1-A 

cells (Figure 4b). In contrast, TLR3 was detected on the cell surface of the KLE cell line 

(Figure 4c). The expression pattern of TLR3 protein in RL95-2, HEC-1-A, and Ishikawa 

cells was confirmed by IHC, with the RL95-2 and HEC-1-A cells expressing TLR3, and 

the Ishikawa cells not expressing TLR3 (data not shown). These data demonstrate that 

TLR3 protein is diffentially expressed in endometrial cell lines, and that TLR3 can be 

both intracellularly and surface expressed in endometrial epithelial cells. 

C. Stimulation of Endometrial Epithelial Cells Lines with dsRNA Leads to TLR3-

Dependent Production of Proinflammatory and Antiviral Cytokines 

We next wanted to verify that the detected TLR3 protein was functional. In order to 

investigate this assumption, TLR3-expressing and TLR3-non-expressing cell lines were 

stimulated with the synthetic TLR3 ligand, Poly I:C. Table VII indicates TLR3+ and 

TLR- cell lines. Our data indicates that endometrial epithelial cell diffentially respond to 

dsRNA stimulation by producing proinflammatory and antiviral cytokines. Responses are 

both rapid and sustained and occur to low doses of ligand. These responses are TLR3-

dependent, since silencing of TLR3 expression renders TLR3+ cell lines unresponsive to 

dsRNA stimulation. Additionally, TLR3 is sufficient to confer responses to dsRNA as 

transfection of TLR3- cell lines with the TLR3 gene results in responsiveness to dsRNA 

stimulation. These results indicate that the dsRNA response in endometrial epithelial cell 

lines is mediated by TLR3, and that the TLR3 protein detected in endometrial epithelial 

cell lines is functional. 
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Table VII. Differential expression of TLR3 in epithelial cell lines. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table VII: Differential expression of TLR3 in epithelial cell lines. Refer to the table 
legend for Tables II and III. 
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1. RL95-2 cells respond to a low dose stimulation with dsRNA 

In order to determine an appropriate dose of Poly I:C, RL95-2 cells were stimulated with 

increasing concentrations of Poly I:C for 18 hours, and IL-6, IL-8, and IFNα2 production 

were measured by ELISA. In the literature, Poly I:C stimulation generally induces 

cytokine production at doses between 1 and 10 µg/ml of Poly I:C for most cell lines (59, 

128, 156). We found that the RL95-2 cell line was extremely sensitive to stimulation with 

dsRNA, as IL-6 and IL-8 were detected at doses as low as 10 ng/ml (Figure 5). The 

cytokine response was dose-dependent and maximal responses were seen at 50 ng/ml 

(Figure 5). RL95-2 cells were approximately 50-fold more sensitive to Poly I:C 

stimulation than MRC-5 cells. MRC-5 cells began production of IL-6 in response to Poly 

I:C at 500 ng/ml, although significant production was not detected until 10 µg/ml of Poly 

I:C, and IL-8 at 10 µg/ ml of Poly I:C (Figure 5). Ishikawa cells did not respond to 

stimulation with dsRNA despite producing IL-8 in response to PMA/I (Figure 5). RL95-

2, Ishikawa, and MRC-5 cells were unresponsive to stimulation with dsDNA (Poly 

dI:dC) (Figure 5). IFNα2 was not detected in any cell line at any dose of Poly I:C (data 

not shown). Our results indicate that RL95-2 cell express functional TLR3 and respond to 

low doses stimulation with dsRNA. 

2. Stimulation with dsRNA induces a rapid and sustained cytokine response 

in RL95-2 cells 

We then wanted to investigate the temporal expression of IL-6, IL-8, IFNα2, and LIF in 

response to stimulation with dsRNA. RL95-2 and Ishikawa cells were stimulated with 1 

µg/ml Poly I:C, and supernatants were collected at varying time points. IL-6 and IL-8 
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Figure 5: RL95-2 cells respond to low doses of Poly I:C. 

 
 
Figure 5: RL95-2 cells respond to low doses of Poly I:C. RL95-2, Ishikawa, and MRC-
5 cells were plated at 0.2 x 106 cells/well/ml and stimulated with the indicated doses of 
Poly I:C, 10 ng/ml/500 ng/ml of PMA/I, or 10 µg/ ml of Poly dI:dC for 18 hours. 100 µl 
of cell-free supernatant was used to detect IL-6 (a) and IL-8 (b) by ELISA. Experiments 
were done in triplicate and repeated three times. Data shown represents the average of 
one experiment. 
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production were detected in only in RL95-2 cells as early as 4 hours post-stimulation, and 

maximal response were seen by 8 hours post-stimulation (Figure 6). Cytokine responses 

could be detected as late as 72 hours post-stimulation (Figure 6). Cells did not respond to 

stimulation with Poly dI:dC or LPS (Figure 6). The Ishikawa cell lines did not produce 

cytokine in response to dsRNA stimulation, but produced IL-8 following stimulation with 

PMA/I (data not shown). LIF and IFNα2 were not detected at any time point in any cell 

lines in response to stimulation with Poly I:C but LIF was detected in the RL95-2 cell 

line following stimulation with PMA/I (data not shown). These results indicate that the 

proinflammatory response to dsRNA stimulation is both rapid and sustained in RL95-2 

cells. 

3. Endometrial epithelial cell lines produce proinflammatory and antiviral 

cytokines in response to stimulation with dsRNA 

In order to further investigate responses to dsRNA in endometrial epithelial cell lines, we 

examined expression of proinflammatory and antiviral cytokine mRNA and protein in a 

variety of endometrial epithelial cells. For comparison, cytokine production was also 

examined in lung and colorectal epithelial cell lines. We found that mRNA for antiviral 

and proinflammatory cytokines are up-regulated shortly following stimulation with 

dsRNA. Additionally, RL95-2 cells produce an array of cytokines and chemokines 

associated with both the antiviral and proinflammatory responses. Our data also 

demonstrates that endometrial epithelial cell lines expressing TLR3 differ in sensitivity to 

dsRNA stimulation and produce distinct cytokine profiles to different doses of dsRNA. 

Our results suggest that TLR3 function is dependent upon cell-specific expression of the 

TLR3 protein. 
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Figure 6: RL95-2 cells exhibit a rapid and sustained response to dsRNA stimulation. 
 

 
 
Figure 6: RL95-2 cells exhibit a rapid and sustained response to dsRNA stimulation. 
RL95-2 cells were plated at 0.2 x 106 cells/well/ml and were stimulated with Poly I:C (1 
µg/ml), LPS (100 ng/ml), PMA (10 ng/ml/500 ng/ml), or Poly dI:dC (1 µg/ml) for the 
indicated times. 100 µl of cell-free supernatant was used to detect IL-6 (a) and IL-8 (b) 
by ELISA. Experiments were done in triplicate and repeated three times.  Data shown 
represents the average of one experiment. 
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(a) Stimulation with dsRNA induces mRNA for proinflammatory and 

antiviral cytokines in RL95-2 cells 

In order to examine the kinetics of the proinflammatory versus the antiviral response, 

RL95-2 cells were stimulated with 1 µg/ml of Poly I:C for 30 minutes, 1 hour, or 2 hours, 

and RNA was collected and analyzed by RT-PCR for cytokine expression. We found that 

IL-8 mRNA is up-regulated by 1 hour post-stimulation, while IL-6 mRNA is up-

regulated 2 hours post-stimulation with Poly I:C (Figure 7). The antiviral cytokines, IFNβ 

and IP-10, were found to be up-regulated by 2 hours post-stimulation (Figure 7). These 

data are interesting since it suggests that the proinflammatory and antiviral response are 

induced concurrently. Furthermore, the primary and secondary antiviral response may be 

up-regulated concurrently as well, since IP-10 is generally considered a part of the 

secondary antiviral response (35, 36). 

(b) RL95-2 cells produce an array of cytokines and chemokines in 

response to stimulation with dsRNA 

A variety of cytokines and chemokines are known to be produced in response to ligation 

with dsRNA. We investigated which cytokines RL95-2 cells produce by stimulating cells 

with Poly I:C and examining cytokine and chemokine production by cytometric bead 

array (CBA) analysis of cell-free supernatants. Our results indicate that RL95-2 

endometrial epithelial cells produce proinflammatory and antiviral cytokines and 

chemokines in response to stimulation with dsRNA, but that the cytokine profile is 

different than previously reported for other cell lines (17, 52). 
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Figure 7: dsRNA stimulation induces rapid expression of proinflammatory and 
antiviral cytokine mRNA. 

 
 
 
Figure 7: dsRNA stimulation induces rapid expression of proinflammatory and 
antiviral cytokine mRNA. Total RNA (100 ng) was used to generate cDNA for 
measurement of expression of IL-6, IL-8, IFNβ, IP-10, and GUS mRNA by RL95-2 cells 
at 0 hours, 0.5 hours, 1 hour, and 2 hours post-stimulation with Poly I:C using endpoint 
RT-PCR. RT (reverse transcriptase) (+) or (–) indicates the presence or absence of RT 
during cDNA synthesis. The H20 lane indicates water was used instead of cDNA during 
the PCR reaction. Samples were run against a 100 bp or 50 bp DNA ladder. Experiments 
were done in triplicate and repeated three times. Representative data is shown. 
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(i) RL95-2 cells produce cytokines in response to dsRNA 

stimulation as measured by CBA 

RL95-2, Ishikawa, and MRC-5 cells were stimulated with 1 µg/ml of Poly I:C for 18 

hours. Cell-free supernatants were collected and analyzed using the human inflammation 

CBA kit. RL95-2 and MRC-5 cells produced IL-6, but not IL-12p70, TNF-α, IL-10, or 

IL-1β in response to stimulation with Poly I:C (Figure 8). IL-8 was produced by both cell 

lines (Figure 9a and b). The TLR3- cell line, Ishikawa, did not produce cytokine in 

responses to stimulation with dsRNA, despite producing IL-8 upon stimulation with 

PMA/I (Figure 9c and data not shown). None of the cell lines tested responded to 

stimulation with Poly dI:dC (Figure 8 and data not shown). These results indicate that the 

RL95-2 cell line is responsive to stimulation with dsRNA but does not produce the 

inflammatory cytokines IL-1β or TNFα in response to stimulation with Poly I:C as 

reported for other TLR3-expressing cells (17, 52). 

(ii) RL95-2 cells produce chemokines in response to dsRNA 

stimulation as measured by CBA 

Expression of chemotactic cytokines was also examined following dsRNA stimulation in 

the RL95-2 cell lines. RL95-2, Ishikawa, and MRC-5 cells were stimulated with 1 µg/ml 

of Poly I:C for 18 hours, and cell-free supernatants were collected and analyzed using the 

human chemokine CBA kit. Stimulation of RL95-2 and MRC-5 cells with Poly I:C 

resulted in differing cytokine profiles. RL95-2 cells produced IP-10, RANTES, and IL-8 

but not MCP-1 or MIG in response to stimulation with Poly I:C, while MRC-5 cells 

produced IP-10, MCP-1, and IL-8 (Figure 9a and b). Not only did the MRC-5 cells 

produce different cytokines, the responses differed in quantity of cytokine detected as  
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Figure 8: dsRNA stimulation induces an array of cytokine production. 

 
 
Figure 8: dsRNA stimulation induces an array of cytokine production. RL95-2 (a) or 
MRC-5 (b) cells were plated at 0.2 x 106 cells/well/ml and stimulated with 1 µg/ml of 
Poly I:C (IC18) or Poly dI:dC (dIdC18) or 10 ng/ml/500 ng/ml of PMA/I (P/I) for 18 
hours. 50 µl of cell-free supernatant was used to detect cytokine by FACS analysis using 
the Human Inflammation CBA. Experiments were repeated twice. Data shown represents 
one experiment. 
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Figure 9: dsRNA stimulation induces an array of chemokine production.  
 

 
 
 
Figure 9: dsRNA stimulation induces an array of chemokine production. RL95-2 (a), 
MRC-5 (b), or Ishikawa (c) cells were plated at 0.2 x 106 cells/well/ml and stimulated 
with 1 µg/ml of Poly I:C (IC18) or Poly dI:dC (dIdC18) or 10 ng/ml/500 ng/ml of PMA/I 
(P/I) for 18 hours. 50 µl of cell-free supernatant was used to detect cytokine by FACS 
analysis using the Human Chemokine CBA. Experiments were repeated twice. Data 
shown represents one experiment. 
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well. The RL95-2 cells produced much lower levels of IL-8 following dsRNA 

stimulation than the MRC-5 cell line (Figure 9a and b). The Ishikawa cells did not 

produce chemokines in responses to stimulation with dsRNA despite producing IL-8 

upon stimulation with PMA/I (Figure 9c). None of the cell lines tested responded to 

stimulation with Poly dI:dC (Figure 9). These results suggest that RL95-2 cells produce 

lower levels of inflammatory chemokine than other TLR3-responsive cell lines, and that 

chemokine profiles are dependent upon cell type. 

(c) Endometrial epithelial cell lines differentially produce cytokines in 

response to stimulation with dsRNA 

After screening the RL95-2 cell line for cytokine and chemokine production using the 

CBA, we examined temporal cytokine expression by ELISA in all endometrial epithelial 

cell lines and compared expression between endometrial epithelial cell lines and cell lines 

of lung and gut origin. Cell lines were stimulated with 1 µg/ml of Poly I:C for 2, 11, or 

20 hours, and cell-free supernatants were analyzed for expression of IL-6, IL-8, IP-10, 

RANTES, TNFα, or LIF by ELISA. We observed that endometrial epithelial cell lines 

differ from cell line to cell line in responses to stimulation with dsRNA. RL95-2 and 

HEC-1-A cells produce IL-6, IL-8, IP-10, and RANTES by 11 hours post-stimulation 

with dsRNA (Figure 10a-d). RL95-2 and HEC-1-A cells did not produce TNFα in 

response to dsRNA stimulation, but the HEC-1-A cells did produce TNFα following 

PMA/I stimulation (data not shown). The HEC-1-A cell line secreted low levels of LIF 

by 20 hours post-stimulation with Poly I:C, but the RL95-2 cells only produced LIF in 

response to stimulation with PMA/I (Figure 10e). Unlike the RL95-2 and HEC-1-A cells, 

the  KLE  cell  lines produced  only a small quantity of  IL-6  alone following stimulation  
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Figure 10: dsRNA stimulation induces differential cytokine production in TLR3-
expressing endometrial epithelial cell lines.  

 
Figure 10: dsRNA stimulation induces differential cytokine production in TLR3-
expressing endometrial epithelial cell lines. RL95-2, KLE, Ishikawa, AN3 CA, and 
HEC-1-A cells were untreated (U) or stimulated with 1 µg/ml of Poly I:C for 2 (IC2), 11 
(IC11), or 20 (IC20) hours or with 10 ng/ml/500 ng/ml of PMA/I (P/I) for 20 hours. 100 
µl of cell-free supernatant was used to detect IL-6 (a), IL-8 (b), IP-10 (c), RANTES (d), 
or LIF(e) by ELISA. KLE cells were untreated (U) or stimulated for 18 hours with 50 
µg/ml of Poly I:C (IC50), 50 µg/ml of Poly dI:dC (dIdC), or 10 ng/ml/500 ng/ml of 
PMA/I (f). 100 µl of cell-free supernatant was used to detect indicated cytokine 
expression by ELISA. Experiments were done in triplicate and repeated twice. 
Representative data is shown. 
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with 1 µg/ml of Poly I:C but produced IL-6, IL-8, IP-10, and LIF in response to PMA/I 

stimulation (Figure 10a-f and data not shown). However, the KLE cells did produce IL-6, 

IL-8, IP-10, and RANTES but not TNFα or LIF following stimulation with 50 µg/ml of 

Poly I:C  (Figure 10f).  The  Ishikawa and  AN3  CA  cell  lines  were  not  responsive  to 

stimulation with Poly I:C but produced IL-8 (Ishikawa and AN3 CA) and LIF (AN3 CA 

only) following PMA/I stimulation (Figure 10a-e). These data indicate that endometrial 

epithelial cell lines respond to stimulation with dsRNA but that responses vary between 

the cell lines. 

We also observed that the endometrial epithelial cell lines express a different cytokine 

profile than lung or colorectal epithelial cell lines. We found that the A549, BEAS-2B, 

and MRC-5 cell line produce IL-6, IL-8, IP-10, and RANTES by 11 hours following 

stimulation with 10 µg/ml of Poly I:C (Figure 11a-d). However, expression of IL-6 was 

delayed until 20 hours post-stimulation in the A549 cell line (Figure 11a), and levels of 

IL-8 expression in the BEAS-2B cell line were low (Figure 11b). Expression of TNFα 

and LIF were not observed in responses to dsRNA stimulation, but LIF expression was 

induced in the BEAS-2B and MRC-5 cells following PMA/I stimulation (data not 

shown). In the colorectal cell lines, TLR3-expressing cells did not produce IL-6 (data not 

shown), and only the HT-29 cell line produced low levels of IL-8 following Poly I:C 

stimulation (Figure 12a). However, both the T84 and HT-29 cell line produced IP-10 

(Figure 12b) and RANTES (Figure 12c). Expression of TNFα and LIF was not observed 

in response to Poly I:C but the Caco-2 and T84 cells produce LIF following stimulation 

with PMA/I (data not shown). These results indicate that endometrial epithelial cells  
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Figure 11: dsRNA stimulation induces cytokine production in TLR3-expressing 

lung cell lines.  

 

 
 
 
Figure 11: dsRNA stimulation induces cytokine production in TLR3-expressing 
lung cell lines. A-549, BEAS-2B, and MRC-5 cells were untreated (U) or stimulated 
with 1 µg/ml of Poly I:C for 2 (IC2), 11 (IC11), or 20 (IC20) hours or with 10 ng/ml/500 
ng/ml of PMA/I (P/I) for 20 hours. 100 µl of cell-free supernatant was used to detect IL-6 
(a), IL-8 (b), IP-10 (c), or RANTES (d) by ELISA. Experiments were done in triplicate 
and repeated twice. Representative data is shown. 
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Figure 12: dsRNA stimulation differentially induces cytokine production in TLR3-
expressing colorectal epithelial cell lines.  
 

 
 
 
Figure 12: dsRNA stimulation differentially induces cytokine production in TLR3-
expressing colorectal cell lines. Caco-2, T84, and HT-29 cells were untreated (U) or 
stimulated with 1 µg/ml of Poly I:C for 2 (IC2), 11 (IC11), or 20 (IC20) hours or with 10 
ng/ml/500 ng/ml of PMA/I (P/I) for 20 hours. 100 µl of cell-free supernatant was used to 
detect IL-8 (a), IP-10 (b), or RANTES (c) by ELISA. Experiments were done in triplicate 
and repeated twice. Representative data is shown. 
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differ from mucosal epithelial cells of gut and lung origin in their responses to Poly I:C as 

well as from each other. 

4. Responses to dsRNA in RL95-2 cells are TLR3-dependent 

Since only TLR3-expressing endometrial epithelial cells respond to stimulation with Poly 

I:C, our data strongly suggests that responses to dsRNA stimulation are mediated through 

TLR3 in endometrial epithelial cell lines. However, other dsRNA binding proteins such 

as RIG1 and PKR have been demonstrated to mediate responses to dsRNA in other 

systems (42, 44, 60, 267). In order to verify that the observed responses to dsRNA 

stimulation are mediated only by TLR3, we utilized both RNA silencing and transfection 

techniques. When RL95-2 cells were treated with TLR3-specific siRNAs, responses to 

Poly I:C were abolished (128).  Additionally, transfection of Ishikawa cells, which do not 

express TLR3 or respond to stimulation with dsRNA, results in these cells becoming 

responsive to dsRNA (128). These results indicate that responses to dsRNA are mediated 

by TLR3 in endometrial epithelial cell lines. 

(a) PKR is expressed in both dsRNA responsive and non-responsive 

cell line 

The production of cytokines in response to Poly I:C exclusively by TLR3-expressing cell 

lines strongly implicates TLR3 as the receptor for Poly I:C and suggests that the antiviral 

and proinflammatory responses in endometrial epithelial cell lines are TLR3-dependent. 

However, PKR is also known to bind dsRNA and initiate an antiviral response. We 

examined the RL95-2 and Ishikawa cell lines for expression of PKR mRNA. Using RT-

PCR, we found that both RL95-2 and Ishikawa cell strongly express mRNA for PKR 

(Figure 13) (125). Although both cell lines express PKR, only the TLR3+ RL95-2 cell 
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Figure 13: Ishikawa and RL95-2 cells express PKR.  

 

 
 
Figure 13: Ishikawa and RL95-2 cells express PKR. Total RNA (100 ng) from RL95-2 
and Ishikawa cells was used to generate cDNA for measurement of PKR expression by 
RT-PCR. RT (reverse transcriptase) (+) or (–) indicates the presence or absence of RT 
during cDNA synthesis. The H2O lane indicates water was used instead of cDNA during 
the PCR reaction. Samples were run against a 100 bp DNA ladder. Experiments were 
done in triplicate and repeated three times. Representative data from one triplicate of one 
experiment is shown. 
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line responds to stimulation with dsRNA, while the TLR3- Ishikawa cell line does not 

(Figure 5). These results strongly suggest that TLR3 and not PKR mediate responses to 

dsRNA in endometrial epithelial cell lines, but do not eliminate the possibility that other 

dsRNA binding proteins may mediate dsRNA responses. 

(b) TLR3 siRNAs reduce the expression of TLR3 and inhibit RL95-2 

responses to dsRNA 

In order to eliminate the possibility that other dsRNA binding proteins are involved in the 

responses to dsRNA in endometrial epithelial cell lines, TLR3-specific siRNAs were 

used to knock down the expression of TLR3. siRNAs are known to reduce expression of 

protein in a gene-specific manner (268), for review see (269) and (270). Our results 

demonstrate that TLR3-specific siRNAs knock-down production of TLR3 mRNA and 

protein and inhibit responses to dsRNA by endometrial epithelial cell lines (128). 

(i) TLR3-specific siRNAs decrease TLR3 mRNA expression 

RL95-2 cells were transfected with TLR3- or GUS-specific siRNAs for 48 hours. RNA 

was collected from the cells and used to measure TLR3, TLR5 and GUS mRNA 

expression by qRT-PCR. Our data demonstrated that gene-specific siRNAs knocked-

down expression only of the corresponding gene. TLR3-specific siRNAs reduced 

expression of TLR3 mRNA to 12% of the level seen in untreated cells, while having little 

effect on the expression of GUS or TLR5 mRNA (Figure 14). GUS-specific siRNAs did 

not significantly affect expression of TLR3 or TLR5 mRNA but reduced expression of 

GUS mRNA 36% of the level seen with untreated cells (Figure 14). As expected, 

Ishikawa cells, included as a negative control, did not express TLR3 mRNA but did  
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Figure 14: TLR3-specific siRNAs inhibit production of TLR3 mRNA.  

 

 
 
Figure 14: TLR3-specific siRNAs inhibit production of TLR3 mRNA. RL95-2 cells 
were plated at 0.2 x 106 cells/well/ml in 12 well plates and treated with 10 pmol of TLR3 
or GUS siRNAs for 48 hours. Media was exchanged and 18 hours later RNA was 
purified from untreated RL95-2 cells (no siRNA), cells treated with TLR3 siRNA, or 
cells treated with GUS siRNA. Total RNA (100 ng) was used to generate cDNA  for the 
evaluation of relative expression levels of TLR3, TLR5, or GUS mRNA by qRT-PCR. 
Data is shown as average TLR3, GUS, or TLR5 RQ values of three samples run in 
triplicate using HPRT to normalize the samples Expression of each sample is relative to 
the average of the three no siRNA treated samples. Error bars indicate standard deviation. 
RNA harvested from untreated Ishikawa cells was used as a negative control. 
express GUS and TLR5 mRNA as compared to untreated RL95-2 cells (Figure 14).  
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These data indicate the action of the TLR3 and GUS siRNAs were gene-specific (128). 

(ii) TLR3-specific siRNAs decrease TLR3 protein expression 

In order to verify that protein expression was suppressed, RL95-2 cells treated with 

TLR3-specific siRNAs were examined for expression of TLR3 protein by flow 

cytometry. RL95-2 cells were stained with PE αTLR3.7 mAb or with isotype antibody 

and analyzed for intracellular TLR3 expression. TLR3 expression levels were reduced to 

29% in TLR3 siRNA treated cells as shown by FACS analysis (Figure 15) (128). 

In order to verify that protein expression was suppressed, RL95-2 cells treated with 

TLR3-specific siRNAs were examined for expression of TLR3 protein by flow 

cytometry. RL95-2 cells were stained with PE αTLR3.7 mAb or with isotype antibody 

and analyzed for intracellular TLR3 expression. TLR3 expression levels were reduced to 

29% in TLR3 siRNA treated cells as shown by FACS analysis (Figure 15) (128). 

(iii) TLR3-specific dsRNA inhibit production of cytokines in 

response to stimulation with dsRNA in RL95-2 cells 

When supernatants from cells treated with siRNAs and then stimulated with Poly I:C 

were analyzed by ELISA, our data demonstrated that addition of TLR3- but not GUS-

specific siRNAs to RL95-2 cells reduced the production of IL-6, IL-8, and RANTES to 

background levels (Figure 16a-c) and significantly inhibited IP-10 production (Figure 

16d). Since RL95-2 cells express TLR5 (Table II) and respond to stimulation with the 

TLR5 ligand (data not shown), flagellin and PMA/I were used to control for non-specific 

affects of the siRNAs. RL95-2 cells were still able to produce cytokines in response to 

stimulation with both ligands (Figure 16). Cells treated with GUS-specific siRNAs were 

able to respond to Poly I:C stimulation (Figure 16). siRNAs did have some non-specific  
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Figure 15: TLR3-specific siRNAs inhibit production of TLR3 protein.  

 

 
 
 
Figure 15: TLR3-specific siRNAs inhibit production of TLR3 protein. Following 
treatment with siRNAs as described in the figure legend for Figure 14, cells were 
incubated with PEαTLR3.7 monoclonal antibody or PE-labeled mIgG1 antibody and 
analyzed for expression of TLR3. Histogram plots were generated by gating on live cells. 
Experiments were repeated two times. Representative data is shown. 
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Figure 16: Treatment of RL95-2 cells with TLR3-specific siRNAs inhibits cytokine 
production in response to stimulation with dsRNA.  
 

 
 
 
Figure 16: Treatment of RL95-2 cells with TLR3-specific siRNAs inhibits cytokine 
production in response to stimulation with dsRNA. Following treatment with siRNAs 
as described in the figure legend for Figure 14, cells were stimulated with Poly I:C (1 
µg/ml), Flagellin (50 ng/ml), or PMA (10 ng/ml)/I (500 ng/ml) for 18 hours. 100 µl of 
cell-free supernatant was used to measure IL-6 (a), IL-8 (b), RANTES (c), and IP-10 (d) 
production by ELISA. Background values (untreated cells) were subtracted to calculate 
cytokine production. Experiments were done in triplicate and repeated three times. Error 
bars indicate standard deviation of three samples. Data shown represents the average of 
one experiment. 
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affects as both TLR3- and GUS-specific siRNAs decreased RL95-2 responses to flagellin 

and increased the response to PMA/I (Figure 16). Although addition of TLR3-specific 

siRNAs decreased the response of RL95-2 cells to flagellin, this effect was non-specific  

as GUS siRNAs had the same effect on the RL95-2 cells (Figure 16). It is unclear why 

these effects occur, although, Kariko and colleagues reported that siRNAs can stimulate 

cytokine responses and induce sequence-independent mRNA degradation and 

suppression of protein synthesis in TLR3-expressing cells (271, 272). These data indicate 

that TLR3 is required for RL95-2 cells to respond to Poly I:C stimulation and eliminate 

the possibility that PKR is responsible for the dsRNA response in endometrial epithelial 

cell lines. In addition, the results suggest that NF-κB-mediated responses are more 

sensitive to decreases in TLR3 expression than IRF3-mediated responses since IL-6, IL-

8, and RANTES production was almost completely eliminated, whereas IP-10 responses 

were only partially inhibited. 

(c) Transfection of TLR3-negative cell lines with the TLR3 gene 

confers responsiveness to dsRNA 

Some TLRs, such as TLR4, require additional proteins in order to mediate responses to 

ligands. We wanted to examine whether transfection of the TLR3 gene was sufficient for 

TLR3 non-expressing cell lines to become responsive to stimulation with dsRNA. 

Ishikawa cells were transfected with the expression vector pUNO-hTLR3 (pTLR3) for 48 

hours. pTLR3 contains the cDNA for TLR3 under the control of the HTLV promoter. 

Transfected cells strongly express TLR3 mRNA despite unaltered expression of TLR5 

mRNA by endpoint RT-PCR (Figure 17). Approximately 29% of the cells transfected 

expressed  TLR3  intracellular  protein  (Figure 18).  Surface  expressed  protein  was  not 



 108

Figure 17: Transfection with the TLR3 gene induces expression of TLR3 mRNA in 
Ishikawa cells.  
 

 
 
Figure 17: Transfection with the TLR3 gene induces expression of TLR3 mRNA in 
Ishikawa cells. Ishikawa cells were plated at 0.1 x 106 cells/well in 0.5 ml of media in a 
24-well plate. Cells were treated with lipofectamine (4 µl) and 0.4 µg of pUNO-hTLR3 
(pTLR3) or pZERO-hTLR3-TIR- (pTIR3) for 48 hours. Eighteen hours later, RNA was 
collected, and 100 ng of total RNA was used to generate cDNA for measurement of 
expression of TLR3, TLR5 and GUS mRNA by non-transfected (lanes 1-9) or pUNO-
hTLR3 transfected (lanes 10-17) Ishikawa cells using endpoint RT-PCR. Results are 
shown in quadruplicate. 
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Figure 18: Transfection with the TLR3 gene induces expression of TLR3 protein in 
Ishikawa cells.  
 

 
 
Figure 18: Transfection with the TLR3 gene induces expression of TLR3 protein in 
Ishikawa cells. Following transfection with the pTLR3 gene as described in the figure 
legend for Figure 17, cells were collected and PEαTLR3 mAb used to detect intracellular 
expression of TLR3 protein by FACS analysis. mIgG1 was used as an isotype control. 
Histogram plots were generated by gating on live cells. M1 was used to determine 
percentage of TLR3-negative cells, and M2 was used to determine percentage of TLR3-
positive cells as demonstrated in the inset (b). Each bar represents the percentage of 
TLR3-positive cells. Results are representative of two experiments done in triplicate. 



 110

detected (data not shown). Upon transfection with pTLR3, Ishikawa cells became Poly 

I:C responsive. Ishikawa cells produced IL-8 and IP-10 following Poly I:C stimulation, 

even  though  only  IL-8  production was  seen  with  PMA/I stimulation  (Figure  19  and 

Figure 10). As expected, transfection with pTLR3 did not alter the response to flagellin 

stimulation in Ishikawa cells (data not shown). As a negative control, Ishikawa cells were 

transfected with the pZERO-hTLR3-TIR- (pTIR) expression vector. pTIR encodes a 

truncated cDNA for TLR3 that is missing the portion of the cDNA encoding the TIR 

signaling domain. Ishikawa cells transfected with this expression vector did not respond 

to Poly I:C stimulation (Figure 19). These data make clear that intact TLR3 protein is 

sufficient to confer Poly I:C-responsiveness to Ishikawa cells (128). This result suggests 

that TLR3 is sufficient to mediate responses to dsRNA in endometrial epithelial cell 

lines, and that Ishikawa cells express TLR3-associated adaptor proteins and signaling 

molecules even in the absence of TLR3 expression. 

D. Responsiveness to dsRNA is Hormonally Regulated in the RL95-2 Cell Line 

Since TLR3 mRNA and protein expression is cycle-dependent, we wanted to examine the 

effects of hormone treatment on responses to dsRNA. RL95-2 cells were cultured in 

charcoal-stripped media for 48 hours and treated with physiological doses of 17-β-

estradiol and or progesterone. Media was then replaced, and cells were stimulated with 

10 µg/ml of Poly I:C for 18 hours. Supernatant was collected and analyzed for production 

of IL-6 by ELISA. Our results indicate that pretreatment with estrogen and progesterone 

result in inhibition of dsRNA-stimulated IL-6 production (Figure 20). Further 

experiments will be required to determine whether this phenomenon is limited to IL-6, 

and how hormones are acting to inhibit TLR3 cytokine responses to dsRNA. 
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Figure 19: Transfection with the TLR3 gene confers dsRNA responsiveness to 
Ishikawa cells.  
 

 
 
 
Figure 19: Transfection with the TLR3 gene confers dsRNA responsiveness to 
Ishikawa cells. Following transfection with the pTLR3 or pTIR3 gene as described in 
Figure 17, cells were stimulated with Poly I:C (1 µg/ml), LPS (100 ng/ml), or PMA/I (10 
ng/ml/500 ng/ml) for 18 hours. 100 µl of cell-free supernatant was used to measure IL-6, 
IL-8, and IP-10 production by ELISA. Background values (untreated cells) were 
subtracted to calculate cytokine production. Experiments were done in triplicate and 
repeated three times. Error bars indicate standard deviation of three samples. Data shown 
represents the average of one experiment. 
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Figure 20: Treatment of RL95-2 cells with estrogen and progesterone inhibits 
production of IL-6 in responses to stimulation with dsRNA.  
 
 

 
 
Figure 20: Treatment of RL95-2 cells with estrogen and progesterone inhibits 
production of IL-6 in responses to stimulation with dsRNA. RL95-2 cells were plated 
at 0.2 x 106 cell/well in 1 ml of media and treated 10 nM 17β-estradiol, 100 nM 
progesterone, or a combination of 10 nM estrogen and 100 nM progesterone (E + P) for 
48 hours. Media was exchanged, and cells were untreated (U) or stimulated with 1 µg/ml 
of Poly I:C (IC) or Poly dI:dC (dIdC) for 18 hours. 100 µl of cell-free supernatant was 
used to measure IL-6 production by ELISA. Experiments were done in triplicate and 
repeated twice. Error bars indicate standard deviation of three samples. Data shown 
represents the average of one experiment. 
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E. Primary Endometrial Epithelium Expresses Functional TLR3 

We next wanted to examine the function of TLR3 in primary endometrial epithelial 

tissue. We previously demonstrated that primary endometrial epithelium expresses TLR3 

mRNA and protein, but the functional activity in primary cells has not yet been 

determined (125). In order to investigate this, we exposed primary endometrial epithelial 

cells to dsRNA and analyzed production of IL-6, IL-8, IP-10, RANTES, TNFα, and LIF 

by ELISA. Separated endometrial epithelial cells were plated and stimulated for 18 hours 

with 10 µg/ml of Poly I:C. Our results indicate that upon stimulation with Poly I:C, 

primary endometrial epithelial cells differentially produce proinflammatory and antiviral 

cytokines. IL-6, IL-8, IP-10, and RANTES were produced in responses to stimulation 

with Poly I:C (Figure 21). IL-6 and IP-10 production was observed in all patient samples 

examined (Figure 21). IL-8 expression was seen only in sample HE361 (a d8 proliferative 

phase sample) (Figure 21a) and HE356 (a d22 mid-secretory phase sample) (Figure 21e). 

Expression of IL-6 was decreased, and IL-8 was not detected in the HE357 d22 mid-

secretory phase sample from a patient on COCPs. This sample was analyzed in parallel to 

the d22 HE356 sample. RANTES was produced by some samples (HE439 d16 early 

secretory, HE525 d18 early secretory, and HE438 d28 late secretory endometriosis) 

(Figure 21c, d, and g) but not others (HE361 d8 proliferative and HE495 d15 early 

secretory) (Figure 21a and b). LIF production was seen only in the HE438 d28 late 

secretory endometriosis sample at the 3 hour time-point exclusively (Figure 21g). 

Significant production of TNFα was not observed (Figure 21). All samples except the 

HE438 d28 late secretory sample were from non-disease patients who were not on any 

medications. Sample HE438 was obtained from a patient diagnosed with endometriosis.  
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Figure 21: Primary endometrial epithelium expresses functional TLR3.  

 

 
 
The figure is continued on the next page. 
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Figure 21: Primary endometrial epithelium expresses functional TLR3. Primary 
endometrial epithelial cells from various cycle days were plated at 0.1 x 106 cell/ml in 1 
ml of media. The next day, cells were stimulated with 10 µg/ml of Poly I:C for 30 
minutes (IC0.5), 1 hour (IC1), 2 hours (IC2), 3 hours (IC3, or 18 hours (IC18), with 10 
µg/ml of Poly dI:dC for 18 hours (dIdC18), with 10 ng/ml/500 ng/ml of PMA/I (P/I), or 
left untreated (U). 100 µl of cell-free supertanant was tested by ELISA for IL-6, IL-8, IP-
10, RANTES, and TNFα as indicated from the HE361 d8 proliferative phase sample (a), 
the HE495 d15 early secretory phase sample (b), the HE439 d16 early secretory phase 
samples (c), the HE525 d18 early secretory phase sample (d), the HE356 d22 mid-
secretory sample (e), the HE357 d22 mid-secretory phase sample from a patient on 
COCPs (f), and the HE438 d28 late secretory phase sample from an endometriosis patient 
(g). 100 µl of cell-free supernatant was tested by ELISA for LIF from the HE525 d18 
early secretory phase sample and from the HE438 d28 late secretory phase endometriosis 
sample (g). Each bar represents the average of duplicate samples from an individual 
patient. 
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This sample exhibited higher production of the inflammatory cytokine IL-6 than other 

samples examined and was the only sample to secrete LIF. This suggests that 

endometriosis samples may be more likely to produce inflammatory cytokines. Our 

results demonstrate that functional TLR3 protein is expressed by primary endometrial 

epithelial cells, and that dsRNA can induce cytokine production by endometrial epithelial 

cells. 

III. Discussion 

We have found that cyclically expressed TLR3 protein is functional in endometrial 

epithelial tissues and cell lines (128). TLR3 is expressed on both the cell surface and 

intracellularly in endometrial epithelial cell lines. Our data indicates that stimulation with 

dsRNA alters expression levels of other TLRs and results in dose-dependent production 

of proinflammatory and antiviral cytokines (128). Different endometrial epithelial cell 

lines respond differentially to stimulation with Poly I:C, and responses are distinct from 

those observed in non-endometrial cell lines. The results also indicate that primary 

endometrial epithelial cells respond to dsRNA stimulation, and that the response differs 

in both quantity and quality between individuals. 

Responses of primary endometrial epithelial cells to dsRNA were examined in cycle day-

specific epithelial samples. Proinflammatory and antiviral cytokine production was 

examined in samples obtained from normal proliferative, early secretory, and mid-

secretory epithelium; from endometriosis late secretory phase epithelium; and from mid-

secretory epithelium from a patient using COCPs. Cytokine production in the 

endometriosis patient was higher than in other samples and this was the only sample to 

transiently express LIF at low levels upon stimulation with dsRNA. We found that 
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cytokine production in mid-secretory epithelial cells from patients using COCPs seems to 

be decreased as compared to normal mid-secretory epithelial cells when samples were 

examined in parallel. This suggests that COCPs can inhibit immune responses during the 

implantation window. We also observed that cytokine production generally seemed 

increased during the phases of the menstrual cycle where TLR3 expression is the greatest. 

However, due to the low sample number, the association between TLR3 expression levels 

and potency of cytokine responses will require further investigation. 

Our observation that stimulation with dsRNA alters expression of other TLRs has 

numerous implications. As previously mentioned, the endometrial immune system is 

unique in that it must protect the host from infection with STDs and other pathogens, 

while exhibiting immune tolerance to sperm and the conceptus in allowing fertilization 

and embryo implantation to occur (115, 117, 120). Cells and molecules of the immune 

system are also utilized in normal functioning of the endometrium, and alterations in the 

immune environment could negatively impact the health and function of the 

endometrium (101, 112, 120, 121). In the lung and gut, we observed that stimulation with 

dsRNA results in up-regulation of its own receptor, TLR3 as well as up-regulation of 

several TLRs involved in inflammatory responses to microbial PAMPs. In endometrial 

epithelial cells, TLR3 was either not up-regulated or minimally up-regulated, and only 

TLR5 and TLR7 expression was altered by dsRNA stimulation. Rather than being up-

regulated, TLR5 and TLR7 expression was actually decreased. These results have 

important implications for the balance between immune response and immune tolerance 

in the endometrium. TLR3 ligation does result in immune responses designed to 

eliminate pathogen in the endometrium. However, in contrast to responses in other 
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mucosal epithelium, TLR3-mediated responses in the endometrium seem to result in 

down-regulation of other TLRs involved in immune responses to pathogen. This could be 

a mechanism by which the human endometrium is able to mount immune responses but 

limit inflammatory responses that could be detrimental to the health or function of the 

endometrium. 

It has been observed that polarized mucosal epithelium can express TLRs, but restrict 

expression levels or directionality of TLR expression in order to promote appropriate 

immune responses (108, 109, 110, 111). Since our results demonstrate that TLR ligation 

can alter cytokine production in the endometrial epithelium, the ability to restrict TLR 

expression and control responses could be critical to prevention of deleterious immune 

responses in the endometrium. We observed in Chapter III that TLR3 mRNA and protein 

is differentially regulated in endometrial epithelial tissue depending upon the location of 

the cells and the stage of the menstrual cycle. Expression was highest during the mid- and 

late secretory phases and lowest during the proliferative phase, and TLR3 was expressed 

more strongly in luminal epithelium than glandular epithelium (128). We examined 

endometrial epithelial cell lines to further investigate TLR3 expression patterns. We 

found that endometrial epithelial cell lines differentially express TLR3. Our data 

indicates that RL95-2 and HEC-1-A cells express intracellular TLR3, while Ishikawa and 

AN3 CA cells do not express any TLR3. The KLE cell line expresses both surface and 

intracellular TLR3. Variance in TLR3 cellular localization between cells of different 

origin has been observed by other groups. The MRC-5 fibroblast cell line expresses cell 

surface TLR3, while plasmacytoid DCs express intracellular TLR3 (156, 157). However, 

our results mark the first observation that TLR3 cellular localization can vary between 
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cell lines of the same origin. The consequences of these variances in TLR3 expression 

patterns are unclear. 

Variances in TLR expression patterns could prevent inappropriate immune responses in 

the endometrial epithelium. It is essential that immune responses are generated only in 

response to pathogenic organisms, while foreign antigen such as sperm and the conceptus 

are ignored (112, 115, 117, 120). The former is particularly difficult since pathogens such 

as Chlamydia trachomatis and Mycoplasma genitalium can be carried by sperm (273, 

274, 275). Controlling TLR activation in mucosal tissue by restricting TLR expression 

has been observed in intestinal epithelial tissues (14, 108, 109, 110, 111, 143, 144). In the 

gut, Gewirtz and colleagues demonstrated that restriction of TLR5 expression to 

basolateral intestine helps prevent activation of TLR5 by commensal bacteria (111). 

Cyclic regulation and restricted TLR3 localization and expression patterns could prevent 

inappropriate activation of TLR3 responses in the endometrium. This suggestion is 

supported by the observed differences in TLR3 responses between endometrial epithelial 

cell lines that differ in TLR3 localization. The KLE cell line is the only TLR3+ cell lines 

that did not respond to low dose stimulation with dsRNA. This cell line was also the only 

endometrial epithelial cell line to express surface rather than intracellular TLR3 protein. 

Although further studies are required to connect these independent observations, these 

results support the hypothesis that alteration of TLR3 localization could alter activation 

of TLR3 responses and possibly prevent inappropriate TLR3 activation. 

We found that RL95-2 cell and primary endometrial cell stimulation with dsRNA results 

in TLR3-dependent production of the proinflammatory cytokines IL-6, IL-8, and 

RANTES and the antiviral cytokines IFNβ and IP-10 (128). This response was 
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demonstrated to be TLR3-dependent using RNA inhibition (128). Treatment with TLR3-

specific siRNAs inhibited RL95-2 TLR3 gene and protein expression and renders RL95-

2 cells unresponsive to Poly I:C stimulation, while remaining responsive to flagellin and 

PMA/I. 

This response occurs rapidly at doses of dsRNA approximately 50-fold lower than the 

dose required by MRC-5 cells. It is unclear why RL95-2 cells are extremely sensitive to 

Poly I:C stimulation. It is possible that since the uterus is exposed to and required to 

tolerate foreign molecules, TLRs in the endometrium may be hyporesponsive to stimuli 

such as LPS, thus, requiring a higher sensitivity to other stimuli such as dsRNA. This is 

not unprecedented since numerous investigators have observed induction of homo- and 

heterotolerance to secondary stimulation with LPS (14, 16, 141). Additionally, tolerance 

to inflammatory stimuli via TLR2 and TLR4 in intestinal cells that must tolerate 

exposure to commensal-associated molecular patterns (CAMPs) in order to prevent IBD 

(14, 15, 16, 140, 141, 144) 

The hypothesis that endometrial tissues are able to generate rapid immune responses to 

dsRNA is supported by the results obtained when Ishikawa cells were transfected with 

the TLR3 gene. Our data indicates that the transfection of the TLR3 gene into non-TLR3-

expressing cell lines is sufficient to permit responses to dsRNA (128). This evidence 

suggests that endometrial cells that do not express TLR3 retain expression of TLR 

adaptor proteins and signaling molecules and could rapidly up-regulate TLR3 expression 

and contribute to the proinflammatory and antiviral response when necessary.
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CHAPTER V 
 

ENDOMETRIAL EPITHELIAL CELLS CYCLICALLY EXPRESS α- AND β-
DEFENSINS AND REGULATE DEFENSIN EXPRESSION LEVELS 

FOLLOWING STIMULATION WITH dsRNA 
 
 
 
I. Introduction 

Endometrial epithelial cells constitutively express α- and β-defensins in a cycle-

dependent manner (99). Constitutive production of defensin peptides by the mucosal 

epithelium is thought to act as a preventative barrier from pathogen infection (3, 63, 66, 

72, 75, 99). The role of defensins in prevention of disease transmission in the 

endometrium is not clear, but it is known that defensins are present at higher levels in the 

endometrium during infection, and that inflammatory stimuli up-regulates defensins 

expression in the endometrium (63, 86, 87, 89, 90, 99, 276). The baseline expression of 

defensin molecules appears to be hormonally controlled as each defensin peptide 

identified in the endometrium has a unique expression pattern throughout the menstrual 

cycle (99). Additionally, administration of COCPs results in alteration of defensin 

expression by endometrial epithelial cells (99). This observation is significant, since 

COCP users show an increased risk of acquiring an STD (99, 101). Although there are 

non-immune reasons for this, it is thought that immune suppression due to COCP use can 

contribute to decreased disease resistance. Additionally, since defensins serve diverse 

functions as chemokines and immune regulators, it is possible that hormonal 

manipulation of defensin expression is important for normal functioning of the 

endometrium. Defensins can also be involved in preterm labor as elevated defensin levels 

are observed in infected women that experience preterm labor (99, 277). 
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The defensins have been identified as an important peptide in antiviral defenses. 

Originally, α-defensins were thought to be antiviral molecules produces exclusively by 

neutrophils (62, 63, 74, 75, 80). It is now known that α-defensins have a variety of 

functions and are produced in several cell types including epithelial cells (63, 67, 68, 75, 

80, 99, 100). The α-defensins are active against STDs such as HIV-1 and could be an 

important component of immune defenses against viral STDs (62, 63, 75, 82, 83, 97). 

Several β-defensins have also been identified to exhibit anti-HIV-1 activity (93, 94, 99). 

Furthermore, HBD1 and HBD2 are up-regulated following stimulation with Poly I:C in 

uterine epithelial cells, suggesting that these defensins are produced during viral infection 

as a part of the dsRNA-induced antiviral response (88). 

II. Results 

We examined both constitutive defensin expression and dsRNA-induced defensin 

expression in endometrial epithelial cells from different stages of the menstrual cycle. 

Our results confirmed the cycle-dependent expression of HD5, HBD1, HBD2, HBD3, 

and HBD4 that has been previously reported in the literature (99). Interestingly, we also 

made the novel observation that HNP4 is expressed in menstrual phase tissue, and HBD5 

is expressed during the early secretory phase. The literature also indicates that HBD1 and 

HBD2 but not HBD3 can be up-regulated by stimulation with dsRNA in primary 

endometrial epithelial cells. Our results suggest that HBD1 is down-regulated in RL95-2 

cells and in primary endometrial epithelial cells, but is up-regulated in primary epithelial 

cells obtained from individuals diagnosed with endometriosis. HBD2 was up-regulated in 

RL95-2 cells and in endometriosis primary epithelial cells. Our results indicate that 

HBD3 expression is not altered by dsRNA stimulation in RL95-2 cells, but is decreased 



 123

in normal endometrial epithelial tissue and increased in endometriosis epithelial tissue. 

Following stimulation with dsRNA, we observed down-regulation of HD5 in RL95-2 

cells and in primary endometrial epithelial cells from an endometriosis patient. These 

results indicate endometrial epithelial cells cyclically secrete defensins including HNP4 

and HBD5, and that expression of several defensins can be altered by dsRNA 

stimulation. 

A. Endometrial Epithelial Cells Cyclically Express α-defensins 

In order to investigate the expression of α-defensins in the human endometrium, we 

analyzed mRNA from dated primary endometrial epithelium. A summary of the patient 

sample can be found in Table VIII. mRNA from 4 patient sets was examined. The “B 

samples” are RNA samples generously provided by Dr. Bruce Lessey (Greenville 

Hospital, Greenville, SC). The “M samples were also provided by Dr. Lessey and were 

received as snap-frozen tissue. The “T series” samples were provided by Dr. Kathy 

Timms (University Hospital, Columbia, MO) as tissue samples in RNA later. These 

samples were received as separated epithelial and stromal tissues from the same patient. 

The “HE series” samples are provided by Dr. Kathy Timms as partially separated 

epithelial cells. The final epithelial cell separation and RNA collection from these cells 

and the snap-frozen tissue was performed in our laboratory. In analysis of α-defensin 

expression in these samples sets, we observed cycle-dependent expression of two α-

defensins. HNP4 was expressed in menstrual phase epithelium, and HD5 was expressed 

in mid-secretory phase epithelium. 
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1. Endometrial epithelial cells express HNP4 during the menstrual phase 

HNP4 is a human α-defensin that has not been widely studied due to its low expression 

by natural sources. It is known that HNP4 exhibits anti-viral activity to HIV-1 and is 

primarily expressed in human neutrophil granules (63). Little else is known about this 

protein, and it has not been examined in the human endometrium. RNA collected from 

endometrial epithelial cells and cell lines was analyzed for expression of HNP4 by qRT-

PCR. HNP4 was detected in menstrual phase epithelial cells from the M and T series 

samples (Figure 22a and b). Expression in the T series was higher in glandular epithelium 

than in stromal samples (data not shown). HNP4 was not detected in the RL95-2 cell line, 

the d15 HE495 early secretory sample, the d28 HE438 late secretory endometriosis 

sample, or in the B series samples (data not shown). It is not surprising that HNP4 was 

not detected in the B series samples, since this sample set does not include a sample from 

the menstrual phase (Table VIII). Although each sample series only contained 1 

menstrual phase sample each, these samples were independently collected, and results are 

consistent between sample sets. Our data indicates that HNP4 is expressed in the 

endometrial epithelium, and suggests that expression is restricted to menstrual phase 

epithelium. 

2. HD5 is expressed by endometrial epithelial cells and cell lines 

HD5 is an α-defensin originally thought to be expressed only in Paneth cell granules (63, 

74). However, HD5 is now known to be expressed by secretory phase endometrial 

epithelial tissue and in RL95-2 cells and is bactericidal against the STDs Chlamydia 

trachomatis and Niesseria gonorrhoeae (63, 85, 99). We examined expression of HD5 by 

qRT-PCR in our tissue samples.  We confirmed that  HD5 is expressed in secretory phase  
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Figure 22: Endometrial epithelial cells express HNP4 during the menstrual phase.  

 
Figure 22: Endometrial epithelial cells express HNP4 during the menstrual phase. 
cDNA was generated from 100 ng of total RNA collected from M and T series primary 
endometrial epithelium and was used to measure relative expression of HNP4 mRNA by 
qRT-PCR. For the M series, data is shown as average RQ values of triplicate samples 
from one patient using the housekeeping gene HPRT to normalize samples (a). 
Expression of each replicate is normalized to the average of the all three d5 proliferative 
phase sample replicates. For the T series, data is shown as average RQ values from two 
patient samples (except the menstrual phase sample is from one patient) analyzed in 
triplicate using HPRT to normalize samples (b). Expression of each sample is normalized 
to the average of the menstrual phase sample triplicates. Proliferative phase samples are 
indicated in red, early secretory phase samples in yellow, mid-secretory phase samples 
are in green, late secretory phase samples are in blue, and menstrual phase samples are in 
pink. Error bars indicate standard deviation between patients or between replicates. 
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endometrial epithelium, with peak expression observed during the mid-secretory phase in 

the T and B series samples (Figure 23a and b). HD5 was expressed constitutively in 

RL95-2 cells and in a d28 late secretory sample from a patient with endometriosis but not 

in a d15 HE495 early secretory sample (data not shown). Our data confirms the report 

that HD5 is expressed in mid-secretory endometrial epithelial tissue, and suggests the 

possibility HD5 may be up-regulated in the late secretory phase in endometriosis patients. 

3. HD6 is not expressed by endometrial epithelial cells 

HD6 is an α-defensin that is also expressed in Paneth cell granules (63, 74). Little is 

known regarding the function and expression of HD6, and its microbicidal activities are 

unclear. We examined endometrial epithelial samples and RL95-2 cells for expression of 

HD6 and did not detect expression in the endometrium. Our data suggest that HD5 and 

HD6 are differentially expressed in endometrial epithelium, and that HD6 is not 

expressed in the human endometrium. 

B. Endometrial Epithelial Cells Cyclically Express β-defensins 

We next wanted to examine expression of β-defensins in the human endometrial 

epithelium. There are 6 β-defensins that have been identified in the human (62, 63, 75). 

HBD1-4 are cyclically expressed in the human endometrium (99). β-defensins show a 

wide variety of antibacterial and antiviral properties and could play an important role in 

preventing infection in the endometrium (61, 63, 86, 93, 94). As reported in the literature, 

we observed that HBD1, HBD2, HBD3, and HBD4 are expressed and cyclically 

regulated in the endometrial epithelium (99, 100). We also examined HBD5 and HBD6 

expression. HBD5 and HBD6 are recently identified β-defensins that are known to be 

expressed only in the epididymis (92). We found that HBD5 but not HBD6 is expressed  
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Figure 23: Endometrial epithelial cells express HD5 during the mid-secretory phase. 

 
Figure 23: Endometrial epithelial cells express HD5 during the mid-secretory phase. 
cDNA was generated from 100 ng of total RNA collected from T series and B series 
primary endometrial epithelial samples and was used to measure relative expression of 
HD5 mRNA by qRT-PCR. Data is shown as average RQ values from triplicate samples 
from one patient using the housekeeping gene HPRT to normalize samples. For the T 
series, expression of each replicate is normalized to the average of the all three T1810 
mid-secretory phase sample replicates (a). For the B series, expression of each replicate is 
normalized to the average of all three d24 late secretory phase replicates (b). Proliferative 
phase samples are indicated in red, early secretory phase samples are in yellow, mid-
secretory phase samples are in green, late secretory phase samples are in blue, and 
menstrual phase samples are in pink. Error bars indicate standard deviation between 
replicates. 
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by endometrial epithelial cells. Our results confirm that β-defensins are cyclically 

expressed in the human endometrium and provide the first observation that HBD5 is 

expressed in female reproductive tissue. 

1. HBD1 is constitutively expressed by endometrial epithelial cells and cell 

lines and peak expression is seen during the mid- to late secretory phases 

HBD1 is a constitutively expressed β-defensin that has microbicidal activity against gram 

negative and gram positive bacteria, fungus, and viruses (61, 62, 63, 75). HBD1 is 

generally not up-regulated following cell exposure to inflammatory stimuli but does have 

IL-6 and TNFα response elements in its promoter (61, 62, 63, 75). HBD1 is expressed 

throughout the menstrual cycle in the human endometrium with peak expression 

observed during the mid- to late secretory phase (99). We examined HBD1 expression 

using qRT-PCR in endometrial epithelial cells and in RL95-2 cells. HBD1 was 

constitutively expressed in all tissues and cell analyzed and expression peaked during the 

mid- and late secretory phase in M series, B series, and T series samples (Figure 24a-c 

and data not shown). Expression was higher in glandular epithelium than in stromal tissue 

in the T series sample set (Figure 24b inset). Our data confirms the literature reports that 

HBD1 is a cyclically regulated defensin that is expressed at the highest level during the 

mid- and late secretory phases.  

2. HBD2 is constitutively expressed by endometrial epithelial cells and cell 

lines and peak expression is observed during the menstrual phase 

HBD2 exerts antimicrobial effects similar to those observed with HBD1, but, unlike 

HBD1, is usually not constitutively expressed and is up-regulated following stimulation 

with  microbial  stimuli (61, 62, 63, 75, 75, 99). However, decreased expression of HBD2  



 130

Figure 24: Endometrial epithelial cells constitutively express HBD1 with peak 
expression seen during the mid-secretory phase.  
 

 
 
 
Figure 24: Endometrial epithelial cells constitutively express HBD1 with peak 
expression seen during the mid-secretory phase. cDNA was generated from 100 ng of 
total RNA collected from M series, T series, and B series primary endometrial epithelial 
samples and was used to measure relative expression of HBD1 mRNA by qRT-PCR. For 
the M series, data is shown as average RQ values from triplicate samples from one 
patient using the housekeeping gene HPRT to normalize samples (a). Expression of each 
replicate is normalized to the average of the all three d5 proliferative phase sample 
replicates. For the T series (b) and B series (c), data is shown as average RQ values from 
triplicate samples from one patient (the T series menstrual phase), two patient samples 
(the T series) or three patient samples (B series) run in triplicate using the housekeeping 
gene HPRT to normalize samples (b). Expression of each sample is normalized to the 
average of the proliferative phase samples. The inset in (b) is the T series with data 
shown with each sample normalized to the average of the proliferative phase stromal 
samples. Proliferative phase samples are indicated in red, early secretory phase samples 
are in yellow, mid-secretory phase samples are in green, late secretory phase samples are 
in blue, and menstrual phase samples are in pink. Error bars indicate standard deviation 
between patients or between sample replicates. 
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in mucosal tissue that do constitutively express HBD2 is associated with HIV-1 positive 

status, suggesting a role for HBD2 in preventing HIV-1 infection (93). Expression of 

HBD2 in the endometrial epithelium peaks during the menstrual phase (99). We 

examined expression of HBD2 in primary endometrial epithelium and RL95-2 cells. 

HBD2 was constitutively expressed in all glandular tissue analyzed (Figure 25 and data 

not shown). The RL95-2 cell lines did constitutively express HBD2, but expression was 

extremely low and was not detected in all untreated samples (data not shown). We found 

that HBD2 expression peaks during the menstrual phase, but that the peak can extend into 

proliferative phase tissue (Figure 25). Our data indicated the M series expressed HBD2 at 

the highest level during the menstrual phase (Figure 25a), however, in the T series, 

expression was elevated during the menstrual phase and peaked during the proliferative 

phase (Figure 25b). The B series was not examined for expression of HBD2. The results 

confirm that HBD2 expression peaks during the menstrual phase but suggests elevated 

expression can extend into the proliferative phase. 

3. Endometrial epithelial cells express HBD3 

Like HBD2, HBD3 is an inducible β-defensin that is microbicidal to gram negative and 

gram positive bacteria, fungi, and virus (61, 62, 63, 75). HBD3 has been found to be 

expressed in endometrial epithelial cells during the early and late secretory phases (99). 

HBD3 could be an important defensin in regulating viral infection as it has been 

demonstrated to inhibit HIV-1 replication (93, 94). We examined HBD3 expression in 

our endometrial epithelial samples and in the RL95-2 cell line and confirmed that HBD3 

is expressed in the endometrium. Our data indicates that HBD3 is expressed at the 

highest level during the mid- and late secretory phase and in the menstrual phase in the M  
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Figure 25: Endometrial epithelial cells constitutively express HBD2 with peak 
expression seen during the menstrual phase.  

 
Figure 25: Endometrial epithelial cells constitutively express HBD2 with peak 
expression seen during the menstrual phase. cDNA was generated from 100 ng of total 
RNA collected from M and T series primary endometrial epithelium and was used to 
measure relative expression of HBD2 mRNA by qRT-PCR. For the M series, data is 
shown as average RQ values from triplicate samples from one patient using the 
housekeeping gene HPRT to normalize samples (a). Expression of each replicate is 
normalized to the average of the all three d5 proliferative phase sample replicates. For the 
T series, data is shown as average RQ values from two patient samples (except for the 
menstrual phase sample, which is from one patient) run in triplicate using HPRT to 
normalize samples (b). Expression of each sample is normalized to the average of the 
proliferative phase sample triplicates. Proliferative phase samples are indicated in red, 
early secretory phase samples are in yellow, mid-secretory phase samples are in green, 
late secretory phase samples are in blue, and menstrual phase samples are in pink. Error 
bars indicate standard deviation between patients or between replicates. 
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series and T series samples (Figure 26a-b). Expression was only observed in a d17 early 

secretory phase sample in the B series sample set (data not shown). HBD3 was 

constitutively expressed in a normal d15 HE495 early secretory sample and in a d28 

HE439 late secretory endometriosis patient but was not expressed in RL95-2 cells (data 

not shown). Our results confirm that HBD3 is expressed in endometrial epithelium during 

the early and late secretory phase, but we additionally observed expression of HBD3 in 

mid-secretory phase and menstrual phase tissue. 

4. Endometrial epithelial cells express HBD4 

HBD4 exhibits similar antimicrobial activity as HBD3 and is inducible upon stimulation 

with inflammatory stimuli (61, 62, 63, 75). HBD4 was identified solely by genomics and 

has not been as widely studied as HBD1-3 (61, 62, 63, 75). However, HBD4 does exhibit 

anti-HIV-1 activity (94). HBD4 expression is observed in human endometrial epithelium 

with the highest level of expression occurring in the proliferative and early secretory 

phases (99). Our data indicates that HBD4 is expressed in human endometrial epithelial 

cells intermittently (Figure 27). In the M series samples, HBD4 was expressed in all 

phases of the menstrual cycle but was only expressed by a subset of patient samples from 

each phase (Figure 27a). The T series samples expressed HBD4 primarily in the mid-

secretory phase (Figure 27b), and the B series samples expressed HBD4 between the 

proliferative phase and d20 of the menstrual cycle (Figure 27c). The RL95-2 cell line and 

a d15 HE495 early secretory sample did not express HBD4, while a d28 HE439 late 

secretory sample from an endometriosis patient did constitutively express HBD4 (data 

not shown). Our data confirms that HBD4 is expressed in endometrial epithelial cells, but  
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Figure 26: Endometrial epithelial cells express HBD3.  

 
Figure 26: Endometrial epithelial cells express HBD3. cDNA was generated from 100 
ng of total RNA collected from M series and T series primary endometrial epithelial 
samples and was used to measure relative expression of HBD3 mRNA by qRT-PCR. 
Data is shown as average RQ values from triplicate samples from one patient using the 
housekeeping gene HPRT to normalize samples. For the M series, expression of each 
replicate is normalized to the average of the all three d27 late secretory phase sample 
replicates (a). For the T series, expression of each sample is normalized to the average of 
the T1805 proliferative phase sample triplicates (b). Proliferative phase samples are 
indicated in red, early secretory phase samples are in yellow, mid-secretory phase 
samples are in green, late secretory phase samples are in blue, and menstrual phase 
samples are in pink. Error bars indicate standard deviation between patients or between 
replicates. 
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Figure 27: Endometrial epithelial cells express HBD4.  
 

 
 
Figure 27: Endometrial epithelial cells express HBD4. cDNA was generated from 100 
ng of total RNA collected from M series, T series, and B series primary endometrial 
epithelial samples and was used to measure relative expression of HBD4 mRNA by qRT-
PCR. Data is shown as average RQ values from triplicate samples from one patient using 
the housekeeping gene HPRT to normalize samples. Expression of each replicate is 
normalized to the average of the all three d5 proliferative phase sample replicates for the 
M series (a), the average of the T1805 proliferative phase sample triplicates for the T 
series (b), and the average of the three proliferative phase samples for the B series (c). 
Proliferative phase samples are indicated in red, early secretory phase samples are in 
yellow, mid-secretory phase samples are in green, late secretory phase samples are in 
blue, and menstrual phase samples are in pink. Error bars indicate standard deviation 
between replicates. 
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indicates that expression is not necessarily limited to the proliferative and early secretory 

phases. 

5. HBD5 is expressed by endometrial epithelial cells during the early 

secretory phase 

HBD5 is a recently identified β-defensin found in the epididymis (92). Little is known 

regarding expression in other tissues or the function of HBD5. We examined expression 

of HBD5 by qRT-PCR in the human endometrium, and found that HBD5 is expressed 

and cyclically regulated. Expression was observed primarily in the late proliferative or 

early secretory phases. Our data indicates that HBD5 is expressed at the highest levels 

around d15 to d17 (Figure 28). In the M series samples, expression was observed on d13 

and was the highest on d15 (Figure28a). The T series samples expressed the highest level 

of HBD5 during the proliferative phase (Figure 28b). In the B series, expression was 

observed only on d17 and d18 of the menstrual cycle (Figure 28c). HBD5 was not 

expressed in RL95-2 cells or in a d15 HE495 early secretory sample but was 

constitutively expressed in a d28 HE439 late secretory endometriosis patient (data not 

shown). Our data represents the first indication that HBD5 is expressed in the 

endometrial epithelium and that expression is cycle-dependent. 

6. HBD6 is not expressed by endometrial epithelial cells 

HBD6 is another β-defensin recently discovered to be expressed in the epididymis (92). 

The expression of HBD6 in other tissues and function of HBD6 has not yet been 

identified. We examined expression of HBD6 in the human endometrial epithelium and 

the RL95-2 cell line by qRT-PCR. We found that HBD6 is not expressed by endometrial 

epithelial cells or cell lines (data not shown). 
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Figure 28: Endometrial epithelial cells express HBD5 during the early secretory 
phase.  
 

 
 
 
Figure 28: Endometrial epithelial cells express HBD5 during the early secretory 
phase. cDNA was generated from 100 ng of total RNA collected from M series, T series, 
and B series primary endometrial epithelial samples and was used to measure relative 
expression of HBD4 mRNA by qRT-PCR. For the M series and B series, data is shown 
as average RQ values from triplicate samples from one patient using the housekeeping 
gene HPRT to normalize samples. Expression of each replicate is normalized to the 
average of the all three d15 early secretory phase sample replicates for the M series (a), 
and the average of the d17 early secretory phase sample replicates for the B series (c). 
For the T series, data is shown as average RQ values from two patient samples (except 
for the menstrual phase sample, which is from one patient) run in triplicate using the 
housekeeping gene HPRT to normalize samples (b). Expression of each sample is 
normalized to the average of the proliferative phase sample triplicates. Proliferative phase 
samples are indicated in red, early secretory phase samples are in yellow, mid-secretory 
phase samples are in green, late secretory phase samples are in blue, and menstrual phase 
samples are in pink. Error bars indicate standard deviation between sample replicates. 
 



 138

C. dsRNA Induction of Defensins 

Numerous defensins have been identified that respond to inflammatory stimuli (63, 87, 

88, 89, 90). The promoter regions of the defensin genes are diverse, but all defensins 

examined have promoter elements that responds to either inflammatory or antimicrobial 

stimuli (63). Since defensins are expressed in human endometrial epithelium and are 

known to exhibit antimicrobial effects, we wanted to determine whether stimulation with 

dsRNA could induce defensin production in endometrial epithelial cells. Our data 

indicates that HD5, HBD1, HBD2, HBD3, and HBD4 can be regulated by stimulation 

with dsRNA. 

1. HD5 is down-regulated in primary endometrial epithelial cells following 

stimulation with dsRNA 

Our data indicates that HD5 is expressed in mid-secretory endometrial epithelial tissue 

and proposes the possibility that HD5 may be up-regulated in the late secretory phase in 

endometriosis patients (Figure 23). Little is known regarding regulation of HD5 

expression, and no obvious NF-κB binding sites have been identified (63). HD5 is 

constitutively expressed in Paneth cells and released upon degranulation (63, 66, 74). 

Expression can be modulated by bacterial stimulation, as Salmonella has been 

demonstrated to inhibit Paneth cell expression of HD5 (63, 66). Our data indicates that 

HD5 expression is responsive to stimulation with dsRNA. HD5 is down-regulated in 

RL95-2 cells at 11 and 20 hours following stimulation with Poly I:C and PMA/I (Figure 

29a). Decreases in HD5 RNA expression was also observed in a d28 HE438 late 

secretory endometriosis sample by 30 minutes through 18 hours post-stimulation (Figure 

29b).  A d15 HE495  early  secretory  sample  did  not  express  HD5, but  expression was  
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Figure 29: Endometrial epithelial cells down-regulate HBD5 following stimulation 
with dsRNA.  

 
Figure 29: Endometrial epithelial cells down-regulate HD5 expression following 
stimulation with dsRNA. cDNA was generated from 100 ng of total RNA collected 
from RL95-2 or primary endometrial epithelium cells that were untreated (U) or 
stimulated with 1 µg/ml of Poly I:C for 30 minutes (IC0.5), 1 (IC1), 2 (IC2), 3 (IC3), 11 
(IC11), or 20 (IC20) hours or 10 ng/ml/500 ng/ml PMA/I for 20 hours (P20). cDNA was 
used to measure HD5 by qRT-PCR. Data is shown as average RQ values from triplicate 
RL95-2 samples (a) or duplicate HE438 d28 late secretory phase endometriosis samples 
(b) using the HPRT to normalize samples. Expression of each sample is normalized to the 
average of all untreated samples. Error bars indicate standard deviation between samples. 
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detectable at 18 hours post-stimulation (data not shown). This result was repeatable, but 

not significant. Our data indicates that HD5 expression can be regulated by inflammatory 

stimuli, and that dsRNA stimulation decreases expression of HD5 in the human 

endometrial epithelium. 

2. HBD1 can be up- or down-regulated following stimulation with dsRNA in 

endometrial epithelial cells 

HBD1 is generally considered a constitutively expressed protein, but does have IL-6 and 

TNFα response elements in its promoter (63). HBD1 has been demonstrated to be up-

regulated following stimulation with dsRNA (88). We stimulated RL95-2 cells, a d15 

HE495 early secretory normal endometrial epithelial sample, and a d28 HE438 late 

secretory endometriosis sample with 10 µg/ml of Poly I:C. We observed that HBD1 

expression is decreased in RL95-2 cells by 2 hours post stimulation and inhibition 

continues through 20 hours post-stimulation (Figure 30a). HBD1 was constitutively 

expressed in the d15 HE495 early secretory phase sample, and, although at 2 and 18 

hours post-stimulation there was a slight up-regulation, this increase was not significant 

(Figure 30b). The d28 HE439 late secretory phase endometriosis samples expressed 

HBD1 that was up-regulated by 18 hours post-stimulation with Poly I:C (Figure 30c). 

Our data indicates that HBD1 is responsive to stimulation with dsRNA, but, unlike 

previous reports, we observed down-regulation of HBD1 following stimulation with Poly 

I:C (88). Howeverk, HBD1 was up-regulated in a sample collected from a patient 

diagnosed with endometriosis. 
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Figure 30: Endometrial epithelial cells up- and down-regulate HBD1 following 
stimulation with dsRNA.  
 

 
 
 
 
Figure 30: Endometrial epithelial cells up- and down-regulate HBD1 expression 
following stimulation with dsRNA. cDNA was generated from 100 ng of total RNA 
collected from RL95-2 or primary endometrial epithelial cells that were untreated (U) or 
stimulated with 1 µg/ml of Poly I:C for 30 minutes (IC0.5), 1 (IC1), 2 (IC2), 3 (IC3), 11 
(IC11), or 20 (IC20) hours or 10 ng/ml/500 ng/ml PMA/I for 20 hours (P20). cDNA was 
used to measure HBD1 by qRT-PCR. Data is shown as average RQ values from triplicate 
RL95-2 samples (a) or duplicate HE495 d15 early secretory phase samples (b) and 
HE438 d28 late secretory phase endometriosis samples (c) using the housekeeping gene 
HPRT to normalize samples. Expression of each sample is normalized to the average of 
all untreated samples. Error bars indicate standard deviation between samples. 
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3. HBD2 is up-regulated following stimulation with dsRNA in primary 

endometrial epithelial cells and cell lines 

HBD2 is an inducible β-defensin that has previously been demonstrated to be up-

regulated by stimulation with dsRNA (63, 88). RL95-2, d15 HE495 early secretory 

phase, and d28 late secretory phase endometriosis cells were stimulated with 10 µg/ml of 

Poly I:C and analyzed for expression of HBD2. Our data indicates that HBD2 is up-

regulated in RL95-2 cells following stimulation with dsRNA (Figure 31a). We observed 

a slight up-regulation at 2 hours post-stimulation and significant increases at both 11 and 

20 hours post-stimulation with dsRNA (Figure 31a). We found that the d15 HE495 early 

secretory sample did not significantly up-regulate the expression of HBD2 following 

stimulation with dsRNA (Figure 31b), but that the HE438 d28 late secretory phase 

endometriosis sample did up-regulate HBD2 by 18 hours post-stimulation (Figure 31c). 

Our data suggests that endometriosis samples but not normal samples up-regulate HBD2, 

or that HBD2 can only be up-regulated in primary tissue that are in the peak phase 

(nearing the menstrual phase) for HBD2 expression. 

4. HBD3 can be up- or down-regulated following stimulation with dsRNA in 

primary endometrial epithelium 

HBD3 is an inducible defensin, but induction of HBD3 is NF-κB-independent (63). 

However, HBD3 is induced upon stimulation with TNFα and some heat-inactivated 

bacteria (62, 63). Previous reports indicate that HBD3 expression is not altered upon 

stimulation with Poly I:C in endometrial epithelial cells (88). Our data concur with this 

result as in the RL95-2 cell line as HBD3 is up-regulated only by PMA/I (Figure 32a). 

However,  HBD3 expression  was  decreased  in a  Poly I:C  stimulated d15 HE495 early 
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Figure 31: Endometrial epithelial cells up-regulate HBD2 following stimulation with 
dsRNA.  
 

 
 
Figure 31: Endometrial epithelial cells up-regulate HBD2 following stimulation with 
dsRNA. cDNA was generated from 100 ng of total RNA collected from RL95-2 or 
primary endometrial epithelial cells that were untreated (U) or stimulated with 1 µg/ml of 
Poly I:C for 30 minutes (IC0.5), 1 (IC1), 2 (IC2), 3 (IC3), 11 (IC11), or 20 (IC20) hours 
or 10 ng/ml/500 ng/ml PMA/I for 20 hours (P20). cDNA was used to measure HBD2 by 
qRT-PCR. Data is shown as average RQ values from triplicate RL95-2 samples (a) or 
duplicate HE495 d15 early secretory phase samples (b) and HE438 d28 late secretory 
phase endometriosis samples (c) using the housekeeping gene HPRT to normalize 
samples. Expression of each sample is normalized to the average of all untreated samples. 
Error bars indicate standard deviation between samples. 
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Figure 32: Endometrial epithelial cells regulate HBD3 expression following 
stimulation with dsRNA.  
 

 
 
Figure 32: Endometrial epithelial cells regulate HBD3 expression following 
stimulation with dsRNA. cDNA was generated from 100 ng of total RNA collected 
from RL95-2 or primary endometrial epithelial cells that were untreated (U) or stimulated 
with 1 µg/ml of Poly I:C for 30 minutes (IC0.5), 1 (IC1), 2 (IC2), 3 (IC3), 11 (IC11), or 
20 (IC20) hours or 10 ng/ml/500 ng/ml PMA/I for 20 hours (P20). cDNA was used to 
measure HBD3 by qRT-PCR. Data is shown as average RQ values from triplicate RL95-
2 samples (a) or duplicate HE495 d15 early secretory phase samples (b) and HE438 d28 
late secretory phase endometriosis samples (c) using the housekeeping gene HPRT to 
normalize samples. Expression of each sample is normalized to the average of all 
untreated samples. Error bars indicate standard deviation between samples. 
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secretory sample at 2 and 18 hours post-stimulation (Figure 32b). Additionally, HBD3 

was up-regulated at 18 hours post-stimulation in a d28 endometriosis sample (Figure 

32c). In contrast with previously reported results, our data indicate the HBD3 expression 

can be inhibited by stimulation with dsRNA in normal endometrial epithelial samples and 

may be increased by dsRNA stimulation in endometriosis samples (88). 

5. HBD4 can be up-regulated following stimulation with dsRNA in primary 

endometrial epithelium 

Like HBD3, HBD4 is an inducible defensin that does not possess a NF-κB element in its 

promoter (63). HBD4 is inducible by heat-killed bacteria or PMA/I (61, 63). We 

examined HBD4 expression by qRT-PCR in endometrial epithelial cells following 

stimulation with Poly I:C. We found that HBD4 expression is not altered in RL95-2 cells 

or in a d15 HE495 early secretory phase sample (data not shown). However, HBD4 

expression was up-regulated 18 hours post-stimulation in a d28 HE438 late secretory 

phase endometriosis sample (Figure 33). This data suggests that HBD4 can be up-

regulated in patients with endometriosis. 

6. HNP4, HD6, HBD5, and HBD6 are not regulated by stimulation with 

dsRNA in endometrial epithelial cells 

We also analyzed endometrial epithelial tissues for expression of HNP4, HD6, HBD5, 

and HBD6 following stimulation with dsNRA. HNP4 was not expressed in RL95-2 cells, 

a d15 HE495 early secretory phase samples, or a d28 HE438 late secretory phase 

endometriosis sample, and we did not observe up-regulation of HNP4 expression 

following stimulation with dsRNA (data not shown).  HBD5 was expressed in secretory 

phase  endometrial  epithelium,  but  expression  was  not  altered  upon  stimulation  with  
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Figure 33: Endometrial epithelial cells up-regulate HBD4 following stimulation with 
dsRNA.  
 

 
 
 
Figure 33: Endometrial epithelial cells up-regulate HBD4 following stimulation with 
dsRNA. cDNA was generated from 100 ng of total RNA collected from HE438 d28 late 
secretory phase endometriosis cells that were untreated (U) or stimulated with 1 µg/ml of 
Poly I:C for 30 minutes (IC0.5), 1 (IC1), 2 (IC2), 3 (IC3), 11 (IC11), or 20 (IC20) hours 
or 10 ng/ml/500 ng/ml PMA/I for 20 hours (P20). cDNA was used to measure HBD4 by 
qRT-PCR. Data is shown as average RQ values from triplicate samples using the 
housekeeping gene HPRT to normalize samples. Expression of each sample is 
normalized to the average of all untreated samples. Error bars indicate standard deviation 
between samples. 
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dsRNA and was not up-regulated in the samples that did not express HBD5 (data not 

shown). HD6 and HBD6 were not detected in endometrial tissue and dsRNA stimulation 

did not induce their expression (data not shown). Our data suggests that HNP4, HD6, 

HBD5, and HBD6 are not responsive to dsRNA stimulation in endometrial epithelial 

cells. 

III. Discussion 

We observed that both α- and β-defensins are expressed in the human endometrial 

epithelium and cell lines and are cyclically regulated in the endometrium (for a summary, 

refer to Table IX). Expression of the α-defensins, HNP4 and HD5, were detected, and 

HD5 expression could be modulated by dsRNA stimulation. β-defensins HBD1, HBD2, 

HBD3, HBD4, and HBD5 but not HBD6 were expressed in the endometrium in differing 

phases of the menstrual cycle (Table IX). HBD1, HBD2, HBD3, and HBD4 were 

responsive to dsRNA stimulation in endometrial epithelial samples (Table IX). Our 

results suggest that defensin expression may be down-regulated or unaltered following 

stimulation with dsRNA in endometrial epithelial tissue except in patients diagnosed with 

endometriosis. 

Since defensins are involved in antiviral and antibacterial responses to sexually 

transmitted pathogens, defensin regulation following exposure to viral PAMPS such as 

dsRNA could be important in treatment and prevention of STDs. Additionally, 

dysregulation of defensin expression levels have been associated with complication of 

infection during pregnancy such as preterm labor (99). The observation that normal 

endometrial epithelial cells can exhibit down-regulation of defensin production following 

dsRNA stimulation is consistent  with  observations from Chapter IV.  In Chapter IV, we
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found that TLR5 and TLR7 mRNA is down-regulated following stimulation with 

dsRNA, and TLR3 mRNA is not up-regulated in endometrial epithelial cells as was 

observed in the gut and lung epithelium. This is a possible mechanism by which the 

human endometrium mounts immune responses, but limits inflammation that could be 

detrimental to the health or function of the endometrium. This hypothesis is further 

supported by the up-regulation of defensins following stimulation with dsRNA in the 

endometriosis sample. 

The role that defensins play in antiviral immune responses in the endometrium is not 

clear. However, defensins are expressed throughout the menstrual cycle and are 

differentially regulated with the menstrual cycle (99). Each defensin is known to possess 

a unique antimicrobial repertoire (99). However, the exact bacteria, viruses, and fungus 

that each defensin can inhibit are not known. The cyclic regulation of defensins could be 

due to intrinsic properties of the defensins that are involved in normal functions of the 

endometrium. However, it is also possible that the defensins are regulated in such a way 

to maximize immune responses to appropriate microbes during the menstrual cycle, while 

minimizing the detrimental effects of an inflammatory response in the endometrium. 

Further experiments on a greater number of stimulated samples will be necessary to 

investigate the role that defensins play in antiviral immunity in the human endometrium. 
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CHAPTER VI 
 

ENDOMETRIAL EPITHELIAL CELL LINES CONSTITUTIVELY EXPRESS 
mRNA OF CYTOKINES ASSOCIATED WITH ANTIVIRAL RESPONSES 

 
 
 
I. Introduction 

Antiviral responses are initiated when viral products stimulate production of Type I IFN, 

and proteins involved in elimination of pathogen and initiation of viral immune responses 

are produced (34, 35, 36). The antiviral response can be classified as the primary antiviral 

response and the secondary antiviral response. The primary antiviral response involves 

the nuclear translocation of IRF3 and results in the secretion of IFNβ and IFNα1 in the 

human (35, 278). During the secondary antiviral response, ligation of the IFNα/βR 

induces up-regulation of IRF7, viral signals induce IRF7 phosphorylation, and 

transcription of antiviral genes is initiated (33, 34, 278). This response can be mediated 

through dsRNA stimulation of TLR3 (52, 58, 59). Typically, the secondary antiviral 

response is delayed since IFN must be up-regulated and secreted, bind the IFNα/βR, and 

induce up-regulation of IRF7. IRF7 must then be phosphorylated and translocated in the 

nucleus to induce transcription of secondary antiviral genes (35, 278). However, in pDCs, 

IRF7 is constitutively expressed (279, 280). This allows pDCs to respond much more 

quickly and robustly to viral infection, since IRF3 and IRF7 can simultaneously be 

activated (33, 278, 279, 280). 

The IFN-mediated antiviral response is controlled by IRF family transcription factors. 

There are nine IRF family members in the human that act to control IFN expression (33, 

38, 40). IRF9 is a part of the ISGF3 complex that forms following ligation of the 
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IFNα/βR complex and induces transcription of IRF7 (33, 34, 35, 36, 40). Additionally, 

IRF3, IRF5, and IRF7 are all essential in viral induction of IFNα and IFNβ (36, 38, 38, 

40, 70, 279). The viral-responsive elements (VREs) in the  IFNβ promoter consists of a 

NF-κB response element known as the positive regulatory domain II (PRDII) and several 

purine-rich GAAANN motifs (PRDI and PRDIII domains) that serve as IRF binding sites 

(38, 46, 281, 282). The IFNα gene VREs do not contain a NF-κB element (except 

IFNα14) but have the IRF-E and PRD III IRF protein binding domains (38, 41). 

Additionally, both IFNβ and IFNα VREs have negative regulatory domains (NRDs) that 

act to suppress IFN expression (38, 46, 282). IRF3 nuclear translocation following 

stimulation with dsRNA results in transcription of IFNβ and the IFNα1 subtype of IFNα 

(38, 46). Following autocrine activation of the IFNα/βR and up-regulation, activation, 

and nuclear translocation of NF-κB, other IFNα subtypes are activated in a cell- and IRF-

dependent manner (38, 46). IRF7 is known to up-regulate the IRFα7 and IFNα10 

subtype, while IRF5 activates the IFNα8 subtype (38, 281, 283).  

Antiviral immune responses in the human endometrium are likely important in 

prevention of viral STDs. Exposure to viruses such as HIV-1, HSV-1 and -2, and HPV do 

not always result in establishment of viral infection, and it is unclear why exposure to 

virus results in infections in some cases and not others (13, 102, 113, 284, 285). The 

endometrial epithelium is a mechanical and physical barrier to infection (72, 112). The 

tight junctions of the polarized epithelium prevent pathogen entry and secreted 

antimicrobial proteins provide protection against infection (3, 13, 72, 99). However, 

viruses are able in some instances to bypass these barriers and infect individuals (13, 72, 
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106, 122). It is not clear how susceptibility of the endometrium to infection is altered as 

immune responses are suppressed or enhanced during the implantation window, 

menstruation, fertilization, embryo implantation, and pregnancy. Additionally, it is not 

known how the shedding of the epithelial layer during menstruation affects the ability of 

the epithelium to act as a physical barrier to infection, or how alterations in the 

receptivity of the cervix affect the ability of virus to gain access to the endometrium. All 

these factors likely affect the ability of an individual to resist viral infection (13, 112, 

115). It is also not understood why some individuals are more resistant to infection than 

others. In some cases genetic mutations in proteins utilized by the virus to enter and 

infect cells provides protection or increases susceptibility to HIV-1 infection in 

individuals (286, 287, 288, 289). In other cases, expression of proteins that inhibit viral 

transmission, replication, or infectivity can decrease an individual’s propensity to become 

infected (82). 

In order to investigate how the endometrial epithelium is able to resist infection and 

determine how susceptibility to infection is altered, we first examined antiviral responses 

in the endometrial epithelium. We observed that responses to dsRNA in endometrial 

epithelial cells differ from responses in other mucosal epithelium. In previous chapters of 

this study, stimulation with dsRNA does induce production of proinflammatory and 

antiviral cytokines, but down-regulates production of proteins that could be involved in 

maintaining the antiviral response. It is possible that in order to promote tolerance to 

antigenic sperm and the conceptus, antiviral responses in human endometrial epithelium 

differ from responses seen in other tissues. 
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II. Results 

We investigated the primary and secondary antiviral response in endometrial epithelial 

cells and cell lines. Our results indicate that endometrial epithelial cells and cell lines up-

regulate IFNβ, but not IFNα following stimulation with dsRNA. However, up-regulation 

of IFNβ was not observed in all endometrial cell lines examined. Surprisingly, genes 

associated with the secondary antiviral response such as IRF7, ISG15, and iNOS were 

constitutively expressed in endometrial epithelial cell lines. Additionally, some secondary 

antiviral response genes were not up-regulated by dsRNA stimulation, despite the high 

levels of IFNβ produced. These results suggest that like pDCs, endometrial epithelial 

cells could respond more quickly to exposure to virus in order to eliminate the possibility 

of infection (279, 280). The data also indicates that the secondary antiviral responses in 

endometrial epithelial cells may be subdued following stimulation with dsRNA. 

A. Endometrial Epithelial Cell Lines Differentially Up-Regulate IFNβ Following 

Stimulation with dsRNA 

Endometrial epithelial cells and cell lines were stimulated with Poly I:C for 2, 11, or 20 

hours. RNA was collected, and cells were examined by RT-PCR for expression of IFNβ. 

We found that RL95-2 and HEC-1-A but not KLE cells increased production of IFNβ 

following stimulation with dsRNA. The TLR- cell lines Ishikawa and AN3 CA did not 

respond to dsRNA stimulation. Additionally, primary cell stimulation with dsRNA 

resulted in up-regulation of IFNβ. 
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1. RL95-2 and HEC-1-A endometrial epithelial cell lines up-regulate IFNβ 

mRNA expression following stimulation with dsRNA 

Following stimulation with Poly I:C, both RL95-2 cells and HEC-1-A cells strongly up-

regulate expression of IFNβ mRNA. IFNβ expression was maximally up-regulated by 2 

hours post-stimulation and continued through 20 hours post-stimulation (Figure 34). This 

result is specific, since GUS mRNA expression was consistent between unstimulated and  

stimulated samples (data not shown). Our data indicates that dsRNA stimulation induces 

the primary antiviral response in RL95-2 and HEC-1-A cells. 

2. KLE, Ishikawa, and AN3 CA endometrial epithelial cells lines do not up-

regulate IFNβ following stimulation with dsRNA 

The TLR3- cell lines, Ishikawa, and AN3 CA, were stimulated with 1 µg/ml of Poly I:C 

for 2, 11, and 20 hours and, as expected, did not up-regulated expression of IFNβ (data 

not shown). Surprisingly, stimulation of the TLR3+ cell line, KLE, did not result in 

expression of IFNβ mRNA (Figure 34). These results support the conclusion that TLR3 

is required for the dsRNA-mediated antiviral response in endometrial epithelial cells. The 

observation that KLE cell did not respond to stimulation with 1 µg/ml of dsRNA 

indicates that the KLE cell line requires a higher dose of Poly I:C than other endometrial 

epithelial cell lines or does not induce IFNβ production following stimulation with 

dsRNA. 
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Figure 34: Endometrial epithelial cells diffentially regulate IFNβ production 
following stimulation with dsRNA.  
 

 
 
Figure 34: Endometrial epithelial cells diffentially regulate IFNβ production 
following stimulation with dsRNA. Total RNA (100 ng) was used to generate cDNA for 
measurement of expression of IFNβ mRNA in RL95-2, HEC-1-A, and KLE cells using 
endpoint RT-PCR. Cells were either untreated (U) or stimulated with 1 µg/ml of Poly I:C 
for 2 (IC2), 11 (IC11), or 20 (IC20) hours. RT (reverse transcriptase) (+) or (–) indicates 
the presence or absence of RT during cDNA synthesis. Samples were run against a 100 
bp DNA ladder. Experiments were done in triplicate and repeated two times. 
Representative data is shown. 
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3. Primary endometrial epithelial cells up regulate expression of IFNβ 

following stimulation with dsRNA 

Endometrial epithelial samples HE438, a d28 late secretory phase sample from an 

endometriosis patient, HE439, a d16 early secretory phase sample, and HE525, a d18 

early secretory phase samples, were stimulated for 2 or 18 hours with 1 µg/ml of Poly 

I:C. All three samples tested up-regulated expression of IFNβ by 18 hours post-

stimulation (Figure 35). In the HE438 d28 late secretory phase endometriosis sample, 

IFNβ expression was increased at 2 hours post-stimulation and further up-regulated at 18 

hours post-stimulation (Figure 35a). Expression of GUS mRNA was not altered between 

unstimulated  and  stimulated samples (Figure 35b and c and data not shown).  This result  

suggests that dsRNA induces primary endometrial epithelial cells to up-regulate IFNβ 

and initiate primary antiviral responses. 

B. IFNα Expression Depends Upon Subtype in Endometrial Epithelial Cell Lines 

and Does Not Appear to be Regulated by Stimulation with dsRNA 

We next investigated the expression of IFNα in primary endometrial epithelium and in 

endometrial epithelial cell lines. Endometrial epithelial cells and cell lines were 

stimulated with Poly I:C for 2, 11, or 20 hours and expression of IFNα subtypes were 

examined by RT-PCR and qRT-PCR. Using primers for an IFNα consensus (IFNα(con)) 

sequence that detects all IFNα subtypes, primers for IFNα1, and primers for IFNα7, we 

found that some IFNα subtypes are constitutively expressed in endometrial epithelial cell 

lines but are not up-regulated following stimulation with dsRNA. 
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Figure 35: Primary endometrial epithelial cells up-regulate IFNβ production 
following stimulation with dsRNA. 

 
Figure 35: Primary endometrial epithelial cells up-regulate IFNβ production 
following stimulation with dsRNA. Total RNA (100 ng) was used to generate cDNA for 
measurement of expression of IFNβ (200 bp product) mRNA in primary endometrial 
epithelial cells using endpoint RT-PCR. The HE438 d28 late secretory endometriosis 
sample (a), the HE439 d16 early secretory phase sample (b), or the HE525 d18 early 
secretory phase sample (c) were either untreated (U) or stimulated with 10 µg/ml of Poly 
I:C for 2 (IC2) or 18 (IC18) hours. RT (reverse transcriptase) (+) or (–) indicates the 
presence or absence of RT during cDNA synthesis. Samples were run against a 100 bp 
DNA ladder. Experiments were done in triplicate and repeated two times. Representative 
data is shown. 
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1. IFNα mRNA is constitutively expressed and does not respond to 

stimulation with dsRNA 

Endometrial epithelial cell lines were stimulated with 1 µg/ml of Poly I:C for 2, 11, or 20 

hours, and the IFNα(con) primers were used to detect expression of IFNα by RT-PCR. 

Surprisingly, we found that IFNα subtypes appear to be constitutively expressed by 

endometrial epithelial cell lines. Both TLR3+ (RL95-2, KLE, and HEC-1-A) and TLR3- 

(Ishikawa and AN3 CA) cell lines expressed IFNα in untreated samples (Figure 36). Up-

regulation of IFNα mRNA was not observed in any cell line following stimulation with 

dsRNA (Figure 36). These results suggest that endometrial epithelial cell lines 

constitutively express but not up-regulate IFNα proteins normally up-regulated during 

the secondary antiviral response (35). 

2. IFNα1 is expressed constitutively by RL95-2 cells but is not up-regulated 

by stimulation with dsRNA 

In order to further investigate IFNα expression in RL95-2 cells, expression of the IRF3-

responsive subtype of IFNα, IFNα1, was examined by qRT-PCR (35, 38, 278). RL95-2 

cells were stimulated for 2, 11, or 20 hours with 1 µg/ml of Poly I:C, and RNA was 

collected and analyzed by qRT-PCR. Our results indicate that IFNα1 is constitutively 

expressed by RL95-2 cells but is not up-regulated following stimulation with dsRNA 

(Figure 37). In fact, expression of the IFNα1 gene was consistently, but not significantly, 

decreased at 20 hours post-stimulation (Figure 37b). These results support the hypothesis 

that endometrial epithelial cells constitutively express proteins normally up-regulated 

during the antiviral response and may exhibit suppressed secondary antiviral responses. 
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Figure 36: Endometrial epithelial cells constitutively express IFNα mRNA but do 
not up-regulate expression following stimulation with dsRNA.  
 

 
 
 
Figure 36: Endometrial epithelial cells constitutively express IFNα mRNA but do 
not up-regulate expression following stimulation with dsRNA. Total RNA (100 ng) 
was used to generate cDNA for measurement of expression of all subtypes of IFNα (274 
bp product) mRNA in KLE, Ishikawa, AN3 CA, HEC-1-A, and RL95-2 cells using 
endpoint RT-PCR. Cells were either untreated (U) or stimulated with 1 µg/ml of Poly I:C 
for 2 (IC2), 11 (IC11), or 20 (IC20) hours. RT (reverse transcriptase) (+) or (–) indicates 
the presence or absence of RT during cDNA synthesis. Samples were run against a 100 
bp DNA ladder. Experiments were done in triplicate and repeated two times. 
Representative data is shown. 
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Figure 37: RL95-2 cells constitutively express IFNα1 mRNA but do not up-regulate 
expression following stimulation with dsRNA.  

 
 
Figure 37: RL95-2 cells constitutively express IFNα1 mRNA but do not up-regulate 
expression following stimulation with dsRNA. Total RNA (100 ng) from RL95-2 cells 
was used to generate cDNA to measure relative expression levels of IFNα1 mRNA using 
qRT-PCR. RL95-2 cells were either untreated (U) or stimulated with 1 µg/ml of Poly I:C 
for 2 (IC2), 11 (IC11), or 20 (IC20) hours. ∆CT values are the average ∆CT value from 
three samples run in triplicate and normalized using the housekeeping gene HPRT (a). 
The (∗) indicates the ∆CT value at the detection limit of IFNα1 mRNA. RQ values are 
the average IFNα1 RQ values from three samples run in triplicate with expression of U 
(red), IC2 (green), IC11 (yellow), and IC20 (blue) samples relative to the average 
expression of all three U samples. Error bars indicate standard deviation between 
samples. 



 161

3. IFNα7 is not expressed by RL95-2 cells 

We next examined expression of the IFNα7 subtype RL95-2 cells following stimulation 

with dsRNA. IFNα7 is a subtype of IFNα that is up-regulated by IRF7 phosphorylation 

and nuclear translocation but not IRF3 (35, 38). The IFNα7 subtype of IFNα does not 

appear to expressed or up-regulated by dsRNA stimulation in RL95-2 cells (Figure 38). 

These results suggest that RL95-2 cells either do not express the IFNα7 subtype or that 

the secondary antiviral response in RL95-2 cells is muted, and IFNα subtypes are not up-

regulated as in other cells. 

C. RL95-2 Cells Constitutively Express IRF7 and Exhibit Low Level Up-Regulation 

of IRF7 Following Stimulation with dsRNA 

In order to further investigate the possibility that the antiviral response is constitutively 

up-regulated in  RL95-2 cells  but  does  not  become  highly  activated following dsRNA 

stimulation, we examined expression of IRF7 by qRT-PCR. RL95-2 cells were 

stimulated for 2, 11, or 20 hours with 1 µg/ml of Poly I:C. We found that IFR7 is 

constitutively expressed in RL95-2 cells and dsRNA stimulation results in a small 

increase in expression of IRF7 mRNA (Figure 39). 

In order to confirm this result, several controls were included. In order to verify that the 

antiviral and not proinflammatory responses are constitutively up-regulated, we analyzed 

whether constitutive expression of antiviral genes are restricted to genes that are up-

regulated by IRFs. IP-10 is a part of the antiviral response, but requires activation through 

NF-κB as well as IRFs (33, 35, 37, 48). In this case, constitutive expression of IP-10 

should not be seen as a result of constitutive up-regulation of antiviral IRF components. 
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Figure 38: RL95-2 cells do not express IFNα7 mRNA.  

 

 
 
 
Figure 38: RL95-2 cells do not express IFNα7 mRNA. Total RNA (100 ng) from 
RL95-2 cells was used to generate cDNA to measure relative expression levels of IFNα7 
mRNA using qRT-PCR. RL95-2 cells were either untreated (U) or stimulated with 1 
µg/ml of Poly I:C for 2 (IC2), 11 (IC11), or 20 (IC20) hours. ∆CT values are the average 
∆CT value from three samples run in triplicate and normalized using the housekeeping 
gene HPRT (a). The (∗) indicate the ∆CT value at the detection limit of IFNα7 mRNA. 
RQ values are the average IFNα7 RQ values from three samples run in triplicate with 
expression of U (red), IC2 (green), IC11 (yellow), and IC20 (blue) samples relative to the 
average expression of all three U samples. Error bars indicate standard deviation between 
samples. 
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Figure 39: RL95-2 cells constitutively express IRF7 mRNA and slightly up-regulate 
expression following stimulation with dsRNA.  

 
 
Figure 39: RL95-2 cells constitutively express IRF7 mRNA and slightly up-regulate 
expression following stimulation with dsRNA. Total RNA (100 ng) from RL95-2 cells 
was used to generate cDNA to measure relative expression levels of IRF7 mRNA using 
qRT-PCR. RL95-2 cells were either untreated (U) or stimulated with 1 µg/ml of Poly I:C 
for 2 (IC2), 11 (IC11), or 20 (IC20) hours. ∆CT values are the average ∆CT value from 
three samples run in triplicate and normalized using the housekeeping gene HPRT (a). 
The (∗) indicates the ∆CT value at the detection limit of IRF7 mRNA. RQ values are the 
average IRF7 RQ values from three samples run in triplicate with expression of U (red), 
IC2 (green), IC11 (yellow), and IC20 (blue) samples relative to the average expression of 
all three U samples. Error bars indicate standard deviation between samples. 
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IP-10 expression was examined in untreated and dsRNA stimulated RL95-2 cells. As 

expected, we found that IP-10 is not constitutively expressed in these cells but is up-

regulated following stimulation with dsRNA (Figure 40). Since we are proposing that 

endometrial epithelial cells induce potent primary antiviral responses, and that only 

secondary responses are constitutively up-regulated and then muted upon dsRNA 

stimulation, we wanted to verify that primary antiviral responses proceed normally. In 

order to investigate this, we examined IFR3 expression in the RL95-2 cell line. Normal 

IRF3 expression in these cells would suggest that the IRF3-mediated primary antiviral is 

not responsible for the observed alterations in the antiviral response. As observed in other 

systems, we confirmed that IRF3 is constitutively expressed in RL95-2 cells, and 

expression levels are not responsive to dsRNA stimulation (Figure 40) (33, 37, 39). We 

also examined the expression pattern of PKR to demonstrate that we are able to observe 

up-regulation of some  antiviral  genes that are induced by factors  other  than Type I IFN 

(42). As expected, we found that PKR is constitutively expressed in RL95-2 cells and is 

up-regulated by dsRNA stimulation (Figure 40). These results indicate that the IFN-

regulated antiviral response is constitutively up-regulated in RL95-2 cells, and suggests 

that secondary antiviral responses mediated through IRF transcription factors are muted 

in RL95-2 cells following stimulation with dsRNA. 

D. RL95-2 Cells Constitutively Express mRNA for Genes Normally Expressed Only 

as Induced by IRF7 

We also examined expression of secondary anti-viral proteins that are up-regulated by 

nuclear translocation of IRF7. We analyzed expression of iNOS and ISG15 following 

stimulation  of  RL95-2  cells  with 1 µg/ml of  Poly I:C for 2, 11, or 20 hours.  We found 
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Figure 40: RL95-2 cells express IRF3 and PKR mRNA constitutively and up-
regulate IP-10 and PKR expression following stimulation with dsRNA.  

 
Figure 40: RL95-2 cells expres IRF3 and PKR mRNA constitutively an up-regulate 
IP-10 and PKR expression following stimulation with dsRNA. Total RNA (100 ng) 
from RL95-2 cells was used to generate cDNA to measure relative expression levels of 
IP-10, IRF3, and PKR mRNA using qRT-PCR. RL95-2 cells were either untreated (U) or 
stimulated with 1 µg/ml of Poly I:C for 2 (IC2), 11 (IC11), or 20 (IC20) hours. ∆CT 
values are the average ∆CT value from three samples run in triplicate and normalized 
using the housekeeping gene HPRT (a). The (∗) indicates the ∆CT value at the detection 
limit of IP-10 and IRF3 mRNA, while the (∗) indicates the ∆CT value at the detection 
limit of PKR. RQ values are the average RQ values from three samples run in triplicate 
with expression of U (red), IC2 (green), IC11 (yellow), and IC20 (blue) samples relative 
to the average expression of all three U samples. Error bars indicate standard deviation 
between samples. 
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that iNOS is constitutively expressed and is dramatically up-regulated following 

stimulation with dsRNA. ISG15 was also constitutively expressed, but did not appear to 

be significantly up-regulated by stimulation with dsRNA. These results support the 

hypothesis that RL95-2 cells constitutively express secondary antiviral response proteins. 

1. iNOS 

iNOS expression was analyzed in RL95-2 cells using qRT-PCR. We found that iNOS 

mRNA is constitutively expressed in this cell line (Figure 41a). Following stimulation 

with dsRNA, iNOS expression was up-regulated at 11 and 20 hours post-stimulation with 

dsRNA (Figure 41b). These data support the hypothesis that RL95-2 cells constitutively 

express secondary antiviral response proteins, but indicates that components of the 

secondary antiviral response can be drastically up-regulated following stimulation with 

dsRNA. 

2. ISG15 

We also analyzed expression of ISG15 in RL95-2 cells using qRT-PCR. We found that, 

like iNOS, ISG15 is constitutively expressed in RL95-2 cells (Figure 42a). However, 

ISG15 did not appear to be up-regulated following stimulation with dsRNA at 2, 11, or 

20 hours post-stimulation (Figure 42b). These results suggest that RL95-2 cells 

constitutively express secondary antiviral response proteins, and that some secondary 

antiviral responses are muted in these cells. 

III. Discussion 

We found that endometrial epithelial cells dramatically increase expression of IFNβ, and 

iNOS mRNA. Other dsRNA-inducible proteins are only slightly up-regulated (IRF7) or 

not up-regulated at all (IFNα and ISG15). Additionally, some inducible antiviral proteins,  
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Figure 41: RL95-2 cells constitutively express iNOS mRNA and up-regulate 
expression following stimulation with dsRNA.  
 

 
 
Figure 41: RL95-2 cells constitutively express iNOS mRNA and up-regulate 
expression following stimulation with dsRNA. Total RNA (100 ng) from RL95-2 cells 
was used to generate cDNA to measure relative expression levels of iNOS mRNA using 
qRT-PCR. RL95-2 cells were either untreated (U) or stimulated with 1 µg/ml of Poly I:C 
for 2 (IC2), 11 (IC11), or 20 (IC20) hours. ∆CT values are the average ∆CT value from 
three samples run in triplicate and normalized using the housekeeping gene HPRT (a). 
The (∗) indicate the ∆CT value at the detection limit of iNOS mRNA. RQ values are the 
average iNOS RQ values from three samples run in triplicate with expression of U (red), 
IC2 (green), IC11 (yellow), and IC20 (blue) samples relative to the average expression of 
all three U samples. Error bars indicate standard deviation between samples. 
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Figure 42: RL95-2 cells constitutively express ISG15 mRNA but do not up-regulate 
expression following stimulation with dsRNA.  
 

 
 
Figure 42: RL95-2 cells constitutively express ISG15 mRNA but do not up-regulate 
expression following stimulation with dsRNA. Total RNA (100 ng) from RL95-2 cells 
was used to generate cDNA to measure relative expression levels of ISG15 mRNA using 
qRT-PCR. RL95-2 cells were either untreated (U) or stimulated with 1 µg/ml of Poly I:C 
for 2 (IC2), 11 (IC11), or 20 (IC20) hours. ∆CT values are the average ∆CT value from 
three samples run in triplicate and normalized using the housekeeping gene HPRT (a). 
The (∗) indicate the ∆CT value at the detection limit of ISG15 mRNA. RQ values are the 
average ISG15 RQ values from three samples run in triplicate with expression of U (red), 
IC2 (green), IC11 (yellow), and IC20 (blue) samples relative to the average expression of 
all three U samples. Error bars indicate standard deviation between samples. 
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IFNα, IRF7, iNOS, and ISG15, are constitutively expressed by endometrial epithelial cell 

lines. These results suggest that the antiviral response in endometrial epithelial cells is 

constitutively active, and that responses mediated by dsRNA are muted. 

Results from Chapters IV and V indicate that endometrial epithelial cell responses to 

dsRNA stimulation differ from responses seen in other cells. Our data demonstrates that 

dsRNA stimulation results in down-regulation of proteins involved in the antiviral 

response such as TLR7 and defensin genes, and that some genes up-regulated in other 

cells (TLR3) exhibit suppressed up-regulation in human endometrial epithelial cell lines. 

It was postulated that this is a mechanism by which the human endometrium mounts an 

immune response but limits inflammation that could be detrimental to the health or 

function of the endometrium. Examination of the antiviral response in RL95-2 cells 

supports this hypothesis. We found that several antiviral genes were either not up-

regulated (IFNα and ISG15) or were only minimally up-regulated (IRF7). 

We also observed constitutive expression of genes normally induced following 

stimulation with viral motifs (34, 35, 36, 37). These results suggest that, like pDCs, 

endometrial epithelial cells can respond quickly and robustly to stimulation with virus 

(279, 280). dsRNA stimulation resulted in rapid and robust production of IFNβ, PKR, 

and iNOS, but not ISG15, IRF7, or IFNα. Production of IP-10, which can be delayed 

until the secondary response in many systems, was rapid and potent, with increases being 

observed as early as 2 hours post-stimulation (33, 35, 48). Together, these data suggest 

that antiviral responses do occur rapidly in endometrial epithelial cells, but that responses 

are quickly dampened.  In order to further investigate the hypothesis that antiviral 
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responses in the human endometrium occur more rapidly and are subdued more quickly, 

these results will need to be verified in primary tissue at the protein level. 
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CHAPTER VII 
 

FUNCTIONAL TLRs ARE EXPRESSED IN ENDOMETRIAL EPITHELIAL 
CELLS AND CELL LINES 

 
 
 
I. Introduction 

In Chapter III, we detected expression of all TLRs except TLR10 in the human 

endometrium. Because TLR3 is cyclically regulated, we have focused primarily on the 

function of TLR3 in the human endometrium (128). However, the human endometrium is 

exposed to a wide variety of pathogen. In addition to viral STDs, bacterial and fungal 

pathogens can infect the reproductive tract and disrupt functions of the endometrium. 

Several pathogens are implicated in disorders such as infertility, spontaneous and habitual 

abortion, and preterm labor (101, 240, 242, 246, 257, 290). Additionally, pelvic pain and 

resulting pathologies can, in some instances, be attributed to inflammation that may or 

may not be microbially stimulated (118, 244, 257, 261, 290). For these reasons, it is 

important to determine the contribution of TLRs to beneficial and deleterious immune 

responses in the endometrium. 

II. Results 

We examined human endometrial cell lines and tissues for the expression of all the 

human TLRs in Chapter III. We wanted to determine whether the TLRs expressed were 

functional. Our data indicates that TLR2, TLR4, and TLR5 are expressed and respond to 

ligand stimulation. However, despite data indicating that TLR7, TLR8, and TLR9 mRNA 

are expressed in endometrial epithelial cells and cell lines, we did not observe any 

responses to stimulation with TLR7, TLR8, or TLR9 ligation. Our results indicate that 
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stimulation of TLR-expressing cells with the appropriate TLR ligands can result in 

proinflammatory and antiviral cytokine induction in human endometrial epithelial cell 

lines. 

A. TLR7 and TLR8 May Be Expressed in Endometrial Epithelial Cell Lines 

TLR7 and TLR8 have recently been demonstrated to recognize ssRNA and initiate 

antiviral responses (130, 184, 217, 218, 219). TLR7 and TLR8 are expressed 

intracellularly and exhibit MyD88-dependent activation of NF-κB, IRF5 and IRF7 that 

results in production of proinflammatory cytokines and Type I IFN (17, 18, 51, 160, 184, 

185). Unlike TLR3, TLR7 and TLR8 do not activate IRF3 and do not utilize the TRIF 

adaptor molecule (21, 57, 183). Human TLR7 recognizes guanine analogs such as 

imiquimod and resquimod (R-848) and responds to stimulation with influenza virus and 

VSV (130, 185, 186, 213, 215, 216, 217). TLR8 in the human responds to stimulation 

with R-848 and has been demonstrated to bind G/U-rich ssRNA motifs that can be found 

in the HIV-1 genome and CAB viral RNA (215, 216, 218, 219). Expression of these 

TLRs in the human endometrium is unclear, but they could play an important role in 

prevention of STD transmission. TLR8 can initiate immune responses from HIV-1-

derived sequences, and antiviral compounds such as imiquimod have been demonstrated 

to be utilized in treatment of HPV-induced genital warts (138, 139, 218). 

Initially, our data indicated that TLR7 and TLR8 are not expressed in the human 

endometrium. However, further analysis with additional primer sets suggest that TLR7 

and TLR8 may be expressed and regulated through alternative splicing. We found that 

TLR7 and TLR8 expression depends upon primer design, and that stimulation with the 

TLR3 ligand, dsRNA, results in alteration of the expression patterns of TLR7 and TLR8 
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mRNA. However, we were unable to observe any functional activity of TLR7 or TLR8 in 

human endometrial epithelial cell lines. It is unclear if this is because TLR7 and TLR8 

protein is not expressed, is expressed but is not functional, or if the ligands were not 

delivered to the cells appropriately. Our data indicates that TLR7 and TLR8 isoforms 

may be expressed in human endometrial epithelial cells and regulated by stimulation with 

viral PAMPs. 

1. Endometrial epithelial cell and cell line expression of TLR7 and TLR8 

depends upon the primer set 

In Chapter III, we observed primer set dependent expression of TLR7 and TLR8 in 

human endometrial epithelial cells (Table IV). We found that RT-PCR analysis using 

primer sets designed by Primer3 software did not detect TLR7 and TLR8 mRNA in 

endometrial epithelial cells but did detect mRNA in the B cell line, SKW 6.4 (Table IV 

and data not shown). When expression was analyzed using primers obtained from the 

literature, we found that Ishikawa and KLE cell lines expressed TLR7, and the RL95-2, 

Ishikawa, and KLE cells expressed TLR8 (Table IV). We also observed expression of 

TLR7 in some human endometrial proliferative phase samples (Table V). Examination by 

qRT-PCR using primers designed by and purchased from ABI indicated that TLR7, but 

not TLR8, is expressed in RL95-2 cells (Figure 3). This data suggests the possibility that 

different isoforms of TLR7 and TLR8 are expressed in different cell lines. 

2. Endometrial epithelial cell stimulation with dsRNA affects cell lines 

expression of TLR7 and TLR8 

We wanted to determine if stimulation with dsRNA, a viral PAMP that acts through 

TLR3, could alter the expression patterns of TLR7 and TLR8 (59). Endometrial epithelial 
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cell lines were stimulated with 1 µg/ml of Poly I:C for 2, 11, of 20 hours and expression 

of TLR7 and TLR8 was examined by RT-PCR. Using the primers designed by Primer3 

software (TLR7c and TLR8a), we observed up-regulation of TLR7 but not TLR8 only in 

RL95-2 cells following dsRNA stimulation (Table X). We also observed down-regulation 

of TLR8 in the KLE cell line (Table X). Upon analysis with the primer set obtained from 

the literature (TLR7w and TLR8w), we found that TLR7 expression was up-regulated in 

the RL95-2 cells, and TLR8 expression was down-regulated in the KLE cell line (Table 

X). Additionally, as observed in Chapter III, qRT-PCR analysis using the ABI 

primer/probe sets indicate that TLR7 is down-regulated in RL95-2 cells, and TLR8 is 

slightly, but not significantly down-regulated (Figure 3). These results support the 

hypothesis that TLR7 and TLR8 isoforms are differentially expressed and suggests that 

the isoform expression of TLR7 and TLR8 can be altered by stimulation with viral 

PAMPs. 

3. Stimulation with TLR7 and TLR8 ligands does not result in 

proinflammatory or antiviral responses 

We next wanted to determine whether functional TLR7 or TLR8 protein was expressed 

in endometrial epithelial cells. We treated endometrial epithelial cells with DOTAP to 

allow delivery to endosomal vesicles and stimulated with the TLR7 ligand Loxoribine (a 

guanosine analog), the TLR8 ligand ssPolyU/LyoVec (an U-rich sequence modified from 

a G/U-rich HIV-1 sequence), and the TLR7 and TLR8 ligand R-848 (an 

imidazoquinoline compound) (185, 186, 215, 216, 218). We did not observe production 

of IL-6, IL-8, IP-10, RANTES, TNFα, or LIF in any endometrial epithelial cell line (data 

not shown). These data suggest that the ligands were insufficiently delivered to 
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endosomal  vesicles,  TLR7 and TLR8 ligation does not result in production of any of the 

above mentioned cytokines, TLR7 and TL8 are expressed but not responsive to ligand 

stimulation in endometrial epithelial cells, or that TLR7 and TLR8 are not expressed at 

the protein level in these cells. 

B. TLR9 Appears to be Expressed at the mRNA Level, but No Responses to CpG A, 

CpG B, or CpG C Were Observed in Endometrial Epithelial Cell Lines 

Unmethylated CpG ODNs stimulate cytokine production and B cell maturation in human 

cells expressing TLR9 (220). TLR9 activity in the endometrium could be important in 

prevention of STDs as TLR9 initiates immune responses to HSV-2, and CpGs are 

commonly utilized as adjuvant, and administration of CpGs can inhibit HSV-2 infectivity 

in mice (225, 226, 291). In Chapter III, we observed low level expression of TLR9 

mRNA in endometrial epithelium and endometrial epithelial cell lines (Table II). We 

wanted to determine whether functional TLR9 is expressed in endometrial epithelial cell 

lines. There are 3 types of CpGs that are immunostimulatory in humans: CpG-A (D type), 

CpG-B (K type), and CpG-C (224). CpG-A stimulates the production of IFNα, while 

CpG-B induces B cell maturation (221, 222, 224). CpG-C results in both activities (224). 

We stimulated the TLR9+ cell line, RL95-2, and TLR9- cell lines, Ishikawa, with CpG 

2006 (a CpG-B) and with CpG 2010 (a non-immunostimulatory CpG) purchased from 

Oligos Etc. Additionally we stimulated RL95-2, KLE (TLR9+), Ishikawa, AN3 CA 

(TLR9-), and HEC-1-A cells (TLR9-) with CpG 2216 (a CpG-A) CpG 2006 (a CpG-B), 

and CpG M362 (a CpG-C) purchased from Invivogen. We did not observe production of 

IL-6, IL-8, IP-10, TNFα, IL-1β, or IL-12p70 in responses to CpG stimulation in either 

experiment (data not shown). This result suggests that TLR9 is not expressed in 
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endometrial epithelial cell lines, TLR9 is not functional in endometrial epithelial cell 

lines, or that CpG stimulation results in up-regulation of cytokines that we did not 

examine. 

C. Endometrial Epithelial Cells and Cell Lines Differentially Express TLR1, TLR2, 

TLR6, and TLR4 and Respond to Stimulation with TLR2 and TLR4 Ligands 

TLR2 forms heterodimers with TLR1 and TLR6 to recognize variety of PAMPs (17). 

TLR2 heterodimers respond to stimulation with gram positive bacterial, mycobacterial, 

spirochete, fungal, and parasitic motifs as well as atypical LPS motifs (11, 17, 147). 

TLR2 has also been observed to dimerize with TLR10, although no ligand has been 

identified that utilizes this complex (202). TLR2 inflammatory responses are MyD88-

dependent, and the TIRAP adaptor molecule is also utilized in activation of NF-κB and 

MAPK (17, 21, 22, 57, 183). TLR2 responses could be important in the endometrium, 

since immune responses to Chlamydia trachomatis are thought to be instigated by TLR2, 

Neisseria gonorrhoeae PAMPs stimulate TLR2-dependent inflammatory cytokine 

induction, and TLR2 is involved in NF-κB activation following Listeria monocytogenes 

infection (127, 292, 293). These are bacterial pathogens that are involved in 

complications of pregnancy such as preterm labor and spontaneous abortion and in 

infertility (240, 242, 243, 244). 

TLR4 is another TLR that is involved in immune responses to pathogenic bacteria and 

virus. TLR4 induces production of proinflammatory and antiviral cytokines following 

stimulation with pathogen-derived LPS, RSV F protein, and HSP60 and host-derived 

HSP60, hyaluronic acid, and fibrinogen (147, 294). This response is dependent upon the 

MyD88, TIRAP, TRAM, and TRIF adaptor molecules (21, 57). It is known that TRIF is 
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required for IFN induction, but it is not clear how MyD88, TIRAP, and TRAM contribute 

to NF-κB and MAPK activation (21, 22, 57). TLR4 is activated primarily following 

infection with gram negative bacteria (17, 147). Gram negative bacterial infection 

increases the risk of preterm labor, and TLR4 polymophisms have been associated with 

premature labor (246, 295). This observation suggests that TLR4 polymorphisms can be 

detrimental to pregnancy outcomes. 

In Chapter III, we observed that endometrial epithelial cells and cell lines differentially 

express TLR1, TLR2, TLR4, and TLR6 (Table II). We wanted to determine whether 

TLR2 and TLR4 expression was functional in endometrial epithelial cells and cell lines. 

We stimulated endometrial epithelial cells and cell lines with TLR2 or TLR4 ligands. We 

found that endometrial epithelial cells and cell lines respond to stimulation with TLR2 

and TLR4 ligand and likely express functional TLR2 and TLR4. 

1. Endometrial epithelial cell lines respond to stimulation with TLR2 and 

TLR4 ligands 

In order to investigate the expression of functional TLR2 and TLR4 in endometrial 

epithelial cell lines, we stimulated cells with PGN or LPS. PGN is known to activate 

TLR2, although it is unclear whether homo- or heterodimers are utilized during PGN 

stimulation of TLR2 (17, 147, 294). LPS utilizes TLR4 to initiate immune responses 

(147, 294). Our data indicates that endometrial epithelial cells that express TLR2 and 

TLR4 respond to ligation with PGN and LPS, respectively. This data indicates that 

functional TLR2 and TLR4 are expressed in the endometrial epithelium. 
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(a) Endometrial epithelial cell lines differentially respond to 

stimulation with the TLR2 ligand PGN 

RL95-2, KLE, Ishikawa, AN3 CA, and HEC-1-A cells were stimulated with 10 µg/ml of 

PGN for 18 hours. RL95-2 and Ishikawa supernatants were analyzed by CBA for 

expression of IL-8, IL-6, IL-1β, IL-10, TNFα, and IL-12p70. As a positive control, the 

monocytic cell line, THP-1 was included and all cytokines except IL-12p70 were induced 

in THP-1 cell following PGN stimulation (Figure 43c). KLE, AN3 CA, and HEC-1-A 

supernatants were examined by ELISA for production of IL-6, IL-8, IP-10, RANTES, 

TNFα, and LIF. We found that the TLR2- cell lines RL95-2 and HEC-1-A cells do not 

respond to stimulation with PGN (Figure 43a and Figure 44). Additionally, the TLR2+ 

cell lines Ishikawa and AN3 CA do not produce cytokine in response to PGN (Figure 43b 

and Figure 44). KLE cells, which do express TLR2, produced IL-6, IL-8, and IP-10 

following stimulation with PGN (Figure 44). These results indicate that proteins other 

than TLR2 are involved in PGN responses to TLR2, and that endometrial epithelial cell 

responses to PGN cannot be predicted based upon TLR2 expression. 

(b) KLE cells respond to stimulation with the TLR4 ligand LPS in the 

absence of TLR4 mRNA expression 

We next stimulated endometrial epithelial cell lines with 10 ng/ml of LPS for 18 hours. 

Since TLR4 is expressed in primary endometrial epithelium, but not endometrial 

epithelial cells, we did not expect to observe cytokine production in response to 

stimulation with LPS (Table II) (125). The RL95-2, Ishikawa, AN3 CA, and HEC-1-A 

cell lines did not respond to LPS stimulation (Figure 45). To our surprise, we found that 

KLE cells produce IL-8 and IP-10, but not IL-6, RANTES, or TNFα following LPS  
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Figure 43: RL95-2 and Ishikawa cells do not respond to stimulation with PGN.  

 

 
 
Figure 43: RL95-2 and Ishikawa cells do not respond to stimulation with PGN. 
RL95-2 (a), Ishikawa (b), and THP-1 (c) cells were plated at 0.2 x 106 cell/well in 1 ml 
of media. Cells were stimulated with 10 µg/ml of PGN or 10 ng/ml/500 ng/ml of PMA/I 
(P/I) for 18 hours. 50 µl of cell-free supernatant was used to detect cytokine by FACS 
analysis using the Human Inflammation and Human Chemokine CBA kit. Experiments 
were repeated twice. Data shown represents one experiment. 
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Figure 44: Endometrial epithelial cells that express TLR2 respond differentially to 
stimulation with PGN.  
 
 

 
Figure 44: Endometrial epithelial cells that express TLR2 respond differentially to 
stimulation with PGN. KLE, AN3 CA, and HEC-1-A cells were plated at 0.2 x 106 
cell/well in 1 ml of media. Cells were stimulated with 10 µg/ml of PGN or 10 ng/ml/500 
ng/ml of PMA/I (P/I) for 18 hours. 100 µl of cell-free supernatant was used to detect IL-6 
(a), IL-8 (b), or IP-10 (c) by ELISA. Experiments were done in triplicate and repeated 
twice. Data shown represents the average of one experiment. Error bars indicate standard 
deviation of triplicate samples. 
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Figure 45: KLE cells respond to stimulation with LPS in the absence of expression 
of TLR4 mRNA.  
 

 
 
 
Figure 45: KLE cells respond to stimulation with LPS in the absence of expression 
of TLR4 mRNA. RL95-2, KLE, Ishikawa, AN3 CA, and HEC-1-A cells were plated at 
0.2 x 106 cell/well in 1 ml of media. Cells were stimulated with 100 ng/ml of LPS or 10 
ng/ml/500 ng/ml of PMA/I (P/I) for 18 hours. 100 µl of cell-free supernatant was used to 
detect IL-6 (a), IL-8 (b), or IP-10 (c) by ELISA. Experiments were done in triplicate and 
repeated twice times. Data shown represents the average of one experiment. Error bars 
indicate standard deviation of triplicate samples. 
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stimulation (Figure 45). These results suggest that KLE cells express TLR4 protein even 

though no mRNA was detected, or that the LPS is contaminated and is acting through 

different receptor. This observation would not be unprecedented, since lipoprotein 

contamination of LPS can induce TLR2-dependent cytokine production, and our data 

indicates that KLE cells express functional TLR2 (296). 

2. Primary endometrial epithelial cells respond to stimulation with the TLR4 

ligand LPS 

Primary endometrial epithelial cells have been demonstrated to express TLR4 in Chapter 

III (Table V) (125). We wanted to determine if TLR4 is functional in primary 

endometrial epithelium. Cells were stimulated with 10 ng/ml of LPS for 18 hours, and 

supernatants were examined by ELISA for production of IL-6, IL-8, IP-10, RANTES, 

and TNFα. We found that LPS induces production of IL-6 and IL-8 in endometrial 

epithelial cells (Figure 46). IL-8 production was seen only in one of two samples, but IL-

6 was consistent between samples (Figure 46). Our results indicate that functional TLR4 

is expressed in endometrial epithelium. 

D. Endometrial Epithelial Cells Express TLR5 and Respond to Stimulation with 

Flagellin 

TLR5 recognizes a structurally conserved flagellin motif to induce MyD88-dependent 

proinflammatory responses in TLR5-expressing cells (208). The actions of TLR5 have 

been studied primarily in the gut and lung, since many of the flagellated bacteria known 

to activate TLR5 are intestinal or respiratory pathogens (137, 209, 210, 297). TLR5 

expression in the gut is limited to the basolateral surface where it does not come in 

contact with commensal, flagellated bacteria (108, 109, 110, 111). This restriction in  
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Figure 46: Primary endometrial epithelial cells respond to stimulation with LPS.  

 

 
 
 
Figure 46: Primary endometrial epithelial cells respond to stimulation with LPS. 
Primary endometrial epithelial  cells were plated at 0.2 x 106 cell/well in 1 ml of media. 
Cells were stimulated with 100 ng/ml of LPS or 10 ng/ml/500 ng/ml of PMA/I (P/I) for 
18 hours. 100 µl of cell-free supernatant was used to detect cytokine by ELISA. 
Experiments were done in triplicate and repeated twice. Data shown represents the 
average of one experiment. Error bars indicate standard deviation of triplicate samples. 
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TLR5 expression is thought to contribute to immune tolerance to commensal bacteria in 

the gut. This is important since reactions to commensal bacteria are implicated in IBDs 

(144, 212). In the human endometrium, inflammatory disorders such as endometriosis 

and pelvic inflammatory disease (PID) can cause pelvic pain and infertility (118, 244, 

257, 261, 290). It is unknown whether or not TLR expression, polymorphisms, and/or 

ligation contribute to immune responses to pathogen in the endometrium or endometrial 

inflammatory disorders.  

In Chapter III, we found that TLR5 is expressed on all 5 endometrial epithelial cell lines 

examined, and that primary endometrial epithelium expresses TLR5 mRNA (Table II and 

Table V). We wanted to determine whether stimulation with flagellin would induce 

proinflammatory cytokine production in endometrial epithelial cells lines. Our data 

indicates that flagellin stimulation results in TLR5 activation, and that co-stimulation 

with PMA/I results in a unique cytokine profile. 

1. RL95-2 but not Ishikawa cells produce cytokines and chemokines in 

response to stimulation with flagellin 

RL95-2 and Ishikawa cell were stimulated with 50 ng/ml of flagellin for 18 hours, and 

cytokine production was analyzed by CBA. We found that, although RL95-2 and 

Ishikawa cells both express TLR5 mRNA, only the RL95-2 cell lines responds to 

stimulation with flagellin (Figure 47 and data not shown). RL95-2 cells produced IL-8, 

IP-10, and MCP-1 but not IL-6, IL-1β, IL-10, IL-12p70, RANTES, or MIG following 

stimulation with flagellin (Figure 47). If cells were stimulated with PMA/I, IL-6, IL-8, 

IP-10, RANTES, and MCP-1 were produced (Figure 48). However, stimulation of RL95-

2  cells  with  a  combination  of  flagellin  and  PMA/I  increased  production  of  IP-10,  
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Figure 47: RL95-2 cells produce an array of cytokines and chemokines response to 
stimulation with flagellin.  

 
 
Figure 47: RL95-2 cells produce an array of cytokines and chemokines response to 
stimulation with flagellin. RL95-2 (a), Ishikawa (b), and THP-1 (c) cells were plated at 
0.2 x 106 cell/well in 1 ml of media. Cells were stimulated with 10 µg/ml of PGN or 10 
ng/ml/500 ng/ml of PMA/I (P/I) for 18 hours. 50 µl of cell-free supernatant was used to 
detect cytokine by FACS analysis using the Human Inflammation and Human 
Chemokine CBA kit. Experiments were repeated twice. Data shown represents one 
experiment. 
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Figure 48: Endometrial epithelial cells differentially respond to stimulation with 
flagellin.  
 

 
 
 
Figure 48: Endometrial epithelial cells differentially respond to stimulation with 
flagellin. RL95-2, KLE, Ishikawa, and HEC-1-A cells were plated at 0.2 x 106 cell/well 
in 1 ml of media. Cells were stimulated with 50 ng/ml of flagellin (F), 10 ng/ml/500 
ng/ml of PMA/I (P/I), or both (F/P/I) for 18 hours. 100 µl of cell-free supernatant was 
used to detect cytokine expression by ELISA. Experiments were done in triplicate and 
repeated twice. Data shown represents the average of one experiment. Error bars indicate 
standard deviation of triplicate samples. 
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RANTES, and MCP-1 (Figure 47b). Surprisingly, this combination also resulted in 

production of TNFα by RL95-2 cells (Figure 48a). This result was unexpected, since no 

other stimulation has induced TNFα production in the RL95-2 cell line. Our results 

indicate that endometrial epithelial cells that express TLR5 respond differentially to 

flagellin stimulation. Additionally, flagellin stimulation in combination with another 

inflammatory stimuli can induce a unique and potent proinflammatory cytokine profile in 

RL95-2 cells. 

2. Endometrial epithelial cell lines differentially respond to stimulation with 

flagellin 

RL95-2, KLE, Ishikawa, and HEC-1-A cells were stimulated with flagellin, PMA/I, or a 

combination of the two stimuli for 18 hours, and supernatants were collected and 

analyzed by ELISA for production of IL-6, IL-8, IP-10, RANTES, TNFα, or LIF. We 

found that each endometrial epithelial cell line exhibited a unique cytokine profile 

following stimulation with flagellin. RL95-2 cells produced only IL-8 and IP-10 

following stimulation with flagellin (Figure 48). The KLE cells produced IL-6, IL-8, and 

IP-10, while the HEC-1-A cells produced IL-8, RANTES, and TNFα in response to 

flagellin (Figure 48). Ishikawa cells did not exhibit responses to flagellin stimulation 

(Figure 48). Co-adminstration of PMA/I induced production of IL-6, RANTES, and 

TNFα and increased IL-8 production in RL95-2 cells (Figure 48). In the KLE cells, 

TNFα was additionally induced by flagellin/PMA/I stimulation, and, in the HEC-1-A 

cells, TNFα production was decreased but LIF production was induced by co-stimulation 

with PMA/I (Figure 48).  These results demonstrate that endometrial epithelial cells 

respond differentially to flagellin stimulation, and that administration of multiple 
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inflammatory stimuli results in a more broad and robust proinflammatory cytokine 

profile. 

III. Discussion 

Our data demonstrates the functional activity of TLRs in the human endometrium. We 

have observed expression of TLRs that respond quickly and rapidly to ligand stimulation, 

and TLRs that seem refractory to ligand stimulation. We have found that the majority of 

TLRs are expressed in the human endometrium, and that TLR2, TLR4, and TLR5 ligand 

stimulation can alter the cytokine profile of endometrial epithelial cell lines. Our data 

suggests that TLRs are important in regulating immune responses in the endometrium 

and could contribute to cytokine imbalances that result in endometrial dysfunction. 

We found that TLR7 and TLR8 mRNA are expressed in endometrial epithelial cells and 

cell lines. Our data suggests that TLR7 and TLR8 isoforms are differentially expressed 

and can be regulated by TLR3 signaling. This observation could have several important 

consequences. TLR9 is known to respond to different ligands in different cell types 

resulting in dissimilar consequences of TLR9 ligation (220, 221, 222, 223, 224). It is not 

known exactly how this occurs, but one possibility is that distinct TLR9 isoforms are 

expressed in different cells (162). If TLR7 and TLR8 are similarly regulated, differences 

in isoform expression could translate into TLR7 and TLR8 becoming responsive or non-

responsive to individual viral motifs. Additionally, if the TLR3-mediated antiviral 

responses can control TLR7 and TLR8 isoform expression, this could be utilized in 

development of disease treatment and prevention strategies. 

Our data also demonstrates that TLR2 and TLR4 are expressed and functional in 

endometrial epithelial cells and cell lines. Since numerous pathogens that infect the 
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reproductive tract are bacterial, and infection can result in dysfunctions of the 

endometrium, the TLR2 and TLR4 response in the endometrium could be important in 

understanding resistance to pathogen infection and in treatment strategies (13, 113, 127, 

239, 242, 244, 261). It is known that endometriosis develops when retrograde 

menstruation occurs, and tissue is able to implant outside the uterus (118, 261, 290). 

Inflammatory cytokines such as IL-8 and RANTES are known to promote tissue 

implantation, vascularization, and growth, but the trigger of tissue implantation is unclear 

(29, 31, 118, 261, 290). It is possible that TLR ligation following exposure to bacterial 

pathogen during retrograde menstruation could alter the cytokine milieu such that 

proinflammatory cytokine levels were elevated. This event could promote development 

of tissue implantation and development of endometriosis. Further research will be needed 

to investigate the role of TLRs in immunity to pathogen and in development of diseases 

such as endometriosis. 

Another TLR that could contribute to the responses discussed in the above paragraph is 

TLR5. Our data indicates that TLR5 is expressed in endometrial epithelial tissue and cell 

lines and initiates proinflammatory responses following stimulation with flagellin. 

Administration of additional inflammatory stimuli results in a dramatic increase in 

proinflammatory cytokines and induces production of cytokines not normal detected in 

endometrial epithelial cells lines. In the event that a flagellated bacterium infects the 

reproductive tract and induces inflammation through several bacterial PAMPs, this 

elevation in proinflammatory cytokine production could upset the balance between 

immune responses and tolerance in the endometrium. Infection with a non-flagellated 

bacteria species in the presence of a flagellated commensal species could induce a similar 
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effect by breaking mucosal tolerance to commensal bacteria. Excessive inflammation in 

the endometrium could be deleterious to the ability of the endometrium to undergo 

normal endometrial cycling, embryo implantation, and maintenance of pregnancy. 

Examination of TLR5-mediated responses in human endometrial tissue could provide 

insight into the contribution of inflammation to endometrial health and dysfunction. 
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CHAPTER VIII 
 

DISCUSSION 
 
 

 
I. Discussion 

In this study, we have observed that TLRs are expressed in the endometrial epithelium 

and contribute to immune responses (125, 128). This observation suggests that TLRs play 

a role in natural immune responses to pathogen in the endometrium and be utilized in 

development of treatment and prevention strategies for STDs. Additionally, since TLR 

ligation results in cytokine up-regulation, TLR ligation could cause alterations in the 

endometrial cytokine milieu and lead to dysfunction of the endometrium. This 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. 

We have found that TLR3 expression in the endometrium is unique among the TLRs 

because expression levels are dependent upon the stage of the menstrual cycle (128). 

Peak expression was observed during the mid- and late secretory phase when the 

implantation window occurs (128). The reason for and consequences of this variance in 

expression is not known, but there are numerous prospective explanations. The 

endometrium must utilize immune responses to prevent viral infection without allowing 

the immune response to interrupt the menstrual cycle, fertilization, embryo implantation, 

pregnancy, or endometrial health. If TLR3 is involved in immune responses to viruses 

that infect the reproductive tract, it is possible that TLR3 levels are regulated throughout 

the cycle to promote the balance between immune activation and immune tolerance that 
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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 (112, 116, 119). It is likely that susceptibility to 

disease is increased or decreased at different phases during this cycling (112, 115, 118, 

120). Exposure to pathogen is also going to 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 

(101, 273, 274, 275). Additionally, hormones are able to enhance and suppress immune 

responses, and fluctuations in hormone levels throughout the menstrual cycle are likely to 

influence the ability of the endometrial immune system to respond to pathogens (99, 112, 

118). The possibility exists that TLR3 levels are increased due to increased frequency of 

exposure to and/or susceptibility to viral pathogens that are associated with different 

phases of the menstrual cycle. However, it is important to consider that TLR3 may have 

an undiscovered role in development and may be cyclically regulated for reasons 

independent of immune responses. 

Our finding that TLR3 expression is cycle-dependent has important implication in the 

estrogen and progesterone effects on TLR3 expression and responses as well. Future 

studies will examine the relationship between cycle stage and TLR3 expression as well as 

hormone regulation of TLR3 responses (128). Our data establishes TLR3-dependent 

endometrial epithelial tissue and cell line production of proinflammatory and antiviral 

cytokines following stimulation with dsRNA. We have also observed cycle-dependent 

expression of natural antimicrobial defensin peptides. We have found that α- and β-

defensins are expressed during specific phases of the menstrual cycle in the 
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endometrium. The impact of this cyclic expression is not clear, much like for TLR3. 

However, high levels of defensin expression are associated with preterm labor during 

infection. Cyclic regulation of defensin levels could be one method by which the 

endometrium attempts to balance tolerance with immune activation. Since hormone 

administration directly impacts defensin production, the ability of epithelial cells to 

induce defensin production is of considerable importance in prevention of STDs in 

women on COCPs (99, 101). We observed that in some cases, dsRNA stimulation 

induces production of defensins. It is not known how cycle phase or administration of 

hormone affects this event, but since defensins are involved in inhibition of viral HIV-1 

replication and HSV susceptibility, this could be important in prevention of viral 

infection in the endometrium (63, 78, 82, 83, 93, 94, 97, 98, 99). 

It is unknown how TLR3 functions in vivo during viral infection or what role it plays in 

determining the health of the endometrium. Our findings will allow 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. 

We have also observed that TLR3 is able to mediate antiviral responses in the 

endometrium (128). Examination of endometrial epithelium and endometrial cell lines 

has resulted in the observation that antiviral responses to dsRNA differ in the 

endometrium than in other epithelial mucosa. We have found that defensins are cyclically 
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produced by endometrial epithelium and cell lines and can be up-regulated by dsRNA 

stimulation. However, we have also observed that defensin levels can be decreased by 

dsRNA stimulation. We have postulated that immune responses to dsRNA may be altered 

in endometrial epithelial cells as a mechanism to control inflammatory 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. 

This hypothesis is supported by other findings. We observed that in the endometrial 

epithelium, viral-associated TLR7 and bacterial-associated TLR5 levels are shown to be 

decreased following dsRNA stimulation, and TLR3 expression is static (illustrated in 

Figure 49). In other epithelial cells, dsRNA stimulation generally increases expression of 

TLR3 and other TLRs. We have also observed similar phenomena when the antiviral 

response was examined in more detail. We found that inducible components of the 

antiviral response are constitutively expressed in endometrial epithelial cells, as has been 

observed in pDCs (see Figure 50 for schematic representation) (279, 280). In pDCs, this 

constitutive expression allow a more rapid and potent antiviral response to occur (279, 

280). Endometrial epithelial cells may be able to mediate a similar antiviral response 

(Figure 50). We also observed that some components of the antiviral response are not up-

regulated as expected following stimulation with dsRNA (Figure 50). This observation 

supports our original hypothesis. It is possible that portions of the dsRNA-dependent 

immune response are dampened in endometrial epithelial cells (Figure 50). Endometrial 

epithelial cell may have evolved their immune responses such that viral microbial stimuli 

initiate  immune   responses  sufficient  to  eliminate   virus  but   insufficient  to  promote  
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Figure 49: Stimulation with dsRNA results in down-regulation of other TLRs in 
endometrial epithelial cells. 
 

 
*modified from O’Neill, 2004. Science. 303: 1481-2. 
 
Figure 49: Stimulation with dsRNA results in down-regulation of other TLRs in 
endometrial epithelial cells. Stimulation of endometrial epithelial cells with dsRNA 
results in TLR3-mediated signaling that induces transcription and represses transcription 
of a variety of genes. Our data demonstrates that stimulation with dsRNA results in 
down-regulation of TLRs such as TLR5 and TLR7 but does not alter expression of its 
cognate receptor, TLR3. The regulation of expression of TLR5 and TLR7 through TLR3 
signaling is mediated by unknown mechanisms. It is possible that the TLR5 and TLR7 
gene are directly down-regulated by unidentified transcription factors whose nuclear 
translocation is induced by TLR3 signaling. It is also possible that TLR3 up-regulates 
expression of undetermined transcription factors that can then down-regulate expression 
of TLR5 and TLR7. 
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Figure 50: Endometrial epithelial cells exhibit altered expression and dsRNA-
mediated regulation of proteins involved in the secondary antiviral response. 

 
*modified from Grandvaux et al, 2002. Curr Opin Infect Dis. 15: 259-67. 
 
Figure 50: Endometrial epithelial cells exhibit altered expression and dsRNA-
mediated regulation of proteins involved in the secondary antiviral response. 
Typically, a cell constitutively expresses IRF3 and NF-κB, while IRF7, IFNβ, and IFNα 
are not constitutively expressed (a). STAT1, STAT2, and IRF9 are also constitutively 
expressed, but do not form the ISGF3 transcription factor (a). Following exposure to 
virus, IRF3 and NF-κB are activated and translocated to the nucleus to induce the 
production of IFNβ and IFNα1 during the primary or early antiviral response (b). In an 
autocrine fashion, IFNβ and IFNα1 induce formation of ISGF3 resulting in IRF7 
expression. IRF7 is activated by viral motifs, translocated into the nucleus, and induces 
production of secondary or late antiviral response proteins including other IFNα species 
(b). Our data suggests that endometrial epithelial cells constitutively express IFNα1 and, 
therefore, IRF7 in the absence of viral infection (c). However, IRF7 is not constitutively 
activated and is sequestered from the nucleus, so secondary antiviral response proteins 
are not constitutively up-regulated (c). Because IRF7 is constitutively expressed, 
endometrial epithelial cells can immediately activate IRF7 (demonstrated by the red 
arrow) and induce nuclear translocation following exposure to virus (d). However, 
production of IFNα1 is either not up-regulated or is repressed following dsRNA-
mediated signaling, and secondary up-regulation of IFNα species is not observed 
(indicated by the x) (d). Additionally, transcription of some secondary antiviral response 
proteins (as indicated by the blue box) are subdued in endometrial epithelial cells (d). 
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prolonged inflammatory and antiviral responses. This would allow immune responses to 

occur in the endometrium without negatively impacting endometrial function. 

Finally, we have determined that bacterial-associated TLRs are expressed by and are 

functional in the human endometrium. TLR2, TLR4, and TLR5 contribute to 

proinflammatory responses in endometrial epithelial cells. However, responses to TLR 

bacterial ligands differ greatly between individual epithelial cell lines. Some cell lines 

produce a wide array of cytokines following ligand stimulation, some exhibit a more 

restricted cytokine profile, and some cells are refractory to stimulation. This could 

indicate that the human endometrium differentially responds to pathogen stimulation 

depending upon expression of TLR-associated molecules and/or the delivery and access 

of microbial PAMPs to the LRR of the TLR. This suggests that the endometrium has 

developed methods of controlling inflammatory responses in the epithelium. TLR5 

responses are tightly regulated and exposure to multiple inflammatory stimuli seems to 

result in an increased proinflammatory response. This could be an important observation 

in prevention of pathogen infection. If flagellin stimulation of TLR5 is accompanied by 

stimulation of another TLR, such as LPS-induced activation of TLR4, this could enhance 

immune responses in the endometrium to aid in pathogen elimination and result in 

disruption of the cytokine milieu and immune cell composition of the endometrium. If 

downstream immune responses are subdued in the endometrium, this could contribute to 

control of the inflammatory response. TLR5 down-regulation following activation of the 

IFN response could aid in preventing multiple immune stimuli from activating 

deleterious inflammatory immune responses. 



 199

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 of TLRs is highly regulated, as are proinflammatory and 

antiviral responses to TLR ligation. This suggests 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. 

II. Recommendation for Future Research 

The results of this study clearly indicate that TLR-mediated responses in the human 

endometrium are important in immune activation of endometrial epithelial cells. 

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, the TLR response in 

primary endometrial epithelial cells in natural disease and infection models must be 

further investigated. 

A. Chapter III 

We have found that TLR mRNA is expressed in the endometrial epithelium, that TLR7 

and TLR8 isoforms may be differentially expressed in endometrial epithelium, and that 

TLR3 mRNA and protein is cyclically-regulated in the endometrium (128). However, 

expression was only analyzed at the RNA level and examination of protein expression 
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should follow. Additionally, the TLR7 and TLR8 isoform data is preliminary and will 

require in depth examination to verify this hypothesis. Finally, comparison of TLR 

expression between normal and diseased samples 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. Investigate whether TLR7 and TLR8 isoforms are expressed in the human 

endometrium by looking at alternative splicing and sequences of 
expressed protein. If it is confirmed that different TLR7 and TLR8 
isoforms are expressed, analyze the cyclic expression of these isoforms. 

 
4. Obtain samples from patients diagnosed with endometriosis or viral 

infection such as HPV and HSV and investigate any disruptions in the 
cycle-dependent TLR3-expression patterns to determine if there is any 
correlation between TLR3 dysregulation and disease. Additionally 
examine samples from women experiencing habitual abortion and 
infertility and determine if there are any abnormalities in cyclic TLR3 
expression. 

 
5. 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 

We have found that dsRNA responses in endometrial epithelial cells and cell lines are 

TLR3-dependent and results in the production of proinflammatory and antiviral cytokines 

and alter expression of other TLRs such as TLR7 and TLR5 (128). Future research 

should examine the effect of dsRNA signaling of TLR7 and TLR8 isoform expression. 

Future research should investigate why TLR3 localization is different in endometrial 
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epithelial cell lines, and how this affects ligand responses. Additional ligands should be 

utilized to investigate responses, and natural viral motifs that activate TLR3 in the 

endometrium should be identified. Recommendations for future research are as follows: 

1. Using qRT-PCR and ELISA analysis of supernatant, investigate the effect 
that dsRNA has on the possible expression of TLR7 and TLR8 isoforms 
(detected in proposal 3 of section A) to determine if TLR3 signaling can 
influence expression and function of TLR7 and TLR8 isoforms. 

 
2. Infect TLR3+, TLR3-, and TLR3-transfected cell lines with relevant 

viruses such as HSV, HPV, or replication constructs of HIV-1 and 
examine the immune response and resistance to infection following viral 
infection. 

 
3. Use mutational analysis to examine the TLR3 protein to determine why it 

is expressed intracellularly in some endometrial epithelial cells and on the 
surface of other cells. If the localization signal can be identified, TLR3 
mutations that alter localization could be engineered, and transfectants 
could be developed and transfected into TLR- cell lines. This would allow 
for examination of how TLR3 localization impacts sensitivity to dsRNA 
stimulation and viral infection in endometrial epithelial cell lines.  

 
4. Identity a defined dsRNA ligand for TLR3 by stimulating RL95-2 cells 

with Poly I:C ligands with defined sequences. Identify the ligand binding 
domain of TLR3 by introducing mutations to the LRR of the TLR3 gene, 
transfect TLR3- cells with the altered gene, and determine the ligand 
binding domain of TLR3 using the defined ligand. 

 
C. Chapter V 

We observed that defensins are cyclically expressed in the human endometrial 

epithelium. Our data also indicates that defensins can be regulated following stimulation 

with dsRNA. This data is highly preliminary since expression was only examined at the 

RNA level with a small sample set and must be repeated with a much larger sample set at 

RNA and protein level. Additionally, expression of HNP1-3 should be examined in the 

human endometrium since HNP4 expression was detected, and contribution of all the 
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defensins to antiviral responses in the endometrium should be investigated. 

Recommendations for future research are as follows: 

1. Defensin expression in other endometrial epithelial cell lines should be 
examined, and the regulation of defensins following stimulation with 
dsRNA observed using qRT-PCR. 

 
2. Acquire a greater number of cycle day-specific endometrial epithelial 

samples from endometriosis and non-endometriosis patient samples. 
Compare the induction of defensins by dsRNA stimulation to observe 
whether endometriosis samples are prone to up-regulate defensins in 
response to dsRNA stimulation, while normal samples are prone to down-
regulate defensins. 

 
3. Examine the expression of HNP1-3 in human endometrial tissue. This can 

be done by southern blot analysis of cycle-day specific endometrial tissue 
that has or has not been stimulated with dsRNA.  

 
4. Defensin secretion following stimulation with dsRNA should be analyzed 

at the protein level using techniques such as ELISA or immunoblotting. 
 
5. Contributions of defensin production to the antiviral response can be 

determined by analyzing the ability of TLR3-induced immune responses 
to inhibit viral infectivity and replication. Once viruses that act through 
TLR3 in endometrial epithelial cells have been identified, the contribution 
of defensins to the immune response can be identified by techniques such 
as neutralization of defensins during viral infection, or infection of 
endometrial epithelial cells during cycle stages or in cell lines where 
specific defensins are or are not expressed. 

 
D. Chapter VI 

We observed that dsRNA stimulation induces the primary and secondary antiviral 

response in endometrial epithelial cells and cell lines. Our data indicates that endometrial 

epithelial cells may constitutively express genes that are normally induced only upon 

stimulation of the secondary antiviral response, and that secondary antiviral responses 

may be muted following stimulation with dsRNA. In order to confirm this hypothesis, 

future research will need to examine expression at the protein level in primary 
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endometrial epithelium and compare the antiviral response to those exhibited in other 

tissues. Recommendations for future research are as follows: 

1. A greater number of primary cell samples should be acquired and 
stimulated with dsRNA. Samples can then be analyzed for constitutive 
expression of proteins associated with the antiviral response to determine 
if the results observed in endometrial cell lines occur in primary 
endometrial epithelium. 

 
2. The expression of antiviral molecules such as IRF7 should be analyzed at 

the protein level to determine if the constitutive expression of mRNA 
translates to the constitutive expression of protein.  

 
3. Primary endometrial epithelium from cycle-day specific samples should 

be stimulated with dsRNA, and antiviral responses analyzed to determine 
if secondary antiviral responses are muted in primary cells and, if so, how 
the cycle phase affects that occurrence. 

 
4. Responses to dsRNA in endometrial epithelial cells and cell lines should 

be directly compared to non-endometrial epithelium, cells known to 
exhibit normal antiviral responses, and pDCs to determine whether the 
constitutive up-regulation of antiviral-associated genes results in a more 
potent and rapid antiviral response in the endometrial epithelium. 

 
E. Chapter VII 

Our data indicates that stimulation of endometrial epithelial cells and cell lines with TLR 

ligands results in production of proinflammatory and antiviral cytokines, but that TLR 

expression can not be used as a sole indicator of responsiveness to TLR ligands. We 

observed that TLRs respond differentially to TLR ligands despite similarities in TLR 

expression. The results also indicated that TLR7 and TLR8 may be expressed as isoforms 

that can be regulated by dsRNA stimulation. Future research should address TLR7 and 

TLR8 isoform expression to determine if alternative splicing has functional consequences 

in the human endometrium. Expression of TLR9 should be examined more closely to 

determine if functional TLR9 is expressed in the human endometrium. Finally, the 
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contribution of bacterial-associate TLRs should be more fully investigated in primary 

endometrial epithelium to determine contribution of TLRs to immune responses as well 

as immune tolerance in the endometrium. Recommendations for future research are as 

follows: 

1. The expression and regulation of TLR7 and TLR8 isoforms should be 
examined in endometrial epithelial cell lines as suggested in the future 
research recommendations in Chapter III and IV to determine if isoforms 
are expressed at the mRNA and protein level, how they are regulated, and 
if dsRNA stimulation affects their regulation.  

 
2. If TLR7 and TLR8 protein isoforms are expressed, the response of 

endometrial epithelial cells to TLR7 and TLR8 ligands should be analyzed 
to determine if functional protein is expressed, and how ligand responses 
and localization is altered depending upon isoform expression.  

 
3. TLR9 responses should be more fully examined by determining first if 

protein is expressed in endometrial epithelial cells. If so, multiple CpG 
motifs should be utilized to determine if functional TLR9 activity occurs 
in the human endometrium. 

 
4. Experiments should be conducted to determine what factors influence 

TLR2 and TLR4 responsiveness in endometrial epithelial cells. The 
contribution of TLR1, TLR6, TLR10, LPS-binding protein, and other 
accessory molecules could be assessed utilizing dominant negative protein 
transfections or siRNA techniques. 

 
5. The interaction of TLR-mediated immune responses should be 

investigated by observing whether or not homo- and hetertolerance occurs 
following TLR2 and TLR4 ligation in primary endometrial epithelium. 

 
6. The TLR5 responses in the endometrium should be further examined to 

determine its contributions to inflammatory disorders. Endometriosis and 
non-endometriosis samples should be examined for TLR5 expression 
levels and responsiveness of TLR5 to stimulation. Additionally, TLR5 
responses concurrent with other inflammatory stimuli should be observed 
in primary cells to determine if cytokine profiles are altered. 
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