Actions of seminal fluid signalling
factors in the female reproductive tract
and on pregnancy outcome

Danielle Jannette Glynn

Research Centre for Reproductive Health,
Discipline of Obstetrics and Gynaecology,
School of Paediatrics and Reproductive Health,
University of Adelaide, Adelaide,
Australia

A thesis submitted to the University of Adelaide in fulfillment of the requirements for
admission to the degree Doctor of Philosophy

December 2007



We wsed to think that & we buew one, we bnew two,
becande one and one arne two. We are finding that we must

Some people walk in the nain, others judt get wet.
~ Regern Miller

Tte cmportant thing co wot To slop questioning. (Zuniosity
has cts own neason for existing. Oue cannol helpy but be cun
awe when ke contemplates the mystenies of etenncly, of life.

~ s Whent Ecnotein



Table of contents

Table of contents

List of figures

List of tables

Abstract

Declaration

Acknowledgements

Publications arising from these and related studies
Patent

Abstracts arising from these studies

Abbreviations

Glynn

Page

vi

Xi
Xiii
Xiv
XV
XV
Xvi

XViii



Chapter 1  LIterature reVIEW.........c.ccevveeveieeeree e 1

1.1 INTRODUCTION ..ottt ettt 2
1.2 CYTOKINES IN THE UTERUS......coiiiiiiceieisiieeesisse et 3
121 CYOKINES — INEOUCTION ... s 3
1.2.2 Transforming growth factor S (TGFA) ... 4
1.2.3 Granulocyte-macrophage colony-stimulating factor (GM-CSF)...........cccocovvvvvvvivne, 10
1.2.4 INEErTEUKIN=G (IL-6) .....vevereririiiiiieiiiiiiiisisis sttt 13
125 Leukaemia inhibitory factor (LIF)........cooiiinns s 15
12,6 Keratinocyte-derived chemoking (KC)........ccovvriiiiinicesseesseeiis 16
1.3 LEUKOCYTE POPULATIONS IN THE UTERUS........ccooiiiiiiiirireenseeeisissn s 17
1.3.1 T LYMPROCYEES. ... 18
132 NALUIAL KIIEE CRIIS ... s 19
133 MACTOPNAGES ... .ttt 20
134 DENANHC CRIIS. ... vt 22
135 ST 0] o] 1 SRR 23
1.4 IMMUNOLOGICAL RESPONSE TO MATING AND THE CONCEPTUS........ccoovvvririrerninnnns 25
14.1 Post-mating inflammatory reSPONSE.........cccovvviiriiiiiiiiiieicee s 25
142 Pre- and peri-implantation events in murine Pregnancy .........coceevresssseeenenas 26
143 IMMUNE TOIBIANCE ....cvvveiiee e 27
15 SEMINAL PLASMA . ....ottitiitite ettt bbbt 31
15.1 The role of seminal plasma in post-insemination inflammation.............c.ccccovvvennen. 31
15.2 Immunomodulation by seminal PlasSmMa...........cccceeeeriiiriieiiieie e, 32
153 ANtigenic NALUTE Of SEMEIN ......cciiiiiiiri e 33
154 Immune regulatory molecules in seminal plasma ..........c.cocoeevrnniiennnnicennns 33
1.6~ PATHOLOGIES OF PREGNANCY AND FETAL PROGRAMMING .......ccccvviririmririniriireininnns 39
16.1 Pregnancy PathOlOgIES. .......ceurererrrererieeieeeeesesssssssss et sesasnas 40
1.6.2 Fetal Programming.........ccccceeeeeeeeeeeee e 42
L7 SUMMARY Lottt bbbt 43
1.8 HYPOTHESES ..ottt 45
1.9 AIMS bbbttt 45
Chapter 2 Materials and Methods...........cccceeiiiiiiiicinicnne 46
2.1 ANIMALS .ottt 47
2.2 INVITRO CULTURE OF PRIMARY MURINE UTERINE EPITHELIAL CELLS........cc.ccvrvunne. 48
221 GBNEIAL ...t 48
222 CURUIE MEUIUM......ovieieieieieeeeee s 48
2.2.3 Recombinant cytokines, antibodies and bioactive molecules.............c.cocovrvrvennee. 49
2.2.4 Uterine Epithelial Cell CURUIE ........c.ccveveececccceeeee e 49

Glynn i



225 CYIOKING ELISAS ...ttt 50

2.2.6 REAIIME RT-PCR ...ttt 51
2.3 INVIVO ADMINISTRATION OF IMMUNE MODULATING MOITIES.......cccccovirieirriririerninnns 54
2.3.1 TranSCerViCal INJECHION .....vvvveveieieeee e 54
2.3.2 INtrAULENNE INJECHION ... 54
24 ESTROUS AND DAY 0.5pC MEASURES ........cooooiiiiiinirnie e 55
24.1 ESLIOUS OULCOMES .....eviiiieici ettt 55
24.2 Day 0.50C OULCOMES ......ovvviiieieieieieiei e 55
24.3 IMMUNONISIOCNEMISITY ... 55
2.5 DAY 18 PREGNANCY OUTCOMES.......cccootiriririiiieinisinnse s 56
26  LONG TERM PROGENY OUTCOMES........ccoeotiiiriiiieinininiieesisisse s ssssnes 57
2.6.1 Systolic Blood Pressure MEaSUIEMENT ...........c.cveevevererereieeieeeeerereeeesssesssssnnans 58
2.6.2 GlUCOSE TOIBIANCE TESL....viviviririririiiiririrer s 60
2.6.3 Serum metaboliC PArAMELEIS ..o 60
2.6.4 Post Mortems and Full Body COMPOSItIONS ........ccovevvvviviviiiiieicicisissiessisisvs e, 64
2.7 STATISTICAL ANALYSIS. ..ottt 64

Chapter 3 Effect of seminal fluid factors on uterine epithelial

cell cytokine production............cccoevervveinisiciniennns 65
31 INTRODUCTION ..ttt sttt 66
3.2 UTERINE CYTOKINE PRODUCTION FOLLOWING MATING .....ccceviririrerrreinirireinneinsssseenns 68
3.3  SEMINAL VESICLE FLUID STIMULATED UTERINE EPITHELIAL CELL CYTOKINE
SECRETION ..ottt e et e bttt n et ne e e ne e ne e nas 71
34  TGFP MODULATED UTERINE EPITHELIAL CELL CYTOKINE SECRETION IN VITRO.......75
3.5 EFFECT OF BACTERIAL LPS AND LTA ON UTERINE EPITHELIAL CELL GM-CSF,
IL-6 AND KC SECRETION IN VITRO ..ottt 78
35.1 Effect of bacterial components on CBA F1 uterine epithelial cell cytokine
=0l (=110 2 TR 78
352 Effect of bacterial components on C3H/HeJ uterine epithelial cell cytokine
=3 =] 10 [PPSR 81

3.6  THE EFFECT OF TGF3 AND LPS OR LTA ON UTERINE EPITHELIAL CELL GM-CSF,

IL-6 AND KC SECRETION IN VITRO ..ottt 89
3.6.1 Interaction between TGFZand E.COli LPS..........coooviiiiieiccess s 89
3.6.2 Interaction between TGF S and B.SUbBLIllIS LTA ..., 92

3.7  THE COMBINED EFFECT OF LPS AND LTA ON UTERINE EPITHELIAL CELL GM-CSF,
IL-6 AND KC SECRETION IN VITRO ..ottt 94

3.8  THE EFFECT OF IFNy ON GM-CSF, IL-6 AND KC SECRETION BY PRIMARY UTERINE
EPITHELIAL CELLS IN VITRO ...ttt 100

Glynn ii



3.9  THE EFFECT OF IFNy AND BACTERIAL LPS AND LTA ON UTERINE EPITHELIAL

CELL GM-CSF, IL-6 AND KC SECRETION IN VITRO .....cotuiiiriinieiinieisisieieseeeiiens 106

39.1 Interaction between IFNyand E.COll LPS...........ccoiiiiiiiieccceieis 106
3.9.2 Interaction between IFNyand B.SUDLIlIS LTA .......ccoovviiieiincesnceeinns 108

3.10 UTERINE EPITHELIAL CELL RECEPTOR EXPRESSION ......ccocooiiiiiiincieecee 111
311 DISCUSSION....cciitieeitiiseeieteie ettt ettt bbbt en bt 116

Chapter 4 Effects of in vivo administration of TGFf3 or LPS
on uterine cytokine production and leukocyte

FECTUIMENT ..o 123
4.1 INTRODUCTION ..ottt ettt 124
4.2 EFFECT OF ROUTE AND TIMING OF INTRA-UTERINE TREATMENT

ADMINISTRATION ...ttt bbbt 126
42.1 Distribution of transcervically administered treatment...........cococvvvvvvssisirinnn, 126
422 Transcervical vs surgical intra-uterine treatment administration ...............cccceveen. 127
423 Optimal estrous cycle stage for surgical treatment administration ............c........ 130
43  BIOAVAILABILITY OF TGFB3 IN HYDROXYPROPYLMETHYLCELLULOSE GEL............. 134
43.1 Bioavailability of rhnTGF & in hypromellose gel in VItro..........ccoovvevvcsisisicinnn, 134
432 Bioavailability of rhTGF /% in hypromellose gel in VIVO ..., 134

44  ROLE OF BACTERIAL LPS AND LTA IN UTERINE CYTOKINE PRODUCTION AND
LEUKOCYTE RECRUITMENT ..ottt 139
441 Effect of bacterial LPS and LTA on uterine cytokine production ............c.cccceeeee. 139
442 Effect of bacterial LPS and LTA on uterine leukocyte recruitment...............cccee.e. 142

45  EFFECT OF MATING ON UTERINE CYTOKINE PRODUCTION AND NEUTROPHIL
RECRUITMENT IN C3H/HEJI MICE .......ocvciiiieeetseee et 148
451 Uterine cytokine production following mating in C3H/HeJ mice .........c.cccovvveneee. 148
45.2 Uterine leukocyte recruitment following mating in C3H/HeJ mice .............cccoeune. 151
4.6 DISCUSSION. ..ottt bbbttt 158

Chapter 5 Effect of IFNy present at insemination on the
uterine inflammatory response and reproductive

OUECOIMES ... 167

5.1 INTRODUCTION ..ottt 168
52  EFFECT OF IFNy ON DAY0.5pc UTERINE CYTOKINE SECRETION AND LEUKOCYTE

RECRUITMENT ...ttt 170

52.1 Effect of IFN on post-mating uterine cytokine SECretion ............c.cocevvrrecreennnn 170

5.2.2 Effect of IFNy on post-mating leukocyte recruitment............ccoovvvvvvvvissieinnn, 173

Glynn \Y



5.3  THE EFFECT OF IFNy ON GESTATION DAY 17.5 PREGNANCY OUTCOMES.................. 178

5.3.1 The effect of IFNy0n pregnancy parameters..........coovvveennereeesesseseeenens 178
5.3.2 The effect of peri-conception administration of IFNyon fetal and placental
AEVEIOPMENL ...t 179
5.4 THE EFFECT OF IFNy ON PROGENY GROWTH AND DEVELOPMENT .........cccocoviiririninns 183
541 Effect of peri-conception administration of IFNyon pregnancy outcomes............. 183
54.2 Effect of peri-conception uterine exposure to IFNyon post-natal growth of
PIOGENY ...ttt bbb bbb bbbt bbb 184
543 Effect of peri-conception IFNy treatment on body composition of progeny ........... 189
544 Effect of peri-conception IFNy treatment on metabolic hormones and
MELADONLES IN PrOGENY ....vviveviecicreeice e 192
545 Effect of peri-conception IFNy treatment on glucose tolerance in progeny........... 193
5.4.6 Effect of peri-conception IFNy treatment on systolic blood pressure in progeny...196
5.5 DISCUSSION. ..ottt bbbttt 197
Chapter 6 General Discussion and conclusions.................... 201
6.1  GENERAL DISCUSSION AND CONCLUSIONS ...t 202

PlASMIA. ..o 214

Al PROSTATE SPECIFIC IFN-GAMMA EXPRESSION CONSTRUCT ........cccomiiriiiernireinieens 215
All Cells, Media and REAGENTS ......cvovviiririiieirs st 215
Al2 Plasmid TranSfOrMation ............cceeriiiinnnies s 216
Al3 Plasmid Purification and 1dentification............cccoeovirnnnnnnnss s, 216
Al4 Restriction enzyme digests and ligation ... 217
A.15 Expression of ARR2PBI-MIFNy CONSIIUCE...........cveveiiriiieieisseecess i 222

A2 DISCUSSION.. ..ottt 225
Chapter 7 Bibliography........cccccoviiciice, 226

Glynn v



List of figures

Figure 1.1. Schematic of TGFf binding to its main receptors and signal transduction. 8
Figure 1.2. Schematic of IFNy binding to its main receptors and signal transduction 37
Figure 2.1  Flow Chart of Progeny Outcome Measures at 22 weeks. 58
Figure 2.2. Systolic blood pressure plots. 59
Figure 3.1 Effect of mating on cytokine content of uterine luminal fluid. 84

Figure 3.2  Effect of seminal vesicle fluid on uterine epithelial cell GM-CSF, IL-6 and KC
secretion. 85

Figure 3.3 Effect of recombinant TGFf1, B2 and B3 on uterine epithelial cell GM-CSF, IL-6 and

KC secretion. 86

Figure 3.4  Effect of bacterial components on uterine epithelial cell GM-CSF, IL-6 and KC

secretion. 87

Figure 3.5 Effect of bacterial components on C3H/HeJ uterine epithelial cell GM-CSF, IL-6 and

KC secretion. 88

Figure 3.6  Effect of recombinant TGFf and E.coli LPS on uterine epithelial cell GM-CSF, IL-6

and KC secretion. 97

Figure 3.7 Effect of recombinant TGF( and B.subtilis LTA on uterine epithelial cell GM-CSF, IL-
6 and KC secretion. 98

Figure 3.8 Combined effect of E.coli LPS and B.subtilis LTA on uterine epithelial cell GM-CSF,
IL-6 and KC secretion. 99

Figure 3.9 Effect of IFNy and TGF{ on uterine epithelial cell cytokine production. 105

Glynn Vi



Figure 3.10

Figure 3.11

Figure 3.12

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 5.1

Figure 5.2

Figure 5.3
Glynn

Interaction between IFNy and E.coli LPS on uterine epithelial cell GM-CSF,

IL-6 and KC secretion.

Interaction between IFNy and B.subtilis LTA on uterine epithelial cell GM-CSF,

IL-6 and KC secretion.

Uterine epithelial cell receptor expression.

Dispersion of transcervically injected dye.

Effect of cervical catheterisation on uterine cytokine production.

Optimal timing for surgical intra-uterine treatment.

Bioavailability of rhTGFp3 in hypromellose gel in vitro.

Biological activity of rhTGFB3 administered via intra-uterine injection.

Effect of TGF3 on uterine F4/80 positivity.

Effect of bacterial components on uterine cytokine production.

Effect of bacterial components on uterine neutrophil recruitment.

Effect of bacterial components on uterine F4/80 positive cell recruitment.

Effect of mating on uterine cytokine production C3H/HeJ mice.

Effect of mating on uterine neutrophil recruitment in C3H/HeJ mice.

Effect of mating on uterine F4/80 positive cell recruitment in C3H/HeJ mice.

Effect of IFNy treatment on uterine post-mating cytokine secretion.

Effect of IFNy exposure on uterine leukocyte recruitment.

Effect of peri-conception IFNy treatment on progeny growth.

113

114

115

131

132

133

136

137

138

145

146

147

155

156

157

176

177

188

Vii



Figure 6.1 Schematic illustration of the cellular and molecular events within the female

reproductive tract following mating. 209
Figure A.1  Gel purification of vector and insert restriction digests 173
Figure A.2 Ligation of mIFNy cDNA insert into ARR2PBi vector 174

Figure A.3  Production of mouse IFNy following stimulation of ARR2PBi-mIFNy by DHT in
cell lines. 176

Glynn viii



List of tables

Table 2.1  Changes in the cellular characteristics of mouse vaginal lavage during the estrous
cycle. 47

Table 2.2 Primer Sequences for Real Time RT-PCR 53

Table 2.3  The antigenic specificities and cell lineage specificities of the rat anti-mouse mAbs

used for the immunohistochemical analysis of uterine tissue. 56

Table 3.1  The effect of seminal vesicle fluid and constituent factors on pro-inflammatory

cytokine expression from uterine epithelial cells. 116

Table 4.1  Summary of IHC analysis of uterine tissue following LPS or LTA treatment in C57BI/6
mice 144

Table 4.2  The effect of strain on post-mating uterine cytokine production. 154

Table 4.3 Summary of immunohistochemical analysis of uterine tissue following mating in
C3H/HeJ mice. 154

Table 4.4  The effect of mating and potential seminal fluid regulators on pro-inflammatory

cytokine expression and leukocyte recruitment in the mouse uterus. 158

Table 5.1  Summary of IHC analysis of uterine tissue following intra-uterine IFNy injection after

mating. 175

Table 5.2  The effect of surgically administered IFNy at insemination on pregnancy parameters
at gd17.5. 181

Table 5.3  The effect of transcervically administered IFNy at insemination on pregnancy

parameters at gd17.5. 181

Table 5.4  The effect of surgically administered IFNy at insemination on fetal and placental
development gd17.5. 182

Glynn X



Table 5.5 The effect of transcervically administered IFNy at insemination on fetal and placental
development gd17.5. 182

Table 5.6  Effect of peri-conception IFNy treatment on pregnancy outcomes. 184

Table 5.7  Effect of peri-conception IFNy treatment on male progeny adult body composition. 190

Table 5.8  Effect of peri-conception IFNy treatment on female progeny adult body composition. 191

Table 5.9  Effect of peri-conception IFNy treatment on male progeny metabolic markers. 193
Table 5.10 Effect of peri-conception IFNy treatment on female progeny metabolic markers. 193
Table 5.11 Effect of peri-conception IFNy treatment on male progeny glucose tolerance. 195
Table 5.12 Effect of peri-conception IFNy treatment on female progeny glucose tolerance. 195
Table 5.13 Effect of peri-conception IFNy treatment on progeny systolic blood pressure. 196
Table A.1  Primer Sequences for Cloning. 217

Glynn X



Abstract

The cytokine environment of early pregnancy is known to be a key determinant of the
development of the pre-implantation embryo, and its subsequent implantation and growth. Factors in
male seminal fluid have been identified as regulators of the expression of cytokines in the female tract
of mice, humans and other mammalian species, with insemination eliciting a cascade of molecular and
cellular events, reminiscent of a classic inflammatory response. In humans, perturbations in seminal
fluid signalling have been proposed to predispose to pathologies of pregnancy including implantation
failure, recurrent miscarriage and pre-eclampsia. Seminal transforming growth factor-beta (TGFp) is
identified as one key molecule present in seminal fluid responsible for inducing the female post-mating
cytokine response in mice. Research in humans however, has shown the seminal TGFf content of
fertile versus infertile couples to be similar, while the content of other known seminal constituents such
as interferon-gamma (IFNy), correlate with reproductive success. This project aimed to investigate the
nature of active factors present in seminal fluid in mice, and their interactions in regulating the uterine
cytokine environment during early pregnancy, utilising a variety of in vitro and in vivo experimental
strategies. Further, the effect of perturbation in the peri-conception cytokine environment on short and

long term pregnancy and postnatal outcomes was investigated.

Evaluation of uterine fluids from estrous and mated mice showed a marked upregulation of a
number of cytokines following mating, including granulocyte macrophage colony stimulating factor (GM-
CSF), interleukin-6 (IL-6) and the chemokine KC (rodent IL-8 homologue). Increased production of
factors such as GM-CSF and subsequent generation of a receptive uterine environment is thought to
be crucial for optimal embryo development and placentation. It has previously been shown that
seminal factors such as TGF3 contribute to the uterine post-mating inflammatory response, however
other moieties present in seminal fluid, for instance cytokines induced in response to infection such as
IFNy or products from the mucosal microflora, may also play a regulatory role. Using uterine epithelial
cells cultured in vitro, it was shown that a variety of immune modulators including the cytokines TGF[3
and IFNy, as well as bacterial products, gram negative lipopolysaccharide (LPS) and gram positive
lipoteichoic acid (LTA), can alter basal cytokine production. IFNy, a pro-inflammatory cytokine secreted
by activated natural killer cells and T-cells, is known to interfere with TGF[3 signalling in other contexts.
Independently TGFp, LPS and LTA stimulate GM-CSF production while differentially regulating IL-6
and KC production. Conversely IFNy inhibits GM-CSF production, without effecting IL-6 or KC. Pair
wise combinations of TGFf3, LPS and LTA resulted in additive stimulation of GM-CSF, while addition of

Glynn Xi



IFNy to cultures in conjunction with any of these molecules downregulated GM-CSF and KC
stimulation. These in vitro studies indicate factor-specific interactions between seminal fluid
constituents and highlight the complex nature of seminal fluid signalling. Consequently we propose that
the relative ratio of seminal signalling factors is likely to be more important than the absolute

concentration of various regulators, in determining the optimal female reproductive tract response.

Using the mouse as an in vivo model, | have in addition demonstrated that LPS and LTA instilled
into an estrous uterus can elicit cytokine production comparable to that observed following
insemination. Further, these studies have shown that IFNy instilled into the uterus of a recently mated
mouse can reduce the post-copulatory GM-CSF and KC surge. However administration of IFNy had no
effect on near term pregnancy outcomes including fetal or placental weights, fetal crown-rump length,
or implantation or resorption rates. The ‘developmental origins of adult disease hypothesis’ proposes
the idea that the early uterine environment encountered by the conceptus contributes toward the risk of
metabolic disorders in adulthood, hence a long term study of progeny conceived after IFNy
administration was also undertaken. Neo-natal outcomes, such as birth weight, litter size and gestation
length were unaltered, as was growth trajectory to 22 weeks of age. Adult metabolic markers, glucose
tolerance, organ weight, muscle weight, adiposity and systolic blood pressure were not affected by the

perturbation of peri-conceptual cytokine parameters.

This work has examined the potential regulatory role of a number of seminal fluid signalling
agents in directing the post-mating cytokine response, and has furthermore shown the relatively
resilient nature of the early cytokine environment to subtle perturbation. Delineating the identity and
roles of seminal fluid factors in early pregnancy brings us closer to an understanding of the key
physiological events of early pregnancy and assists in identifying potential risk factors for human

pregnancy pathologies.
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