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Summary

Kynurenine is a metabolite of the amino acid tryptophan by the action of the
tryptophan dioxygenase enzyme in the liver and the ubiquitous indolamine
dioxygenase enzyme in other tissues. Although it has been shown that
kynurenine participates in different processes involving the central nervous-,
immune- and cardiovascular- systems, its effect on platelet function has not been
yet investigated. In this study, it is shown for the first time that kynurenine inhibits
collagen-, adenosine diphosphate-, thromboxane- and arachidonic acid- induced
platelet aggregation. The mechanism by which kynurenine modulates platelet
function involves the activation of the adenylyl cyclase (AC) enzyme and of the
reduced and oxidized heme forms of the soluble guanylyl cyclase (sGC) enzyme.
Activation of those enzymes leads to an increase of cyclic guanosine
monophosphate (cGMP) and cyclic adenosine monophosphate (CAMP)
respectively.  Kynurenine phosphorylates the vasodilator stimulated
phosphoprotein (VASP) by cAMP- and cGMP-dependent protein kinases. VASP
participates in cytoskeleton redistribution during platelet shape change and in
GPIlIb/llla activation. Kynurenine may represent a natural endothelial derived
inhibitor of platelet aggregation that can activate both, adenylyl cyclase and
guanylyl cyclase. Kynurenine may activate the soluble guanylyl cyclase enzyme
when the enzyme is refractory to NO and therefore may represent a physiological
back up system for NO and a new therapeutic approach in pathological conditions
where oxidative stress inactivates platelet response to NO. In fact, studying the
binding site of kynurenine to both forms of soluble guanylyl cyclase may open the
door for the development of novel therapeutic compounds that could activate both
forms of the enzyme.

Having found that kynurenine have the ability to inhibit platelet aggregation
induced by collagen, ADP, the thromboxane analogue U46619 and arachidonic
acid. The effect of kynurenine on platelet function resulted to be cGMP and
cAMP dependent, meaning that the effect of this tryptophan metabolite can be
linked with most of the major pathways involved in platelet aggregation. Those
findings, together with the already known participation of kynurenine in cancer
biology, led us to investigate its potential effect on TCIPA. TCIPA refers to the
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ability of cancer cells to aggregate platelets and constitutes a crucial step during
cancer cell invasion, angiogenesis and during the development of metastatic
foci. It has been shown that tumour cell lines differ in their capability to induce
platelet aggregation and that the mechanism by which TCIPA takes place can
also vary from one cell line to another.

Kynurenine (100-500 uM) significantly inhibited TCIPA induced by A549, Hela,
HT-29, SW-480 and HCC-1954 cells. However, the amount of kynurenine
produced by the different cell lines in vitro did not justify and did not correlate
with the differences in their capability to induce platelet aggregation.
Pharmacological modulation of kynurenine generation by the induction and/or
inhibition of the indoleamine 2,3-di-oxygenase (IDO) enzyme in HCC-1954 and
A549 cells (the most and the least potent cell line inducing TCIPA) did not
modify their potency towards TCIPA indicating that, at the induced
concentrations, kynurenine was not able to inhibit this interaction.

A new approach preparing platelets suspension using conditioned media to look
at platelet function was also investigated. The ability of platelets re-suspended
in conditioned media from A549 cells, to aggregate in the presence of collagen,
HCC-1954 and A549 cells was found to be significantly reduced when
compared to platelets re-suspended in fresh media. On the other hand, when
platelets suspensions were prepared in HCC-1954 conditioned media, platelets
aggregated spontaneously in the absence of any stimuli.

This research demonstrates, for the first time, that 1) kynurenine is able to
inhibit platelet aggregation induced by a wide range of cancer cell lines although
at higher concentrations than the ones produced by the cells in vitro conditions
2) conditioned media from tumour cell lines that have the ability to aggregate
platelets, and therefore to induce TCIPA, can exert opposite effects on platelet
function. This novel approach has the potential to provide a better insight for
looking at the effect of cell derived mediators that could inhibit or induce platelet
aggregation within the tumour microenvironment and deserves more attention

and to be further investigated.

viii



Table of Contents

Role of kynurenine on platelet’s function and beyond..............ccoooiiiiiinn, 1
DCIAIALION ..ttt et e e s eareeeaas 2
ACKNOWIEAZEMENTS ...t e e e e e e e re e e e e e e e e s nnnnenees i
ADDIEVIATIONS ... e s s iii
101001 00 11 A PP vii
I 1) o To [0 d o] o PO 21
00 R =1 (o o o [ o] =1 =] 1= PR 21

1.1.1.  Platelet ADNESION ...ccoiiiiiiieeeee et 22

1.1.2.  Platelet activation .........coouieiiiiiiiee e 22

1.1.3.  Platelet aggregation.....cccccocccciiieiee e 28
1.2.  L-Tryptophan metaboliSm ......ccccccuiiiiiiiiiiiiiiee e 31
1.3. Kynurenine and NO; the potential platelet connection.........ccccovvvvrieeiinnnnns 36
1.4. Blood platelets and CANCEN........uvviiieii i e 37
1.5. Mechanisms involved in tumour cell-induced platelet aggregation and cancer
[0 T4 =11 o] o H PPN 38

1.5.1.  Platelet reCEPLOIS ..uuuiiiiiee e e e 38

1.5.2.  Tumour cells and platelets released mediators ........ccccceeveeveeiiccnrreennnennn. 40

1.6. Pharmacological modulation of tumour cell-induced platelet aggregation.... 44

1.7. Involvement of kynurenine in cancer biology.......ccccccvviiieeeeiieccciieieeee e 47
2. AIMS Of the PrOJECT ...cieei e 49
3. Materials and Methods .........cooeuiiiiiiiii e 50
0 R 0= = Y= =T R 50
3.2, BloOd COIECLION ...t 50
3.3, Cell CUITUIE e 51
3.4. Light Transmission Aggregometry (LTA) ....cooccvvivveeieeeeeiiiiiieeeeee e eeeirreeeeeee e 52
3.5, CYLOTtOXICITY @SSAY tuuuuuuuuuuuuiiiiri i an 54
3.6, OPtiCAl MICrOSCOPY . .cciiiiiririeiieee ettt e eecccrrree e e e e e serraraer e e e e e e senntbraeeeaeeeens 54
3.7, IMMUNODBIOTEING ceeieeieeieee e e e e e esbrr e e e e e eeas 55

3.7.1.  Sample preparation ... 55

3.7.2. Protein quantification .....cccccocoieieiiiiieeiee e 55

I TR 1 [ Tot 4 o) o] o VoY 1] 13U 56



3.7.4. Protein expression deteCtion ........ccccevvviiieeiiiiiieeeeriiee e 56

3.8, FIOW CYtOMEIIY e e e e e e e e 57
3.9. Intraplatelet cGMP and CAMP measurement ......ccccceveeeeeeeeeeccnenneeeeeeesesennenens 58
3.10. [ | o] SRS 59
3.10.1. Kynurening measur@mMeENts ........uuuuuvuuivieieiereieieieieieieieiereiererere... 59
3.10.2. Tryptophan MeasUrEemMENTS ........ueveeiieicciiireeee e e ee e 62
3.11. StatistiCal ANAIYSIS ..vveeieriiiii e e 63
4, ReSUlts and diSCUSSION ..ccuuuiiiiiiiiiiie et e eaa s 64
4.1. Effect of kynurenine on platelet function ........cccecieeiiiiiii i, 64
4.1.1. Thromboxane analogue (U46619) ........cccceeevrieeiiieeiieeciee e eeree e 64
4.1.2.  ArachidoniC acCid ......ccuieiiiiiiiiiiiiiie e s 66
4.1.3. Adenosine diphosphate (ADP) ......ccoovciieeeriiiee e eerieee e sreee e seeeee e 68
414, SEIOTONIN ceeeiiiiii ettt ettt e e e ettt e e e e e s e be et e e e e e e e s eaanrbeeeeeeens 69
I T oY | = -1 o 1 71
4.1.6. Effect of kynurenine on the expression of platelet receptors.................. 73
4.2. Potential mechanisms of action of kynurenine on human platelets ............... 75
4.2.1. Kynurenine and the aryl hydrocarbon receptor. .....ccccocvveeeeiieiccciiineeeennn. 75
4.2.2. Effect of FICZ on collagen-induced platelet aggregation..........ccccecvveennes 76
4.2.3. Effect of TCDD on collagen-induced platelet aggregation...........c........... 77
4.2.4. Effect of TMF on collagen-induced platelet aggregation............cccueeeee.... 78
4.2.5. Effect of FICZ and TCDD on ADP-induced platelet aggregation................ 79
4.2.6. The effect of TMF on ADP-induced platelet aggregation ..........ccccvveeee... 82
4.2.7. Effect of kynurenine in PRP pre-incubated with TMF in the presence of
COAZEN OF ADP .ottt e et e e e e e s e s etarreeeeeeeesesantraeeaeaeeeennns 85
4.2.8. Effect of FICZ and TCDD preincubated with kynurenine in PRP stimulated
WIth COABEN OF ADP......c oottt e e e e e e e e e e e enanrreaeeeeens 87
4.3. Does Kynurenine act through a platelet surface receptor or intraplatelet
(oo T n ] oF- [ o 1 4 T=1 o} 200U PSS 89
4.4. Kynurenine platelet Uptake STUAY .......cooevviiirieeieeieeiiicireeeee e e 91
4.5. Potential relationship between nitric oxide and kynurenine.........ccccccveeeeeenns 93
4.5.1. Our first RYpothesis. .....eeeeiiii e 93
45.2. Effect of kynurenine on L-NAME treated platelets.......cccccceeeeevecnnvvennnnnn. 95
45.3. Effect of Kynurenine on platelet’s soluble guanylyl cyclase ..................... 96
4.5.4. Effect of ODQ on platelet expression of GPlIb/llla and P-selectin............ 97
455,  updated NYPOthESIS....ueuiiiiiiiiiiiiieeiee e 102
4.5.6. Activation of platelet SGC.......ccoveeeieiiiiiiiiieeeee e 103



Effect on intraplatelet CGIMP ......coo i e 103

4.5.7. Activation of platelet adenylyl cyclase .......ccccoecvveeieiciiee i 106
Effect on intraplatelet CAMP ..o e 106
4.5.8. Phosphorylation of VASP by Kynurening ........ccccceeevcveeeiniiveeesncieeeeens 107
4.5.9. Effect of sGC inhibitor and PKG inhibitor on Kynurenine VASP 238
(o] gTo T o] a Yo Vi = 4 o o KU 110
4.5.10. Effect of AC and PKA inhibitors on Kynurenine induced VASP
phosphorylation at SEFNE 157. ...oceiiiiiieee e e 112
4.6. Pharmacological modulation of kynurenine on collagen-induced platelet
aggregation-by PKG and PKA inhibitors. .......ccoovciieiiiiiiii e 116
4.6.1. Pharmacological modulation of adenylyl cyclase- cAMP- protein kinase A
(ST 11 0111V 1 S 116
4.6.2. Pharmacological modulation of guanylyl cyclase- cGMP- protein Kinase G
ST 11 0 1YV 1 S 117
4.7. Soluble guanylyl cyclase enzyme activators and stimulators...........cccccuueeee.. 119

4.7.1. Kynurenine pharmacophores and their potential effect on soluble guanylyl

cyclase 119

4.7.2. Effect on platelet cGMP concentration .......cccoecuveeieiciieeeicciee e 122
4.7.3. Pharmacological effect .......ccocuieeiiiiiiieic e 123
4.8. Role of kynurening in TCIPA ........ooo it 126
4.8.1. Tumour cell-induced platelet aggregation (TCIPA) study.........cccuveennns 126
4.8.2. Effect of kynurenin@ 0N TCIPA .......coooiiiieeeee et 133
4.8.3. Kynurenine — Lag phase relationship......ccccccceeiiecccciiiieeee e, 164
4.8.4. Pharmacological modulation of Kynurenine production and its effect on
T P A ettt et sttt e s bt ae e e s et et eae st e en et ene st e 171
4.8.5. Effect of the pharmacological manipulation of IDO on HCC-1954 and A549
ON TCIPA. ..ottt sttt st s ettt e et ee b st e es b eereebe sessen et erease seesessesensas nes 191
4.8.6. Effect of conditioned media on TCIPA.......cccoviiiiiniiiinieeieeee e 197
4.8.7. Effect of media pH on platelet aggregation..........cccccceeveeeeiicccciiiieenennn. 207
TR 0o 1o [o] [V 1] o o 13U UUTRRORPPPPRN 210
APPENIX 1- REAZENTS ...vevvirreeieeiee ittt e e e eerectrree e e e e eesesaraeeeeeeessesensssraeseeeeessennnns 214
Appendix-2 Electrophoresis gel preparation reagents .......ccccceeeveeeeeicciinveeneeeeeeieeennns 217
6. RETEIENCES oottt et e e s st e e e s aaae e e e e 219

Xi



List of figures

Figure 1-1: Signalling pathway of collagen, von willebrand and integrins induced

platelet aggregation 24
Figure 1-2: G-protein coupled receptors activation pathways 26
Figure 1-3: Tryptophan metabolic pathway 31
Figure 1-4: Aryl hydrocarbon receptor(AhR) genomic pathway 35
Figure 1-5: Aryl hydrocarbon receptor (AhR) non-genomic pathway 36
Figure 1-6: Common agents used to control TCIPA in experimental models 47
Figure 3-1: Schematic illustration of light transmission aggregometry 53
Figure 3-2: Standard curve for measuring kynurenine concentrations by HPLC 60

Figure 3-3: Linear regression relationship of Tryptophan concentrations and the mean

peak area 62

Figure 4-1: Effect of kynurenine on thromboxane analogue (U46619) induced platelet

aggregation 65

Figure 4-2: Effect of kynurenine on thromboxane analogue (U46619) induced platelet

aggregation 65

Figure 4-3: Effect of kynurenine on arachidonic acid- induced platelet aggregation

66
Figure 4-4: Effect of Kynurenine on arachidonic acid induced platelet aggregation

67
Figure 4-5: Effect of kynurenine on ADP- induced platelet aggregation 68
Figure 4-6: Effect of Kynurenine on ADP- induced platelet aggregation 69
Figure 4-7: Effect of serotonin on platelet aggregation 70
Figure 4-8: Effect of kynurenine on collagen- induced platelet aggregation 71

Figure 4-9: Micrographs from optical microscopy showing the effect of kynurenine on

platelet aggregation induced by collagen 72

Figure 4-10: Effect of kynurenine on collagen- induced platelet aggregation 72
Figure 4-11: Representative gates from flow cytometry showing the effect of

kynurenine on platelet expression of GPlIb/Illa and P-selectin 74

Figure 4-12: Effect of kynurenine on platelet expression of GPlIb/Illa and P-selectin by

flow cytometry 74

Xii



Figure 4-13: Immunoblotting showing the expression of AhR receptor in platelets __ 76

Figure 4-14: Effect of FICZ on collagen-induced platelet aggregation 77

Figure 4-15: Statistical analysis of the effect of TCDD on collagen-induced platelet
aggregation 78

Figure 4-16: Effect of TMF on collagen-induced platelet aggregation 78

Figure 4-17: Statistical analysis of the effect of FICZ and TCDD on ADP-induced platelet

aggregation 80

Figure 4-18: Statistical analysis of the effect of incubation over-time of FICZ and TCDD

on ADP-induced platelet aggregation 81

Figure 4-19: Statistical analysis of the effect of DMSO on ADP- induced platelet

aggregation 82

Figure 4-20: Effect of TMF on ADP-induced platelet aggregation 83

Figure 4-21: Statistical analysis of the effect of incubation overtime of DMSO (vehicle)
and TMF with platelet rich plasma in ADP-induced platelet aggregation 84
Figure 4-22: Light transmission aggregometry traces showing the effect of 2 minutes
incubation time of TMF (10uM) and DMSO on ADP- (10uM) induced platelet
aggregation. TMF 10uM inhibited platelet aggregation in the presence of ADP when
compared to DMSO 84

Figure 4-23: Effect of collagen and ADP on platelets preincubated with TMF 10uM and

Kynurenine 86

Figure 4-24: Effect of TCDD and FICZ on the inhibitory effect of Kynurenine in collagen

and ADP induced- platelet aggregation 87

Figure 4-25: Cytotoxicity assay.Effect of Kynurenine, FICZ, TMF, TCDD and DMSO on

platelets 88

Figure 4-26:Statistical analysis of the effect of collagen on washed platelets (WP)

prepared from kynurenine treated platelet rich plasma (PRP) 90

Figure 4-27: Representative traces from light transmission aggregometry showing the

effect of BCH 25mM on the inhibition of collagen induced platelet aggregation by

kynurenine 92
Figure 4-28: Effect of BCH on kynurenine inhibitory effect 92
Figure 4-29: Proposed relationship between nitric oxide and kynurenine 94
Figure 4-30 : Effect of kynurenine on L-NAME treated platelets collagen 96

Xiii



Figure 4-31: Effect of Kynurenine on ODQ treated platelets 97

Figure 4-32: Effect of ODQ on platelet's expression of activated GPIIb/Illa and P-Selectin

98
Figure 4-33: Representative gates from flow cytometry showing the effcet of ODQ on
collagen induced platelet aggreation in the presence of kynurenine 99
Figure 4-34:Soluble guanylyl/guanylate cyclase (sGC) domain structure 100

Figure 4-35: Activation of soluble guanylyl cyclase by nitric oxide and BAY58-2667 _ 101
Figure 4-36: Updated proposed relationship between nitric oxide and Kynurenine__ 102

Figure 4-37: Downstream of soluble guanylyl cyclase enzyme(sGC) 103

Figure 4-38: Effect of kynurenine on intraplatelet cGMP when sGC in the reduced heme
form 104

Figure 4-39: Effect of kynurenine on intraplatelet cGMP when sGC in the oxidised heme
form 105

Figure 4-40: Activation of reduced and oxidised heme moiety of sGC by kynurenine 105
Figure 4-41: Effect of kynurenine on intraplatelet cAMP 106

Figure 4-42: VASP phosphorylation (at serine 238) by Kynurenine 108

Figure 4-43: Effect of Kynurenine on platelet VASP (at serine 157) phosphorylation_ 108
Figure 4-44: Effect of Kynurenine vehicle (DMSO) on VASP phosphorylation 109
Figure 4-45: Diagram showing soluble guanylyl cyclase(sGC) inhibitor (ODQ) and
adenylyl cyclase(AC) inhibitor (SQ 22536) enzymes ; and the correspondent protein
kinases inhibitors (RP-8-Pcpt-cGMP) and (Rp-cAMP) 110

Figure 4-46: Effect of ODQ and cGMP inhibitor on SNAP and Kynurenine induced VASP

phosphorylation at serine 238 111

Figure 4-47: Effect of adenylyl cyclase inhibitor and cAMP inhibitor on Forskolin and
Kynurenine induced VASP phosphorylation at serine 157 113

Figure 4-48: Mechanism of action of Kynurenine on platelet aggregation 115
Figure 4-49: Pharmacological modulation of Kynurenine activation of platelet’s
adenylyl cyclase and protein kinase A in collagen induced platelet aggregation 117
Figure 4-50: Effect of PKG inhibitor on Kynurenine in collagen- induced platelet

aggregation 118

Figure 4-51: Structures of common soluble guanylyl enzyme activators and stimulators.

120

Xiv



Figure 4-52: Chemical structure of compounds that have structural and metabolic

relationship with kynurenine 121

Figure 4-53: Effect of compounds structurally or metabolically related to kynurenine on

intraplatelet cGMP, 123

Figure 4-54: Effect of picolinic acid, quinaldic acid, melatonin and kynuramine on

collagen induced platelet aggregation 124

Figure 4-55: Representative traces from LTA showing the effect of picolinic acid,
quinaldic acid, melatonin and kynuramine on collagen induced platelet aggregation in

PRP 125

Figure 4-56: Effect of cell number on tumour cell-induced platelet aggregration (TCIPA)
by different cell lines 128

Figure 4-57: Effect of cell number on lag phase of tumour cell-induced platelet
aggregation (TCIPA) by different cell lines 129

Figure 4-58: Representative traces from light transmission aggregometer showing the

differences in the lag phase of A549-induced platelet aggregation 130

Figure 4-59: Representative traces from light transmission aggregometer showing the
variation in lag phase of TCIPA induced by HT-29 cells when various number of cells

were used 130

Figure 4-60: Representative traces from light transmission aggregometer showing the
difference in lag phase but not in maximal platelet aggregation induced by HT-29 cells

when various number of cells were tested 131

Figure 4-61: Representative traces from light transmission aggregometer showing the
short lag phase of TCIPA induced by various cell number of SW-480 colon cancer cells

132

Figure 4-62: Representative traces from light transmission aggregometer showing the
potency of HCC-1954 inducing platelet aggregation regardless of cell number used 132
Figure 4-63: Statistical analysis showing the differences in the duration of the lag phase

induced by 1000 cells for the different cell lines 133

Figure 4-64: Effect of Kynurenine on tumour cell-induced platelet aggregation (TCIPA)

by A549 lung carcinoma cells 135

Figure 4-65: Effect of Kynurenine on lag phase duration induced by A549 136

XV



Figure 4-66: Representative traces from light transmission aggregometer showing the

effect of kynurenine on maximal aggregation and lag phase of A549-induced platelet

aggregation. 136
Figure 4-67: Effect of Vehicle (DMSO) on A549 induced platelet aggregation 137
Figure 4-68:Potential mechanism of TCIPA by A549 138

Figure 4-69: Effect of kynurenine on A549-induced platelet expression of activated
GPIIb/llla and P-selectin 139

Figure 4-70: Representative gates from flow cytometry showing the effect of
kynurenine on A549-induced platelet expression of GPIIb/Illa activated (PAC 1) and P-

selectin 139

Figure 4-71: Effect of Kynurenine on Hela cells-induced platelet aggregation 141
Figure 4-72: Effect of kynurenine on lag phase of HelLa -induced platelet aggregation
142

Figure 4-73: Effect of vehicle (DMSO) on TCIPA induced by Hela cells 142

Figure 4-74: Representative traces from light transmission aggregometer showing the
effect of kynurenine on maximal aggregation and lag phase induced by Hela cells 143

Figure 4-75: Hela cells induced TCIPA 144

Figure 4-76: Effect of kynurenine on HT-29 cells-induced platelet aggregation 146
Figure 4-77: Representative micrographs showing the effect of kynurenine on TCIPA by
10000 HT-29 cells 147

Figure 4-78: Effect of kynurenine on the duration of the lag phase of HT-29 induced

platelet aggregation 147

Figure 4-79: Representative traces from light transmission aggregometer showing the

effect of kynurenine on Hela cells induced platelet aggregation 148
Figure 4-80: Effect of the vehicle (DMSO) on TCIPA by HT-29 148
Figure 4-81: Mechanism of HT-29 cells induced platelet aggregation 149
Figure 4-82: Effect of kynurenine on SW-480-induced platelet aggregation 151

Figure 4-83 : Effect of kynurenine on lag phase during SW-480induced platelet
aggregation 152

Figure 4-84: Representative traces from light transmission aggregometer showing the

effect of kynurenine on SW-480 cells induced platelet aggregation 153

Figure 4-85: Effect of vehicle (DMSO) on TCIPA by SW-480 153

XVi



Figure 4-86: Mechanism of SW-480 induced TCIPA 154

Figure 4-87: Effect of Kynurenine on HCC-1954 cells induced platelet aggregation__ 156
Figure 4-88: Representative traces from the light transmission aggregometer showing
the concentration dependent inhibitory effect of kynurenine on TCIPA induced by HCC-
1954 cells 157

Figure 4-89: : Representative micrographs showing the effect of Kynurenine on HCC-

1954 induced platelet aggregation 157

Figure 4-90: Effect of Kynurenine on Lag time of HCC-1954 induced platelet

aggregation 158
Figure 4-91: Effect of Vehicle (DMSO) on SW-480 TCIPA 159
Figure 4-92: Mechanism of HCC-1954 induced TCIPA 160

Figure 4-93: Effect of kynurenine on platelet expression of GPIlIb/Illa and P-selectin
during TCIPA induced by HCC-1954 161

Figure 4-94: Representative gates from flow cytometry showing the effect of
kynurenine on platelet expression of GPlIb/llla activated (PAC1) and P-selectin 162
Figure 4-95: Platelet pathways controlled by kynurenine 163

Figure 4-96: Basal concentration of kynurenine produced by the different cell lines as

measured by HPLC 165

Figure 4-97: Traces from HPLC showing the area under the curve and peak height of
kynurenine produced by each cell line in conditioned media after 48 hours of

incubation. 166

Figure 4-98: Traces from HPLC showing the area under the curve and peak height of the
remaining concentration of tryptophan in the in conditioned media of A549, HELA, HT-
29, SW-480 and HCC-1954 after 48 hours of incubation with FBS free media.___ 167
Figure 4-99: Relationship between kynurenine produced by each cell lines and their lag

phase 168

Figure 4-100: Effect of platelets on kynurenine production and tryptophan consumption

in A549 cells 169

Figure 4-101: Effect of platelets on kynurenine production and tryptophan consumption

in HCC-1954 cells 170

Figure 4-102: Induction of IDO and kynurenine production by A549 cells 172

XVii



Figure 4-103: Representative HPLC traces showing the area under the curve and peak
height of kynurenine in conditioned media from A549 cells incubated with epacadostat

1uM or IFN-y (50-400 ng/mL) 173

Figure 4-104: Representative HPLC traces showing the area under the curve and peak
height of tryptophan measured in conditioned media from A549 cells after inhibition or
induction of indoleamine dioxygenase-2 with epacadostat 1 uM or IFN-y 174
Figure 4-105: Induction of IDO and kynurenine production in HCC-1954 cells 175
Figure 4-106: Representative HPLC traces showing the area under the curve and peak
height of kynurenine produced in conditioned media by HCC-1954 cells incubated with
epacadostat 1 uM or IFN-y (50-400 ng/mL) for 48 hours 176

Figure 4-107: Representative HPLC traces showing the area under the curve and peak
height of tryptophan in conditioned media following incubation of HCC-1954 cells with
epacadostat 1 uM or IFN-y (50-400 ng/mL) 177

Figure 4-108: Induction of IDO and kynurenine production in SW-480 cells 178
Figure 4-109: Representative HPLC traces showing the area under the curve and peak
height of kynurenine produced by SW-480 cells in conditioned media after incubation

with Epacadostat 1 uM or IFN-y (50-400 ng/mL) 179

Figure 4-110: Representative HPLC traces showing the area under the curve and peak
height of tryptophan in conditioned media from SW-480 cells incubated with
epacadostat 1uM or IFN-y (50-400 ng/mL) 180

Figure 4-111: Effect of Epacadostat on kynurenine production and tryptophan
consumption in IFN-y treated A549 cells 182

Figure 4-112: HPLC traces showing the effect of epacadostat 1 uM on kynurenine
production by A549 cells incubated with IFN-y (50-400 ng/mL). 183

Figure 4-113: HPLC traces showing the effect of epacadostat 1uM on tryptophan in
conditioned media from A549 cells treated with IFN-y (50-400ng/mL) 184
Figure 4-114: Effect of Epacadostat on kynurenine production and tryptophan
consumption in IFN-y treated HCC-1954 cells 185

Figure 4-115: HPLC traces showing the effect of epacadostat 1uM kynurenine
production by HCC-1954 cells incubated with IFN-y (50-400 ng/mL). 186

Figure 4-116: HPLC traces showing the effect of epacadostat 1uM on tryptophan in
conditioned media from HCC-1954 cells treated with IFN-y (50-400ng/mL) 187

XViii



Figure 4-117: Effect of epacadostat on kynurenine production and tryptophan

consumption in IFN-y treated SW-180 cells 188

Figure 4-118: HPLC traces showing the effect of Epacadostat 1 uM on kynurenine
production by SW-480 cells incubated with IFN-y (50-400ng/mL) 189

Figure 4-119: HPLC traces showing the effect of epacadostat 1 uM on tryptophan in

conditioned media from SW-180 cells treated with IFN-y (50-400ng/mL) 190
Figure 4-120: Effect of A549 cells incubated with INF-y on platelet aggregation 192
Figure 4-121: Representative traces from light transmission aggregometer showing the

effect of IFN-y on A549 TCIPA 192

Figure 4-122: Effect of epacadostat on IFN-y incubated A549 TCIPA 193

Figure 4-123: Representative traces from light transmission aggregometer showing the
effect of epacadostat on the increment in lag phase of A549 induced by IFN 193
Figure 4-124: Effect of L-NAME on TCIPA induced by IFN-y incubated A549 cells 196
Figure 4-125: Representative traces from light transmission aggregometer showing the
effect of L-NAME on the increment in lag phase of A549 induced by IFN-y 196
Figure 4-126: Effect of conditioned media from A549 on TCIPA induced by HCC-1954199
Figure 4-127: Representative traces from light transmission aggregometer showing the
effect of A549 depleted conditioned media on 1000 HCC-1954 cells TCIPA 199
Figure 4-128: : Effect of conditioned media from A549 on HCC-1954 induced platelet

expression of GPIIb/Illa and P-selectin 200

Figure 4-129: Representative gates from flow cytometry analysis for GPlIb/llla and P

Selectin expression 200

Figure 4-130: Effect of conditioned media from A549 on TCIPA induced by A549. 201
Figure 4-131: Representative traces from light transmission aggregometer showing the

effect of A549 depleted conditioned media on A549 cells TCIPA 202

Figure 4-132: Effect of conditioned media from A549 on A549 induced platelet
expression of GPIIb/Illa and P-selectin 202

Figure 4-133: Representative gates from flow cytometry showing the effect of A549
conditioned media on GPIIb/llla and P Selectin expression induced by A549 cells __ 203
Figure 4-134: Effect of conditioned media from A549 cells on collagen-induced platelet
aggregation 204

XiX



Figure 4-135: Representative traces from the light transmission aggregometer showing
the effect of A549 conditioned media on collagen induced platelet aggregation ___ 205
Figure 4-136: Representative micrographs showing showing the effect of A549

conditioned media on collagen induced platelet aggregation 205

Figure 4-137: Effect of collagen on platelet expression of GPIlIb/Illa and P-selectin of
platelets suspended in A549 conditioned media 206

Figure 4-138: Representative flow cytometry gates showing GPIIb/Illa and P Selectin

expression of platelets suspended in A549 conditioned media 207

Figure 4-139: Effect of pH on collagen-induced platelet aggregation 208

XX



1. Introduction

1.1 Blood platelets

Platelets are small, 2 um in size, discoid anucleated blood elements derived from
megakaryocytes that play an important role in haemostasis and thrombosis [1].
Once platelets mature, they are viable from 7 to 10 days in the blood stream. If
they are not consumed during haemostatic responses within this time, they
undergo apoptosis and are cleared by the liver and the spleen [2]. The average
blood count in healthy individuals ranges between 150,000 to 400,000
platelets/uL [3].

Platelet’'s plasma membrane contains glycoproteins and integrins essential in
critical steps during platelet-mediated haemostasis and thrombosis. In fact,
Glycoproteins (GP) like GPIb-IX-V; GPVI or GPlIb-llla (also known as integrin
allbB3), and other receptors like protease-activated receptors (PAR), and P2Y
receptors, are crucial for mediating platelet adhesion and aggregation [4, 5].
Platelets contain lysosomes, mitochondria, endoplasmic reticulum [3] and three
types of granules in their cytoplasm:

(1) Dense granules: rich in platelet agonists such as serotonin and
adenosine diphosphate (ADP) that amplify platelet activation [6]

(i) a-granules: abundant in platelet receptors including GPIIb/llla and P-
selectin and proteins that enhance the platelet activation process and
coagulation [7]

(i)  Lysosomal granules that mainly contain glycosidases and proteases
[6]

Under physiological conditions, the shear stress in the blood vessel makes
platelets to remain close to the endothelium [8], where the production of nitric
oxide (NO), prostaglandin Iz (PGl2 or prostacyclin) and the ADP-ase CD39
enzyme are in charge of keeping them in an inactivated state [3]. However, at
sites of vascular injury, immobilized adhesive proteins become exposed and
platelets respond in three consecutive and integrated phases that involve

adhesion, activation and platelet aggregation [9]
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1.1.1. Platelet Adhesion

After vascular injury, platelets interact with the subendothelial extracellular matrix
which contains adhesive macromolecules including collagen and von Willebrand
factor (VWF) [9, 10].

At low shear stress, platelet adhesion involves the binding of platelet receptors to
fibrillar collagen, fibronectin and laminin. Under high shear stress, the binding to
the subendothelium is mediated primarily by the interaction of VWF with the
GPIb/IX/V complex [11] required to decelerate platelets and to allow the collagen

receptors to bind to collagen and to firmly adhere to the endothelial surface [9].

1.1.2. Platelet activation
Activation of platelets comprises multiple, complex and imbricated signalling
processes (figures 1-1 and 1-2) that involve rearrangement of the platelet
cytoskeleton, platelet shape change, granule secretion, mobilization of calcium
and the recruitment of more platelets for the formation of the definitive platelet
plug [12].
Briefly, platelet activation takes place mainly through:
(1) The interaction of the platelet agonists (thrombin, thromboxane A2, ADP and
serotonin), with their specific receptors and the subsequent receptor-mediated
platelet activation signalling pathway.
(2) The confluence of the complex signalling network on common signalling
pathways that involve activation of phospholipase C (PLC) and the subsequent
formation of inositol trisphosphate (IP3) and diacyl glycerol (DAG); increase of
cytosolic Ca*? and protein kinase C (PKC), mitogen-activated protein kinase

(MAPK) and Rap1 (critical mediator of integrin activation) activation.

(3) The activation of the integrin allbB3 (GPlIb-llla) by the ‘inside-out’ signalling
pathways.

Platelets have two main collagen receptors, GPVI and GPla/lla. Activation of
platelets by collagen requires the engagement of both receptors [13]. The
GPla/lla receptor is responsible for the ‘physical’ attachment of platelets to the
collagen fibrils. The GPVI is considered as a ‘signalling molecule’ as it is
responsible for the activation of integrins, [14], PLCy2 and PLCB2 [15, 16], TXA2

synthesis and granule secretion (Figure 1-1) [17].
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The interaction of VWF with its receptor (GPIb-IX), induces an increase of
intracellular cyclic guanosine monophosphate (cGMP) levels [18, 19] and, in turn,
activation of cGMP-dependent protein kinase (PKG) and mitogen activated
protein kinases (MAPKS) (figure 1-1) [18, 20, 21]. Although NO may be important
for VWF- induced cGMP elevation [18, 19], a NO-independent soluble guanylyl

cyclase (sGC) activation has also been proposed [22].
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Figure 1-1: Signalling pathway of collagen, von Willebrand factor and integrin(ainBz) receptors.[12]
Activation of collagen and von Willebrand factor receptors initiates a cascade of events that cultivate in
granule secretion, thromboxane generation and inside out signalling pathway of platelet integrins which is
triggered by Rapl and MAPK through tallin and kindlin. Integrin activation causes outside in signalling
pathway leading to platelet spreading and activation. VWF: von Willebrand factor; GPIb-IX-V: glycoprotein
GPIb-1X-V; PI3K: phosphotidyl Insositol-3 kinase; SFK: Src-family kinase (Lyn,Fyn), AKT: protein kinase B,
eNOS: Endothelial nitric oxide synthase, NO: nitric oxide, sSGC: soluble guanylyl cyclase, cGMP: Cyclic
guansin monophosphate, PKG: cGMP-dependent protein kinase, MAPKs: Mitogen activated protein
kinases, TXA2: Thromboxane A2, SLP-76: Src homology (SH) 2 domain-containing leukocyte
phosphoprotein of 76 kDa,BTK: tyrosine kinase,IP3:Inositol tri-phosphate, DAG: diacyl glycerol,
CalDAGGEF1: Calcium and DAG-regulated guanine nucleotide exchange factor 1, Rap(a small guanosine
triphosphatase ),RIAM: Rap1-GTP-interacting adaptor molecule, VAV(guanine nucleotide exchange factor),
cSrc: cytosolic src-family kinase, RhoGAP: RhoA GTPase activating protein, PKC: protein kinaseC, GPCR:

G-protein coupled receptor, FcyRlla: Fc receptor gamma
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The recruitment of additional platelets is mediated by platelet agonists that are
produced or released locally once some level of platelet activation, following
platelet adhesion, has already occurred. All those mediators have in common that
they act via G protein-coupled receptors (GPCRs) (figure 1- 2). In fact, through
the activation of G protein-mediated signalling pathways, the generation and
release of further mediators amplifies the initial signals to ensure the recruitment

of more platelets into a growing thrombus [5]

25



Activation of
integrin allbp3

PGI2 ADP Thrombin S5HT T
P P2Y12 P2Y1 PAR1 PAR4 S5HT2a

v\ XS N

PI3K / \ R{g ™

cAMP, + 1P3 DAG \
\ Akt 5 / \

l PDE3 ‘ 2 Ca*t / \ ;{Shape changel

NOS “a
Platelet nod CalDAGGEF1 peC
inhibition —
sGC l
cGMp,‘
L =Y Pe =(rian)
v e
PLAZ -—— MAPKSs
l l v v v

ITXAz synthesis | | Granule secretion |

Figure 1-2: G-protein coupled receptors activation pathways [12]. Gq signalling pathway involves
activation of PLCp resulting in the formation of IP3 and diacyl glycerol leading to elevation of free cytoplasmic
[Ca*?] and activation of protein kinase C (PKC). G13 signalling pathway involves activation of RhoA which
induces platelet shape change and stimulates granule secretion. Gi-type G proteins inhibit adenylyl cyclase
(AC) enzyme that catalyse the conversion of ATP to cAMP and are also a major source of B/y complexes,
that regulate phosphatidylinositol 3-kinases (PI3Ks) and the subsequent activation of Rapl while Gs G-

proteins activate AC enzyme leading to platelet inhibition.
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Platelets express Gq, G12/G13, Gi/Gz, and Gs proteins. Those G proteins are
associated with agonist receptors, with the exception of Gs which is coupled to
the prostacyclin receptor (IP) and inhibits platelet function by stimulating cyclic
adenosine monophosphate (CAMP) synthesis (figure 1-2) [23].

Thrombin is the most important-serine protease effector of the coagulation
system and one of the most effective activators of platelets. Thrombin formation
is launched by the exposure of tissue factor (TF) to the blood stream after the
disruption of the vascular endothelium and it takes place on the surface of
activated platelets [24]. Thrombin- induced platelet activation is mediated in
humans via a dual system of G-protein-coupled protease-activated receptors
(PARs), PAR1 and PAR4 [25, 26], that directly couple to Gq, G12/G13 and, in

some cases, also to the Gi family of G proteins [27, 28] (figure 1-2).

TXA:z is a platelet agonist synthesized from arachidonic acid (AA) by the action
of the enzymes cyclooxygenase-1 (COX-1) and thromboxane synthase in
platelets. The action of TXA: is locally restricted due to its short half-life (around
30 seconds). For that reason, a stable analogue of the endoperoxide
prostaglandin H2 (U46619) that also activates TXA2 receptor (TP) is widely used
instead during pharmacological studies. TP receptor mainly acts through Gg and
G12/G13 proteins (figure 1-2) [27].

ADP is stored at high concentrations in platelet's dense granules and it is also
released from damaged cells at the site of vascular injury. Platelet activation by
ADP is mediated by two G protein-coupled receptors, P2Y1 and P2Y12 [29, 30].
While P2Y1 couples to Gq proteins [31, 32], P2Y12 is coupled to Gi- proteins
[33]. The P2Y12 receptor is irreversibly inhibited by thienopyridines such as
clopidogrel, which is currently used for the secondary prevention of
cardiovascular events [34, 35].

Serotonin is taken up by platelets, stored in dense granules and released during
platelet activation. It serves as a positive-feedback mechanism by activating 5-
hydroxtryptamine 2A (5-HT2A) receptors on platelets, which are also Gqg-coupled

[5].
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1.1.3. Platelet aggregation

Platelet aggregation is mainly mediated by the platelet integrin receptor GPIIb/Illa
which allows the binding of fibrinogen to the receptors of adjacent platelets
consolidating the platelet plug [36-38]. The effect of platelet agonists such as
TXAz2 [39], ADP [40] and matrix metalloproteinase-2 (MMP-2) [41] trigger a
biochemical cascade of events, known as ‘inside-out’ signalling, that ultimately
leads to the activation of the GPIIb/llla mainly through the interaction of Rapl
with the Rap1-GTP-interacting adaptor molecule (RIAM) as shown in figures 1-1
and 1-2.

P-selectin, stored in a-granules of inactivated platelets and translocated to the
platelet surface during platelet activation [42]. P-selectin mediates the initial
platelet-leukocyte tethering and triggers leukocyte activation interacting with
specific carbohydrate ligands on leukocyte called, P-selectin glycoprotein ligand-
1 (PSGL-1) [43].

After activation of the GPIIb/llla, the ‘outside-in’ signalling also plays an important
role in the amplification of the platelet response. Upon integrin ligation, the G
protein subunit Ga13 binds to the cytoplasmic domain of B3 [44] activating the
Src family of the tyrosine kinase family [45, 46] [47] and initiating the SFK-
dependent signals required for ‘outside-in’ signalling that it is critical for a stable

platelet adhesion, spreading, and clot retraction [48].

The major endothelium-derived inhibitors of platelet activation are prostacyclin
(PGI2) and nitric oxide (NO) that exert their inhibitory effect raising the intra-

platelet levels of the cyclic nucleotides cAMP and cGMP, respectively.

Prostacyclin acts through a Gs-coupled receptor (IP receptor) and stimulates
the adenylyl cyclase enzyme (AC) [49]. Once PGI2 binds to its receptor on the
platelet surface, the activation of its intracellular receptor-linked stimulatory G-
protein (Gs) is converted into its active form, binds to the enzyme and stimulates
the synthesis of cAMP from ATP (figure 1-2). Cyclic AMP inhibits Ca*?
mobilization, granule release, PLA2 activity and TXA2 production [50] and

activates the cAMP-dependent protein kinase (PKA). In addition, CAMP is a co-
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factor needed for the phosphorylation of the vasodilator-stimulated
phosphoprotein (VASP) at the serine 157 [51-53].

VASP is an actin- and profilin- binding protein. VASP is expressed at high
concentrations (approximately 25 pM) in platelets [54]. VASP is crucial during
platelet activation and participates in the cytoskeleton redistribution during
platelet shape change and during GPIlIb/llla activation. [55, 56].

The main phosphorylation sites in VASP are at Ser 157 and Ser 239 [57].
Analysis of phosphorylation kinetics has indicated that Ser 157 might be
preferentially phosphorylated by PKA while Ser 239 by PKG [58].

Nitric oxide is mainly synthesized in endothelial cells through the action of the
endothelial NO synthase (eNOS) [22, 59, 60] and diffuses into platelets where
activates the sGC enzyme [5]. However, NO can also be produced in platelets.
The presence of Ca*?/NADPH dependent, L-arginine/NO constitutive NOS
(eNOS) and Ca*? independent induced NOS (iNOS) in human platelets was
demonstrated by Radomski et al in the early nineties [61]. NO activates the
cytosolic sGC resulting in a significant increase of cGMP levels in platelets (more
than ten-fold increase). Although sGC can be also activated by vVWF and calcium
ionophore [18, 19, 22] and thrombin or collagen [62-64], the increase in cGMP
level by these agents that induce platelet aggregation is more modest (about two-
fold) than by NO.

For NO to activate the conversion of guanosine 5’-triphosphate (GMT) to cGMP
by the enzyme [65], sGC heme group must be in reduced form, otherwise NO
loses its ability to activate the enzyme. 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-
one (ODQ) is used in pharmacological studies to inhibit the effect of NO by
oxidising the heme group contained in sGC, so that the enzyme becomes
refractory to NO action [66]. cGMP exerts its effect through the activation of
cGMP-dependent protein kinases (PKG) and cGMP-regulated ion channels [67].
CcAMP activates PKA and phosphorylates VASP at the serine 157 while
phosphorylation of VASP at serine 239 is PKG dependent [51]. NO/cGMP effect-
during platelet inhibition can be mediated by both, PKG- and PKA- dependent
mechanisms [68] because cGMP can also inhibit phosphodiesterase 3 (PDES3)
enzyme which hydrolyse cAMP leading to activation of PKA [69]. cGMP may also

interfere with the transport of biogenic amines into platelets and may therefore,
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down-regulate the uptake of serotonin by platelets via cGMP- induced protein
phosphorylation [70]. cGMP modulates intra-platelet Ca*?, increasing the activity
of the Ca*2 ATPase extrusion pump and therefore increasing leakage across the
plasma membrane [71]. Furthermore, cGMP inhibits Ca*? mobilisation from
intracellular stores [72], leading to a reduced availability of Ca*2 within and in the
proximal vicinity of platelets [73]. Some of these effects are thought to be
mediated by direct phosphorylation of IP3 [74]. Additionally, cGMP may affect the
membrane phospholipid metabolism through the inhibition of PLC and PLA2 [72]
and can also down-regulate the expression of GPIIb/llla and P-selectin platelet

receptors [75-78].
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1.2.

L-Tryptophan is an essential amino acid that accounts for 1-1.5% of the total

L-Tryptophan metabolism

amino acid content of the human body. It is the precursor of bioactive compounds

including serotonin and kynurenine[79] (figure 1-3)
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Figure 1-3: Tryptophan metabolic pathway [80]. Tryptophan is metabolised by tryptophan hydroxylase to
serotonin and melatonin while tryptophan metabolism by tryptophan dioxygenase (TDO) and indolamine
dioxygenase (IDO) leads to kynurenine formation which further metabolised through kynurenine pathway
into various metabolites. TDO: tryptophan dioxygenase; IDO: indolamine dioxygenase; 3-HAA oxidase: 3-

hydroxyanthranlic acid oxidase; NAD+: nicotine adenine dinucleotide.

Serotonin derives from tryptophan by the action of the tryptophan hydroxylase
enzyme (TPH) [81]. The most abundant production of serotonin takes place in
the gastrointestinal system by intestinal enterochromaffin cells and it is taken up
by platelets and stored in their dense granules [82, 83]. In fact, about 99% of the
total blood serotonin [5-HT] is accumulated in platelets due to their powerful
uptake and storage mechanisms [84].

Serotonin has a broad impact as a neurotransmitter and neuromodulator and it
has been implicated in numerous psychiatric conditions and psychological
processes [85]. Upon platelet activation, serotonin is released from aggregated

platelets and induces vasoconstriction and promotes platelet aggregation [86,
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87]. Serotonin is also involved in inflammation as participates in the activation of
monocytes and T lymphocytes, monocytes cytokine production, recruitment of
neutrophils, extravasation of immune cells and regulation of type I interferon-
gamma (IFN-y) production through scavenging reactive oxygen species (ROS)
[88-90]. Serotonin has been implicated as the ‘driving force’ in establishing
intestinal inflammation and serotonin receptor antagonists have been shown to
block the inflammatory process in animal models of intestinal inflammation [91,
92]. Serotonin- mediated inflammatory effects have also been documented in

other diseases such as rheumatic disorders [93, 94].

L-kynurenine is another metabolite of L-tryptophan through the action of the
constitutively expressed tryptophan 2,3-dioxygenase (TDO) enzyme in the liver
and by the inducible indoleamine 2,3-dioxygenase (IDO) enzyme in other tissues
[95]. Interestingly, increasing the tryptophan conversion into kynurenine, IDO can
limit the synthesis of other tryptophan-dependent molecules, including serotonin
[96, 97].

IDO is an intracellular heme-containing enzyme that catalyses the initial rate-
limiting step in tryptophan degradation along the kynurenine pathway [98].
Purified IDO has been shown to require superoxide anion radical (O2) as a
substrate and co-factor for its maximal activity [99, 100].

IDO is expressed in endothelial cells, placenta, lungs, epithelial cells in the female
genital tract and lymphoid tissues in mature dendritic cells (DCs) [101, 102]. IDO
can be induced during infectious and inflammatory processes by inflammatory
cytokines such as IFN-y [103, 104] [105] and its role in preventing T cell-driven
rejection of allogeneic foetuses has been also well documented [106].
Kynurenine has the ability to generate a ‘tolerogenic situation’ by controlling not
only Thl, but also Th1l7 and Treg cells by different mechanisms, such as
tryptophan depletion which induces cell cycle arrest in lymphocytes [107] driving
these cells into apoptosis [108] [109-111] and/or by differentiation of naive CD4+
T cells into T regulatory cells (Treg) [112].

Modulation of IDO activity and/or kynurenine pathway provides a potential
therapeutic approach for inflammatory diseases [113]. It has been found that IDO
induces tolerance and immune-escape, fine-tunes inflammation, and it functions

as a homeostatic mechanism that prevents excessive immune responses [114].
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On the other hand, pharmacological inhibition of IDO results in disease
aggravation in several models of inflammatory disease, including experimental
autoimmune encephalomyelitis [115], collagen-induced arthritis [116], asthma
[117] and colitis [118].

The ability of kynurenine to regulate the vascular tone has gained a lot of attention
and debate. Degradation of tryptophan to kynurenine has been found to be
strongly correlated with sepsis and the development of hypotension in humans
[119]. Tryptophan-containing dipeptides act as selective inhibitors of human
angiotensin-converting enzyme (ACE) which has an important role in controlling
blood pressure and it is a well-known target for the treatment of hypertension
[120]. Wang et al have found that kynurenine induces vascular relaxation and
have suggested that this effect is mediated by activation of guanylate cyclase and
adenylate cyclase [102]. It has been also reported that kynurenine induces
arterio-dilatation via activation of voltage-dependent K* channel encoded by the
KCNQ gene family[121].However, hypertensive patients with high concentrations
of kynurenine in blood are more challenging to be pharmacologically controlled
than those with lower kynurenine concentrations [122]. Moreover, kynurenine
seems to be also involved in endothelial dysfunction and progression of
atherosclerosis in patients with chronic kidney disease and kynurenine
metabolites may be involved in the progression of hypertension [123, 124].
Kynurenine has neuroactive properties through two metabolites: kynurenic acid
(neuroprotective) and quinolinic acid (neurotoxic). Kynurenic acid is an
endogenous broad-spectrum antagonist of excitatory amino acid receptors,
including the N-methyl-D-aspartate receptors (NMDAR). It can inhibit the over
excitation of these receptors and reduce cell damage induced by excitotoxins.
Moreover, kynurenic acid non-competitively blocks the a7-nicotinic acetylcholine
receptors, thereby permitting modulation of the cholinergic and glutamatergic
neurotransmission. Quinolinic acid is a selective N-methyl-D-aspartate receptor
agonist which can cause lipid peroxidation, generation of free radicals and
apoptosis via the over excitation of these receptors. Changes in the relative or
absolute concentrations of the kynurenine metabolites have been found in
several neurodegenerative disorders, such as Huntington's disease and
Parkinson's disease, stroke and epilepsy, in which the hyper activation of amino

acid receptors could be involved.
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Human platelets express NMDARs subunits that support activation and platelet
aggregation. In fact, although NMDAR agonists do not induce platelet
aggregation, do facilitate platelet aggregation while NMDAR antagonists inhibit
platelet aggregation [125]

Kynurenine is considered an aryl hydrocarbon receptor (AhR) agonist [126]. AhR
is a cytosolic receptor for low molecular weight molecules [127] mainly expressed
in the liver, lungs, skin and gastrointestinal tract [128, 129]. There are two
pathways associated with the AhR receptor, called the classical or genomic
pathway and the non-genomic pathway. In the cytosol, AhR exists in a latent state
as part of a multiprotein complex (figure 1-4). Once the receptor binds to its
ligands like TCDD, the AhR-complex translocates to the nucleus and binds to the
AhR nuclear translocator (Arnt). The resultant AhR-Arnt heterodimer binds to a
specific motif called dioxin-responsive elements (DRES), in the promoter region
of target genes leading to transcription of CYP1Al, CYP1A2 andCYP1B1 and
other members of the cytochrome P450 family [130, 131].
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Figure 1-4: Aryl hydrocarbon receptor(AhR) genomic pathway[132]. Activation of AhR receptor by
Tetrachlorodibenzo-p-dioxin (TCDD) leads to translocation of the receptor- agonist complex from cytoplasm
to the nucleus leading to transcription and expression of cytochrome P-450 gens. TCDD: 2,3,7,8-
tetrachlorodibenzo-p-dioxin; AhR: Aryl hydrocarbon receptor; HSP 90: heat shock protein 90; ARNT: AhR

nuclear translocator; XRE: xenobiotic response element.

The AhR non-genomic pathway (Figure 1-5), does not involve translocation of the
AhR to the nucleus, but instead results in a cascade of signalling events that
include increase in intracellular Ca*?, phosphorylation of MAPKs, cPLA2
activation, generation of AA and other inflammatory mediators [133].
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Figure 1-5: Aryl hydrocarbon receptor (AhR) non-genomic pathway. Upon ligand activation of AhR
receptor, the increase in intracellular Ca+2 level activates both, the protein kinase C (PKC) and the cytosolic
phospholipase A2(cPLA2) leading to the activation of the cycloxygenase-2 (COX-2) enzyme through
mitogen activated protein kinase (MAPK) and Src family kinases. Green arrow (activates).

AhR ligands include dioxins, furans, polychlorinated biphenyls, tryptophan
metabolites and benzimidazoles [127]. The halogenated aromatic hydrocarbon
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is the most potent AhR ligand [134].
A number of compounds are described as AhR antagonists, including the flavone
derivatives alpha-napthoflavone (a-NF) [135]; 6,2',4'-trimethoxyflavone (TMF)
[136]; 3'-methoxy-4'-nitroflavone  (MNF) [137] and 6-methoxy-1,3,8-
trichlorodibenzofuran (6-MCDF) [138]. TMF, seems to act in a species-
independent manner and does not appear to exhibit partial agonistic properties
at all [136].

1.3. Kynurenine and NO; the potential platelet connection...
It has been shown that both, exogenous and endogenous NO, can inhibit IDO
activity and that oxidative arginine and tryptophan metabolism in IFN-y primed
mononuclear phagocytes are functionally related [139]. The mechanism by which
NO inhibits IDO seems to be related to its interaction with the heme-iron group
present at the active site of the enzyme. NO has a high affinity for the heme-iron
group and this interaction may interfere with the conversion of the ferrous form

into the ferric form required for IDO catalysis[139]. Another mechanism by which
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NO could inhibit IDO activity is through its ability to rapidly react with, and thereby
eradicate, the superoxide anion proposed to be required also for IDO enzyme
activity [139]. Although it is well known that kynurenine plays an important role in
immune modulation [107, 109-112], kynurenine has been also shown to be an
endothelium-derived relaxing factor involved in the regulation of blood pressure
during systemic inflammation exerting its effect independently of NO [102] and to
contribute to the regulation of vascular tone in atherosclerosis [140]. Those
findings demonstrated that kynurenine is an endothelial-derived vasorelaxing
factor with a demonstrated effect on blood pressure, and the connection between
NO and IDO, led us to investigate the potential effect of kynurenine on platelet

function.

1.4. Blood platelets and cancer.
The involvement of platelets in cancer was first reported by Armand Trousseau

in 1865 and described as a recurrent migratory thrombophlebitis [141]. One
hundred years later, Gasic et al observed that the number of metastasis induced
by TA3 ascites tumour cells in mice could be significantly decreased when
thrombocytopenia was induced by neuraminidase and enhanced by the infusion
of platelet rich plasma (PRP) in the rodents [142]. Other researchers reported
later that experimentally induced thrombocytopenia has been associated with
reduction in the number of metastases in experimental models of cancer
metastasis [143]. It is widely demonstrated that tumour cells have the capability
to induce platelet aggregation and that this ability is correlated with the number

of lung metastases in various animal models [144].

The ability of malignant cells to aggregate platelets is known as tumour cell-
induced platelet aggregation or TCIPA [145]. The mechanisms by which tumour
cells induce platelet aggregation may differ depending on the tumour type.
However, when this interaction takes place multiple advantages are conferred to
cancer cells. Platelets can protect tumour cells by coating them and thereby
shielding them from the high shear stress within the vasculature and from immune
system’s effector cells. For example, platelet-derived factors, like transforming
growth factor-B1 (TGF-B1), have demonstrated to protect tumour cells from

immunosurveillance [146, 147]. Indeed, Platelet-derived TGF- has been shown
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to down-regulate the activating immunoreceptor NKG2D on natural Killer cells
(NK cells) impairing NK cell antitumor activity [148]. On the other hand, it has
been also shown that platelets can pass their MHC class | molecules on to tumour
cell membranes by direct contact, reducing in this way NK cell reactivity and
cytotoxicity towards tumour cells [149]. Some malignant cells can gain a ‘platelet-
like phenotype’, expressing similar adhesion molecules and receptors, like GPIb
and integrin receptors on their surface, and this concept of “platelet-mimicry” has
been suggested to be related to the lack of tumour-directed immune surveillance
[150].

Platelets can also facilitate tumour cell extravasation to the local subendothelial
matrix or distant organs via platelet P-selectin and its ligands or by activation of
the endothelial P2Y2 receptor by the ATP released by platelets [89, 151].
Moreover, when platelets pcome in contact with cancer cells and aggregate, they
release a number of growth factors that can be used by tumour cells for growth

and for the development of new blood vessels within the tumour [152, 153].

The development of metastasis is responsible for more than 90% of all cancer-
related deaths [154]. As discussed above, TCIPA correlates with the metastatic
potential of tumour cells and platelets participate during critical steps in cancer
metastasis including tumour cell attachment to the vessel wall [155, 156]
facilitating invasion and tumour cell migration [157, 158]. Thrombocytosis is
frequently observed in patients with metastatic malignant tumours [159, 160] and
the risk of venous thromboembolism (VTE), including deep venous thrombosis
(DVT) and pulmonary embolism (PE) are increased up to seven-fold in cancer

patients when compared with non-cancer patients [161-163].

1.5 Mechanisms involved in tumour cell-induced platelet
aggregation and cancer progression

1.5.1. Platelet receptors
Tumour cells can activate platelets by direct contact through major platelet

receptors and ligands such as GPIb—IX-V and GPIIb/llla, which have been also
identified on the surface of some human and animal cancer cells such as MCF7
(human breast carcinoma), B16 (murine melanoma) and 3LL (Lewis lung

carcinoma cells), facilitating platelet adhesion and aggregation [164, 165]. The
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interactions between cancer cells and platelets during TCIPA are reciprocal with
regard to the network of platelet-cancer cell adhesion molecules involved in the
process. For example, the expression of platelet GPIb-IX-V, GPIllIb/llla and P-
selectin on the tight inter-junction between platelets and cancer cells is crucial
during TCIPA where not only cancer cells have the ability to stimulate the platelet
receptor expression, but platelets upregulate GPlb and GPIIb/llla on the surface
of MCF7 cells [164].

GPIb-IX-V Is expressed on platelets and megakaryocytes and it constitutes one
of the most abundant receptors on platelets membrane. It mediates the first
binding of platelets to subendothelial von Willebrand factor (vWf) under high
shear force in arterioles and small arteries [166, 167]. Other ligands for GPIb-IX-
V include thrombin [168], P-selectin [169], leukocyte integrin aif2 [170], high
molecular weight kininogen and clotting factors XI and XlI [171-173]. Binding of
VWi to GPIb-IX-V results in platelet activation and GPIlIb/llla expression by
activation of phospholipase C (PLC), phospholipase A2 (PLA2), and
phosphatidylinositide 3-kinases (PI13K) in cooperation with or independently of Fc
receptors (FcyRIIA or FcRy chain) [174]. GPIb has been proven to be expressed
on the surface of platelets and MCF7 cells during TCIPA [164, 175, 176] and
preincubation of platelets with antibodies against the GPIlb receptor has
demonstrated to inhibit platelet aggregation induced by glioblastoma,
neuroepithelioma and breast cancer cells in vitro [177-179] . The addition of
purified vWf during TCIPA by HT-1080 cells, has been shown to potentiate cell
interactions with platelets [180]. On the other hand, specific antibodies for
blocking the GPIb-1X-V receptor or vVWf function have been used to successfully

reduced cancer cells-platelets interactions [175, 181].

GPlIb/llla has shown to play a crucial role during TCIPA induced by cancer cells
of various origins in both experimental settings: in vitro and in vivo [164, 175, 181-
183]. Melanoma cells-induced platelet aggregation was found to be mediated
through GPIlIb/llla and inhibited by antibodies directed to the platelet receptor
[184]. GPIIb/llla has also a predominant role on TCIPA by glioblastoma and
neuroepithelioma cells as platelet aggregation can be totally abolished when
antibodies against GPIIb/llla are employed [178]. The role of GPIIb/llla receptors

during TCIPA is beyond its adhesion and bridging function as its involvement in
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cancer metastasis has been also related to the release of proangiogenic factors
(vascular endothelial growth factor-VEGF) or basic fibroblast growth factor
(bFGF) from platelets activated by melanoma or breast cancer cells [185, 186].
Integrin avBii is another adhesion molecule, expressed in low amounts on
platelets but abundant on cancer cells, that may play a role in TCIPA connecting
tumour cells to platelets by plasma proteins such as fibrinogen [187]. However, a
direct binding between GPIlIb/llla and the melanoma cell-expressed avi has
been observed without the assistance of fibrinogen or other molecules [188].

P-selectin: P-selectin is primarily expressed in platelets and in endothelial cells
[189, 190]. Upon platelet activation, P-selectin is translocated to the platelet
surface from a-granules and mediates platelet binding to leukocytes and/or to
endothelial cells [191]. Blocking or downregulating P-selectin expression has
been associated with a reduction of the metastatic potential of colon cancer and
the development of lung metastasis in mice accompanied by a significant
reduction of platelets binding to cancer cells [192-194]. Activation of GPIIb/llla
mediated by P-selectin has been linked to platelet’s deposition in solid tumours
and in turn, deficiency and blockage of P-selectin lead to a significant decrease
of platelet deposition, tumour growth and angiogenesis in murine models of
cancer [195]. Platelets and platelet-derived P-selectin have been also involved
into the recruitment of monocytes to the metastatic microenvironment by the
induction of inflammatory proteins from vascular endothelium as chemokine
CCL5 (Rantes) [196]. Furthermore, in a variety of mucin-producing cancers,
mucin seems to participate in a mutual activation mechanism between
neutrophils and platelets by binding to P-selectin on platelets and L-selectin on
neutrophils which induces the release of cathepsin G from neutrophils and
platelet activation [197]. In fact, blocking P-selectin expression on platelets not
only reduces TCIPA but also affects several pro-carcinogenic and cancer-related
immunological mechanisms that contribute to tumour growth and metastasis
[198].
1.5.2. Tumour cells and platelets released mediators

The release of platelet agonists such as ADP, thrombin, thromboxane Az and the
local production of other tumour-associated proteins by cancer cells can result in

platelet granules secretion and consequently end in platelet activation and
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aggregation [199-202]. For example, tumour cells can release high-mobility group
box 1 protein (HMGB1), which interacts with the toll-like receptor 4 (TLR4) in
platelets leading to their activation in vitro and promoting metastasis in vivo [203].
Some tumour cells express tissue factor (TF) on their membrane which activates
the coagulation cascade generating thrombin which in turn induces platelet
activation and aggregation [204]. Therefore, a number of different mediators have
been identified and demonstrated to contribute to tumour growth and to the

potential development of haematogenous metastasis.

Tissue factor is a transmembrane glycoprotein that binds to factor Vlla
(TF/Vla) initiating the extrinsic coagulation pathway and leading to the
conversion of prothrombin to thrombin. Overexpression of TF has been described
in numerous tumour cells and has been correlated with the progression to
invasive cancer [205]. In fact, TF not only seems to play a major role in TCIPA in
vitro but it has been also strongly associated and recognised as the most

important factor responsible for the pro-thrombotic state of cancer patients [206].

Adenosine diphosphate (ADP) contributes to TCIPA induced by neuroblastoma
[207], a number of lung cancer [208], melanoma [209], breast cancer [210] and
fibroelastoma [180] cell lines. It has been shown that during TCIPA by breast
cancer cells MCF-7, platelets are aggregated by ADP via activation of the P2Y12
purinergic receptor [210] which mediates platelet degranulation through inhibition
of the AC enzyme and activation of PI3K [211, 212]. In a murine study, Cho el
al. demonstrated the release of ADP at the interface between ovarian cancer cells
and platelets and the significance of the platelet P2Y12 receptor-ADP interaction
during TCIPA for tumour growth of primary ovarian malignant tumours. [213].
Holmes et al have recently investigated the effect of Cangrelor (a P2Y12 inhibitor)
on platelet secretion and aggregation in patients suffering from breast cancer. In
their work, they demonstrated, ex vivo, that the drug induced a higher percentage
of platelet inhibition when platelets isolated from cancer patients were tested and
compared to its effect on platelets from healthy controls. Cangrelor also led to a
significant reduction of the amount of VEGF, thrombospondin-1 and TGF-1
(proteins known to play an important role in cancer progression and
angiogenesis) secreted from platelets isolated from cancer patients when

compared to platelets from the healthy controls [214].
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Thromboxane A2 (TXA?) is also a potent inducer of platelet aggregation [39] and
can promote the binding of platelet-tumour cells aggregates to endothelial cells
[215]. Many types of cancer cells including colorectal, prostate, bladder, thyroid
and non-small-lung carcinoma overexpress thromboxane synthase (TXS) [216-
220]. Thromboxane synthase catalyzes the conversion of PGH2 to TXA2 and the
release of TXAz from murine and human cancer cell lines has been associated
with platelet aggregation by activation of the thromboxane receptors on platelets
[221-224]. On the other hand, platelet activation induced by rat Walker 256
carcinosarcoma cells have been shown to be correlated to the production of
thrombin and eicosanoid metabolites leading to TCIPA [225]. Inhibition of
thromboxane synthase activity showed to reduce tumour proliferation and
induced apoptosis, effect reversed by addition of TXA:2 [216]. Inhibition of
TXAz synthesis also reduced the development of metastasis by Lewis lung

carcinoma or B16a melanoma cells in a mice model of lung metastasis [226]

Various serine proteinases including thrombin, matrix metalloproteinases
(MMPs) and cysteine proteinases like cathepsin B and cancer procoagulant (EC
3.4.22.26), have been also identified during TCIPA.

Thrombin is the main enzyme in the coagulation cascade and also the most
potent platelet activator present in blood. Thrombin acts via G-protein-coupled
proteinase-activated receptors (PARS) [26] [227] [228]. Human glioblastoma
U87MG [229] , neuroblastoma [230] and pancreatic cancer [231] cells induce
TCIPA by thrombin generation. Thrombin is also key for supporting both, tumour
cell proliferation and therefore local colonic adenocarcinoma growth, and the
development of metastasis, by activation of PAR-1 and fibrinogen [232]. In vitro
studies of TCIPA using lung cancer cells have demonstrated that non-small-cell
lung cancer (NSCLC) induce platelet aggregation by thrombin generation which
was inhibited by the addition of the anticoagulant agent hirudin. However, TCIPA
by small-cell lung cancer cell lines (SCLC), was fully abolished only when both
an ADP scavenger (apyrase) and hirudin were used in combination, highlighting
the fact that the release/production of ADP is also crucial for the activation of
platelets under this specific circumstances [208]
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Cathepsins, such as cathepsin B and K [233], can induce platelet aggregation
when released from cancer cells [234-236] by the generation of oxygen-derived
free radicals [237]. B16 and Bl6a melanoma cells are known to release a
cathepsin B-like cysteine proteinase which is responsible for their metastatic
potential [234]. On the other hand, the release of cathepsin K by breast cancer

cells has been positively correlated with platelet aggregation [238].

Matrix metalloproteinases is a family of zinc- and calcium-dependent
endopeptidases that can degrade most of the components of the extracellular
matrix and play a role in the regulation of platelet function [239]. MMP-2 is
constitutively secreted in most cell types, whereas the secretion of MMP-2 in

platelets is initiated by platelet activation [41].

MMP-2 is released by both, platelets and cancer cells, during TCIPA induced by
HT-1080 and MCF7 cells [180, 210, 240]. The aggregating effects of MMP-2
involve the activation of proMMP-2 to MMP-2 by MMP-14 [210]. The enhanced
generation of MMP-2 may be responsible for the increased aggregability of
platelets collected from patients with metastatic prostate cancer [241]. Caco-2
colonic cancer cells stimulate platelet aggregation through the release of MMP-2
and ADP. The pro-aggregatory effects of Caco-2 cells are associated with an
increase of platelet GPIb, GPIlb/llla, and P-selectin receptors [242].
Fibrosarcoma HT-1080 cells have been found to be more aggressive than A549
lung cancer cells in their ability to induce TCIPA due to production more MMP-2.
The release of MMP-2 during this interaction was reduced by NO and in turn
TCIPA was inhibited in cGMP dependent mechanism [180].

Galectin-3 is a member of a carbohydrate-binding proteins family with a high
affinity for beta galactoside-containing carbohydrates [243]. This protein is
overexpressed in many types of tumours and it has been involved in cancer
progression and metastasis [244]. Galectin-3 contains a collagen domain that it
is thought to mediate TCIPA through its interaction with the platelet collagen
receptor GPVI, inducing the release of growth factors from platelet granules like
PDGF that it is known to play an important role in the aberrant expression of
COX-2 in cancer cells. Overexpression of COX-2 in HT-29 cells has led, when
co-incubated with platelets, to an increase in the generation of PGE:2 that in turn
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can facilitate platelet aggregation [245]. In addition, COX-2 expression has been
also associated to cancer progression and considered as a poor prognosis factor
of the disease. Barnes et al have shown that the use of celecoxib, which is a
selective inhibitor of COX-2, reduces tumour growth and lymph angiogenesis in

a mice model of breast cancer [246]

1.6. Pharmacological modulation of tumour cell-induced
platelet aggregation
Various agents that play an important role in platelet function have been tested

as potential inhibitors of TCIPA (figure 1-6):

Prostacyclin inhibits platelet aggregation by increasing cyclic AMP levels. It has
been shown to inhibit TCIPA induced by a variety of tumour cells from different
origins [176, 215, 247-251] and to delay the disruption of the aggregate form by
tumour cells surrounded by platelets under flow condition using an ultrasound
standing wave trap [252]. The administration of prostacyclin has also shown to
decrease in vivo metastasis induced in rodents by B16a melanoma cells [215].

Acetyl salicylic acid (aspirin) inhibits platelet aggregation by inhibition of the
cyclooxygenases (COXs) and the subsequent TXA2 generation by platelets [253].
The epidemiological data available in the literature supports the idea that the
regular use of aspirin could potentially reduce cancer incidence, metastasis and
mortality, especially in colorectal cancer [254, 255]. The inhibition of COX-2 in
cancer cells requires a high dose of aspirin (~1,000 mg daily) but low doses (<
100 mg) have been shown to be effective as prophylaxis decreasing the
incidence of colorectal adenomas, thus the risk of colorectal cancer [224, 256].
However, the use of high doses of aspirin (0.6-1 g /day) did not protect patients
from metastasis due to colorectal or small-cell lung cancer [257, 258].
[215]Consistent with its limited therapeutic efficacy in vivo, aspirin has failed to
inhibit TCIPA by Caco-2 cells [242] and it is in fact a weak inhibitor of TCIPA in
vitro [210, 240, 259-261]. The main effect of aspirin on TCIPA and cancer growth
and metastasis take place by inhibition of thromboxane generation, however,
because of the short half-life of aspirin (ti2 = 20 minutes in blood) and the rapid
regeneration of COX-1 and COX-2 in nucleated cells, aspirin affects platelet’s but

not cancer cells’ TXA2 generation [213]. It has been demonstrated that platelet
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aggregation induced by MDA-MB-231, MCF7 or Caco-2 cells was not affected by
a pre-treatment of platelets with aspirin, but it was completely abolished by the
ADP scavenger apyrase[262]. Isosorbide-based aspirinand ST0702, a
nicotinate aspirin pro-drug, showed a consistent inhibition of TCIPA by HT1080,
59-M and Caco2 cell lines under both static and flow conditions whereas aspirin
did not [263]. The effect of pharmacological agents that selectively inhibit
thromboxane synthase and TXA:2 receptor antagonist on TCIPA have been also
investigated. The use of OKY-046, a selective inhibitor of the thromboxane
synthase, failed to reduce the ability of osteogenic sarcoma cells to induce TCIPA
[264]. However, the use of thromboxane synthase inhibitors and TXA: receptor
antagonist have been found to reduce TCIPA and metastasis by B16a melanoma
and MG-63 osteosarcoma cells [215]. [264]. Furthermore, the TXA2 receptor
antagonist, SQ-29,548 and BM-567, a combined thromboxane synthase inhibitor
and receptor antagonist, both effectively reduced TCIPA [224, 264]

NO is mostly generated by endothelial cells, platelets and leukocytes [265]. NO
inhibits platelet aggregation by increasing cyclic GMP levels. Cancer cells can
generate NO and this ability of cancer cells may determine their potency for
aggregating platelets. Human colon carcinoma cells (SW-480 and SW-620) have
shown different abilities to induce platelet aggregation due to the production of
different levels of NO [209, 251, 266] and the inhibitory effect of NO on TCIPA
by those cell lines was also potentiated by prostacyclin [251]. Interestingly, NO-
releasing prodrugs (ortho and metanitrate) had no effect on TCIPA under flow
conditions [267]. NO can also participate in cancer growth, invasion, and
metastasis most likely due to its regulatory role in vasodilation [268], cell

adhesion [269], cellular growth, proliferation and cell migration [270-272]

The local release of ADP, by platelets or other cells like red blood cells or tumour

cells, is associated with platelet aggregation.

ADP scavengers such as apyrase, P2Y receptor antagonists as 2-methylthio-
AMP (2-MeSAMP) and ticlopidine have been shown to inhibit TCIPA [180, 200,
207, 209, 210, 273]. Clopidogrel mitigated tumour growth rate and significantly
reduced the number of metastatic foci in a mouse model of orthotopic pancreatic

tumour [274]. Furthermore, ticagrelor and clopidogrel have demonstrated to
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reduce tumour growth and metastasis in B16-F10 melanoma mouse models
[275]. Targeting ADP-receptors on platelets with P2Y12 antagonists such as
clopidogrel or ticagrelor have been demonstrated to inhibit platelet activation in
cancer patients.[210, 274, 275]

As discussed previously, the translocation and subsequent release of MMP-2 by
platelets is associated with platelet aggregation [41]. Therefore, the use of MMPs
inhibitors or MMP-2 antibodies is expected to prevent platelet aggregation and
therefore modulate TCIPA. In fact, co-incubation of platelets with apyrase and
phenanthroline (a MMP inhibitor) have also proved to inhibit TCIPA by MCF7
breast cancer cells [210]. MMP-2 antibodies and the tissue inhibitor of
metalloproteinase-4 (TIMP-4) have also decreased TCIPA induced by MCF7 and
HT-1080 cells in vitro [180, 210, 276]. However, clinical trials using
pharmacological inhibitors of MMPs to delay the progression of advanced
malignancies have not shown significant benefits on those cohorts of patients
[277].

GPlIb/llla receptor antagonists have been shown to be extremely effective as
inhibitors of TCIPA [278]. Intravenous (Abciximab) [279] and oral (XV454) [183]
GPIllIb/llla receptor antagonists have been found to act as potent inhibitors of
TCIPA in vitro. GPIIb/llla receptor antagonists demonstrated also to reduce the
adhesion of tumour cells to the vascular endothelium and angiogenesis [280-
283].
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Agents used to inhibit TCIPA
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Figure 1-6: Common agents used to control TCIPA in experimental models. Cox2: cyclooxygenase
enzyme; IX: coagulation factor IX; X coagulation factor X; MMP-2: Matrix metalloproteinase-2; GPVI:
collagen receptor; GPIb: von Willebrand receptor; ADP: adenosine diphosphate; IP3: prostacyclin receptor;
Gs, Gqg and Gi: G-protein coupled receptors; PI3K: phosphatidyl Insositol-3 kinase; NOS: :nitric oxide
synthase; sGC: soluble guanylyl cyclase; cGMP: Cyclic guanosine monophosphate; BTK: tyrosine kinase;
DAG: diacyl glycerol; PDE: phosphodiesterase enzyme; MAPK: mitogen activated protein kinase; AA:
arachidonic acid; PLA2: phospholipase A2; PGH2: prostaglandin H2; EGF: endothelial growth factor; TGF:
transforming growth factor; PDGF: Platelet-derived growth factor; PF4: platelet factor-4; AC: adenylyl
cyclase; TXA2: thromboxane A2.

1.7. Involvement of kynurenine in cancer biology

Tumour cells are known to be able to evade and supress the activity of the host
immune system by different mechanisms. Tryptophan is an essential amino acid
for the proliferation and survival of CD8+ and CD4+ T-lymphocytes and it is
metabolised to kynurenine by the action of the indoleamine 2,3-di-oxygenase
(IDO) enzyme. Kynurenine is considered one of the strongest mediators of the
tumour-induced immunosuppression by activating the AhR receptor and
inhibition of T- lymphocytes differentiation and activation [284, 285].

Tumour expression of IDO and high serum kynurenine/tryptophan ratio has been
associated with cancer development, progression and with poor clinical
prognosis. IDO-1 induction is considered as an independent variable for the

reduced survival of patients suffering from acute myeloid leukaemia (AML),
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melanoma, small-cell lung, ovarian, colorectal, pancreatic, and endometrial
cancers [286-291].

Targeting IDO with specific inhibitors and regulation of tryptophan catabolism
may be considered as effective strategies for the treatment of certain types of
human malignancies [292]. Clinical trials that involved the use of IDO inhibitors
together with chemotherapy or immunotherapy are currently underway. However,
and despite the encouraging results obtained in early-phase clinical trials in a
range of tumour types, the phase Il study of the IDO1-selective inhibitor
epacadostat in combination with pembrolizumab, which is immunotherapy
against programmed cell death (PD-1) receptor on T-lymphocyte for treatment of
melanoma, head and neck cancer, non-small lung cancer and Hodgkin's
lymphoma, has not demonstrated the desirable effect in patients with metastatic
melanoma [293].

In the first part of this research it has been demonstrated that kynurenine was
able to inhibit platelet aggregation induced by collagen, ADP, thrombin, a
thromboxane analogue and arachidonic acid by a mechanism involving cGMP
and cAMP regulation. As discussed in the previous sections, both platelet
agonists and platelet receptors play a major role in the pathophysiology of TCIPA
and numerous agents have been tested to modulate their effect in TCIPA.

Taking together the recognised involvement of kynurenine in cancer and the
discovery of the inhibitory effect of kynurenine on platelet function, this research

also aimed to investigate the potential effect of kynurenine on TCIPA.
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2. Aims of the project

1. Investigating the effect of kynurenine on platelet function using different
agonists having different mechanism of action by light transmission

aggregometer (LTA).

2. Investigating the expression of AhR receptor in platelets

3. Comparing the effect of kynurenine as AhR receptor agonist to various AhR

receptor agonists and antagonists.

4. Exploring the potential mechanism by which kynurenine affect platelet

function.

5.To investigate the ability of wide range of cancer cell lines to induce tumour

cells induced platelet aggregation

5. To explore the effect of kynurenine on tumour cells induced platelet

aggregation and the potential role of kynurenine in this interaction
6. To investigate the different tendencies of different cancer cells to induce

tumour cells induced platelet aggregation and the role of kynurenine in this

tendency.
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3. Materials and Methods
3.1. Reagents

All reagents were purchased from Sigma (Ireland) unless otherwise stated
(Appendix 1)

3.2. Blood Collection
Blood was collected from fully consented healthy volunteers who had not taken
any drugs known to affect platelet function for at least 14 days before blood
collection. The study was approved by The School of Pharmacy and
Pharmaceutical Sciences Research Ethics Committee, Trinity College Dublin
(2015-06-01 MS).
Blood was gently taken from a forearm vein using a butterfly needle (21-gauge)
attached to a syringe and slowly released, in order to ensure that platelets were
not activated, through the wall of a falcon tube containing 3.15% solution of
sodium citrate (9:1 v/v ratio). For accurate and reproducible results blood
samples were drawn with minimal or no venostasis [294].
Platelet rich plasma (PRP) was obtained by blood centrifugation at 250 xg for
20 minutes at room temperature and identified as the upper yellow layer. PRP
was transferred carefully, to avoid potential contamination with white and red
blood cells, using a 1 mL pipette to another falcon tube.
Washed platelets (WP) were prepared by centrifugation of prostacyclin treated
PRP (0.3 pg/mL) at 900 xg for 10 minutes at room temperature. After
centrifugation, the top layer of platelet poor plasma (PPP) was removed and the
platelet pellet gently re-suspended in Tyrode’s solution.
Platelet count was adjusted to 250,000 platelets/pL before experiments for all
the donors using a Beckman Coulter Z1 series Coulter Counter (Labplan,
Ireland). The instrument works according to the “Coulter Principle” where
particles suspended in an electrolyte solution are counted using the electrical
sensing zone method. This method is based on the detection of changes in
electrical impedance as particles pass through an aperture tube immersed in
the electrolyte solution [295]. Platelets were counted using a 50 um aperture
and sizing inclusion threshold was set to count particles between 1.789-3.856
pum. Three consistent and consecutive measurements of the samples were

taken, an average of the readings were used as the sample concentration and

50



PRP and/or WP were then diluted to 250,000 platelets/pL using Tyrode’s salt

solution.

3.3. Cell culture
A number of human cancer cell lines from different origins: lung carcinoma

(A549 cells); cervix adenocarcinoma (HeLa cells); colorectal adenocarcinoma
(HT-29 and SW-480 cells) and breast ductal carcinoma (HCC-1954 cells), were
obtained from the European Collection of Authenticated Cell Cultures (ECACC)
or the American Type Culture Collection (ATCC). Cells were cultured, following
their recommendations as monolayers in T-75 culture flasks at 37 °C and in a
humidified atmosphere of 5% of CO2. A549 cells were cultured in advanced
DMEM / F12 medium (Gibco, USA); SW-480 and HCC-1954 in RPMI (Gibco,
USA); HT-29 in McCoy’s medium (Sigma, UK) supplemented with (7.5 % wi/v)
sodium bicarbonate (Sigma, UK) and HelLa cells in DMEM (Sigma, UK). Media
were supplemented in all cases with 10% foetal bovine serum (FBS) and 1% of
L-glutamine (both from Sigma, UK) and replaced 2-3 times a week with fresh
media. Sub-culturing was performed when cells in the flask were approximately
80% confluent.

For TCIPA experiments, cells where first detached from the flasks using 7mM
EDTA in Ca*? and Mg*? free Dulbecco’s Phosphate Buffer saline (DPBS)
(Sigma, Ireland) and centrifuged at 300 xg for 5 minutes. Afterwards, cells were
washed with Tyrode’s salt solution (Sigma, Ireland), centrifuged once again and
resuspended in 500 pL-1mL of Tyrode’s salt solution, Cells were kept on ice
until performing TCIPA experiments. Cell concentrations were determined using
a Beckman Coulter Z1 series Coulter Counter (Labplan, Ireland) and diluted,
using Tyrode’s solution, to obtain a final concentration of 1,000; 2,000; 4,000 or
10,000 cells in 500 pL (final volume required to run aggregation experiments by

light transmission aggregometry).
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3.4. Light Transmission Aggregometry (LTA)
Platelet aggregation was studied using an eight-channel PAP-8E Platelet
Aggregometer (Biodata Corporation, USA). This methods for looking at platelet
function is based on the principles and technique first described by Born in 1962
[296]. Platelet aggregation is determined by the amount of light passing through
a stirring (900 rpm) suspension of platelets, while they are stimulated by a
platelet agonist, and detected by a photocell on the other side of the cuvette
(figure 3-1), PPP and Tyrode’s salt solution are used as blanks and therefore
considered as 100% of aggregation for PRP and WP; respectively.
To examine the potential effect of different compounds tested during the course
of this project on platelet aggregation, the compounds of interest were first
incubated with platelets at 37 °C for at least 2 minutes under stirring and then
their effects recorded for at least eight minutes by the software provided with
the device following the addition of a platelet agonist.
The platelet agonists used in this study included: collagen (Labmedics, UK), ADP,
thromboxane analogue U1333961 (Biosciences, UK), arachidonic acid (Bio data
corporation, USA) and serotonin (Sigma, UK). For tumour cells induced platelet
aggregation, TCIPA was initiated by adding cancer cells at various
concentrations to the WP suspension and monitored by the software until a
plateau was reached.
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Resting Platelets Platelets + agonist

Light - Light ---

Photocell
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— Unaggregated platelets

== aggregated platelets
Figure 3-1: Schematic illustration of light transmission aggregometry. When an agonist is added to a
platelet suspension and platelets aggregate, the amount of light that passes through the cuvette and that is

detected by the photocell increases. This is reflected by the aggregometer’s software as a drop in the trace
that it is correlated with the percentage of aggregation.
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3.5. Cytotoxicity assay

When the compounds tested inhibited platelet aggregation and to verify that the
changes observed during LTA were indeed due to their effect of platelet
function and not to a potential lytic effect, a CytoTox-ONE™ Homogeneous
Membrane Integrity Assay (Promega, USA) was performed. This is a
fluorometric based assay that indirectly measures the amount of lactate
dehydrogenase (LDH) released from damaged cells and that could therefore be
used to measure ‘potential platelet lysis’ induced by the compounds if toxic to
platelets. The percentage of cytotoxicity (related, in this particular case, with
platelet lysis) was determined following the manufacturer’s instructions and

calculated using the following equation:

Experimental—culture medium background

% of cytotoxicity = , ,
maximal LDH release—culture medium background

Equation 1: Percentage of cytotoxicity. Experimental: WP incubated in the presence of the compounds
to be tested. Culture medium background: Tyrode’s salt solution. Maximal LDH release (normalised as

100%): WP in the presence of lysis solution supplied with the assay.

The assay was performed for each compound in triplicate for each donor and

with at least three independent blood donors.

3.6. Optical microscopy
To corroborate the effect of the compounds tested on platelet function, platelet
aggregates and tumour cell-platelet aggregates formed during LTA were further
visualised using a BX51M Olympus Microscope (Olympus corporation, Japan).
Platelet samples were fixed following the experiments with 2%
paraformaldehyde under stirring conditions for 30 minutes at 37 C° and
afterwards, samples mounted on slides using a Cytospin™ 4 Cytocentrifuge
(Thermo Shandon,UK) at 1500 rpm for 10 minutes. Slides were visualized
under the microscope using 5x, 10x and 50x objectives and photomicrographs

captured with a digital camera.
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3.7. Immunoblotting

3.7.1. Sample preparation

Platelet samples for immunoblotting were prepared following the incubation of
platelet suspensions with the compounds of interest for the required incubation
time. Afterwards, samples were pelleted by centrifugation (13,000 rpm for 15
minutes) at 4°C. The pellet re-suspended in extraction buffer (Life technologies,
USA) containing 1X protease inhibitor cocktail (Thermo scientific, USA), and
sonicated on ice for three seconds twice. Samples were centrifuged once again,
and the resultant supernatants kept at -20°C until further used.

Cancer cells samples were prepared by growing HCC-1954, SW-480 and A549
cells in 6 wells plates (seeding density 0.4 x 10° cells/well) and incubated with
IFN-y (Sigma, UK) and/or Epacadostat (Bioscience, UK) in FBS free medium for
48 hours. After incubation, cells monolayers were washed twice with phosphate
buffer saline (PBS) (Thermo fisher, UK) and scrapped in the presence of 200-
300 pL extraction buffer (Life technologies, USA) containing 1X protease
inhibitor cocktail (Thermo scientific, USA) per well and transferred into sterile
Eppendorf tubes. Samples were then sonicated twice on ice (for 10 seconds
each) with 20 seconds interval and centrifuged at 13,000 rpm for 20 minutes at
4 °C. Supernatant was collected and stored at -20 °C until performing the

electrophoresis.

3.7.2. Protein quantification

Total protein concentration in each sample was determined using bradford
assay (Biorad, Ireland) following the manufacturer instructions. Briefly, serial
dilutions of bovine serum albumin (BSA) from 25 pug/mL to 400 pg/mL were
prepared for the standard curve and absorbance at 595 nm measured using a
Fluorstar Optima microplate reader (BMG Labtech, Germany). The total protein
concentration for each sample was calculated then from the standard curve by

linear regression.
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3.7.3. Electrophoresis

After protein quantification, 18 pL of each sample containing an equal amount
of protein (25-50 pg) were mixed with 6 pL of 4X loading buffer, vortexed and
heated at 72 °C for 10 minutes using a thermomixer (Fisher, USA). The
denatured protein samples were then loaded into sodium dodecyl sulphate-
polyacrylamide electrophoresis gels (SDS-PAGE) (Appendix 2) and subjected
to 150 V for 60-90 minutes. A molecular weight protein ladder (Biorad, Ireland)
was loaded in every gel to monitor the progression of the samples during
electrophoresis. After protein separation by electrophoresis, gels were washed
in ice-cold towbing transfer buffer at room temperature for 30 minutes and
proteins transferred to polyvinylidene fluoride (PVDF) membranes using a semi-
dry transfer system (Bio-Rad, Ireland) at 22 V for 40 minutes. Afterwards,
membranes were blocked with 5% bovine serum albumin (BSA) in tris-buffered
saline (TBS) with 0.05% Tween 20 (TBST) for 60 minutes under continuous
agitation to prevent antibody unspecific binding. Membranes were then washed
three times (5 minutes each) with TBST and incubated with the relevant primary
antibody overnight at 4 °C. PVDF membranes were washed once again to
remove unbound antibody and incubated with the relevant secondary antibody
for 60 minutes at room temperature. Finally, membranes were washed, and
peroxidase activity detected using Immobilon Western Chemiluminescent
Horseradish Peroxidase (HRP) substrate (Millipore, USA). The expression of
the protein of interest was quantified later on by densitometry analysis using a
ChemiDoc Documentation System (Bio-Rad, Ireland). To confirm equal amount

of protein loaded for each sample, B-actin was always used as internal control.

3.7.4. Protein expression detection

For AhR receptor detection whole platelets lysate was prepared and subjected
to electrophoresis in 8% acrylamide ge Anti AhR antibody (Santacruz, USA)
used to detect AhR receptor.

Non-phosphorylated and phosphorylated VASP at serine 238 and serine 157
was investigated using 10% acrylamide gel. 50ug of platelet protein were
loaded in each lane and phosphorylated VASP was determined at 49 KD using
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anti-phosphorylated VASP 238 and anti-phosphorylated VASP 157 (LSBio,
USA). Non phosphorylated VASP was investigated at 46 KDa using VASP
antibody (Santacruz, USA). SNAP 250 uM used as positive control for VASP
phosphorylation at serine 238 [297] while forskolin 4 pM as positive control for
VASP phosphorylation at serine 157 [56]. The percentage of phosphorylated
VASP was calculated by dividing the intensity of the bands of phosphorylated
VASP measured by densitometry by its corresponding total VASP
(phosphorylated plus the non-phosphorylated VASP).

Primary antibody against indoleamine dioxygenase (IDO) (Abcam, UK), which
detects the induced IDO protein expression at 50KDa was used to investigate
IDO induction in A549, SW-480 and HCC-1954 cell samples using 8%
acrylamide gel.

3.8. Flow cytometry
The abundance of activated GPIIb/llla and P-selectin receptors on the surface
of platelets in the presence and absence of kynurenine (250 uM -1 mM) was
investigated to corroborate the inhibitory of kynurenine on platelet aggregation
induced by collagen 4 pg/ml and TCIPA induced by 2000 cell/mL. Kynurenine
was incubated with PRP (250,000 platelets/pL) for at least 2 minutes under
stirring at 37 °C in the aggregometer prior to platelet activation with collagen or
in the presence and absence of ODQ 10 uM. For TCIPA, kynurenine (100-500
UM) was incubated with WP for at least 2 minutes prior to induction of TCIPA by
2000 cell/mL of A549 or HCC-1954. Percentage of platelet aggregation was
continuously monitored and once the traces reached 50% of the maximal light
transmission, 10uL of PRP for every sample was taken from the cuvette and
placed in an Eppendorf tube with 0.25ug of the correspondent antibody :
monoclonal FITC conjugated mouse anti-human PAC-1 antibody and PE
conjugated mouse anti human CD62P antibody (Biosciences, UK) for
measuring both, GPIIb/llla and P-selectin expression respectively. Samples
were then diluted with physiological saline (five-fold dilution) and incubated in
the dark for 5 minutes. Finally, samples were diluted once again with
physiological saline (five-fold dilution) and analysed by a BD ACCURI C6
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(Biosciences, UK). Resting platelets and platelets activated with collagen in the
absence of kynurenine were used as controls.

The instrument was set up to measure size (forward scatter), granularity (side
scatter) and fluorescence (FITC: excitation 480nm and emission 530 and PE:
excitation 488 and emission 590). Antibody binding was measured by analysing
individual platelets for fluorescence (10,000 events). A two-dimensional analysis
gate of forward and side scatter was drawn so as to include single platelets and
exclude platelet aggregates and microparticles. The mean fluorescence
intensity was determined after correction for cell autofluorescence. For each
sample, the fluorescence was analysed using a logarithmic scale using the BD-
Accuri software and expressed as a percentage of control fluorescence in

arbitrary units.

3.9. Intraplatelet cGMP and cAMP measurement
Intraplatelet cGMP and cAMP were determined using enzyme-linked
immunosorbent assay (ELISA) kits (Genie, Ireland) following manufacturer
instructions. Briefly, 1 mL of PRP was incubated with 3-isobutyl-1-
methylxanthine (IBMX) (1 mM) for 10 minutes prior to incubation with
kynurenine (500 uM and 1 mM) for 2 minutes in the presence or absence
Ocollagen and ODQ (Sigma, Germany). SNAP (Sigma, Germany) is a nitric
oxide donor and was used as a positive control for activation of sSGC enzyme by
NO. Afterwards, platelets were pelleted by centrifugation at 3,000 rpm for 10
minutes at 4 °C, hydrolysed in 300 puL of 0.1 M HCI, centrifuged at 1000 xg for
10 minutes at 4 C°. and cGMP and cAMP concentration measured in the
supernatants.
Standards and samples from three independent blood donors were tested in

duplicate.
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3.10. HPLC
High Performance Liquid Chromatography (HPLC) was used to quantify the

concentration of tryptophan and kynurenine in culture media samples by
reverse-phase HPLC method using an Alliance HPLC System from Waters
equipped with vacuum degasser; UV and fluorescence wavelength detectors.
Luna C18 column (250 mmx4.6 mm, 5 ym) was used for the analysis at 40°°.
Separation was carried out using mobile phase consists of 15 mM acetate
buffer (pH 4) and acetonitrile (95:5, v/v) at a flow rate of 1 mL/min and 100 pL
injection volume.

Kynurenine was detected by the UV detector at 360 nm whereas tryptophan was
detected by the fluorescence detector at excitation wavelength of 254 nm and
emission wavelength at 404 nm. Retention time of kynurenine was 6.4 minutes,

and 11.9 minutes for tryptophan.

3.10.1. Kynurenine measurements
A standard curve was constructed using seven standard concentrations from

1,000 nM to 3.9 nM of kynurenine by serial dilution. The mean peak area of at
least 3 independent experiments was calculated by linear regression (table 3-1
and figure 3-2). The regression slope and standard deviation were used to
obtain the limit of detection (LOD) and the limit of quantification (LOQ) resulting
in 4.5 nm and 13.7 nm respectively:

Limit of Detection (LOD)= (3.3xSD) / Slope = (3.3x22.67) / 16.46 = 4.5 nM
Limit of Quantification (LOQ)= (10xSD) / Slope = 13.7 nM
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Kynurenine Concentration (nM) Mean peak area
1,000 16493.66667
500 8249.166667
250 4159.833333
125 2085.5

62.5 1090.166667
31.25 517.3333333
15.7 225.27537
Standard deviation (SD) 22.67

Slope 16.46
Correlation Coefficient 1

Table 3-1:Mean peak area of Kynurenine standard (1,000-15.7nM). Data represent the mean of at least
three experiments carried out on different days.
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Figure 3-2: Standard curve for measuring kynurenine concentrations by HPLC. Representative graph
showing the linear regression relationship between kynurenine concentration (nM) (1000-31.25nM)
and the peak area obtained for each concentration.
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To determine the accuracy of the method, six replicate standard solutions of
kynurenine (at 1 uM) were prepared and analysed using the proposed method.
The relative standard deviation (% RSD) for peak responses was calculated
and found to be less than 2.0% (table 3-2)

INJECTION INTRA DAY INTER DAY

1 16504.5 16504.5

2 16576 16400.5

3 16400.5 16576

4 16504.5 16795

5 16564 16391

6 16445 16580

RSD % 0.40957543 0.900090078

Table 3-2: Relative standard deviation (RSD) of six kynurenine (1uM) replicates on interday and intraday

intervals.
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3.10.2. Tryptophan measurements
Standard curves were constructed using standard concentrations of tryptophan

from 1,000 nM to 3.9 nM of by serial dilution. The mean peak area was blotted
versus concentrations for calculating tryptophan concentration by linear
regression (table 3-3 and figure 3-3). Slope and standard deviation were used to
quantify the limit of detection (LOD) and the limit of quantification (LOQ).

Tryptophan Concentration (nM) Mean
Peak area
1000 2161122
500 1118247.5
250 578235.5
125 294172
62.5 154902.5
31.25 80450
15.625 40050
7.8 24760
39 11330
Standard deviation 12620
Slope 2196
Correlation coefficient 0.9997

Table 3-3: Mean peak area of Tryptophan standards (1,000-3.9nM) of at least three experiments on

different days.

Tryptophan Linearity

2500000
y =2195.9x + 14405 .

2000000 R*=0.9997

1500000
$ 1000000
o
- e
® 500000
Q
o =

o &8
0 200 400 600 800 1000 1200

Tryptophan Concentration (nano-Molar)

Figure 3-3: Linear regression relationship of Tryptophan concentrations (nM) (1000-3.9nM) and the

mean peak area
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To determine the accuracy of the method, six replicate standard solutions of
tryptophan (1 uM) were prepared and analysed using the proposed method. The
relative standard deviation (% RSD) for peak responses was calculated and it
was found to be less than 2.0% (table 3-4)

INJECTION INTRA DAY INTER DAY
1 2178673 2161122

2 2170148 2167312

3 2165063 2174410.5
4 2169561 2261022.5
5 2162139 2262459

6 2160105 2259586
RSD % 0.309736407 2.11

Table 3-4: The relative standard deviation (RSD) of six Tryptophan (1uM) replicates on interday and

intraday intervals

Limit of detection (LOD)= (3.3xSD)/ Slope = (3.3x12620) /2196 = 18.96 nM
Limit of Quantification (LOQ)= (10xSD)/Slope = (10x12620)/2196= 57.46 nM

3.11. Statistical analysis
Data from at least three independent experiments were analysed using
GraphPad Prism 5 software (GraphPad Software, La Jolla, CA, USA). All
means are reported with standard deviation. Paired Student’s t-tests, one-way
analysis of variance (ANOVA) followed by Dunnett's or Tukey multiple
comparisons post-test were performed as appropriate. Statistical significance

was considered at P < 0.05.
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4. Results and discussion

4.1. Effect of kynurenine on platelet function

The main and first aim of this research was to investigate the potential role of
kynurenine on platelet function. For this purpose, platelets first incubated with
various kynurenine concentrations (25uM-1mM) for two minutes and response
to platelet agonists measured by LTA. Different agonists that have different
potencies and act through different pathways were used to induce platelet
aggregation on PRP and/or WP. The physiological adults’ plasma concentration
of kynurenine is about (1.5-2.5uM) while the induced plasma concentration
during sepsis approximately (2.4-5.2uM)[298]. However, supraphysiological
concentrations of kynurenine and platelet ‘s agonists were used during the
course of this study to confirm the potency of kynurenine in modulation of

platelet function.

4.1.1. Thromboxane analogue (U46619)
Thromboxane analogue act through the G protein—coupled thromboxane
receptor(TP) on the platelet surface activating Gg and G12/G13 pathways [27].
The thromboxane analogue U46619 (1 uM), which is the same concentration
used by other researchers to induce platelet aggregation [299],was used to
induce platelet aggregation in PRP and WP preincubated for 2 minutes with
increasing concentrations of kynurenine (from 25 uM up to 1 mM) using LTA.
Kynurenine inhibited platelet aggregation induced by U46619 in a concentration
dependent manner in both PRP and WP, as shown in figures 4-1 and 4-2.
Note: dimethyl sulfoxide (DMSO) was used as vehicle for kynurenine, therefore
the effect of this solvent was also tested in all experiments at the relevant or

maximum volume used due to its potential effect on platelet function [300].
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Figure 4-1: Effect of kynurenine on thromboxane analogue (U46619) induced platelet aggregation.
Representative traces from light transmission aggregometer showing that kynurenine inhibits platelet
aggregation induced by U46619 in a concentration dependent manner in (A) Washed platelets and (B)
Platelet Rich Plasma. Representative micrographs from optical microscopy (C) showing Resting platelets ,
Platelet aggregation induced by U46619 and the effect of kynurenine at 1 mM and 500 pMon platelet
aggregation induced by U46619 (5X objective). The light grey areas represent resting platelets and the

darker areas (blue arrows) platelet aggregates.
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Figure 4-2: Effect of kynurenine on thromboxane analogue (U46619) induced platelet aggregation.
Statistical analysis showing that kynurenine (Kyn) inhibited platelet aggregation induced by the
thromboxane analogue (U46619) in washed platelets (WP) (A) and platelet rich plasma (PRP) (B). Data is
represented as mean + SD; n=4; One-way ANOVA & Dunnett's Multiple Comparison Test. *** P < 0.001; **

P < 0.01 vs Control (WP or PRP).
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4.1.2. Arachidonic acid
Arachidonic acid (AA) is the precursor of TXAz by the action of the
cyclooxygenase (COX-1) and thromboxane synthase enzymes [27, 222].
Incubation of WP and PRP with kynurenine also resulted in inhibition of AA-
induced platelet aggregation (figures 4-3 and 4-4). Aspirin 1 mM was used as a

positive control for COX-1 inhibition in this set of experiments [301].
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Figure 4-3: Effect of kynurenine on arachidonic acid- induced platelet aggregation.

Representative traces from light transmission aggregometry showing that kynurenine inhibits platelet
aggregation induced by arachidonic acid in a concentration dependent manner in washed platelets (A) and
platelet rich plasma (B)
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Figure 4-4: Effect of Kynurenine on arachidonic acid induced platelet aggregation.

Statistical analysis. Kynurenine inhibited arachidonic acid- (7.65 pM) induced platelet aggregation in
washed platelets (WP) (A) and arachidonic acid- (1.53 mM) induced platelet aggregation in platelet rich
plasma (PRP) (B). Aspirin 1mM was used as a positive control as inhibitor of arachidonic acid- induced
platelet aggregation. Data is presented as mean + SD, One-way ANOVA & Dunnett's Multiple Comparison
Test; n=4; *** P<0.001, **P<0.01 VS Control (PRP and/or WP).
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4.1.3. Adenosine diphosphate (ADP)

ADP induces platelet aggregation acting on P2Y1 and P2Y12 G-protein coupled
receptors on platelets surface and activating Gq and Gi proteins [15, 16].
Kynurenine significantly inhibited ADP(10uM)- induced platelet aggregation in
PRP (figures 4.5 and 4.6).

Kynurenine 500pM Kynurenine 250pM
o |

Figure 4-5: Effect of kynurenine on ADP- induced platelet aggregation. (A) Representative traces from
light transmission aggregometer in platelet rich plasma (PRP). Kynurenine inhibited platelet aggregation
induced by ADP 10uM in a concentration dependent manner. (B) Micrographs from optical microscopy
showing the effect of Kynurenine on ADP- induced platelet aggregation in PRP (10X objective). The light

grey areas correspond to non-aggregated (resting) platelets and the darker areas to platelet aggregates
(blue arrows).
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Figure 4-6: Effect of Kynurenine on ADP- induced platelet aggregation. Statistical analysis.
Kynurenine (from 25uM tolmM) inhibited ADP-10uM induced platelet aggregation in platelet rich plasma.
Data is presented as mean + SD; One-way ANOVA & Dunnett's Multiple Comparison Test; n=6; ***
P<0.001, **P<0.01 VS control (PRP).

4.1.4. Serotonin
Both, kynurenine and serotonin, derived from tryptophan [81] and an increased
tryptophan metabolism into kynurenine limits the synthesis of other tryptophan
metabolites including serotonin [302] [96]. It is know that serotonin (5-HT) has
the ability to enhance the aggregating response of platelets to platelet agonists
such as ADP [303]. In this set of experiments serotonin, at 10 uM in PRP and
50 uM in WP was used, as previously described in the literature, to induce
platelet aggregation [304, 305]. However, the percentage of platelet aggregation
obtained using those concentrations was very limited (as shown in figure 4.7)
and therefore, higher concentrations (up to 200 uM) were also tested.
Unfortunately, platelet aggregation induced by serotonin at higher
concentrations was not consistent and not reproducible. Similar results have
been also obtained by other researchers in the past [303]. Therefore, those
experiments were not pursued further as it was considered not appropriated to

evaluate the potential effect of kynurenine under these circumstances.
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Figure 4-7: Effect of serotonin on platelet aggregation. Representative traces from light transmission

aggregometry showing no effect of serotonin (50uM) on washed platelets (A) and serotonin (1-10uM) on

platelet rich plasma. Collagen 4 pg/mL used as positive control for testing platelets reactivity.
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4.1.5. Collagen
Collagen is a potent activator of platelet aggregation. It works by binding to the
platelet glycoprotein receptor GPVI and integrin receptor GPla/lla and activates
different signalling pathways that result in platelet aggregation [13, 14].
Collagen 4 pg/mL was used to induce platelet aggregation in both WP and
PRP. Kynurenine (25 pM-1 mM) pre-incubated for 2 minutes with WP and PRP
significantly inhibited collagen-induced platelet aggregation in a concentration-
dependent manner (figures 4.8, 4.9 and 4.10).
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Figure 4-8: Effect of kynurenine on collagen- induced platelet aggregation. Representative traces
from light transmission aggregometry showing that Kynurenine inhibits platelets aggregation induced by
collagen 4 pg/mL in a concentration- dependent manner in platelet rich plasma (A and B) and washed
platelets (C).
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Figure 4-9: Micrographs from optical microscopy (5X objective) showing the effect of kynurenine on
platelet aggregation induced by collagen. The light grey areas correspond to non-aggregated (resting)

platelets and the darker areas to platelet aggregates (red arrows)
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Figure 4-10: Effect of kynurenine on collagen- induced platelet aggregation Statistical analysis.
Kynurenine (25-1000uM) inhibited collagen- induced platelet aggregation in washed platelets (WP) (A) and
platelet rich plasma (PRP) (B). Data is presented as mean + SD of n=6 experiments. One-way ANOVA &
Dunnett's Multiple Comparison Test. *** P<0.001 VS Control (WP, PRP).
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4.1.6. Effect of kynurenine on the expression of platelet receptors
To confirm further the inhibitory effect of kynurenine on platelet’s function, the
expression of activated GPIIb/llla and P-selectin on platelets surface was
measured by flow cytometry. The expression of the activated integrin GPIIb/llla,
which is responsible for the cross bridging of activated platelets by
fibrinogen[36, 37], was significantly decreased in platelets incubated with
kynurenine when compared to platelets incubated with the vehicle and
stimulated with collagen. In fact, kynurenine downregulated the expression of
activated GPIIb/llla in a concentration dependent manner as shown in figures 4-
11 and 4-12A. Kynurenine also downregulated the surface expression of P-
selectin as shown in figures 4-11 and 4-12B, thus kynurenine seems to stabilise
platelet granules and prevent the release and translocation of P-selectin

receptors to the platelet surface following platelet activation by collagen.
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Figure 4-11: Representative gates from flow cytometry showing the effect of kynurenine on platelet
expression of GPIIb/llla and P-selectin. Shifting of platelets population from left lower (LL)quadrant to
right lower (RL) quadrant, indicates increased GPIIb/llla expression while shifting from left lower(LL)
quadrant to left upper (LU) quadrant indicates higher P-selectin expression.
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Figure 4-12: Effect of kynurenine on platelet expression of GPIIb/llla and P-selectin by flow
cytometry. Statistical analysis showing a significant decrease of activated GP lIb/llla (A) and P-selectin
(B) receptors expression by kynurenine (100 uM- 1 mM-) in response to collagen 4 pg/mL. Results were
compared to the number of receptors present of platelets stimulated with collagen that were considered as
100% of expression. Data is presented as the mean + SD; n=4; One-way ANOVA and post Tukey’s test.
*** P < (0.001; ** P <0.01 vs collagen.

It was demonstrated for the first time that kynurenine was able to inhibit platelet
aggregation induced by a wide range of platelet agonists, the next steps in this
research were focused on investigating further this phenomenon to elucidate

the potential mechanism of action of kynurenine on human platelets
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4.2. Potential mechanisms of action of kynurenine on human
platelets

4.2.1. Kynurenine and the aryl hydrocarbon receptor.
Having found that kynurenine can inhibit collagen, ADP, AA- and thromboxane
analogue (U46619)- induced platelet aggregation in a concentration dependent
manner, and because kynurenine is an AhR receptor agonist, the following step
was to find out if kynurenine could exert its effect through the AhR receptor.
However, platelets are unnucleated and AhR genomic pathway may not be the
proper pathway through which kynurenine exerted its effect. Also, AhR non
genomic pathway involve elevation in AA and COX activity in platelets causing
platelet aggregation [306].
First, immunoblotting was performed using an anti AhR antibody (Santacruz,
USA) to demonstrate the presence of AhR in platelets. As shown in figure 4-13
AhR was expressed in human whole platelet lysate of four independent blood
donors which is in agreement with the results previously obtained by Pombo et
al [306] and Lindsey et al [307]
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Figure 4-13: Immunoblotting showing the expression of AhR receptor (100KD) in platelets. Washed
platelets from four donors analysed in 8% acrylamide gel using semidry transfer to PVDF membrane. 50ug
of protein was loaded per lane. B-actin was used as protein-loading control.

It was proposed that if kynurenine was able to modify platelet function through
AhR receptor , other AhR agonists might exert the same effect as kynurenine
and inhibit platelet function and AhR receptor antagonists may attenuate
inhibitory effect of kynurenine. Based on these assumptions, three different
compounds were tested for their potential ability to modulate platelet function:
(a) 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a potent AhR ligand, and(b) 6-
formylindolo [3, 2-b] carbazole (FICZ), a highly selective AhR ligand, [1, 4] were
first used to examine if they would exert any inhibitory effect on platelet function
and (3) 6,2',4'-trimethoxyflavone (TMF), a selective AhR antagonist [5] was
used to investigate if the inhibitory effect of kynurenine on platelets could be
affected.

4.2.2. Effect of FICZ on collagen-induced platelet aggregation
FICZ is a photoproduct of tryptophan and a highly selective AhR receptor
agonist [308]. Preincubation of WP and PRP with FICZ (100 nM) for 2 minutes

had no effect on platelet response to platelet aggregation induced by collagen
at 4 pyg/mL (Figure 4-14).

76



% of aggregation

100 100-
I I c
80- O 804
®
60 g 60
o
404 o 40
“6 20-
20- X
0- : 0
5\ D
Q N
A& c:\/
XY N
N <
~\0

Figure 4-14: Effect of FICZ on collagen-induced platelet aggregation. Statistical analysis. FICZ did
not modify platelets response to collagen after 2 minutes of incubation with washed platelets (WP) (A) and
platelet rich plasma (PRP) (B). Data is presented as the mean + SD of four independents experiments.
One-way ANOVA (P > 0.05)

4.2.3. Effect of TCDD on collagen-induced platelet aggregation
The halogenated aromatic hydrocarbon TCDD is a potent AhR ligand [134] .
TCDD was used at 10, 20, 40 and 62 nM to examine its effect on platelets in the
presence of collagen at 4 pg/mL. Incubation of WP and PRP for 2 minutes with
TCDD at the concentrations tested did not modify the effect of collagen on

platelet aggregation (figure 4-15)
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Figure 4-15: Statistical analysis of the effect of TCDD on collagen-induced platelet aggregation.
TCDD did not affect platelets response to collagen 4 pg/mL after 2minutes incubation with washed
platelets (WP) (A) and platelet rich plasma (PRP) (B). Data is presented as mean + SD; n=4; One-way
ANOVA (P > 0.05)

4.2.4. Effect of TMF on collagen-induced platelet aggregation
TMF is classified as a pure AhR receptor antagonist [136]. TMF at 10 uM
incubated for 2 minutes with WP and PRP did not induce platelet aggregation
and did not modify the effect of collagen on platelet aggregation as shown in
figure 4-16.
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Figure 4-16: Effect of TMF on collagen-induced platelet aggregation. TMF showed no effect on
collagen-induced platelet aggregation after 2 minutes of incubation with washed platelets (WP) (A) and
platelet rich plasma (PRP) (B). Data is presented as the mean + SD; n=4 (WP); n=6 (PRP). One-way
ANOVA (P > 0.05)
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At the concentrations tested, neither AhR agonists nor AhR antagonist
significantly induced or inhibited collagen-induced platelet aggregation when
human platelets where preincubated for a period of time up to 2 minutes.
However, Lidsey et al, have recently shown that platelets from AhR null mice
had impaired aggregation in response to collagen, but not to thrombin and ADP
when compared to wild type. The group proposed a role of the AhR in collagen
signalling pathway as platelets from the AhR null mice showed a drastic
downregulation of Vavl and Vav3, which interfere with PLC-y2 activation;
reducing Racl activation and consequently, platelet activation [307]. Although,
TMF pre-incubated with human platelets did not show any abnormal response
to collagen, one would argue that it is not expected that TMF would block the
AhR receptor completely or would interfere with Vavl or Vav 3 expression
within such a short period of time.

ADP acts through P2Y1 and P2Y12 surface receptor activating Gq and Gi
proteins leading to activation of PLC- (Gq), inhibition of adenyl cyclase [31,
32] and activation of PI3K through activation of B/y-complex [309]. Kim et al
found that, in zebrafish thrombocytes, TCDD 10nM activated cytosolic src-
family kinase (c-src) and signalled the activation of Akt and ERK1/2 involved in
generation of TXA2. Furthermore, they also observed that ADP was able to
activate AhR in the absence of TCDD and that ADP potentiated TCDD effect
[310].

Therefore, we next sought to examine the effect of AhR agonists and antagonist

in ADP-induced platelet aggregation.

4.2.5. Effect of FICZ and TCDD on ADP-induced platelet

aggregation
In this set of experiments, FICZ (100 nM) and TCDD (10, 20, 40 and 62 nM)

preincubated for 2 minutes in PRP did not cause any significant change in

platelets response to 10 uM of ADP as shown in figure 4-17.
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Figure 4-17: Statistical analysis of the effect of FICZ and TCDD on ADP-induced platelet
aggregation. (A) Effect of FICZ 100 nM.(B) Effect of TCDD. Data is presented as the mean + SD, One-
way ANOVA (P > 0.05)

Pumbo et al have previously found that the preincubation of AhR agonists
(TCDD up to 1 nM and Omeprazole up to 100 nM) for 1 hour with human PRP
primed platelets to SFLLRN 10uM (thrombin analogue) and induced
phosphorylation of P38 MAPK and its downstream effector PLA2 which
mediates the movement of AA from the plasma membrane to the cytosol in
platelets through the AhR non-genomic pathway [306].

Therefore, and to exclude the possibility that the AhR agonists used in our study
might need longer incubation times to exert their effect, PRP was incubated in
the presence and absence of TCDD and FICZ at the same concentrations that
previously tested but for up to 60 minutes, and platelet aggregation induced by
ADP 10 uM and monitored by LTA.
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Figure 4-18: Statistical analysis of the effect of incubation over-time of FICZ and TCDD on ADP-
induced platelet aggregation. FICZ 100 nM (A); TCDD 10 nM (B); TCDD 20 nM (C); TCDD 40 nM (D);
TCDD 62nM (E)and DMSO (F). Data is presented as mean + SD; n=5; One-way ANOVA & Dunnet post-
test; *** P < 0.001, ** P < 0.005, * P < 0.05 vs platelet rich plasma (PRP).

As shown in figure 4-18, preincubation of platelets for longer periods of time
with FICZ, TCDD and DMSO (vehicle) resulted, most of the times, in a
significant inhibition of ADP-induced platelet aggregation when they were
incubated with the platelet suspension for 15 minutes or longer. However, when
the inhibitory effect of the AhR agonists was compared to the effect of the
vehicle (DMSO), incubated for the same periods of time, no significant
differences were found (figure 4-19). It has been previously reported in the
literature that the use of 0.5% of DMSO strongly inhibits shear stress-induced
adhesion of human platelets. Additionally, DMSO seems to enlarge the lag
phase and decrease the maximal aggregation response of human platelets in
response to AA but not to ADP, collagen, epinephrine and ristocetin [311]. Ju-
Ye et al have found that 0.5% of DMSO inhibited collagen-induced rat platelet
aggregation after 30 minutes of incubation [300]. However, in our hands and
under our experimental conditions, lower concentrations of DMSO (0.2%)
inhibited ADP-induced platelet aggregation after 15 minutes of incubation. In

fact, although it is widely recognized that the use of more than 0.5% of DMSO
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can affect platelet aggregation, to our knowledge, nobody has previously
reported that lower concentrations of DMSO could affect human platelet
function after incubations time of 15 minutes or longer. Therefore, the use of
alternative solvents needs to be considered and tested if long periods of

incubation are required.
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Figure 4-19: Statistical analysis of the effect of DMSO on ADP- induced platelet aggregation. The
effect of TCDD (10, 20, 40 and 62 nM) and FICZ 100 nM preincubated for 15 minutes on ADP-induced
platelet aggregation compared to vehicle (DMSO). Data is presented as mean + SD; n=5; One-way
ANOVA (P > 0.05)

4.2.6. The effect of TMF on ADP-induced platelet aggregation
TMF at 10uM exhibited significant inhibition of ADP- (10uM) induced platelet
aggregation when PRP was incubated with the compound from 2 to30 minutes
independently to the effect that DMSO could exert during the incubation time as
shown in figures 4-20, 4-21 and 4-22. In this case, it can be suggested that the
inhibitory effect of TMF might be due to an effect on P2Y1 and/or P2Y12
activation pathways but not on GPVI or GPla/lla pathway as TMF inhibited
ADP- but not collagen- induced platelet aggregation.
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Figure 4-20: Effect of TMF on ADP-induced platelet aggregation. (A) TMF significantly inhibited
platelet aggregation induced by ADP when TMF (10 pM) was preincubated from 2 minutes with platelet
rich plasma (PRP) prior to addition of ADP (10 uM). Data is presented as mean + SD; n=5; One-way
ANOVA & Dunnett post-test; *** P <0.001 vs PRP. (B) Representative micrographs (10X objective)
showing the effect of TMF 10uM incubated for 2 minutes on ADP induced platelet aggregation. The light
grey areas represent non activated platelets and the darker areas (blue arrow) correspond with platelet

aggregates.
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Figure 4-21: Statistical analysis of the effect of incubation overtime of DMSO (vehicle) and TMF
with platelet rich plasma in ADP-induced platelet aggregation. TMF significantly inhibited ADP-
induced platelet aggregation compared to the vehicle (DMSO) when incubated for 15 and 30 minutes (A
and B; respectively) with P=0.0288 and 0.0484; respectively. No significant inhibition was observed with
TMF 10 puM after 60 minutes of incubation (P=0.0589). DMSO was normalised as the percentage of
platelet aggregation to 100% PRP aggregation induced by ADP. Data is presented as mean + SD;
n=5.Student paired t-test. *P < 0.05 vs PRP (DMSO).
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Figure 4-22: Light transmission aggregometry traces showing the effect of 2 minutes incubation
time of TMF (10uM) and DMSO on ADP- (10uM) induced platelet aggregation. TMF 10uM inhibited

platelet aggregation in the presence of ADP when compared to DMSO
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In summary, AhR receptor does not seem to be involved in the inhibitory effect
of kynurenine on platelet function since AhR agonists tested had no effect on
ADP- nor on collagen- induced platelet aggregation when the compounds
where incubated with platelets up to 60 minutes. However, the AhR receptor
antagonist (TMF) significantly inhibited ADP- induced but not collagen- induced
platelet aggregation after two minutes incubation time.

Next, the platelet response to both agonists (ADP and collagen) after the
incubation of platelets with AhR agonists (FICZ and TCDD) and the AhR
receptor antagonist (TMF) prior to the addition of kynurenine was also

evaluated using LTA to confirm any synergism or antagonism at AhR receptor

4.2.7. Effect of kynurenine in PRP pre-incubated with TMF in the
presence of collagen or ADP

Taking into account that kynurenine could exert its action through the AhR
receptor in platelets, the AhR receptor antagonist TMF, was foreseen to
antagonise to some extent the effect of kynurenine in platelet function. Platelets
stimulation with ADP (10 uM) resulted in a significant increase of the inhibitory
effect of kynurenine (25 uM to 250 uM) when TMF 10 uM was preincubated
with platelets for 2 minutes. However, no significant differences in platelet
response to kynurenine were observed in the presence or absence of TMF
when collagen (4 pg/mL) was used to induce platelet aggregation as shown in
figure 4-23.
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Figure 4-23: Effect of collagen and ADP on platelets preincubated with TMF 10uM and Kynurenine.
(A) Statistical analysis on platelet rich plasma (PRP) stimulated with collagen 4 pg/ml. Data is presented
as the mean + SD; n=6; One-way ANOVA & Tukey'’s post-test. (B) Statistical analysis showing the
synergistic effect of TMF 10 uM in PRP stimulated with ADP 10 pM. Data is presented as the mean + SD;
n=6; One-way ANOVA & Tukey’s post-test. *** P < 0.001; ** P < 0.01 vs PRP (C) Representative
aggregometer traces showing the effect of 10 uM TMF and Kynurenine (25, 50 and 100 pM) in PRP in the
presence of ADP 10 pM.

86



4.2.8. Effect of FICZ and TCDD preincubated with kynurenine in
PRP stimulated with collagen or ADP.
To evaluate the potential effect of the co-incubation of AhR agonists with
kynurenine of platelet function, platelets were incubated with FICZ 100nM and
TCDD 62nM and kynurenine (from 25 uM to 1mM) and stimulated with collagen
or ADP. AhR agonists did not modify the inhibitory effect of kynurenine on
platelet aggregation as shown in figure 4-24.
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Figure 4-24: Effect of TCDD and FICZ on the inhibitory effect of Kynurenine in collagen and ADP
induced- platelet aggregation. (A)Statistical analysis showing no significant effect of TCDD 62 nM on the
inhibitory effect of kynurenine on platelet rich plasma (PRP) stimulated with collagen 4pg/mL. (B)
Statistical analysis showing no significant effect of TCDD 62 nM on the inhibitory effect of Kynurenine on
PRP stimulated with ADP. (C) Statistical analysis showing no significant effect of FICZ 100 nM on the
inhibitory effect of Kynurenine on PRP stimulated with collagen (D) Statistical analysis showing no
significant effect of FICZ 100 nM on the inhibitory effect of Kynurenine on PRP stimulated with ADP10uM.
Data is presented as the mean £ SD; n=5; One-way ANOVA (P > 0.05).
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To confirm that Kynurenine, FICZ, TCDD, TMF and DMSO at the
concentrations used were not toxic to platelets, and to corroborate their effect
on platelets a cytotoxicity assay based on LDH detection was carried out.
Washed platelets were incubated with the highest concentration of the
compounds for at least 15 minutes and the amount of LDH measured and
compared with the amount of LDH obtained in resting platelets. None of the

compounds exhibited significant platelets toxicity as shown in figure 4-25.
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Figure 4-25: Cytotoxicity assay.Effect of Kynurenine, FICZ, TMF, TCDD and DMSO on platelets.
Statistical analysis showing that Kynurenine, FICZ, TMF, TCDD and DMSO have no cytotoxic effect on
washed platelets (WP) when incubated for 15 minutes. Results were compared to 100% cytotoxicity. Data

is presented as the mean + SD; n=4; One-way ANOVA (p > 0.05).
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From those results and despite kynurenine is considered as an AhR receptor
agonist, it doesn’t appear that kynurenine could inhibit platelet aggregation
through AhR receptor since:

1. Preincubation of platelets with the AhR receptor antagonist (TMF) did not
attenuate the inhibitory effect of kynurenine on platelet aggregation induced by
collagen but induced, instead, a synergistic effect when ADP was used.

2. Incubation of platelets with highly selective and potent AhR receptor agonists
(FICZ and TCDD) did not show any inhibitory effect similar to Kynurenine on

platelets when they were stimulated with collagen or ADP.

4.3. Does Kynurenine act through a platelet surface receptor
or intraplatelet compartment?

Kynurenine might exert its effect through other platelet’s membrane or cytosolic
receptor but not AhR as shown by the previous experiments. To investigate this
hypothesis further, PRP was incubated with kynurenine for 15 minutes and
tested for collagen 4pg/mL induced platelet aggregation. Afterwards, WP was
prepared from the kynurenine incubated PRP and tested for collagen induced
platelet aggregation to investigate the effect of washing step on the inhibitory
effect of kynurenine compared to the effect of kynurenine incubated with PRP
Although kynurenine inhibited collagen-induced platelet aggregation in PRP
washing of platelets resulted in abolishing the inhibitory effect of kynurenine on

collagen induced platelet aggregation as shown in figure 4-26.
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Figure 4-26:Statistical analysis of the effect of collagen on washed platelets (WP) prepared from
kynurenine treated platelet rich plasma (PRP) after 45 minutes of incubation. The inhibitory effect of
kynurenine preincubated with platelet rich plasma on collagen-induced platelet aggregation reverted after
the preparation of WP from Kynurenine treated PRP. Data is presented as mean + SD; n=4; student t-test.

*** P < 0.001 vs control,

Based on this finding, it could be deducted that kynurenine may be acting
through a platelet surface receptor as its effect decreased dramatically after the
“‘washing process”. However, this observation deserved further investigation as
kynurenine may be transported inside platelets to exert its action or it may be a
short acting molecule working at platelet surface or at intraplatelet level. To the
best of our knowledge no information is available in the literature about how
kynurenine transport takes place in platelets. However, it is known that platelets
exhibit uptake mechanisms for several amino acid neurotransmitters such as
serotonin, tryptophan, y-aminobutyric acid (GABA), glutamate, aspartate and
glycine resemble those of the central nervous system [312, 313]. Kynurenine
has been shown to be transported by large neutral amino acid transporters
(LAT) which are subdivided into four subfamilies, LAT1 (SLC7A5), LAT2
(SLC7A8), LAT3 (SLC43A1) and LAT4 (SLC43A2) associated with Na+-
independents L-system in rat astrocytes [314]. Kynurenine is also transported
across the T-cell membrane by the SLC7AS. Solute carriers’ protein (SLCs)
which comprises different types of carriers for a huge spectrum of substrates
including nutrients such as inorganic ions, sugars, amino acids, nucleotides and
vitamins, as well as drugs has been also identified in platelets [315]. The 2-

aminobicyclo-(2,2,1)- heptane-2-carboxylic acid (BCH) compound has been

90



shown to inhibit almost completely all members of LAT family at concentrations
higher than 10 mM [316] and it has shown to completely inhibit kynurenine
uptake in astrocytes [317].

4.4, Kynurenine platelet uptake study
For kynurenine uptake studies, Tyrode’s solution containing BCH (25 mM) was
used to prepare WP and the effect of Kynurenine (250 uM and 1 mM) on
collagen- induced platelet aggregation investigated by LTA. BCH had no effect
on platelet aggregation induced by collagen. However, the inhibitory effect of
1mM Kynurenine was not affected by the presence of BCH, BCH significantly
reduced the inhibitory effect of 250 uM Kynurenine after 120 minutes of
incubation(figure 4-27 and 4-28).
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Figure 4-27: Representative traces from light transmission aggregometry showing the effect of

BCH 25mM on the inhibition of collagen induced platelet aggregation by kynurenine when
incubated for 60 minutes (A) and 120 minutes(B).
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Figure 4-28: Effect of BCH on kynurenine inhibitory effect.. BCH incubated for 2 hours with washed
platelets (WP) reverted the inhibitory effect of Kynurenine 250uM on collagen-induced platelet
aggregation. Data is presented as mean = SD; n=4; student paired t-test * P < 0.05.
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As BCH supressed the inhibitory effect of kynurenine 250uM but not kynurenine
1mM, it seemed reasonable to suggest that kynurenine needs to be transported
by LTAs to exert its inhibitory effect and that it may not work through a platelet
surface receptor. The variability in response to BCH could be due to
involvement of more than one mechanism of transport by SLC, as many of the
SLC proteins function by facilitating passive diffusion along the concentration
gradient of the substrate or by co- and counter-transport following the
concentration gradient of another solute [313]. In astrocytes, concentrative
transport of kynurenine may occur by counter- transport of endogenous free
amino acids [317] such as intracellular glutamine or other endogenous L system
substrates [318].

More transport studies need to be done to confirm the uptake of kynurenine by
platelets, such as identification of intraplatelet concentration of kynurenine after
incubation, transporters that could be involved in kynurenine uptake; and the

use of potential inhibitors of such transporters.

4.5. Potential relationship between nitric oxide and
kynurenine.

4.5.1. Our first hypothesis.
Oxidative arginine and tryptophan metabolism in IFNy-primed mononuclear
phagocytes are functionally related as both exogenous and endogenous NO
inhibits IDO activity and decrease kynurenine production, whereas inducible
nitric oxide synthase activity and NO production can be induced by picolinic acid
and inhibited by 3-Hydroxy anthranilic acid, which enhance haem oxygenase
enzyme, both of them are kynurenine metabolites [139, 319, 320]. The L-
arginine /NO pathway is reported to be present in platelet and include both, the
constitutive and the inducible forms of the nitric oxide synthase (NOS) enzyme
[61].
Therefore, a relationship between NO and kynurenine, through which
Kynurenine could exert its inhibitory effect on platelets, was hypothesised here
(figure 4-29).
It was proposed that kynurenine or its metabolites could activate NOS and

increase NO production which a well-known and potent physiological inhibitor of
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platelet function [61]. The proposed relationship between kynurenine and NO
may involve a mechanism by which NO inactivates IDO and prevents the
conversion of tryptophan to kynurenine as a negative feedback mechanism.
Kynurenine might directly activate NOS or might support NOS activity by
increasing the bioavailability of the NADPH co-enzyme (through the
nicotinamide adenine dinucleotide (NAD) formed along the kynurenine
metabolic pathway) as shown in figure 4-29, although it is worth to note that
platelets have limited ability for de-novo protein synthesis [321]

Figure 4-29: Proposed relationship between nitric oxide and kynurenine. Kynurenine may activate
nitric oxide synthase (NOS) enzyme or nicotinamide dinucleotide (NAD*) may increase nitric oxide
synthase activity by increasing the availability of NADPH. As a negative feedback mechanism, nitric oxide
(NO) would oxidise heme in the indoleamine dioxygenase (IDO) enzyme leading to its inactivation and,
therefore, to a decreased kynurenine production. NOS: nitric oxide synthase; NO: nitric oxide; sGC: soluble
guanylyl cyclase; cGMP: cyclic Guanosine monophosphate; PKG: cGMP dependent protein kinase, IDO:
indolamine dioxygenase; KMP: kynurenine metabolic pathway, NAD: nicotine adenine dinucleotide.

Red arrows: Inhibition. Green arrows: activation.

A series of experiments were designed to investigate the potential effect of
kynurenine on NOS. Platelets were preincubated with inhibitors of NOS or the
downstream soluble guanylyl cyclase enzyme (sGC) through which NO exerts
its inhibitory effect on platelet aggregation:
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1. L-NG-Nitroarginine methyl ester (L-NAME) was used to inhibit NOS in
platelet prior to platelets incubation with kynurenine to find out if Kynurenine
could act as a NOS activator.

2. 1H-[1,2,4] oxadiazolo [4,3-a]quinoxalin-1-one (ODQ) was used to inactivate
platelet’s soluble guanylyl cyclase (sGC) which is downstream of NO and
responsible for the conversion of guanosine 5’-triphosphate (GTP) into cyclic
guanosine 3’,5’-monophosphate (cGMP), activating cGMP dependent protein
kinase (PKG) [322] .

4.5.2. Effect of kynurenine on L-NAME treated platelets
WP were preincubated with L-NAME (100 puM) for 10 minutes and then
stimulated with collagen (4 pg/mL) after 2 minutes of incubation with kynurenine
(100 puM-1 mM).
Incubation of platelets with L-NAME did not modify the inhibitory effect of
kynurenine on platelet aggregation (figure 4-30) suggesting that kynurenine
does not exert any effect on the basal activity of NOS in platelets (as
exogenous L-arginine and NADPH that are required for maximal activity of NOS

were not added to the platelet suspension) [61]
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Figure 4-30 : Effect of kynurenine on L-NAME treated platelets. L-NAME showed no significant effect
on washed platelets preincubated with kynurenine and activated by collagen. L-NAME was incubated for
10 minutes and Kynurenine for 2 minutes. Data is presented as mean + SD; n=4; One-way ANOVA &
Tukey’s post-test. ***P<0.001 vs control (WP).

4.5.3. Effect of Kynurenine on platelet’s soluble guanylyl cyclase
Although, the possibility of basal NOS activation by kynurenine could be rule
out, the downstream effect of NO needed to be investigated next. As ODQ
counteracts the effect of NO and NO donors in platelets by inhibition of sGC
enzyme activity [323], WP were preincubated for 10 minutes with ODQ (10 uM)
prior to the addition of increasing concentrations of Kynurenine (100 uM to
1mM). Platelet aggregation was then induced with collagen (4 pg/mL) after at
least 2 minutes of incubation with the tryptophan metabolite. Surprisingly, ODQ
failed to suppress the inhibitory effect of kynurenine at any of the concentrations
tested but significantly enhanced kynurenine 100 uM inhibitory effect (figure 4-
31)
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Figure 4-31: Effect of Kynurenine on ODQ treated platelets. ODQ 10uM resulted in significant
enhancement of Kynurenine100 uM inhibitory effect on platelet aggregation induced by collagen. ODQ
was incubated for 10 minutes and Kynurenine for 2 further minutes with washed platelets (WP) prior to
addition of collagen. Data is presented as mean + SD; n=4; One-way ANOVA; Tukey’s post-test. ##pP <
0.001 vs control (WP); and student paired t-test * P < 0.05.

4.5.4. Effect of ODQ on platelet expression of GPIlIb/llla and P-
selectin

Flow cytometry was performed to corroborate the effect of ODQ (10 puM) on
platelet function. ODQ was preincubated for 10 minutes with platelets prior to
incubation of kynurenine for 2 minutes and induction of platelet aggregation by
collagen. Kynurenine (250-1mM) caused a significant downregulation of
activated GPIIb/llla and P-selectin expression in the presence and absence of
ODQ. In addition, downregulation of the activated GPIIb/llla by Kynurenine 250
UM was enhanced in the presence of ODQ but had no significant effect on P-
selectin expression as shown in figure 4-32 and figure 4-33. More experiments
may be needed to decrease the high standard deviation accompanied the effect
of kynurenine on platelet expression of GPIIb/llla and P-selectin.
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Figure 4-32: Effect of ODQ on platelet's expression of activated GPIIb/llla and P-Selectin. Statistical
analyses showing the effect of ODQ 10 pM and kynurenine on platelet expression of GPlIb/llla (A) and P-
selectin (B) in platelets stimulated with collagen 4ug/mL. Data is presented as mean + SD; n=4; One-way
ANOVA; Tukey’s post-test and paired t-test; * P < 0.05, ##P <0.001 vs collagen, ***P<0.001 vs collagen.
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Figure 4-33: Representative gates from flow cytometry showing the effcet of ODQ on collagen

induced platelet aggreation in the presence of kynurenine. Shifting of platelets population from left

lower quadrant (LL) to right lower quadrant (LR) indicates increased GPIIb/llla expression while shifting

from left lower quadrant (LL) to left upper quadrant (UL) indicates higher P-selectin expression.
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Guanylyl cyclase enzymes catalyse the conversion of GTP to cGMP and exists
in two forms: the membrane-bound and the cytosolic soluble form [324, 325].
The membrane-bound guanylyl cyclase consist of homodimers or highly
ordered structures that can be stimulated by a variety of peptide, while the
soluble guanylyl cyclase (sGC) consists of two different subunits, designated a
and 3, with a prosthetic heme moiety attached to the B subunit (figure 4-34)
[326].

H-NOX PAS CcC Cyclase
1 67 277 405 470 690
| | 251 l 386 | 458'
| | I
a
B
| L | 308
1 8l 208 B 345 410 619

Figure 4-34:Soluble guanylyl/guanylate cyclase (sGC) domain structure. sGC proteins are dimeric
since the active site forms at the interface of two catalytic domains, one from each subunit. Each sGC
subunit is composed of four recognizable domains—a heme-domain (H-NOX), a Per-ARNT-Sim (PAS)
domain, a coiled-coil signaling helix (CC), and a cyclase domain—that are fused together into a single

polypeptide chain of 600—700 amino acids[326]

The sGC enzyme is stimulated by NO by binding to the enzyme’s prosthetic
heme group containing the reduced (Fe?*) heme-moiety, and inducing
conformational changes that lead to up 200-fold increase the catalytic activity of
the enzyme [327, 328].

In the presence of an intact heme-moiety, sGC is a constitutively active enzyme
that induces the formation of cGMP from GTP in basal conditions. NO and NO
donors cannot activate the enzyme when it is heme-free [329] or when the
heme-moiety is oxidized (Fe3+) [330]. The latter occurs following oxidative
stress, caused by reactive oxygen and nitrogen species, or by the effect of the
ODQ used in this project that oxidises the heme—moiety of the enzyme [331-
334]. However, Cinaciguat (BAY 58-2667), a compound developed by Bayer, is
known to activate both, the oxidized heme and the heme-free sGC but not the
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reduced haem for by binding to the sGC heme pocket on the B-subunit

mimicking the heme group (figure 4-35) [335, 336].

Nitric Oxide

BAY 58-2667 (cinaciguat), a
blood pressure—lowering agent

capable of selectively activating
the oxidized or heme-free form
of sGC via binding to the

enzyme’s heme binding site

sGC ODQ oxidizes heme in sGC
Heme containing enzyme making it unresponsive to NO
(Reduced iron)

sGC
Heme containing enzyme
(Oxidized iron)

sGC
Heme Free enzyme

Figure 4-35: Activation of soluble guanylyl cyclase by nitric oxide and BAY58-2667. ODQ inhibits NO
induced activation of sGC by oxidizing the heme moiety in the enzyme so it becomes refractory to NO.
BAY 58-2667 activates the heme free and the oxidized heme forms of the enzyme. Red arrow: inhibition.

Green arrows: activation

Wang et al described in their work that kynurenine activated the heme-
containing and heme-free purified rat SGC with equal efficacy and also activated
the oxidised-heme sGC in porcine coronary arteries, while NO only activated

the reduced heme-containing enzyme [102].
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4.5.5. updated hypothesis.
Taking together the literature findings described above and the results obtained

during the course of this research (enhancement of the inhibitory effect of
kynurenine on platelet aggregation by ODQ), it seems reasonable to suggest
that kynurenine may have the ability to activate, not only the reduced heme
form but also the oxidised-heme and heme free forms of SGC enzyme in

platelets to exert its inhibitory action as shown in figure 4-36.

Oxidize heme containing enzymes

‘/ \‘
:.\ /—

activates sGC

NADP

NADPH

Figure 4-36: Updated proposed relationship between nitric oxide and Kynurenine. Kynurenine may

activate soluble guanylyl cyclase and increase cGMP level. Nitric oxide (NO) can oxidize heme in
indoleamine dioxygenase (IDO) enzyme leading to its inactivation and, therefore, decreased Kynurenine
production as negative feedback. NOS: nitric oxide synthase; NO: nitric oxide; sGC: soluble guanylyl
cyclase; cGMP: cyclic Guanosine monophosphate; PKG: cGMP dependent protein kinase, IDO:
indolamine dioxygenase; KMP: kynurenine metabolic pathway, NAD: nicotine adenine dinucleotide. Red

arrows: Inhibition. Green arrows: activation.

To investigate the ability of kynurenine to activate both the reduced and the
oxidised form of sGC in platelets, downstream of sGC activation (shown in

figure 4-37) were investigated by measuring intraplatelet cGMP levels and

phosphorylation of the VASP protein in the presence of kynurenine [51]
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Figure 4-37: Downstream of soluble guanylyl cyclase enzyme(sGC). Activation of reduced form sGC
by NO or NO- donor (SNAP) or oxidised form sGC by MGV354 results in elevation of cGMP level,
activation of cGMP-dependent protein kinase (PKG) and subsequent VASP phosphorylation at serine 238.
cAMP can be elevated by activation of adenylyl cyclase (AC) by forskolin or by inhibition of
phosphodiesterase enzyme Il (PDE IIl) by cGMP leading to activation of cAMP- dependent protein kinase
which phosphorylate VASP protein at serine 157. AC: Adenylyl cyclase; cAMP: cyclic adenosine
monophosphate; PKA: cAMP-dependent protein kinase; sGC: soluble guanylyl cyclase; cGMP: cyclic
guanosine monophosphate; PKG: cGMP-dependent protein kinase; VASP: vasodilator stimulated

vasoprotein.

4.5.6. Activation of platelet sGC

Effect on intraplatelet cGMP
Kynurenine (500 uM and 1 mM) incubated at least for 2 minutes with PRP
caused a significant increase in intraplatelet cGMP in the absence and
presence of collagen (4ug/mL) with no significant differences were observed
among the concentrations tested (figure 4-38). S-nitroso-N-acetylpenicyllamine
(SNAP 250uM) was used as positive control for activation of the reduced heme
form sGC and caused a significant increase in cGMP level.
To examine the ability of kynurenine to activate the oxidised heme form of the
enzyme which is refractory to NO, ODQ (10 uM) was preincubated for 10
minutes to oxidise haem moiety the enzyme in platelets prior to the addition of
Kynurenine (500 uM and 1 mM) and cGMP levels measured in the presence

and absence of collagen (4pg/mL). As expected, ODQ inhibited sGC activation
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induced by SNAP and significantly reduced intraplatelet cGMP concentration
induced by SNAP (figure 4-39). However, kynurenine activated the oxidized
sGC enzyme and significantly increased cGMP levels with significant difference
between kynurenine concentrations tested.

Kynurenine showed greater activation of sGC when the enzyme in the oxidised
form than in the reduced form as supported by the significant increase of cGMP
levels when the iron status changed from the reduced (Fe*?) to the oxidised
form (Fe*3) by the action of ODQ as shown in figure 4-40. Those results are in
concordance with those obtained by Wang et al when investigating the vascular

relaxation effect of kynurenine on porcine coronary arteries [102].
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Figure 4-38: Effect of kynurenine on intraplatelet cGMP when sGC in the reduced heme form.
Statistical analysis showing the effect of kynurenine (1 mM and 500uM) on intraplatelet cGMP in the
absence and presence of collagen, A and B; respectively. Data presented as mean + SD; n=3; One- way
ANOVA,; Tukey’s post-test ***P< 0.001 VS control ** P<0.01, *** P<0.001
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Figure 4-39: Effect of kynurenine on intraplatelet cGMP when sGC in the oxidised heme form.
Statistical analysis showing that kynurenine significantly increasing intraplatelet cGMP in non-activated (A)
and collagen 4pg/mL activated(B) platelets in the presence of ODQ 10uM while SNAP has no significant
effect. Data presented as mean + SD; n=3; One- way ANOVA; Tukey’s post-test ***P< 0.001 VS control
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Figure 4-40: Activation of reduced and oxidised heme moiety of sGC by kynurenine. Statistical
analysis showing that kynurenine causes higher activation of oxidised heme form of sGC compared to the
reduced form. Data presented as mean + SD; n=3; One-way ANOVA; Tukey’s post-test *P< 0.05
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4.5.7. Activation of platelet adenylyl cyclase
Effect on intraplatelet cAMP

Kynurenine (250 uM to 1 mM) incubated at least for 2 minutes with PRP caused
a significant increase in intraplatelet cAMP in non-activated (figure4-41A) and
collagen (4ug/mL) activated (figure 4-41B) platelets with significant differences
between kynurenine 250uM and kynurenine 1mM. However, this effect on
cAMP could result from activation of AC enzyme by kynurenine or due to
inhibition of PDE3 by cGMP.
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Figure 4-41: Effect of kynurenine on intraplatelet cAMP. Statistical analysis showing that kynurenine
increased platelet cAMP concentration. Data presented as mean + SD; n=3; One-way ANOVA; Tukey’s
post-test *P< 0.05 ** P<0.01 ***P< 0. 001.
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4.5.8. Phosphorylation of VASP by kynurenine
Immunoblotting was used to investigate whether activation of sGC enzyme and
elevation of intraplatelet cGMP by kynurenine results in activation of cGMP
dependent protein kinase (PKG) and VASP phosphorylation at serine 238 as
downstream of the enzyme activation. Since cGMP has the ability to inhibit
phosphodiesterase 3 and therefore, to increase cAMP with the subsequent
activation of cCAMP-dependent protein kinase (PKA) which phosphorylates
VASP at serine 157 [337], VASP phosphorylation at serine 157 was also
investigated.
Incubation of platelets with kynurenine induced VASP phosphorylation at both
serine 238 (figure 4-42) and serine 157 (figure 4-43) in concentration dependent
manner. The effect of DMSO was also tested for its ability to induce VASP
phosphorylation (at the concentration used as kynurenine vehicle). DMOSO did

not phosphorylate VASP at any of those sites as shown in figure 4-44.
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Figure 4-42: VASP phosphorylation (at serine 238) by Kynurenine. (A) Representative immunoblotting
showing VASP phosphorylation at serine 238 (49 KD) by kynurenine (1 mM-250 pM). (B) Statistical
analysis of the densitometry analysis showing VASP phosphorylation at serine 238 by Kynurenine 1mM,
500uM and 250uM. SNAP 250uM was used as positive control. Data is presented as mean + SD; n=3;
One-way ANOVA & Tukey's post-test. *** P < 0.001 VS control (stirring” #** P < 0.001, ** P < 0.01.
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Figure 4-43: Effect of Kynurenine on platelet VASP (at serine 157) phosphorylation. (A)
Immunoblotting showing VASP phosphorylation by kynurenine (1mM-250uM) at serine 157 at (49 KD) (B)
Statistical analysis from the densitometry analysis showing a significant VASP phosphorylation at serine
157 by Kynurenine 1mM, 500uM and 250uM. The percentage of phosphorylated VASP was calculated to
the correspondent total VASP. Forskolin 4uM was used as positive control. Data is presented as mean +
SD; n=3; One-way ANOVA & Tukey’s post-test. *** P<0.001 VS control (stirring).
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Figure 4-44; Effect of Kynurenine vehicle (DMSO) on VASP phosphorylation. Immunoblotting showing
that DMSO has no effect on platelet VASP phosphorylation at serine 238 (A) and at serine 157 (B)

compared to Kynurenine (ImM-250uM) and the positive controls (SNAP and Forskolin). 50ug of platelet
protein loaded in each lane. (n=3).

The phosphorylation of VASP at serine 238 indicates that Kynurenine can
activate the reduced form sGC, in a concentration dependent manner, as the
NO donor (SNAP) can only activate the reduced form of the enzyme.
Kynurenine also phosphorylated VASP at serine 157 which might happen as a
result of PDES3 inhibition by cGMP leading to cAMP elevation or by activating
the platelet adenylyl cyclase enzyme as both result in PKA activation and VASP

phosphorylation at serine 157.

To investigate if Kynurenine activation of the oxidised form sGC induces VASP
phosphorylation at serine 238 and whether VASP 238 phosphorylation by
Kynurenine is PKG dependent and not by other mechanisms such as by protein
kinase C [338], ODQ (10uM) was used to oxidise the heme moiety of the
platelet enzyme prior to platelet incubation with Kynurenine. Rp-8-CPT-cGMP
(500uM) is a potent cGMP-dependent PKG inhibitor with no effect on cAMP-
dependent protein kinase or the cGMP-regulated phosphodiesterase (PDE)
activity. Rp-8-CPT-cGMP has the ability to antagonise SNAP- induced
activation of PKG and subsequent VASP phosphorylation [339, 340] [297, 337].
To examine if VASP phosphorylation at serine 157 induced by kynurenine was
secondary to PDE3 enzyme inhibition by cGMP or due to the direct activation of
the adenylyl cyclase (AC) enzyme, the adenylate-cyclase enzyme inhibitor SQ-
22,536 (100uM) was also used. Since VASP phosphorylation at serine 157 can
occur in PKA dependent mechanism [337] or by other mechanisms [338], the
PKA-inhibitor (Rp-cAMP 100uM) [341] was also incubated with platelets prior to

platelet incubation with Kynurenine (figure 4-45). All enzymes and protein
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kinases inhibitors were incubated for at least 10 minutes with WP prior to
Kynurenine (1 mM) incubation for 2 minutes and were examined separately in

each pathway for VASP phosphorylation by immunoblotting.

5Q 22536 obQ

¥

-+
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cGMP

cAMP-Rp » PKA PKG‘ Rp-8-pCPT-cGMP

VASP(Serine 157) VASP(Serine 239)

Figure 4-45: Diagram showing soluble guanylyl cyclase(sGC) inhibitor (ODQ) and adenylyl
cyclase(AC) inhibitor (SQ 22536) enzymes ; and the correspondent protein kinases inhibitors (RP-
8-Pcpt-cGMP) and (Rp-cAMP) ; respectively. AC: adenylyl cyclase; cAMP: cyclic adenosin
monophosphate; PKA: cAMP-dependent protein kinase; VASP: vasoactive stimulating protein; sGC:
soluble guanylyl cyclase; cGMP: cyclic guanosine monophosphate; PKG: cGMP- dependent protein

kinase

4.5.9. Effect of sGC inhibitor and PKG inhibitor on Kynurenine
VASP 238 phosphorylation

ODQ 10uM incubated for 10 minutes caused a significant reduction of SNAP
induced VASP phosphorylation by oxidizing heme moiety in sGC which become
insensitive to the effect of NO and NO-donors [330, 331]. However, ODQ
enhanced VASP phosphorylation by Kynurenine indicating that Kynurenine
could activate the oxidized heme form of sGC with more affinity toward the
oxidised haem form than to the reduced heme form of the enzyme as
demonstrated by the significant differences in VASP phosphorylation when the

enzyme haem moiety was oxidized by ODQ and shown in figure (4-46).
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The PKG inhibitor, Rp-8-CPT-cGMP 500uM, caused a significant reduction of
both, SNAP and Kynurenine VASP phosphorylation at serine 238 (figure 4-46)
indicating that VASP 238 phosphorylation by Kynurenine is PKG dependent.
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Figure 4-46: Effect of ODQ and cGMP inhibitor on SNAP and Kynurenine induced VASP
phosphorylation at serine 238. (A) Representative Immunoblotting showing that ODQ 10uM inhibited
SNAP 250uM VASP phosphorylation but enhanced Kynurenine VASP phosphorylation. Rp-8-pCPT-cGMP
500pM inhibited both SNAP and Kynurenine induced VASP phosphorylation. B-actin was used as loading
control. (B) Statistical analysis of the densitometry analysis of the effect of ODQ and cGMP inhibitor on
SNAP and Kynurenine induced VASP phosphorylation at serine 238. ODQ 10uM and Rp-8-pCPT-cGMP
500pM significantly reduced SNAP 250uM induced VASP phosphorylation at serine 238. Rp-8-pCPT-
cGMP 500uM significantly reduced Kynurenine induced VASP phosphorylation. Data is presented as
mean + SD; n=3; One way ANOVA & Tukey’s post-test ***P<0.001 VS control (stirring), # P<0.05 , ##
P<0.01 ### P<0.001. The percentage of phosphorylated VASP was calculated to the correspondent total
VASP.
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4.5.10. Effect of AC and PKA inhibitors on Kynurenine induced VASP
phosphorylation at serine 157.

SQ- 22,536 (100 uM) was used to examine if kynurenine was able to
phosphorylate VASP at serine 157 by acting as AC activator or by another
mechanism that could lead to increasing cAMP level by cGMP; for example, by
PDE-3 inhibition. Rp-cAMP (100uM) was used to examine whether Kynurenine
induced VASP phosphorylation at serine 157 was PKA dependent. Forskolin
phosphorylates VASP at serine 157 in cAMP dependent mechanism, therefore,
it was used as control at 4uM. As expected, both SQ-22,536 and Rp-cCAMP,
significantly inhibited forskolin induced VASP phosphorylation at serine 157 as
shown by Rukoyatkina et al [342]. When kynurenine 1 mM was incubated with
platelets in the presence of SQ-22,536 and Rp-cAMP, VASP phosphorylation at
serine 157 was also significantly decreased as shown in figure 4-47 indicating
that Kynurenine increases intraplatelet cAMP by activation of the AC enzyme

and phosphorylates VASP at serine 157 in a PKA dependent mechanism
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Figure 4-47: Effect of adenylyl cyclase inhibitor and cAMP inhibitor on Forskolin and Kynurenine
induced VASP phosphorylation at serine 157. (A) Representative Immunoblotting showing that SQ-
22,536 100uM inhibited Forskolin and Kynurenine VASP phosphorylation. Rp-cAMP 100uM inhibited both
Forskolin and Kynurenine induced VASP phosphorylation. B-actin used as loading control; n=3 (B)
Statistical analysis of the densitometry analysis of phosphorylated VASP at serine 157 showing that SQ-
22,536 and Rp-cAMP significantly reduced Forskolin 4uM and Kynurenine 1mM VASP phosphorylation at
serine 157. Data is presented as the mean + SD; n=3; One-way ANOVA & Tukey’s post-test. *** P<0.001
vs control (stirring). # P <0.01## P < 0.001.

Although platelet agonists have specific mechanisms of action and follow
different signalling pathways to induce platelet aggregation, collagen, ADP,
thromboxane analogue and arachidonic acid all share a final common signalling
pathway that results in GPIIb/llla activation and P-selectin translocation to the
platelet membrane. Briefly, collagen acts through GPVI and GPla/lla leading to
the activation of PLCy which increases intraplatelet Ca*? level, PKC and Rab
activity leading to platelet shape change, degranulation and integrin activation.
ADP activates G-protein-coupled receptors, Gg and Gi, leading to activation of
PLCB and inhibition of adenyle cyclase activity culminating in a decrease of
cAMP, increase of intracellular Ca*? and Rab activity leading also to integrin
activation. Thromboxane analogue and AA act mainly through Gg and G12/G13
leading to an increase in intraplatelet Ca*? level and integrin activation. Under
the experimental conditions used in this project, kynurenine inhibited platelet
aggregation induced by all agonist tested, meaning that its mechanism of action
could be linked to any of the molecular pathways involved in platelet

activation/aggregation. There is no doubt that cAMP and cGMP are important
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players within the different pathways that regulate platelet function. Their role in
NO and prostacyclin mode of action, the most potent physiological inhibitors of
platelet aggregation, is well documented [73, 74]. They act by blocking platelet
activation mediated by , thrombin, ADP, thromboxane, collagen, von Willebrand
factor (VWF) and fibrinogen [51] controlling the release of Ca*? from intracellular
stores, G-protein activation and granule release [343, 344]. Several proteins
are phosphorylated by PKG and PKA including VASP [51]. Inositol triphosphate
receptor (IP3-R), expressed in platelets, can also be phosphorylated by PKA
and PKG [345] leading to inhibition of Ca?* release in platelets [346, 347].

During the course of this research it has been shown, for the first time, that
Kynurenine inhibits platelet aggregation and that its mechanism of action is
mediated by the activation of sGC and AC enzymes, leading to an increase in
cGMP and cAMP levels and the subsequent activation of cGMP dependent-
protein kinase (PKG) and cAMP-dependent protein kinase (PKA) (figure 4.48).
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Figure 4-48: Mechanism of action of Kynurenine on platelet aggregation. Kynurenine activates
soluble guanylyl cyclase (sGC) leading to conversion of guanosine 5’-triphosphate into guanosine 3’,5'-
monophosphate (cGMP) which in turn activates cGMP dependent protein kinase (PKG). Kynurenine also
activates adenylyl cyclase (AC) increasing cAMP level which in turn activates cAMP-dependent protein

kinase (PKA).
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4.6. Pharmacological modulation of kynurenine on collagen-

induced platelet aggregation-by PKG and PKA inhibitors.

To examine if adenylyl cyclase and guanylyl cyclase activation pathways are
the predominant pathways through which Kynurenine exerts its inhibitory effect
on platelets, enzymes and protein kinases inhibitors of each pathway were used

next in functional studies using LTA.

4.6.1. Pharmacological modulation of adenylyl cyclase- cAMP-
protein kinase A pathway.

To investigate if the pharmacological inhibition of adenylyl cyclase enzyme and
protein kinase A, individually or in combination, could attenuate the inhibitory
effect of kynurenine on collagen induced platelet aggregation. PRP pre-
incubated with adenylyl cyclase inhibitor (SQ-22,536 at 100 uM) and/or a PKA
inhibitor (Rp-cAMP at 100 uM) for at least 10 minutes in the presence and
absence of 1mM Kynurenine. Kynurenine was incubated for further 2 minutes
and platelet aggregation induced by 4 pg/mL of collagen. The results obtained
from the LTA studies showed that SQ-22,536 had no effect on the inhibitory
effect of kynurenine on collagen induced platelet aggregation. However, Rp-
CcAMP and the combination of adenylyl cyclase inhibitor and PKA inhibitor (Rp-
cAMP) significantly reduced the inhibitory effect of kynurenine on platelet
aggregation induced by collagen (figure 4-49). It has been previously reported
that inhibition of a PKA pathway partially reversed the inhibitory effect of a NO
donor on collagen-induced platelet activation [68]. Dual effect of Kynurenine on
AC and sGC may verify the ability of PKA inhibitor to attenuate the inhibitory
effect of kynurenine as activation of PKA can be performed by cGMP by
inhibition of PDE3[69] .
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Figure 4-49: Pharmacological modulation of Kynurenine activation of platelet’s adenylyl cyclase
and protein kinase A in collagen induced platelet aggregation. (A) Statistical analysis showing that
Rp-cAMP and combination of SQ-22,536 and Rp-cAMP significantly reduced the inhibitory effect of
kynurenine on collagen induced platelet aggregation. Data is presented as the mean + SD; n=3; One-way
ANOVA & Tukey’s post-test. **P<0.01, * P<0.05. (B). Representative traces from light transmission
aggregometry showing kynurenine effect in the presence of SQ-22,536 and Rp-cAMP in collagen induced

platelet aggregation in PRP.

4.6.2. Pharmacological modulation of guanylyl cyclase- cGMP-
protein Kinase G pathway.

Previous results (figure 4-32) shown that the sGC inhibitor, ODQ 10uM, failed to
reverse the inhibitory effect of kynurenine at various concentration on collagen-
induced platelet aggregation but significantly enhanced Kynurenine inhibitory
effect due to the ability of Kynurenine to activate both the reduced and the
oxidised form of sGC. Incubation of the PKG inhibitor (Rp-8-CPT-cGMP 500uM)
with PRP for 10 minutes did not modify the inhibitory effect of kynurenine 1mM
incubated for 2 minutes on collagen induced platelet aggregation as shown in
figure 4-50. It was reported by other researchers that PKG inhibitor were not
able to inhibit collagen-induced platelet aggregation [18]. The ability of
kynurenine to act through more than one pathway could limit the potential of the
PKG inhibitor to attenuate the inhibitory effect of kynurenine on collagen
induced platelet aggregation due to its interaction with PKA pathway by
phosphodiesterase’s inhibition which is upstream of PKA.
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Figure 4-50: Effect of PKG inhibitor on Kynurenine in collagen- induced platelet aggregation. (A)
Statistical analysis showing that cGMP- dependent protein kinase (PKG) inhibitor (Rp-8-CPT-cGMP
500uM) has no effect on the inhibitory effect of Kynurenine on collagen induced platelet aggregation. Data
is presented as the mean + SD; n=3; One-way ANOVA. (B) Representative traces from light transmission

aggregometry showing the effect of Kynurenine 1mM in the presence of PKG inhibitor

The major endothelium-derived inhibitors of platelet activation are nitric oxide
(NO) and prostacyclin (PGlz). PGI2 acts by stimulation of adenylyl cyclase
whereas NO activates guanylyl cyclase [5]. It has been found that vascular
endothelial cells represent a major source of IDO activity in vivo and IDO
induction was associated with an increased conversion of tryptophan to
kynurenine and vascular tone regulation [102]. Hence, it cannot be excluded
that kynurenine may represent a natural endothelial derived factor able to
modulate platelet aggregation through activation of both, adenylyl cyclase and
guanylyl cyclase. It may be that, under pathological situations such as
inflammatory and cardiovascular diseases where oxidative stress is responsible
for oxidizing the heme form of sGC making the enzyme refractory to the effect
of nitric oxide [26], kynurenine may play a key role as an alternative activator of
the enzyme. This is undoubtedly an important discovery that will certainly have
significant clinical implications and that can open the door for future novel

therapeutic approaches.
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4.7. Soluble guanylyl cyclase enzyme activators and

stimulators

4.7.1. Kynurenine pharmacophores and their potential effect on
soluble guanylyl cyclase

Two main types of compounds that modulate sGC have been identified: sGC
stimulators and sGC activators (figure 4-51). sGC stimulators are NO-
independent but heme-dependent compounds that bind to the reduced heme-
moiety to activate the enzyme. Riociguant (Ademps™) is the only sGC
stimulator currently in the market and it is approved for the treatment of
pulmonary hypertension [348].sGC activators are NO- and heme-independent
compounds as they can activate the oxidized heme-moiety or the heme-free
sGC by binding and restoring the catalytic activity of the enzyme thus having,
an additive effect in the presence of NO [348]. Since the discovery of cinaciguat
(Bay 58-2667) in 2006, only the sGC activator MGV354 is in the latter stage of
drug development to treat glaucoma [349].
Those compounds bind to two distinct sites in the sGC and, to our knowledge
no compond has been shown so far to activate both, the reduced and the
oxidized heme-groups of the enzyme[350] except kynurenine.
However, the binding site of kynurenine on the enzyme or the molecular
mechanism through which kynurenine can increase the catalytic activity of the

enzyme is still unknown.
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Figure 4-51: Structures of common soluble guanylyl enzyme activators and stimulators.
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Figure 4-52: Chemical structure of compounds that have structural and metabolic relationship with
kynurenine. The compounds structure is composed of hydrophilic aminobenzene and a hydrophobic butyl
carboxylate.

modification in kynurenine structure to increase its affinity to the reduced sGC
form and to activate the enzyme at nanomolar concentrations sought to be
made according to the structure activity relationship (SAR) of Kynurenine and

its similarity with sGC stimulators and activators. Furthermore, there is still
possibility that the observed effect of kynurenine on platelet function could be
due to any of its metabolites and need to be excluded (figure 4-52)

Therefore, the next step in this research was focused on investigating the ability
of a number of compounds to activate platelet's sGC by measuring the levels of
intraplatelet cGMP using ELISA.
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4.7.2. Effect on platelet cGMP concentration
Kynurenine, kynurenic acid, quinolinic acid, xanthurenic acid, quinaldic acid and
picolinic acid and the tryptophan metabolite melatonin, were all examined for
their potential effect on both, the reduced and the oxidised forms of sGC by
measuring the intraplatelet cGMP. 250 uM of each compound was incubated for
5 minutes with PRP in the presence and absence of OQD10uM and SNAP was
used as a positive control. The results obtained are shown in figure 4-53 and as
expected, kynurenine and SNAP significantly increased the levels of cGMP by
activating the intact (reduced heme-) form of the sGC. However, when the sGC
enzyme was oxidized following platelets incubation with ODQ, kynurenine but
not SNAP retained its ability to activate the enzyme.
Picolinic acid, was also able to activate both forms of the enzyme and
significantly increase cGMP. Picolinic acid is an end catabolite of L-tryptophan
that act as iron chelating agent and a co-inducer of NO production [351] and its
potential effect as sGC activator or stimulator has not been previously
investigated.
Quinaldic acid and melatonin increased reduced-heme sGC activity but failed to
activate the oxidized form of the enzyme.
It has been reported that melatonin, at physiological concentrations (less than 1
MM) facilitated platelet aggregation [352], whereas at concentrations higher than
10 uM, it attenuated platelet aggregation induced by collagen, ADP and
epinephrine [353, 354] by a mechanism that involves the cyclooxygenase
pathway [355].
Quinolinic acid significantly increased intraplatelet cGMP levels when the
enzyme in the oxidized but not thereduced form . Quinolinic acid is a N-methyl-
D-aspartate (NMDA) receptor agonist (neurotoxic) and its effect on platelet sGC

has not been investigated.
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kynurenic acid, kynuramine and xanthurenic acid showed no effect on platelet
cGMP.

A) B)
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Figure 4-53: Effect of compounds structurally or metabolically related to kynurenine on
intraplatelet cGMP. Statistical analysis showing the effect of the compounds when sGC is reduced form

(A) and oxidised form (B). Data are presented as the mean + SD; n=3; One-way ANOVA & Tukey’s post-
test. **P < 0.001, *P < 0.01, * P <0.05.

pharmacological effect of the compounds that caused significant increase in
cGMP level, on collagen 4pg/ml induced platelet aggregation was investigated
using LTA to investigate their effect on platelet function.

4.7.3. Pharmacological effect
To assess the effect of the compounds that caused a significant increase in
cGMP, 250uM of picolinic acid, quinaldic acid and melatonin as well as
kynuramine (despite not causing a significant increase in cGMP level but has
structural similarity with kynurenine) were incubated with PRP for 10 minutes

prior to induction of platelet aggregation by collagen 4ug/mL in LTA (figure 4-54
and 4-55).
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Results shown that melatonin and kynuramine significantly inhibited collagen
induced platelet aggregation and these results were corroborated by
micrographs from optical microscopy showing that the size of platelet aggregate
induced by collagen was considerably smaller in the presence of melatonin and
kynuramine. Melatonin concentrations higher than 10 yM, was reported to
attenuates aggregation induced by agonists like collagen, ADP and epinephrine
[352, 354, 356] by affecting cyclooxygenase enzyme. However, this effect was

not examined if it is cGMP dependent.

Despite not affecting intraplatelet cGMP, kynuramine counteracted the effect of
collagen on platelet. Kynuramine has not been tested for its effect on platelets
aggregation and such effect deserves a lot of attention and further investigation

due to the small size of kynuramine molecule.
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Figure 4-54: Effect of picolinic acid, quinaldic acid, melatonin and kynuramine on collagen induced
platelet aggregation. Statistical analysis showing the effect 250uM of picolinic acid, quinaldic acid,
melatonin and kynuramine on collagen 4ug/mL induced platelet aggregation in PRP. Data are presented
as the mean = SD; n=3; One-way ANOVA & Tukey’s post-test. **P < 0.001
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Figure 4-55: A) Representative traces from LTA showing the effect of picolinic acid, quinaldic acid,
melatonin and kynuramine on collagen induced platelet aggregation in PRP. B) Micrographs (5x) from
optical microscopy showing platelet aggregate induced by collagen in the presence of picolinic acid,
quinaldic acid, melatonin and kynuramine. Red arrows indicate platelet aggregates.

Our results indicate that the significant increase in platelet’'s cGMP was not
enough to modulate platelet function by picolinic acid and quinaldic acid.
However, melatonin which also inhibits cyclooxygenase enzyme and
arachidonic acid synthesis; and kynurenine which activates sGC and AC could
modulate platelet function.

AC-cAMP-PKA seems to be the predominant pathway for kynurenine to
modulate platelet function since PKG inhibitor could not affect the inhibitory
effect of kynurenine on collagen induced platelet aggregation while PKA
inhibitor significantly reduced the inhibitory effect of kynurenine. Furthermore,
phosphorylation of VASP at serine 157 by PKA is higher than the
phosphorylation of VASP at serine 238 by PKG. Additionally, agents that
significantly increased cGMP were not able to inhibit collagen induced platelet
aggregation.

More experiments are needed to explore the binding site of kynurenine and its
ability to activate sGC in both forms. Kynurenine analogue which retains
kynurenine effect, evades decarboxylation and in turn has longer half-life may
represent an excellent opportunity to examine kynurenine effect on platelets

and blood vessels in preclinical studies.

125



4.8. Role of kynurenine in TCIPA

Kynurenine has a potent inhibitory effect when a wide range of platelets agonists,
which act via different pathways, were used to induce platelet aggregation. The
mechanism of action of kynurenine involves increasing intraplatelet cGMP and
cAMP, leading to inhibition of platelet aggregation mediated by collagen and
ligands of G-protein-coupled receptors like ADP, thrombin, thromboxane and AA.
Kynurenine is produced by cancer cells and it plays an important role in tumour-
induced immunosuppression. However, the role of kynurenine in tumour cells

induced platelet aggregation has not been investigated.

4.8.1. Tumour cell-induced platelet aggregation (TCIPA) study

A wide range of tumour cell lines from different origins (A549, HelLa, HT-29, SW-
480 and HCC-1954) were tested, at 1000, 2000, 4000 and 10000 cells final
concentration, for their ability to induce platelet aggregation using LTA. Addition
of tumour cells to platelets suspensions resulted in platelet aggregation for all the
cell lines tested as shown in figure 4-56. Note, that it is expected that the extent
of platelet aggregation obtained does not correlate with the different
concentrations of tumour cells used since, once TCIPA is initiated, platelet
aggregation is always maximal and irreversible [251]. The lag phase instead (time
elapsing from the addition of the tumour cells to the occurrence of aggregation)
can be used as an inverse index of the aggregatory potency of the tumour cell
line tested inferring that, the shorter the lag phase, the more potent the cell line
can be considered.

A549, Hela, HT-29 and SW-480 cells caused TCIPA in a concentration
dependent manner as when the duration of the lag phase was compared to the
number of cells used to induce platelet aggregation for every cell line (figure 4-
57). Figures 4-58, 4-59, 4-60 and 4-61 are representative traces from LTA where
this difference can be observed. On the other hand, the induction of TCIPA by
HCC-1954 cells showed the same duration of the lag phase independently of the
concentration of cells used (figure 4-62). It has been previously reported that
cancer is associated with a pro-thrombogenic state that leads to platelet
activation and induction of platelet secretion which is crucial for TCIPA [357]. The
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ability of tumour cells to induce platelet secretion; called TCIPS, occurs before
TCIPA [358] and the rapid dense-granule secretion is the primary platelet
response to cancer cells that determines their lag phase and consequently their
potency [358].

When the duration of the lag phase of the different cell lines for TCIPA by 1000
cells were compared between the cell lines tested, A549 appeared to be the least
potent cell line inducing TCIPA with a lag phase of about 14 minutes (13.63+0.63)
whereas HCC-1954 was the most aggressive cell line, inducing TCIPA after less
than 3 minutes of incubation (2.17+0.29 minutes) as shown in figure 4-63.

The reduced potency of A549 to induce platelet aggregation has been also
demonstrated by other researchers [208, 359] and the lag phase duration
obtained for the other cell lines comparable to the results obtained in previous
reports available in the literature: HeLa (10+ 0.55 minutes) [360], HT-29
(7.83+0.29 minutes) [361] and SW-480 (6.000+0.82 minutes) [362]. It is not
surprising that the tumour cells tested in this research were different in their
potency to induce platelet aggregation as they may have different ability to
produce different pro-aggregatory mediators[240] or anti-aggregatory agents like
NO [118]. Cancer cells also vary in their ability to induce platelet granule release

and to interact with platelet surface receptors[251, 358]
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Figure 4-56: Effect of cell number on tumour cell-induced platelet aggregation (TCIPA) by different
cell lines. Statistical analysis showing maximal aggregation induced by A549 (A), HeLa (B), HT-29 (C),
HCC-1954 (D) and SW-480 (E). Data is presented as mean + SD; n=4; One-way ANOVA (P > 0.05)
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Figure 4-57: Effect of cell number on lag phase of tumour cell-induced platelet aggregation (TCIPA)
by different cell lines. Statistical analysis of TCIPA lag phase induced by (1000-10000 cells/500uL) of
A549 (A), HelLa (B), HT-29 (C), SW-480 (D) and HCC-1954 (E). Data is presented as mean + SD; n=4;
One-way ANOVA & Tukey’s post-test. *** P < 0.001 ** P < 0.01 *P < 0.05
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Ch Sample ID ID Humber PR

1 WP+R549 1000 89
Comment:

2 WP+R549 2000 88
Comment:

3 WP+R549 4000 89
Comnment:

4 WP+R549 10000 90
Comment:

Figure 4-58: Representative traces from light transmission aggregometer showing the differences
in the lag phase of A549-induced platelet aggregation, No difference in maximal platelet aggregation
independently of the number of cells used. Note that the time in minutes is represented at the bottom of

the graph.

Ch Sample ID ID Humb PR

1 WP+HELR 1000 68
Conment:

2 WP+HELR 2000 89
Comment:

3 WP+HELR 4000 82
Comment:

4 WP+HELA 10000 90

Figure 4-59: Representative traces from light transmission aggregometer showing the variation in
lag phase of TCIPA induced by HT-29 cells when various number of cells were used. Note that the
time in minutes is represented at the bottom of the graph. In this case 10000 cells induced platelet
aggregation after 11 minutes of incubation vs 15 minutes when 1000 cells were used.
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Ch Sample ID
1 WP +HT-29
2 WP +HT-29
3 WP +HT-29
4 WP +HT-29
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Comment:
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Figure 4-60: Representative traces from light transmission aggregometer showing the difference in

lag phase but not in maximal platelet aggregation induced by HT-29 cells when various number of

cells were tested. The time in minutes is represented at the bottom of the graph. In this particular case
10000 cells induced platelet aggregation after 10 minutes of incubation vs 15 minutes when 1000 cells

were used.
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Ch Sample ID ID Humber PR

1 WP+SW480 1000 92
Comment:

2 WP+SW480 2000 93
Comment:

3 WP+SW480 4000 93
Conment:

4 WP+SW480 10000 93

Figure 4-61: Representative traces from light transmission aggregometer showing the short lag
phase of TCIPA induced by various cell number of SW-480 colon cancer cells. The lag phase time, in
minutes, is represented at the bottom of the graph. In this particular case 10000 cells induced platelet

aggregation after 7 minutes of incubation vs 9 minutes when 1000 cells were used.

Ch Sample ID ID Humber PR

5 | HCC+WP 1000 88
Comment:

2 HCC+WP 2000 91
Comment:

3 HCC+WP 4000 93
Conment:

4 HCC+WP 10000 97
Comment:

Figure 4-62: Representative traces from light transmission aggregometer showing the potency of
HCC-1954 inducing platelet aggregation regardless of cell number used. The time in minutes is
represented at the bottom of the graph. In this particular case all number of cells induced platelet

aggregation after less than 10 minutes of incubation.
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Figure 4-63: Statistical analysis showing the differences in the duration of the lag phase induced
by 1000 cells for the different cell lines. Data is expressed as mean + SD; n=4; One-way ANOVA &
Tukey’s post-test. *** P < 0.001 vs each other.

4.8.2. Effect of kynurenine on TCIPA

To investigate the potential effect of kynurenine on TCIPA, kynurenine (100-500
uM) was incubated for at least 2 minutes with WP prior to induction of TCIPA by
A549, HelLa, HT-29, SW-480 and HCC-1954 cells (1000, 2000, 4000 and 10000
cells) and platelet aggregation monitored by LTA.

4.8.2.1. Effect of Kynurenine on A549-induced platelet aggregation

Kynurenine significantly inhibited A549-induced platelet aggregation in a
concentration dependent manner (figure 4-64) but had no effect on the duration
of the lag phase as shown in figure 4-65 and figure 4-66. DMSO, used as
kynurenine vehicle, did not exert any effect neither on platelet aggregation nor in
the duration of the lag phase induced by A549 (figure 4-67)

According to the data published in the literature, the mechanisms by which A549

cells induce platelet aggregation (figure 4-68) can involve the release of MMP-2
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[240]. In fact, the inhibition of MMP-2 by phenanthroline, a broad-spectrum MMP
inhibitor, or by anti-MMP-2 antibodies has been demonstrated to reduce TCIPA
in different cell lines [145, 363]. MMP-2 has been shown to up-regulate platelet
GPIb receptor expression and to interact with the GPIIb/llla receptor [364, 365].
In addition, adhesion of fibrinogen to GPIIb/llla receptors, that plays a pivotal role
in TCIPA, can be regulated by MMP-2 [364].

Interactions of A549 cells with platelets have also resulted in the activation of
Bruton tyrosine kinase (Btk) signalling pathway in platelets, leading to platelet
activation as demonstrated by a significant upregulation of Btk tyrosine
phosphorylation, PLCy2 activation and release of platelet granules
content(serotonin, EGF, VEGF, PDGF, and TGF[3) mediated by Galectin 3 which
is highly expressed on A549 cells [366]. Btk plays an essential role in the
modulation of platelet activation and aggregation downstream of GPVI in human
platelets leading to the activation of GPIIb/llla and P-selectin translocation [367].
Since both, the platelet integrin receptor GPIIb/llla and P-selectin play a major
role in TCIPA and our previous experiments demonstrated that kynurenine had a
dramatic effect on platelet expression of GPIlIb/llla activated and P-selectin
induced by collagen, the effect of kynurenine on those receptors in platelets

stimulated with A549 cells was next investigated by flow cytometry..

4.8.2.2. Effect of Kynurenine on platelet expression of GPIIb/llla and
P-selectin induced by A549 cells

Kynurenine (100-500 uM) was incubated for at least 2 minutes with platelets and
then TCIPA initiated by the addition of A549 (1000 cells). Flow cytometry results
confirmed the inhibitory effect of kynurenine on TCIPA as shown by the significant
differences observed on the expression of GPIIb/llla activated and P-selectin
translocation, from alpha granules to platelet surface (figure 4-69) and
represented by the flow cytometry gates in figure 4-70. Downregulation of
GPIIb/llla expression by kynurenine in TCIPA induced by A549 cells confirms the
inhibitory effect of this tryptophan metabolite during this interaction. Kynurenine
also inhibited a-granules content release, as it reduces the translocation and
expression of P-selectin which play a significant role in TCIPA and mediates

platelet adhesion to tumour cells [368]. Inhibition of P-selectin expression when
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kynurenine is incubated with platelets during TCIPA implies that kynurenine may
inhibit the release of pro-aggregatory mediators like PF4 and thrombospondin,
known to play a pivotal role in TCIPA induced by A549 [369, 370]. Furthermore,
in our previous study it was also demonstrated that kynurenine antagonises the
effect of thromboxane and arachidonic acid on platelet function and hence, it may
mitigate the effect of PGE2 and thromboxane induced by Galectin-3 in TCIPA by
A549 [244].
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Figure 4-64: Effect of Kynurenine on tumour cell-induced platelet aggregation (TCIPA) by A549
lung carcinoma cells. Statistical analysis showing that kynurenine (100-500 uM) significantly inhibited
platelet aggregation induced by A549: 1000 cells (A), 2000 cells (B), 4000 cells (C) and 10000 cells (D).
Data is expressed as mean = SD; n=4; One-way ANOVA & Tukey’s post-test. *** P < 0.001, ** P < 0.01
and *P < 0.05.
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Figure 4-65: Effect of Kynurenine on lag phase duration induced by A549. Statistical analysis
showing that kynurenine (100-500 pM) has no effect on lag phase induced by A549: 1000 cells (A),
2000 cells (B), 4000 cells (C) and 10000 cells (D) . Data is expressed as mean + SD; n=4; One-way
ANOVA & Tukey’s post-test.
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Figure 4-66: Representative traces from light transmission aggregometer showing the effect of
kynurenine 500 uM on maximal aggregation and lag phase of A549-induced platelet aggregation. The
time in minutes is represented at the bottom of the graph.
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Figure 4-67: Effect of Vehicle (DMSO) on A549 induced platelet aggregation. Statistical analysis
showing that DMSO 0.4% (equivalent to kynurenine vehicle) has no effect on maximal aggregation (A) and
lag phase (B) during A549-induced platelet aggregation. Data is expressed as mean + SD; n=4; Paired-t

test.
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Figure 4-68:Potential mechanism of TCIPA by A549. A549 induces TCIPA by mechanisms involve the
release of MMP-2 which activates platelets von Willebrand factor (GPIb) and collagen receptor (GPVI)
initiating a cascade of events leading to platelet aggregation. Tissue factor (TF) and Galectin-3 which are
associated with thrombin generation and von Willebrand factor receptor activation; respectively, participate
in A549 induced TCIPA. Cox2: cyclooxygenase enzyme IX: coagulation factor IX, X coagulation factor X,
MMP-2: Matrix metalloproteinase-2, GPVI: collagen receptor; GPIb: von Willebrand receptor; ADP:
adenosine diphosphate; IP3: prostacyclin receptor; Gs, Gq and Gi: G-protein coupled receptors; PI3K:
phosphatidyl Insositol-3 kinase; NOS: :nitric oxide synthase; sGC: soluble guanylyl cyclase; cGMP: Cyclic
guanosine monophosphate; BTK: bruton tyrosine kinase; DAG: diacyl glycerol; ITAM: immunoreceptor
tyrosine activation motif; PDE: phosphodiesterase enzyme; MAPK: mitogen activated protein kinase; AA:
arachidonic acid; PLA2: phospholipase A2; PGH2: prostaglandin H2; EGF: endothelial growth factor; TGF:
transforming growth factor; PDGF: Platelet-derived growth factor; PF4: platelet factor-4; AC: adenylyl

cyclase; TXA2: thromboxane A2. Red arrow: inhibit; black arrow: activate
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Figure 4-69: Effect of kynurenine on A549-induced platelet expression of activated GPIIb/Illa and
P-selectin. Statistical analysis showing that kynurenine (100-500 pM) significantly reduced platelet
expression of GPlIb/llla activated (A) and P-selectin (B) induced by A549. Data is represented as mean
+ SD; n=4; One-way ANOVA & Tukey’s post-test. *** P < 0.001 ** P < 0.01 *P < 0.05.
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Figure 4-70: Representative gates from flow cytometry showing the effect of kynurenine (500
and 250 pM) on A549-induced platelet expression of GPIlIb/llla activated (PAC 1) and P-selectin.
The lack of rightward shifting of platelet population from lower left quarter (Q2-LL) to the lower right
quarter (Q2-LR) indicates inhibition of GPIIb/llla expression and the lack of upward shifting of platelet
population from lower left quarter (Q2-LL) to the upper left quarter(Q2-UL) indicates inhibition of platelet

P-selectin expression induced by A549 cells in the presence of kynurenine at the concentrations tested..

139



4.8.2.3. Effect of Kynurenine on HeLa-induced platelet aggregation
Kynurenine, when incubated with platelets, significantly reduced HelLa-induced

platelet aggregation in a concentration dependent manner as demonstrated by
decreasing the percentage of aggregation induced by HelLa cells at various
concentrations (figure 4-71). However, kynurenine had no effect on the lag phase
induced by HelLa cells (figure 4-72) which indicate that kynurenine has no effect
on platelets’ dense granules contents release in this cell line either. Kynurenine
vehicle (DMSO), incubated at the same volume and time as kynurenine, did not
modify the ability of HeLa cells to induced platelet aggregation (figure 4-73). A
representative trace from LTA showing the effect of kynurenine on HelLa cells is
displayed in figure 4-74.

HelLa cells have been previously found to induce platelet aggregation (figure 4-
74) via thrombin generation associated with tissue factor (TF) like activity
expressed on tumour cell surface and via interaction with platelet GPIb and
GPIIb/llla receptors which was inhibited by antibodies against the integrins
[230]. TF is responsible for local thrombin generation and fibrin deposition in
the tumour microenvironment and thereby influences multiple cellular
interactions of tumuor and host cells [371]. Thrombin induces platelet
aggregation through activation of platelet's PAR1, PAR4 and GPIb receptors
[372-374] leading to activation of phospholipase CB (PLCB) in human platelets.
Upon activation, PLCB hydrolyses phosphatidylinositol 4,5-bisphosphate to
inositol-3-phosphate, leading to calcium release from internal stores, and
diacylglycerol (DAG) activation, which in turn activates the protein kinase C
(PKC). PAR1 and PAR4 also couple to G12/13 to activate Rho/Rho kinase
[375]. The Gg/PLCP pathway is essential for GPIlIb/llla activation and platelet
aggregation, while the G12/13/Rho pathway is mainly involved in platelet shape
change [5]. Also, PAR4 couples to Gi leading to AC enzyme inhibition.
Kynurenine may antagonise the effect of thrombin on AC enzyme as,
demonstrated in the first part of this work, it activates the enzyme elevating
intraplatelet cAMP. Furthermore, activation of sGC by kynurenine increases
intraplatelet cGMP which affects intraplatelet Ca*? level by the interaction with
type | IP3 (IRAG) and type Il IP3 receptors (activating transient receptor
potential protein-C6-TRPC6) [376, 377] and can block thrombin-induced Rapl-
GTP formation [378, 379]. cGMP can also inhibit platelet shape change which is
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a crucial step in platelet aggregation by preventing Rho-mediated inhibition of
myosin light chain phosphatase (MLP) [380].
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Figure 4-71: Effect of Kynurenine on HelLa cells-induced platelet aggregation. Statistical analysis
showing that kynurenine (100-500 uM) significantly reduced maximal platelet aggregation induced by
HelLa cells: 1000 (A), 2000 (B), 4000 (C) and 10000 (D). Data is represented as mean + SD; n=4; One-
way ANOVA & Tukey’s post-test. *** P < 0.001 ** P < 0.01 and *P < 0.05.
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Figure 4-72: Effect of kynurenine on lag phase of HeLa -induced platelet aggregation. Statistical
analysis showing that kynurenine (100-500 uM) has no effect on the lag phase induced by HelLa: 1000
(A), 2000(B), 4000 (C) and 10000 (D) cells. Data is expressed as mean + SD; n=4; One-way ANOVA
(P > 0.05)
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Figure 4-73: Effect of vehicle (DMSO) on TCIPA induced by HeLa cells. Statistical analysis showing
that kynurenine vehicle, DMSO 0.4% (equivalent to kynurenine vehicle) has no effect on maximal
aggregation (A) and lag phase (B) of HelLa cells-induced platelet aggregation. Data is expressed as
mean * SD; n=4, Student t-test
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Figure 4-74: Representative traces from light transmission aggregometer showing the effect of
kynurenine at 500 pM on maximal aggregation and lag phase induced by HeLa cells . The time in
minutes is represented at the bottom of the graph.
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Figure 4-75: Hela cells induced TCIPA. Hela cells induces TCIPA by via thrombin generation associated
with tissue factor (TF) like activity expressed on tumour cell surface and via interaction with platelet GPIb
and GPIlIb/llla receptors. Cox2: cyclooxygenase enzyme IX: coagulation factor IX, X coagulation factor X,
MMP-2: Matrix metalloproteinase-2, GPVI: collagen receptor; GPIb: von Willebrand receptor; ADP:
adenosine diphosphate; IP3: prostacyclin receptor; Gs, Gq and Gi: G-protein coupled receptors; PI3K:
phosphatidyl Insositol-3 kinase; NOS: :nitric oxide synthase; sGC: soluble guanylyl cyclase; cGMP: Cyclic
guanosine monophosphate; BTK: tyrosine kinase; DAG: diacyl glycerol; ITAM: immunoreceptor tyrosine
activation motif; PDE: phosphodiesterase enzyme; MAPK: mitogen activated protein kinase; AA:
arachidonic acid; PLA2: phospholipase A2; PGH2: prostaglandin H2; EGF: endothelial growth factor; TGF:
transforming growth factor; PDGF: Platelet-derived growth factor; PF4: platelet factor-4; AC: adenylyl
cyclase; TXA2: thromboxane A2
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4.8.2.4. Effect of Kynurenine on HT-29-induced platelet aggregation
Kynurenine also induced a concentration dependent inhibition of HT-29-induced

platelet aggregation regardless of cell number used as observed by the
significant reduction of platelet aggregation percentage studied by LTA (figure
4-76). This effect was corroborated further by optical microscopy where, the
large reduction of aggregate sizes induced by HT-29 cells when platelets were
previously incubated with kynurenine can be clearly seen in figure 4-77. Once
again, the duration of the lag phase when HT-29 were tested for their ability to
induce TCIPA in the presence of kynurenine was not affected (figure 4-78).
Representative traces from LTA shown in figure 4-79 confirm that although
kynurenine could inhibit TCIPA by HT-29, had no effect on the lag phase. No
significant changes in maximal platelet aggregation or lag phase of TCIPA
induced by HT-29 was observed when DMSO was tested (figure 4-80).

The mechanism by which HT-29 cells induce platelet aggregation has been
previously investigated and reported in the literature (figure 4-81). HT-29 seems
to mediate TCIPA on one hand by direct contact with platelets through the
collagen receptor (GPVI) and on the other hand by PGE2 and TXA:2 generation.
HT-29 highly expresses Galectin-3 that, as discussed before, is unique among
galectins since it contains a collagen-like domain, HT-29 cells also overexpress
COX-2, that can lead to synthesis of PGE2 and platelet activation. Dovicio et al
demonstrated that inhibition of galectin 3 action reduced significantly COX-2
expression in colon cancer cells. On the other hand, Revacept, a dimeric platelet
collagen receptor (GPVI-Fc) inhibitor also prevented COX-2 expression and
inhibited HT-29 -platelets interactions [381, 382]. Furthermore, HT-29 cells have
been reported to induce platelet TXA2 generation through the COX-1-pathway,
which was almost completely inhibited by pre-treatment of platelets with aspirin,
and to generate MMP-2 which also contributes to TCIPA by HT-29 [383, 384]. All
the above mentioned mechanisms are Ca*? dependent, therefore the inhibition
of TCIPA induced by HT-29 by kynurenine could be mediated through the
modulation of intraplatelet Ca*? level through cGMP and cAMP and their
associated protein kinases leading to inhibition of RAP 1 and integrin GPlIb/Illa
activation induced by collagen receptors [14]. PGE2 promotes platelet activation
via the EP3 receptor. The EP3 receptor expressed on platelets is believed to be

coupled to Gi-type G proteins and thus linked to the AC enzyme which can be
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antagonised by kynurenine through its direct activation that would results in an

increase of cCAMP and PKA activation. Thromboxane receptors on platelet

surface can be phosphorylated by PKG and PKA [385] thus preventing platelet
activation by HT-29.
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Figure 4-76: Effect of kynurenine on HT-29 cells-induced platelet aggregation. Statistical analysis

showing that kynurenine (100-500 puM) significantly reduced maximal platelet aggregation induced by HT-
29: 1000 (A), 2000 (B), 4000 (C) and 10000 (D) cells. Data is represented as mean + SD; n=4; One-way
ANOVA & Tukey's post-test. *** P <0.001 ** P <0.01 and *P <0.05.
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Figure 4-77: Representative micrographs (5X objective) showing the effect of kynurenine (500, 250
and 100 pM) on TCIPA by 10000 HT-29 cells. The light grey areas represent non activated platelets and
the darker areas (red arrows) correspond with platelet aggregates.
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Figure 4-78: Effect of kynurenine on the duration of the lag phase of HT-29 induced platelet
aggregation. Statistical analysis showing that kynurenine (100-500 uM) had no effect on the lag phase
induced by HT-29: 1000 cells (A), 2000 cells (B), 4000 cells (C) and 10000 cells (D) . Data is expressed
as mean * SD; n=4; One-way ANOVA (P > 0.05)
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Figure 4-79: Representative traces from light transmission aggregometer showing the effect of
kynurenine 500 uM on maximal aggregation and lag phase when HeLa cells (1000-10000)were used
for inducing platelet aggregation. The time in minutes is represented at the bottom of the graph.
Kynurenine inhibited platelet aggregation induced by HT-29 cells but did not modified the duration of the

lag phase.
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Figure 4-80: Effect of the vehicle (DMSO) on TCIPA by HT-29. Statistical analysis showing that DMSO
DMSO 0.4% (equivalent to kynurenine vehicle) had no effect on maximal aggregation (A) and lag phase

(B) of HT-29 cells-induced platelet aggregation. Data is expressed as mean = SD; n=4; Student t-test.
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Figure 4-81: Mechanism of HT-29 cells induced platelet aggregation. HT-29 induces TCIPA by direct
contact with platelets collagen receptor and PGE2 and TXA:z generation due to overexpression of
cyclooxygenase enzyme. Galectin-3 is also involved in HT-29 induced TCIPA. Cox2: cyclooxygenase
enzyme IX: coagulation factor IX, X coagulation factor X, MMP-2: Matrix metalloproteinase-2, GPVI:
collagen receptor; GPIb: von Willebrand receptor; ADP: adenosine diphosphate; IP3: prostacyclin
receptor; Gs, Gq and Gi: G-protein coupled receptors; PI3K: phosphatidyl Insositol-3 kinase; NOS: :nitric
oxide synthase; sGC: soluble guanylyl cyclase; cGMP: Cyclic guanosine monophosphate; BTK: tyrosine
kinase; DAG: diacyl glycerol; ITAM: immunoreceptor tyrosine activation motif; PDE: phosphodiesterase
enzyme; MAPK: mitogen activated protein kinase; AA: arachidonic acid; PLA2: phospholipase A2; PGH2:
prostaglandin H2; EGF: endothelial growth factor; TGF: transforming growth factor; PDGF: Platelet-derived
growth factor; PF4: platelet factor-4; AC: adenylyl cyclase; TXA2: thromboxane A2
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4.8.2.5. Effect of Kynurenine on SW-480-induced platelet
aggregation

When platelets were incubated with kynurenine (100-500 uM) and platelet
aggregation induced by SW-480, kynurenine was able, once again, to
significantly inhibit SW-480-induced platelet aggregation in a concentration
dependent manner for all the cell concentrations tested (figure 4-82). Although
the percentage of aggregation induced by SW-480 at all cells number was
significantly reduced, the tryptophan metabolite did not modify the time needed
by the cancer cells to induce platelet aggregation (lag phase) as demonstrated
in figure 4-83 and figure 4-84. DMSO did not exert any effect on SW-480
induced platelet aggregation (figure 4-85).

Like HeLa cells, SW-480 also express TF on the tumour surface and therefore,
thrombin generation seems to play a pivotal role during SW-480 cells-platelets
interactions (figure 4-86). TCIPA by SW-480 has been completely inhibited by
the anticoagulant hirudin (5 U/mL), but unaffected by co-incubation of platelets
with the ADP scavenger apyrase (10 U/mL) [386]. Additionally, it has been
demonstrated that SW-480 cells express in their surface the integrin GPIIb/llla
(fibrinogen receptor) and aVB3 (vitronectin receptor), aVB1 (required for
fibronectin matrix assembly) and a6B1 (laminin receptor) [387] that are required
for cell-platelets binding and for induction of TCIPA. Trigramin and rhodostomin,
RGD-containing snake venom peptides, which antagonise the binding of
fibrinogen to platelet membrane through the GPIIb/llla have been reported to
inhibit SW-480 induced platelet aggregation. Likewise, the synthetic peptide
GRGDS as well as monoclonal antibodies against the platelet membrane
GPIllIb/llla and GPIb prevented TCIPA by SW-480 [386].
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Figure 4-82: Effect of kynurenine on SW-480-induced platelet aggregation. Statistical analysis
showing that kynurenine (100-500 puM) significantly reduced maximal platelet aggregation induced by
SW-480: 1000 cells (A), 2000 cells (B), 4000 cells (C) and 10000 cells/ 500puL (D). Data is represented
as mean * SD; n=4; One-way ANOVA & Tukey's post-test. *** P < 0.001, ** P < 0.01 and *P < 0.05.
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Figure 4-83 : Effect of kynurenine on lag phase during SW-480induced platelet aggregation.
Statistical analysis showing that kynurenine (100-500 pM) had no effect on lag phase of TCIPA by SW-
480 cells: 1000 (A), 2000 (B), 4000 (C)and 10000 (D) . Data is expressed as mean + SD; n=4; One-
way ANOVA (P > 0.05)
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Figure 4-84: Representative traces from light transmission aggregometer showing the effect of
kynurenine 500 uM on maximal aggregation and lag phase of SW-480 1000-10000 cells induced
platelet aggregation. Kynurenine inhibited platelet aggregation induced by SW-480 cells but did not

modified the duration of the lag phase. The time in minutes is represented at the bottom of the graph.
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Figure 4-85: Effect of vehicle (DMSO) on TCIPA by SW-480. Statistical analysis showing that DMSO
0.4% (equivalent to kynurenine vehicle) had no effect on maximal aggregation (A) and lag phase (B) of

platelet aggregation induced by SW-480 cells. Data is expressed as mean + SD; n=4; Student’s t-test.
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Figure 4-86: Mechanism of SW-480 induced TCIPA. SW-480 cells overexpressed integrin receptors and
vonwillibrand recptors that interact directly with the platelet surface receptors. Tissue factor and thrombin
generation also involved in SW-480 induced TCIPA. Cox2: cyclooxygenase enzyme IX: coagulation factor
IX, X coagulation factor X, MMP-2: Matrix metalloproteinase-2, GPVI: collagen receptor; GPIb: von
Willebrand receptor; ADP: adenosine diphosphate; IP3: prostacyclin receptor; Gs, Gq and Gi: G-protein
coupled receptors; PI3K: phosphatidy! Insositol-3 kinase; NOS: :nitric oxide synthase; sGC: soluble
guanylyl cyclase; cGMP: Cyclic guanosine monophosphate; BTK: tyrosine kinase; DAG: diacyl glycerol;
ITAM: immunoreceptor tyrosine activation motif; PDE: phosphodiesterase enzyme; MAPK: mitogen
activated protein kinase; AA: arachidonic acid; PLA2: phospholipase A2; PGH2: prostaglandin H2; EGF:
endothelial growth factor; TGF: transforming growth factor; PDGF: Platelet-derived growth factor; PF4:
platelet factor-4; AC: adenylyl cyclase; TXA2: thromboxane A2
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4.8.2.6. Effect of Kynurenine on HCC-1954-induced platelet
aggregation

Kynurenine (100-500 uM) also significantly inhibited HCC-1954-induced platelet
aggregation in a concentration dependent manner (figure 4-87 and figure 4-88).
In fact, Kynurenine (100-500 uM) reduced the aggregates size induced by HCC-
1954 (1000-10000 cells) as shown in figure 4-89. However, an as it happened
with the previous cell lines, kynurenine did not modify the time that took HCC-
1954 cells to induce platelet aggregation with any of the concentrations tested.
(figure 4-90). DMSO did not modified the ability of HCC-1954 to induce TCIPA
(figure 4-91)

Several mechanisms have been described as to be involved on HCC-1954
induced platelet aggregation (figure 4-92). HCC-1954 cells overexpresCOX-2,
and high levels of COX-2 seems to be associated with increased proliferation,
higher histological grade, development of metastasis and reduced survival in
breast cancer patients [388, 389]. Co-cultured HCC-1954 cells with
macrophages led to increased expression of COX-2 and production of PGE2
and reactive oxygen species (ROS) by cancer cells, triggering activation of Src
and mitogen-activated protein kinases (MAPKSs) [390]. Src family kinases
(SFKs) play a pivotal role in mediating platelet activation. They not only
contribute to Gg- and Gi-coupled receptor signalling but also transmit activation
signals from other platelet surface receptors, such as GPIlIb/llla, collagen
receptor complex GPVI-FcR y-chain, and vWf factor receptor complex GPIb-IX-
V, contributing to boots platelet activation and aggregation [391]. Members of
the MAPK family: p38, extracellular stimuli-responsive kinase (ERK) and c-Jun
NH2-terminal kinase (JNK) mediate platelet granule release in platelets, Rap 1
activation and GPIIb/llla expression leading to platelet aggregation [21, 392,
393]. Both, p38 MAPK and Rap1 activation are highly controlled and inactivated
by cAMP and cGMP and their protein kinases [394, 395] although the PKA role
in Rapl inactivation has not been determined [396]. The diverse pathways of
platelet activation by HCC-1954 may explain its potent TCIPA ability and its
short lag phase. cGMP and cAMP activation pathways, thromboxane receptor
phosphorylation and thromboxane pathway inhibition may significantly reduce
HCC-1954 TCIPA [385, 394] and all can be performed by Kynurenine.
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Figure 4-87: Effect of Kynurenine on HCC-1954 cells induced platelet aggregation. Statistical
analysis showing that Kynurenine (100-500uM) significantly reduced maximal platelet aggregation
induced by HCC-1954 1000 cells/500uL(A), HCC-1954 2000 cells/500uL(B), HCC-1954 4000
cells/500uL(C) and HCC-1954 10000 cells/500uL(D). Data is represented as mean + SD; n=4; One-
way ANOVA & Tukey’s post-test. *** P<0.001 and ** P<0.01.
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Figure 4-88: Representative traces from the light transmission aggregometer showing the
concentration dependent inhibitory effect of kynurenine (25-1000 uM) on TCIPA induced by 1000
HCC-1954 cells. Kynurenine did not exert any effect on the lag phase. The time in minutes is
represented at the bottom of the graph.
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Figure 4-89: : Representative micrographs (5X objective) showing the effect of Kynurenine (500 and 250uM)

Kynurenine 250uM

on HCC-1954 1000, 2000, 4000 and 10000 cells/500uL induced platelet aggregation. The light grey areas

represent non activated platelets and the darker areas (red arrow) correspond with platelet aggregates.
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Figure 4-90: Effect of Kynurenine on Lag time of HCC-1954 induced platelet aggregation.

Statistical analysis showing that Kynurenine (100-500uM) has no effect on lag phase of HCC-1954 1000
cells/500uL(A), HCC-1954 2000cells/500uL(B), HCC-1954 4000 cells/500uL(C) and HCC-1954 10000
cells/500uL(D) induced platelet aggregation. Data is expressed as mean + SD; n=4; One-way ANOVA

& Tukey'’s post-test.
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Figure 4-91: Effect of Vehicle (DMSO) on SW-480 TCIPA. Statistical analysis showing that
Kynurenine vehicle DMSO 0.4% (equivalent to kynurenine vehicle) has no effect on maximal
aggregation (A) and lag phase (B) of SW-480 cells induced platelet aggregation. Data is expressed as
mean + SD; n=4. Student t-test.
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Figure 4-92: Mechanism of HCC-1954 induced TCIPA. HCC-1954 cells overexpress COX-2 and in the
presence of tumour associated macrophages produces PGE2 and reactive oxygen species (ROS)
triggering activation of platelet surface receptors, Src and mitogen-activated protein kinases (MAPKSs).
VWEF: von Willebrand factor; GPIb-IX-V: glycoprotein GPIb-IX-V; PI3K: phosphatidyl Insositol-3 kinase;
SFK: Src-family kinase (Lyn,Fyn); AKT: protein kinase B; eNOS: Endothelial nitric oxide synthase; NO:
nitric oxide; sGC: soluble guanylyl cyclase; cGMP: Cyclic guanosine monophosphate; PKG: cGMP-
dependent protein kinase; MAPKs: Mitogen activated protein kinases; TXA2: Thromboxane A2; SLP-76:
Src homology (SH) 2 domain-containing leukocyte phosphoprotein of 76 kDa; BTK: tyrosine kinase;
IP3:Inositol tri-phosphate; DAG: diacyl glycerol; CalIDAGGEF1: Calcium and DAG-regulated guanine
nucleotide exchange factor 1; Rap(a small guanosine triphosphatase ); RIAM: Rap1-GTP-interating
adaptor molecule; VAV(guanine nucleotide exchange factor); cSrc: cytosolic src-family kinase; RhoGAP:
RhoA GTPase activating protein; PKC: protein kinase C; GPCR: G-protein coupled receptor; FcyRlla: Fc

receptor gamma

160



4.8.2.7. Effect of Kynurenine on platelet expression of GPIIb/llla and
P-selectin induced by HCC-1954

Kynurenine (100-500 uM) was incubated at least for 2 minutes with platelets prior
to the induction of TCIPA by 1000 HCC-1954 cells. The results obtained by flow
cytometry confirmed the inhibitory effect of kynurenine on TCIPA induced by
HCC-1954 as shown by the significant downregulation on the platelet surface of
GPIlIb/llla activated (figure 4-93 A) and P-selectin (figure 4-93 B) expression
(represented in figure 4-94).
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Figure 4-93: Effect of kynurenine on platelet expression of GPIlIb/llla and P-selectin during TCIPA
induced by HCC-1954. Statistical analysis showing that kynurenine (100-500 pM) significantly reduced
platelet expression of GPIIb/llla (A) and P-selectin (B) induced by 1000 HCC-1954 cells. Data is represented
as mean * SD; n=4; One-way ANOVA & Tukey'’s post-test. *** P < 0.001; ** P < 0.01 and * P < 0.05.
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Figure 4-94: Representative gates from flow cytometry showing the effect of kynurenine (500 and
250 puM) on platelet expression of GPlIb/llla activated (PAC1) and P-selectin. Inhibition of GPIIb/Illa
expression is demonstrated by a reduced shifting of the platelet population from the lower left quarter (LL)
to the lower right quarter (LR). Inhibition of platelet P-selectin expression is demonstrated by the reduced
upward shifting of the platelet population from the lower left quarter (LL) to the upper left quarter (UL).

The ability of kynurenine to control most of the common pathways included in
platelet aggregation by its dual effect on sGC and AC enzyme is making its effect
resembling the combined effect of prostacyclin and NO as shown in figure 4-95.
Therefore, kynurenine was able to inhibit TCIPA by A549, HELA, HT-29, SW-480
and HCC-1954.
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Figure 4-95: Platelet pathways controlled by kynurenine. Cox2: cyclooxygenase enzyme IX: coagulation
factor IX, X coagulation factor X, MMP-2: Matrix metalloproteinase-2, GPVI: collagen receptor; GPIb: von
Willebrand receptor; ADP: adenosine diphosphate; IP3: prostacyclin receptor; Gs, Gq and Gi: G-protein
coupled receptors; PI3K: phosphatidyl Insositol-3 kinase; NOS: :nitric oxide synthase; sGC: soluble guanylyl
cyclase; cGMP: Cyclic guanosine monophosphate; BTK: tyrosine kinase; DAG: diacyl glycerol; ITAM:
immunoreceptor tyrosine activation motif, PDE: phosphodiesterase enzyme; MAPK: mitogen activated
protein kinase; AA: arachidonic acid; PLA2: phospholipase A2; PGH2: prostaglandin H2; EGF: endothelial
growth factor; TGF: transforming growth factor; PDGF: Platelet-derived growth factor; PF4: platelet factor-
4; AC: adenylyl cyclase; TXA2: thromboxane A2. X: inhibits, red arrow: inhibits, black arrow: activates.

Indolamine dioxygenase-1 (IDO-1) is constitutively expressed by many tumour
cells and it is known to contribute to immunosuppression by both, depletion of the
essential amino acid tryptophan and generation of immunosuppressive
tryptophan metabolites such as kynurenine [397, 398]. In humans, the high
expression of IDO in tumours has been associated with reduced effector T-
lymphocyte infiltration [287, 399] and an increased number of regulatory T cells
(Treg) [400]. However, to our knowledge, nobody has previously investigated the
role and/or the potential effect that kynurenine could have on cancer cell-platelet
interactions. The results obtained in this research so far, demonstrated that the
cell lines tested have a different tendency to induce platelet aggregation (TCIPA)
as revealed by the differences that they exerted on the duration of the lag phase
in the traces from the LTA. Since kynurenine, at concentrations from 100 to 500
MM, showed a significant reduction on the ability of all the tumours cell lines tested
to induce platelet aggregation. It is worth to mention that kynurenine only affected

the percentage of platelet aggregation induced TCIPA but not the lag phase. The
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lag phase in TCIPA may be determined by the release of platelet agonists from
platelet dense granules and the release of mediators from dense granules was
not investigated. How kynurenine affected the a-granules but not the dense
granules may be due to the effect of kynurenine on actin cytoskeleton by its effect
on cGMP[401].

To investigate if the production of kynurenine by each cell line could be correlated
with their potency to induce TCIPA, the concentration of kynurenine in their
conditioned media was measured by HPLC in the presence and absence of

platelets.

4.8.3. Kynurenine — Lag phase relationship
For this set of experiments, tumour cells were seeded in T-75 flasks (density
1X108). When cells reached about 70% of confluency, the complete media was
changed by FBS free media. After 48 hours, the conditioned media was collected,
filtered (0.2 uM filters) and analysed using HPLC for measuring kynurenine and
tryptophan concentrations. Cells were also detached from the flask and their
ability to induce TCIPA tested and recorded by LTA.

The results obtained shown that the different cell lines produced different
concentrations of kynurenine (figure 4-96 and figure 4-97) that were correlated
with the amount of tryptophan consumed (figure 4-98). Consistently, those values
were found to have an inverse relationship with the duration of the lag phase

recorded for each cell line by LTA as demonstrated in figure 4-99.

High plasma kynurenine concentration has been associated with disease
progression, invasiveness and poor prognosis in patients suffering from cancer
[289-291], however, the concentrations of kynurenine used for in ex-vivo
experiments to inhibit TCIPA are at least 50 times higher than the concentration

of kynurenine in cell lines’ conditioned media.

In this regard and among all the cell lines tested, A549 and HCC-1954 cell lines
seemed to represent the two extremes in terms of aggressiveness based on their
ability to induced platelet aggregation. However, although the A549 cell line was
considered to be the least aggressive one, as it showed the longest lag phase as

demonstrated by LTA, generated the lowest concentration of kynurenine. On the
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other hand, the HCC-1954 cell line, that was considered to be the most
aggressive cell line inducing the shortest lag phase, produced the highest

concentration of kynurenine as detected by HPLC in the conditioned media.
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Figure 4-96: Basal concentration of kynurenine produced by the different cell lines as measured by
HPLC. (A) Table showing the concentration of kynurenine generated by each cell line in T-75 flask: A549
cell line produced the lowest concentration and HCC-1954 the highest. (B) Statistical analysis showing the
differences in the concentration of kynurenine generated by each cell lines. Data is represented as mean *
SD; n=4; One-way ANOVA & Tukey'’s post-test. *** P <0.001 and ** P <0.01.
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Figure 4-99: Relationship between kynurenine produced by each cell lines and their lag phase. Non-
linear graph showing the inverse relationship between kynurenine concentration and duration of the

lag time for every cell line.

It should be noted that the concentration of kynurenine produced by the cell lines
under these circumstances and measured by HPLC were at least 50 times lower
than the concentrations that demonstrated an inhibitory effect on TCIPA by LTA.
Upon activation, platelets release their cargo from different types of granules as
well as microparticles. During platelet aggregation and thrombus formation,
platelet releasate, highly enriched In platelet granular and exosomal contents,
contributes to the microenvironment of biologically active compounds and
proteins that enhance the local response of platelets and surrounded cells in a
positive feedback loop [402]. Platelets lysate contain a large quantity of growth
factors needed for cell expansion like TGF-B1, VEGF, EGF, PDGF-AB/BB, PF-4,
and FGF-2 [403] [404-406]. Addition of VEGF to dendritic cells culture was found
to enhance IDO expression and impact lymphocytes proliferation [407]. It could
be that the basal concentration of kynurenine produced by the cell lines
significantly differ from the concentration of kynurenine produced during tumour
cells-platelets interactions; i.e. when cancer cells become in contact with platelets

and platelets’ products.
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To investigate such hypothesis, A549 and HCC-1954 cells were seeded in T-25
culture flask (0.8 x 108). When reaching 70-80% of confluency cells were
incubated with 3 mL of WP, WP lysate, WP releasate and/or 50 ng of IFN-y, used
as positive control for IDO induction for 24 hours [408]. Afterwards, conditioned
media was collected, filtered using 0.2 um pore filters and analysed by HPLC for

kynurenine and tryptophan concentration.

For this set of experiments platelets were re-suspended in FBS free DMEM F12
and RPMI media. Platelets’ lysate was prepared by freezing and thawing the
platelet suspension in liquid nitrogen for at least 3 times followed by centrifugation
at 3000 rpm for 10minutes at 4 °C. Platelet releasate was obtained by induction
of platelet aggregation induced by collagen (4 pg/mL) followed by centrifugation
at 3000rpm for 10 minutes at 4 °C.

A)

W
—

Kynurenine Concentration (uM)

Figure 4-100: Effect of platelets on kynurenine production and tryptophan consumption in A549
cells. Statistical analysis showing kynurenine generation (A) and tryptophan consumption (B) in the
presence of washed platelets, platelet lysate and release. IFN-y was used as positive control. Data is
represented as mean + SD; n=4; One-way ANOVA & Tukey's post-test. *P <0.05 VS control
(A549conditioned media).
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Figure 4-101: Effect of platelets on kynurenine production and tryptophan consumption in HCC-1954
cells. Statistical analysis showing kynurenine production (A) and tryptophan consumption (B) in the
presence of platelets, (WP) and platelet lysate and release. IFN-y was used as a positive control. Data is
represented as mean * SD; n=4; One-way ANOVA & Tukey’s post-test. *P <0.05 VS control (conditioned
media)

When A549 cells were incubated with platelets, kynurenine generation
significantly increased, from 0.08+0.01 pM to 0.74+0.41 uM, and tryptophan
concentration decreased, from 41.18+ 0.78 uM to 27.16+ 3.14 pM, as shown in
figure 4-100. Despite having a higher basal kynurenine level, incubation of HCC-
1954 cells with WP did not result in significant increase in IDO induction and
kynurenine generation (figure 4-101). Co-incubation of A549 and HCC-1954 cells
with WP lysate and WP releasate had no significant effect on kynurenine level in
both cell lines. However, a considerable consumption of tryptophan by HCC-1954
was observed. This effect may be due to the induction of the tryptophan
hydroxylase enzyme responsible for the conversion of tryptophan to serotonin
[409]. Tryptophan hydroxylase-1 enzyme has been found to be highly expressed
on HCC-1954 along with high serotonin generation [410]. As expected IFN-y at
50 ng caused a significant increase in kynurenine production with a significant

reduction in tryptophan concentration.

The mechanism by which WP induced kynurenine production by A549 cells but
not by HCC-1954 cells is not known as the mechanism of interaction between
platelets and tumour cells and its relationship to IDO induction has not being
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investigated. One of the limitations in this experimental setting may be related to
the volume of WP, WP lysate and WP releasate used (3 mL each) and the
incubation time might not be enough to show a distinct induction of IDO in A549
and HCC-1954 cells to WP, WP lysate and WP releasate.

4.8.4. Pharmacological modulation of Kynurenine production and its
effect on TCIPA

To examine the potential involvement of kynurenine production during TCIPA,
A549, HCC-1954 and SW-180 cells were treated with IFN-y (inducer of IDO) and
epocadostat (IDO inhibitor). Kynurenine and tryptophan concentrations were
measured in conditioned media after 48 hours by HPLC and IDO expression by
immunoblotting. Then, the ability of the treated cells to induce platelet

aggregation was investigated by LTA.

4.8.4.1. Effects of incubation of cells with IFN-y and epacadostat on
tryptophan and kynurenine production and IDO expression

There is some controversy in relation to the type of IFN to induce IDO depending
on the cell line. Some cell lines are responsive to and induce IDO by both IFN-a
or by IFN-B; however, IFN-y seems to be the most effective inducer of IDO [408,
411]. IDO induction occurs for most cell lines after 12-18 hours of IFN-y
incubation with a plateau at 36-48 hours [412]. On the other hand, epacadostat
is a potent and selective inhibitor of IDO enzyme that competitively binds and
blocks tryptophan binding to IDO and its subsequent degradation to kynurenine,
thus increasing tryptophan levels and decreasing the accumulation of its
metabolites [413].

First, various concentrations of IFN-y (from 50 to 400 ng/mL) were used to induce
IDO in A549, SW-480 and HCC-1954 cell lines with the aim of determining the

maximum concentration of kynurenine that could be achieved.

The results obtained for IDO expression, as measured by western blot and
kynurenine and tryptophan concentrations, as measured by HPLC are shown
below in figures 4-102, 4-103 and 4-104 for A549 cells; 4-105, 4-106 and 4-107
for HCC-1954 and 4-108, 4-109 and 4-110 for SW-480 cells.
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Figure 4-102: Induction of IDO and kynurenine production by A549 cells. (A) Representative
immunoblotting showing the induction of IDO enzyme by IFN-y in A549 cells 50 g of protein were loaded
in each lane). (B) Statistical analysis showing no significant differences among various IFN-y concentrations
in IDO expression in A549 cells. (C) and (D) are statistical analyses showing the significant induction of
kynurenine production and tryptophan consumption in A549 cells. Data is represented as mean * SD; n=3;
One-way ANOVA & Tukey’s post-test. *** P < 0.001.

172



il Py,
o o]
b oo
-
o 5 : 2
bt : 0010 Epecadontat Iuheasas o
] | g ocee] é
]
_II E _Jl f £ fi
== = —— -n—-—""‘-—.-.__: L aaH—— L —far —-"'\_n_.1_ ¥ -
I 2:;0 ) 'I:;Il ' ' E'Iﬂl I I::l;l 2:33 I:II' ' F‘III ' ' H-IIF
Mirutes Mrutes
o & %
o]
L1
IFN S0ng. el R
(et aas] IFN 100ngfeml
7
a0 || | - | (|
\ | | | i
bt || [ a00%} I (|
il | 1 A
- AN | P N L W - N | W I W |
200 am &M am 0 4 ek am
R ruden Ll
s 0 é
a0 e
i IFN 200ngfmL nizns IFM 400ngfmL
)
e | | 0oy |‘ |
| { | | I
o0 | | i o |. I
Pl Il 11
] P lon | |1 n
R I | W | S S LA - M I a A WY
T am Cam s am Taw 0 4m 0 & &

Bruies

Figure 4-103: Representative HPLC traces showing the area under the curve and peak height of

kynurenine measures in conditioned media from A549 cells incubated with epacadostat 1uM or IFN-
y (50-400 ng/mL) for 48 hours.
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Figure 4-104: Representative HPLC traces showing the area under the curve and peak height of

tryptophan measured in conditioned media from A549 cells after inhibition or induction of

indoleamine dioxygenase-2 with epacadostat 1 uM or IFN-y (50-400 ng/mL) ;respectively.
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Figure 4-105: Induction of IDO and kynurenine production in HCC-1954 cells. (A) Representative
western blot showing the dose-dependent induction of IDO enzyme by IFN-y in HCC-1954 cells (50 pg of
protein were loaded in each lane). (B) Statistical analysis showing significant differences in IDO expression
in HCC-1954 cells by various IFN-y concentrations. (C) and (D) are statistical analyses showing kynurenine
production and tryptophan consumption in conditioned media as measured by HPLC. Data is represented
as mean + SD; n=4; One-way ANOVA & Tukey’s post-test. *** P < 0.001.
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Figure 4-106: Representative HPLC traces showing the area under the curve and peak height of
kynurenine produced in conditioned media by HCC-1954 cells incubated with epacadostat 1 pM or
IFN-y (50-400 ng/mL) for 48 hours.
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Figure 4-107: Representative HPLC traces showing the area under the curve and peak height of
tryptophan in conditioned media following incubation of HCC-1954 cells with epacadostat 1 uM or
IFN-y (50-400 ng/mL) for 48 hours.
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Figure 4-108: Induction of IDO and kynurenine production in SW-480 cells. (A) Representative
immunoblotting that the lack of expression of IDO in SW-480 cells by IFN-y (50ug of protein were loaded
in each lane). Statistical analyses showing kynurenine production (B) and tryptophan consumption (C),
in conditioned media from SW-480 incubated with IFN-y. Data is represented as mean + SD; n=4; One-
way ANOVA & Tukey’s post-test. *** P < 0.001.
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Figure 4-109: Representative HPLC traces showing the area under the curve and peak height of
kynurenine produced by SW-480 cells in conditioned media after incubation with Epacadostat 1 uM
or IFN-y (50-400 ng/mL) for 48 hours.
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Figure 4-110: Representative HPLC traces showing the area under the curve and peak height of

tryptophan in conditioned media from SW-480 cells incubated with epacadostat 1uM or IFN-y (50-
400 ng/mL).

The analysis of kynurenine and tryptophan concentrations in media and the
expression of IDO in the homogenate from the cells treated with IFN-y showed
that IDO protein expression was significantly increased in both, A549 and HCC-
1954 cells lines (figure 4-102 A and figure 4-105A). However, A549 cells seems
to be more sensitive to IDO induction by IFN-y than HCC-1954 cells as
confirmed by the significant increase in kynurenine production and tryptophan
consumption (figures 4-102 C and 4-102 D and figures 4-103 and 4-104) in the

presence of IFN-y. Similarly, IFN-y caused a significant dose dependent
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increase in kynurenine generation and decrease in tryptophan consumption by
HCC-1954 cells as observed in figures 4-105 and HPLC traces (figures 4-106
and 4-107). It is worth to note that although a dose dependent response was
achieved when HCC-1954 cells were treated with IFN-y, A549 cells showed a
similar response to all the concentrations of IFN-y tested. These results are in
agreement with previous reports available in the literature that have investigated
effect of the induction of IDO in A549 cells and HCC-1954 cells by IFN-y [414,
415].

SW-480 cell line did not show any changes in IDO protein expression when
incubated with IFN-y under the same conditions tested (figure 4-108 A). Despite
the considerable concentration-dependent increase of kynurenine generation by
this cell line as measured in conditioned media by HPLC (figure 4-108 B and
figure 4-109), no significant consumption of tryptophan was observed (figure 4-
108 C and figure 4-110). Although IDO induction has been demonstrated by
Ogawa et al when SW-480 cells were incubated with IFN-y (10 ng/mL) after 24
hours [292]. However, in a previous work IDO was not induced by IFN-y (1000
units/mL) or IFN-a (5000 units/ml) in SW-480 cells when cells were incubated for
48 hours [292, 416]. IFN-y induces IDO by promoting interferon-stimulated
response element (ISRE) and IFN-y activation sequence (GAS) elements
through the activation of the Janus kinase (JAK) which activates protein-signal
transducer and activator of transcription 1 (STATL1) signalling pathway [417]. The
inability of IFN-y to induce IDO expression in SW-480 cells suggests the presence
of various mechanisms of action of IFN-y to induce IDO expression [416]. It is
worth to mention that the basal expression of IDO was not detected by
immunoblotting in all the cell lines tested and more sensitive technique like PCR
may be able to do so. However, basal kynurenine production reflects the basal

activity of the enzyme.
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Epacadostat exerted similar effects on A549 and HCC-1954 cell lines. The
incubation of cell lines with epacadostat resulted in a significant reduction of the
production of kynurenine induced by IFN-y and in a significant restoration of
tryptophan concentrations when compared to tryptophan concentrations in
conditioned media of cells treated with IFN-y. Those results are sumarised in
figure 4-111; figure 4-112 and figure 4-113 for A549 cells and figure 4-115; figure
4-116 and figure 4-117 for HCC-1954 cells. Despite the ability of epacadostat to
inhibit IFN-y induced kynurenine production in SW-480 cells, the drug didn’t exert
any effect on tryptophan consumption as shown in figures 4-118, figure 4-119
and figure 4-120. The co-incubation of IFN-y and epacadostat has been reported
to decrease kynurenine production and tryptophan consumption as it prevents
the binding of tryptophan to IDO and its subsequent conversion to kynurenine
[413, 418]. However, basal kynurenine generation was not affected by
epacadostat, may be due to the absence of IDO induction in untreated cells as
shown by the representative western blots in figures 4-102, figure 4-105 and
figure 4-108.
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Figure 4-111: Effect of Epacadostat on kynurenine production and tryptophan consumption in IFN-y
treated A549 cells. (A) statistical analysis demonstrating the significant effect of Epacadostat on kynurenine
generation induced by IFN-y on A549 cells. (B) Statistical analysis exhibiting the significant effect of
epacadostat on tryptophan consumption in conditioned media of A549 cells incubated with IFN-y. Data is

represented as mean + SD; n=4; One-way ANOVA & Tukey’s post-test. *** P<0.001.
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Figure 4-112: HPLC traces showing the effect of epacadostat 1 uM on kynurenine production by A549
cells incubated with IFN-y (50-400 ng/mL).
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Figure 4-113: HPLC traces showing the effect of epacadostat 1uM on tryptophan in conditioned

media from A549 cells treated with IFN-y (50-400ng/mL)

184



g £ 157

: H

= =

£ E 4o-

it i}

E 55

g g

g £ ol

SO )

FFETE G e
& ¢ & & F

Figure 4-114: Effect of Epacadostat on kynurenine production and tryptophan consumption in IFN-y
treated HCC-1954 cells. (A) statistical analysis demonstrating the significant effect of epacadostat on
kynurenine generation induced by IFN-y on HCC-1954 cells. (B) Statistical analysis exhibiting the significant
effect of epacadostat on tryptophan consumption in conditioned media of HCC-1954 cells incubated with

IFN-y . Data is represented as mean + SD; n=4; One-way ANOVA & Tukey’s post-test. *** P <0.001.
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Figure 4-115: HPLC traces showing the effect of epacadostat 1uM kynurenine production by HCC-
1954 cells incubated with IFN-y (50-400 ng/mL).
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Figure 4-116: HPLC traces showing the effect of epacadostat 1uM on tryptophan in conditioned
media from HCC-1954 cells treated with IFN-y (50-400ng/mL).
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Figure 4-117: Effect of epacadostat on kynurenine production and tryptophan consumption in IFN-y
treated SW-180 cells. (A) statistical analysis demonstrating the significant effect of epacadostat on
kynurenine generation induced by IFN-y on SW-180 cells. (B) Statistical analysis exhibiting the absence of
effect of Epacadostat on tryptophan consumption in conditioned media of Sw-180 cells incubated with IFN-
y. Data is represented as mean = SD; n=4; One-way ANOVA & Tukey’s post-test. *** P < 0.001.
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Figure 4-118: HPLC traces showing the effect of Epacadostat 1 uM on kynurenine production by
SW-480 cells incubated with IFN-y (50-400ng/mL).
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Figure 4-119: HPLC traces showing the effect of epacadostat 1 uM on tryptophan in conditioned
media from SW-180 cells treated with IFN-y (50-400ng/mL).
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The extent to which SW-480 could increase its kynurenine production induced by
IFN-y was lower to that of HCC-1954 and A549 cells. SW-480 showed a shorter
lag phase than A549 and a higher basal production of kynurenine. HCC-1954
showed a shorter lag phase than SW-480 but a higher basal and IFN-y induced
kynurenine level. However, kynurenine concentration produced by A549 cells
incubated with IFN-y was much higher (about 10 times) than that of SW-480, that
produced the lowest concentration of kynurenine (around 2.2 uM). The highest
kynurenine production induced by IFN-y was achieved by A549 cells, although
only around 18 puM which is a much lower concentration than the minimum
concentration used to inhibit TCIPA in vitro by LTA at the beginning of this
research (100 pM).

4.8.5. Effect of the pharmacological manipulation of IDO on HCC-

1954 and A549 on TCIPA

A549 and HCC-1954 cell lines were chosen to examine the potential effect of the
pharmacological manipulation of IDO on TCIPA induced by A549 and HCC-1954.

In this set of experiments, cells were first seeded on T-25 flask (0.8 x 10°) and
once they reached about 70% of confluency, incubated with IFN-y (50-400 ng),
epacadostat (1 uM) or a combination of epacadostat (1 uM) and IFN-y (100-400
ng) in FBS free media. After 48 hours of incubation cells were detached by
DPBS+EDTA and prepared as previously described (section 2.2) to test their

ability to induce TCIPA in platelets re-suspended in FBS free media.

4.8.5.1. Effect of IFN-y on A549 TCIPA

TCIPA induced by A549 cells (1000) incubated with IFN-y (50-400ng) resulted in
an elongation of the lag phase (figure 4-120A and figure 4-121). Epacadostat at
1 uM could not reverse this effect as shown in figure 4-122A and figure 4-123.
On the other hand, cells incubated with both agents(alone or in combination) did
not exert any effect on maximal platelet aggregation induced by A549 as
observed in figure 4-120B and figure 4-122B and represented in figure 4-121 and
figure 4-123.
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Figure 4-120: Effect of A549 cells incubated with INF-y on platelet aggregation. (A) Statistical
analysis exhibiting the significant increase in the duration of the lag phase induced by cells incubated with
IFN-y for 48hr. (B) Statistical analysis showing that cells incubated with IFN-y (50-400) ng/mL induced
maximal aggregation. Data is represented as mean + SD; n=4; One-way ANOVA & Tukey’s post-test. * P
<0.05*; P <0.01; ** P <0.001.
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Figure 4-121: Representative traces from light transmission aggregometer showing the effect of IFN-
y on A549 TCIPA. Cells incubated with IFN-y(50-400ng/mL) has significant increase in their lag phase but

and A549 induced maximal aggregation not affected.
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Figure 4-122: Effect of epacadostat on IFN-y incubated A549 TCIPA. (A) and (B): Statistical analyses
showing that epacadostat had no effect on A549 lag time and maximal aggregation; respectively. Data is

represented as mean + SD; n=4; One-way ANOVA & Tukey’s post-test.
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Figure 4-123: Representative traces from light transmission aggregometer showing that epacadostat
had no effect neither on the increment in lag phase of A549 (1000 cells/500puL)induced by IFN(100-
400ng/mL) nor on A549 induced maximal platelet aggregation.
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IFN-y had no effect on A549 TCIPA but caused a significant increase in lag
phase. However, kynurenine seems to have no role in IFN-y induced A549 lag
phase increment since epacadostat which significantly reduced the increase in
A549 kynurenine production could not reduce IFN- induced A549 lag time
increment. IFN-y can impair the release of inflammatory and pro-aggregatory
cytokines from A549 like IL-8[419]. IL-8 was demonstrated to cause WP
activation [420, 421] and therefore, A549 induced by IFN become less potent
inducing platelet aggregation and having longer lag phase. IFN-y induced A549
elongation could be due the presence of less active A549 cells that was used to
induce TCIPA in IFN-y treated A549 because IFN-y found to inhibit A549 cell
growth and to induce cell apoptosis due to depletion of tryptophan from the
culture media and the enhancement of caspase-8 expression through IFN-
response element[412, 422, 423].

It was reported that IFN-y or IFN-y plus lipopolysaccharide potently induces IDO
activity but not nitric oxide synthase activity [424]while in murine macrophages
IFN-y or | IFN-y plus lipopolysaccharide potently induces nitric oxide synthase but
not IDO activity [425]. However, IFN-y found to increase the expression of type Il
NOS and induced NO production in A549 cells [426-428]. NO is a potent inhibitor
of platelet aggregation and concentration of NO produced by colorectal cell lines
found to determine their potency toward TCIPA [251]. N-nitro-L-arginine methyl
ester (L-NAME) is reversible non-selective inhibitor of NOS enzyme that was
used in previous studies to inhibit all forms of NOS [429, 430].
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4.8.5.2. Effect of L-NAME on A549 TCIPA

L-NAME at 100 uM has been previously used to inhibit NO production by both,
tumour cells and platelets, during TCIPA studies [240, 251]. Therefore, L-NAME
was used in the next set of experiments to investigate the potential involvement
of NO in the effect observed during the previous experimental procedure.
However, L-NAME did not exert a significant effect on the lag phase duration
during TCIPA induced by IFN-y treated A549 cells (1000 cells) and had no effect
on maximal platelet aggregation induced by the cells as shown in figures 4-124
and 4-125. Previous studies have reported a significant effect of L-NAME
modulating of NO production induced by IFN-y in A549 cells [428]. Park et al.
have previously shown that the presence of L-NAME in a cytokine stimulated cell
line could paradoxically increase the expression and activity of inducible NOS
(INOS) and NO production [431]. However, the level of basal and induced NO
produced by A549 were not measured in our experiments to confirm the induction
of NOS and therefore it is not known if IFN-y induced NOS activity and if L-NAME
inhibited its production. In addition, it could be that under our experimental
conditions there are active concentrations of NO that could not be controlled by
L-NAME only and required the presence of NO scavengers like haemoglobin
which could inhibit the effect of the released NO on TCIPA induced by A549.
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Figure 4-124: Effect of L-NAME on TCIPA induced by IFN-y incubated A549 cells. (A) Statistical
analyses showing no significant effect of L-NAME on the increment in lag phase induced by of IFN-y
treated A549 cells during TCIPA. (B) Statistical analysis exhibiting the effect of L-NAME on maximal
platelet aggregation induced by IFN-y treated A549cells. Data is represented as mean + SD; n=4; One-
way ANOVA (P > 0.05)
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Figure 4-125: Representative traces from light transmission aggregometer showing that L-NAME
could not modify neither the increment in lag phase nor maximal platelet aggregation induced by
IFN-y treated A549 cells.
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There is no doubt that the use of IFN-y to study TCIPA is challenging due to the
lack of selectivity inducing IDO activity and the fact that the cytokine can interfere
with several pathways that might affect tumour cells-platelets interactions.
Therefore, further experiments involving HCC-1954 were not pursued.

Investigating the different ability of cancer cells to induce TCIPA, a new approach
was used by resuspension of platelets in conditioned media from A549 and HCC-
1954 cells and TCIPA was induced by A549 and HCC-1954 in LTA.

4.8.6. Effect of conditioned media on TCIPA

To investigate the effect of mediators released by HCC-1954 and A549 tumour
cells on TCIPA, platelets were resuspended in serum free fresh and conditioned
media from both cell lines and their function investigated by LTA.

HCC-1954 and A549 cells were first seeded in T-75 flask (1 x 108 and
supplemented with complete media. Once cells reached about 50-60% of
confluency, media was changed by fresh media containing 0% (free media), 2%
(depleted media) or 10% (complete media) of FBS and incubated for further 48
hours. After 48 hours of incubation, conditioned media (free media and depleted
media) were collected, filtered with 0.2 um pore filters and used immediately to
prepare WP (250,000 platelets/uL). A549 and HCC-1954 cells grown in complete
media were prepared as previously described (section 2.2) to induce TCIPA and

their effects on platelets monitored by LTA.

4.8.6.1. Effect of HCC-1954 cells conditioned media
When platelets from three different blood donors were re-suspended in HCC-

1954 serum free and depleted conditioned media, platelets spontaneously
aggregated on resuspension. Although both, free and depleted conditioned
media, induced platelet aggregation, the potential effect of FBS on platelet was
evaluated by resuspending platelets in Tyrode’s salt solution containing 1%,
0.5%, 0.25% and 0.125% FBS. FBS resulted in platelet aggregation at various
stages of platelet preparation in intervals of time related to the percentage of FBS

added to the Tyrode’s salt solution.
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It was concluded that HCC-1954 cells are able to produce pro-aggregatory
mediator that resulted in platelet aggregation as even free conditioned media (0%
FBS) collected after 48 hours of incubation with HCC-1954 cells primarily induced
platelet aggregation on resuspension.

4.8.6.2. Effect of A549 cells conditioned media

4.8.6.3. Effect of A549 cells conditioned media on TCIPA induced by HCC-1954 cells

Interestingly, resuspension of platelets in depleted conditioned media from A549
cells (incubated with 2% FBS) resulted in inhibition of TCIPA induced by HCC-
1954 as shown by the significant increase in the lag phase in figure 4-126B and
figure 4-127. Nevertheless, free and depleted conditioned media had no effect on
HCC-1954 induced maximal platelet aggregation as shown in figure 4-126A and
figure 4-127. This inhibitory effect was also confirmed on platelet expression of
GPllIb/llla activated and P-selectin induced by HCC-1954 as measured by flow
cytometry (figure 4-128 and figure 4-129). In the presence of A549 depleted
conditioned media platelet integrin (GPIIb/llla) expression was significantly lower
when compared to platelet integrin expression induced by HCC-1954 in fresh
media (figure 4-128A). P-selectin expression was also significantly lower in
platelets re-suspended in A549 conditioned media than platelets re-suspended
in fresh media when they were activated by HCC-1954 cells as shown in figure
4-128B.
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Figure 4-126: Effect of conditioned media from A549 on TCIPA induced by HCC-1954. Statistical
analyses showing the effect of free (0% FBS) and depleted (2% FBS) A549 conditioned media (C.media)
on HCC-1954 induced platelet aggregation (A) and lag phase (B). Data is represented as mean + SD; n=4;
One-way ANOVA & Tukey’s post-test. ** P < 0.01
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Figure 4-127: Representative traces from light transmission aggregometer showing the noticeable
increase in the lag phase when platelet aggregation was induced by 1000 HCC-1954 cells on re-
suspended in A549 depleted conditioned media [C.media 2% FBS] compared to platelet re-
suspended in A549 free conditioned media [0% FBS] or fresh DMEM F12 media. No differences were

observed on platelet maximal aggregation.
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Figure 4-128: ; Effect of conditioned media from A549 on HCC-1954 induced platelet expression of
GPlIb/llla and P-selectin. Statistical analyses of GPlIb/llla(A) and P-selectin(B) expression when TCIPA
was induced by HCC-1954 (1000 cells) on platelets re-suspended in DMEM F12 fresh media (HCC-1000)
and in A549 FBS free conditioned media (0% FBS) and A549 depleted conditioned media (2% FBS) [WP in
0% and 2% A549 media].Data is represented as mean + SD; n=4; One-way ANOVA & Tukey’s post-test. **
P <0.01; ** P <0.001.
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Figure 4-129: Representative gates from flow cytometry analysis for GPIllb/llla and P Selectin
expression. Resting platelets (A), platelets activated with HCC-1954 cells re-suspended in fresh media (B),
A549 FBS free conditioned media (0% FBS) (C) and A549 depleted conditioned media (2% FBS) (D).
Activation of GPIIb/llla is represented by a rightward shifting of the platelet population from the lower left
quarter (LL) to the lower right quarter (LR). Activation of P-selectin is represented by an upward shifting of

the platelet population from lower left quarter (LL) to the upper left quarter (UL).
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When 1000 A549 cells were used to induce platelet aggregation in platelets re-
suspended under the same conditions a dramatic inhibition of TCIPA induced
by A549 was observed. It can be demonstrated in figures 4-130 and 4-131 that
when A549 cells were added to the suspension of platelets prepared in
depleted conditioned media (2% FBS) platelets starting aggregating after 35
minutes for all the donors tested. Likewise, the percentage of maximal platelet
aggregation was significantly reduced. Platelet expression of activated
GPIllIb/llla and P-selectin significantly downregulated in both FBS free
conditioned media (0% FBS) and depleted media (2% FBS) when compared to
platelets re-suspended in fresh media as shown in figure 4-132 and the

represented flow cytometry gates in figure 4-133.
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Figure 4-130: Effect of conditioned media from A549 on TCIPA induced by A549. Statistical analyses
showing the significant inhibitory effect of A549 depleted conditioned media (C.media) primarily
supplemented with 2% FBS (WP A549 2%) on A549 (1000 cells/500puL) induced maximal platelet
aggregation (A) and lag phase (B) when compared to platelet re-suspended in DMEM/F12 fresh media and
A549 free conditioned media (primarily free of FBS). Data is represented as mean + SD; n=4; One-way
ANOVA & Tukey'’s post-test *** P < 0.001.
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Figure 4-131: Representative traces from light transmission aggregometer showing that platelets re-
suspended in free conditioned media from A549 [A549 C.media (0% FBS)] increased the lag phase
but had no effect on maximal platelet aggregation. A549 failed to induce platelet aggregation when
platelets were re-suspended in depleted conditioned media from A549 cells [A549 C.media 2% FBS].
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Figure 4-132: Effect of conditioned mediafrom A549 on A549 induced platelet expression of GPIIb/llla
and P-selectin. Statistical analys showing the significant downregulation of the platelet surface expression
of GPllb/llla (A) and P-selectin (B) induced by A549 (1000) when platelets were re-suspended in free
conditioned media from A549 and depleted conditioned media (WP in 0% and 2% A549 media) compared

to platelets re-suspended in DMEM F12 fresh media. Data is represented as mean + SD; n=3; One-way

ANOVA & Tukey'’s post-test. *** P < 0.001.
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Figure 4-133: Representative gates from flow cytometry showing GPIIb/Illa and P Selectin expression
on resting platelets (A) and platelets activated with A549 cells re-suspended on fresh media (B); free
conditioned media (0% FBS) (C) and depleted conditioned media (2% FBS) (D). Activation of GPIIb/Illa is
represented by a rightward shifting of the platelet population from lower left quarter (LL) to the lower right
quarter (LR). Activation of platelet P-selectin expression is represented by an upward shifting of the platelet

population from the lower left quarter (LL) to the upper left quarter (UL).

Platelets re-suspended on depleted conditioned media from A549 did not
aggregate when 1000 A549 were used to induced platelet aggregation. Taking
these results together, it can be concluded that although both cancer cell
lines,HCC-1954 and A549 are able to produce pro-aggregatory mediator(s)
during TCIPA as reported for other cell lines [207, 230, 231], A549 cells may be
also able to generate inhibitory mediator(s) that are released to the media over

time and may therefore have longer lag phase.

4.8.6.4. Effect of A549 conditioned media on collagen induced platelet aggregation

Next, free (0% FBS) and depleted (2% FBS) conditioned media from A549 was
used to re-suspend platelets and their ability to aggregate in the presence of
collagen tested by LTA. Once again, collagen 4ug/mL induced platelet
aggregation when platelets were re-suspended in fresh media, but not in free and
depleted conditioned media as shown in figure 4-134 and figure 4-135. These
results were further corroborated by optical microscopy, as demonstrated in the

micrographs in figure 4-136 where the aggregates induced by collagen are much
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smaller when platelets were re-suspended in free conditioned media and
completely vanished in the micrographs of platelets re-suspended in conditioned

media from A549 (containing 2% FBS).
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Figure 4-134: Effect of conditioned media from A549 cells on collagen-induced platelet aggregation.
Statistical analysis exhibiting significant inhibition of collagen (4 pg/mL) induced platelet aggregation in the
presence of A549 conditioned media primarily supplemented with 0% and 2% FBS (WP A549 0% and WP
A549 2%). Data is represented as mean + SD; n=4; One-way ANOVA & Tukey’s post-test. ** P < 0.01; ***
P < 0.001.
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Figure 4-135: Representative traces from the light transmission aggregometer showing platelet aggregation
induced by collagen 4pg/mL on platelets re-suspended in fresh media and conditioned media from A549.
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Figure 4-136: Optical microscopy: representative micrographs (5X objective) showing resting platelets
and the effect of collagen on platelet aggregation: big aggregates are formed when platelets were re-
suspended in fresh media; a significant decrease in the number and size of platelet aggregates (black areas)
can be observed when platelets were prepared using free conditioned media from A549 cells (0% FBS) and
absence of platelet aggregates when platelets were prepared using depleted conditioned media from A549
cells (2% FBS).

Finally, and to confirm the inhibitory effect of the conditioned media from A549 on
collagen induced platelet aggregation, platelet expression of GPIIb/llla and P-
selectin, in the presence collagen 4 pug/mL, was studied using flow cytometry.
Although figures 4-137 and 4-138 are showing a significant downregulation of the
expression of both platelet receptors (GPIIb/llla and P-selectin) on platelets re-
suspended in depleted conditioned media from A549 (2% FBS), only GPIIb/llla
activated was found to be significantly downregulated when platelets were re-
suspended in free conditioned media from A549 (0% FBS) and stimulated with

collagen.
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Figure 4-137: Effect of collagen on platelet expression of GPIllb/llla and P-selectin. (A) Statistical
analysis showing the significant downregulation of platelet surface expression of integrin (GPIIb/llla) induced
by collagen 4ug/mL on platelets re-suspended in conditioned media from A549 primarily supplemented with
0% and 2% FBS (A549 C. media 0% and 2%) when compared to platelets re-suspended in DMEM F12 fresh
media (DMEM fresh media). (B) Statistical analysis showing downregulation of P-selectin translocation to
platelet surface induced by collagen 4ug/ml in the presence of A549 conditioned media 2% FBS (A549
C.media 2%). Data is represented as mean = SD; n=3; One-way ANOVA & Tukey’s post-test. * P < 0.05;
*** P < 0.001.
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Figure 4-138: Representative flow cytometry gates showing GPIIb/llla and P Selectin expression on
resting platelets (A) and platelets activated with collagen re-suspended on fresh media (B); free conditioned
media (0% FBS) (C) and depleted conditioned media (2% FBS) (D). Activation of GPIIb/llla is represented
by rightward shifting of the platelet population from lower left quarter (LL) to the lower right quarter (LR).
Activation of P-selectin expression is represented by an upward shifting of the platelet population from the

lower left quarter (LL) to the upper left quarter (UL)

It is known that cells metabolic activity can reduce the pH of the media and low
pH can in turn affect platelet function and aggregation by reducing intraplatelet
Ca*? concentration which is essential for Ca*? dependent enzymes and platelet
shape change in response to platelet agonists during platelet aggregation [432,
433]. Therefore, it seemed reasonable the need of excluding the possibility that
the pH of the conditioned media could be responsible for the platelet’s response

to collagen and cancer cells.

4.8.7. Effect of media pH on platelet aggregation
The effect of various pH on platelet aggregation was studied by LTA. First, cells
were seeded and grown in complete media. Once cells reached around 70% of
confluency, media was changed by free serum media and incubated with the cells
for 72 hours. Conditioned media was collected from the flask and the pH
measured after 24; 48 and 72 hours to examine the change in pH overtime. To

exclude the possibility of low pH effect on platelet’s reactivity, Tyrode’s solution
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was adjusted to the same values obtained from the media, used to re-suspended

platelets and platelets response to collagen (4 pg/mL) investigated by LTA.

Platelets prepared in Tyrode’s salt solution at the same ranges of pH observed in
media over 72 hr (from pH 6.9 to pH 7.3), responded in similar way to collagen
as platelets re-suspended in Tyrode’s solution at physiological pH (pH 7.4) as

shown in figure 4-139.

Previous studies have shown that pH as low as 6.8 affect the rate of platelet
shape change by 10%; although it seems that ADP-induced platelet shape
change and actin-myosin association with the cytoskeleton was mainly affected
by cytosolic pH and not dependent on the external pH [432]. However, external
pH can affect platelet aggregation due to the effect on Store-Operated Ca?* entry
[433].
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Figure 4-139: Effect of pH on collagen-induced platelet aggregation. Statistical analysis showing no
significant effect of pH on platelet aggregation. Data is represented as mean = SD; n=4; One-way ANOVA

(P > 0.05)
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Based on these results, it can be excluded than the potential changes in the pH
of the media overtime was responsible for the inhibitory effect observed when the
conditioned media from A549 cells was used for preparing platelets suspensions.
It could be then, that A549 cells generate and release ‘mediators’ that have the
ability to inhibit platelet aggregation and to modify the platelet’s response to HCC-
1954 and A549 cells. The presence of this ‘mediator’ or its differential production
by different cell lines may justify to some extent and in some cases the differences
among cell lines to induce TCIPA. However, other possibilities are needed to be
considered and to be excluded such as the measurement of Ca*? concentration

in media prior to getting the conclusion of A549 media having an inhibitory effect.

There is no doubt that the effect of conditioned media on TCIPA and platelet
aggregation is a very interesting finding and deserves more attention and effort
to be further investigated. In fact, this novel approach has the potential to provide
a better insight for looking at the effect of cell lines derived mediators that could

inhibit or induce platelet aggregation within the tumour microenvironment.
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5. Conclusions and future directions

This research focused on the effect of kynurenine on platelet function and tumour
cell induced platelet aggregation and the potential mechanism by which
kynurenine exerts its effects. First, it was found that kynurenine was able to inhibit
platelet aggregation induced by a wide range of platelet agonists (collagen, ADP,
TXA2 and arachidonic acid) at the concentrations tested ex vivo. Despite the
different potencies and signalling pathways associated with those platelet
agonists, kynurenine was able to prevent their effect in a concentration
dependent manner.

Kynurenine is an AhR receptor agonist. Although platelets express the AhR
receptor, the inhibitory effect of kynurenine on platelet function was not found to
be mediated through the AhR receptor. In fact, the AhR receptor agonists tested
during the course of this project did not exert a similar effect to kynurenine and
AhR receptor antagonists could not attenuate the inhibitory effect of kynurenine
on platelet function.

The large neutral amino acid transporter (LAT) can participate in kynurenine
uptake by human platelets. However, the effect of high concentrations of
kynurenine (ImM) was not modified when washed platelets were prepared in the
presence of the LAT inhibitor BCH, suggesting that more than one mechanism
may participate in kynurenine uptake by platelets. It is worth noting that the
intraplatelet concentration of kynurenine was not measured after incubation with
BCH to confirm the inhibition of kynurenine uptake. Attenuation of the inhibitory
effect of kynurenine at lower concentrations on platelet aggregation induced by
collagen was confirmed by light transmission aggregometry and used as indirect
indicator of kynurenine uptake inhibition. However, it is not known if the
interaction between kynurenine and BCH might play a role in this effect. More
experiments are needed to unravel the mechanism by which kynurenine uptake
by platelet takes place using a wider range of transporter inhibitors, fluorescent
tagging of kynurenine and HPLC or LC-MS to measure the effective transported
concentration of kynurenine.

The possibility that kynurenine can act through an interaction with the platelet
surface cannot be excluded as ‘platelet washing’ abolished the inhibitory effect of

kynurenine on platelet function. In addition, adenylyl cyclase (AC), which is
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activated by kynurenine, is membrane bound and not a cytosolic enzyme.
Kynurenine exerts its inhibitory effect on platelet acting on platelet’'s adenylyl
cyclase and on the oxidised and the reduced forms of soluble guanylyl cyclase,
causing a significant elevation in cAMP and cGMP; respectively. In addition to
the central role of cCAMP and cGMP in platelets and via cGMP and cAMP
dependent mechanisms, kynurenine phosphorylates VASP which plays a key
role in actin polymerization, platelet shape change and GPIIb/llla expression
during platelet activation/aggregation.

Kynurenine acts mainly through the AC-cAMP pathway, although sGC-cGMP
also plays an important role. Despite the use of ODQ to inhibit the sGC enzyme,
kynurenine resulted in an increase in cGMP and VASP phosphorylation at serine
238. It was therefore not feasible to evaluate the role of sGC-cGMP pathway
activation in the presence of kynurenine. Inhibition of PKG did not result in
attenuation of the inhibitory effect of kynurenine on collagen- induced platelet
aggregation. Although the inhibition of AC enzyme which is responsible for cAMP
synthesis did not affect the inhibitory effect of kynurenine, the incubation of
platelets with Rp-cAMP (PKA inhibitor) attenuated this effect. It is worth to
mention that the inhibition of PDEIII by cGMP is independent of PKG and that it
can lead to elevation of CAMP concentration and PKA activation. Therefore, it can
be concluded that the inhibitory effect of kynurenine on platelet function requires
activation of both sGC and AC enzymes that converge on cAMP and PKA
activation. This conclusion was further supported by the observation that a group
of selected compounds that activates sGC were not able to inhibit collagen
induced platelet aggregation in a similar manner to kynurenine.

To exclude the possibility that the observed effect on platelets by kynurenine
could be due to its metabolites, the effect of kynurenine metabolites on sGC
activation and collagen induced platelet aggregation was also investigated.
Kynurenine metabolites that activated sGC were not able to modulate collagen
induced platelet aggregation indicating that the effect observed in platelets is
likely due to kynurenine.

The results showed in the first part of this investigation demonstrate that
Kynurenine represents a novel compound that can regulate platelet function in

an independent way of NO and prostacyclin, the two major physiological platelet
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inhibitors, and provides a molecule that may lead to the design of a safe, stable
and effective analogue for preclinical studies.

This discovery, together with the well-known involvement of kynurenine in cancer
biology, led to the second part of this project where the potential effect of
kynurenine on TCIPA was investigated. TCIPA provides advantages to cancer
cells for survival during cancer development and promotes the development of
haematogenous metastasis. In fact, inhibition of TCIPA may reduce cancer cell
survival, metastasis and ultimately cancer related deaths in patients suffering
from this disease. A549 lung cancer, HelLa cervical cancer, HT-29 colon cancer,
SW-480 colon cancer and HCC-1954 breast cancer cells show variable potencies
to induce platelet aggregation. Based on the duration of their lag phase, A549
was the least aggressive and HCC-1954 the most aggressive cancer cell lines
tested as they induced the longest and the shortest lag phase during TCIPA;
respectively. Kynurenine, at the concentrations tested ex vivo, had the ability to
inhibit A549, Hela, HT-29, SW-480 and HCC-1954 TCIPA and to downregulate
GPIIb/llla activation and translocation of P-selectin during this interaction. It is
noteworthy that P-selectin also participates in pro-carcinogenic and cancer-
related immunological mechanisms that contribute to tumour growth and
metastasis.

When studying the possible involvement of kynurenine during TCIPA it was
observed that the basal production of kynurenine by the tumour cells included in
this project was inversely correlated with their ability to induce platelet
aggregation. However, the concentrations of kynurenine generated by those cell
lines were significantly lower than the concentrations required to modulate TCIPA
in vitro.

IFN-y was used to promote the generation of kynurenine by cancer cells to give
a better insight to the role of kynurenine in cancer cell-platelet interactions.
Induction of kynurenine production by A549 elongated the lag phase but the
inhibition of kynurenine generation had no effect on the lag phase induced by
IFN-y. The induced kynurenine production from A549 following incubation with
IFN-y were at least 50 times less than the concentrations required to inhibit
TCIPA in vitro. The non-selective induction of IDO by IFN-y and the potential
effect that IFN-y can have on cell behaviour during TCIPA are factors that, among
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others, limit the interpretation of the results obtained during these experimental
procedures.

A novel approach was also used to study the effect of mediators released into
conditioned media from cultured cancer cells on platelet function. Platelets re-
suspended in conditioned media from HCC-1954 aggregated spontaneously.
However, platelets re-suspended in conditioned media from A549 did not
aggregate in the presence of A549-, HCC-1954 and collagen. It can be concluded
that A549 cells secrete inhibitory mediator(s) that can modulate the platelet
response to A549 while HCC-1954 generates pro-aggregatory agent(s) making
HCC-1954 more aggressive at inducing platelet aggregation.

Nevertheless, fresh media incubated with cancer cells for a period of time can
lead to changes on both, the composition and the characteristics of the media
that could influence platelet response to various agonists. Although changes in
pH were excluded, other factors such as Ca*? concentration need to be further
investigated.

Future studies investigating and comparing the composition of conditioned media
from different cancer cell lines with variable potencies to induce platelet
aggregation are warranted. In this regard, for instance, it has been found that
breast-cancer cells produce extracellular vesicles that can induce platelet
activation and aggregation by tissue factor-independent and -dependent
mechanisms. Extracellular vehicles (EVs) can be isolated from conditioned media
from cancer cell lines and their effect on TCIPA tested as one of the potential
factors that determines the ability of cancer cells to influence platelet aggregation.
Proteins produced by the cancer cell lines and released into conditioned media
can be also identified as an initial step in studying why different cancer cells
behave in different ways when they interact with platelets and why some of them

have a greater potential to metastasis than others.
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Appendix 1- Reagents

Company Catalogue
number
Reagent
1. Acetylsalicylic acid Sigma A5376
2. Acrylamide 30% Sigma A3574
3. ADP Sigma A5285
4. AhRAb Santacruz Sc-5579
5. Anti-Mouse secondary | Sigma A0168
Ab
6. Anti-Rabbit secondary | Sigma A0545
Ab
7. Aracidonic acid and Bio Data Corporation 101297
8. B-actin Sigma A1978
9. BCH Sigma A7902
10. Bovine serum albumin | Sigma A8022
11. Bradford regent Biorad 5000006
12. cAMP ELISA kit ELISAGenie UNFI0047
13. cAMPS-Rp TOCRIS 1337
14. CD62P Ab BD pharmingen 555524
15. Cell lysis buffer Invitrogen FNNOO11
16. cGMP ELISA kit ELISAGenie GEBY001
17. Collagen Chronolog P/N 385
18. Developer Thermoscientific 34095
19. DMSO Sigma D8414
20. Extraction buffer Life technologies FNNOO11
21. Epacadostat (INCB- | Biosciences ABE8768
024360
22.FICZ Tocris 5304
23. Forskolin CAYMAN 11018
24. Glycin BIO-RAD 161-0724
25. IDO anti body Abcam Ab55305
26. Kynuramine Santa Cruz Biotechnology Sc-207782
27. Kynurenic acid Sigma K3375-1G

214




28. Ladder Bio-rad 1610374

29. L-Arginine Sigma A5006

30. L-Kynurenine Sigma K8625

31. LNAME Sigma N5751

32. Melatonin Fluorochem Limited MO02088-5G

33. NADPH Acros 328742500

34.0DQ Sigma 03636

35. PAC-1 Ab BD pharmingen 340507

36. Paraformaldehyde 37% | Sigma F1635

37. Phosphate buffer saline | Fisher chemical 1282-1680

38. Picolinic acid Fluorochem Limited 321691-5G

39. Prostacyclin Sigma P6188

40. protease inhibitor | Thermo scientific 87786
cocktail

41. Quinaldic acid Sigma 160660-2.5G

42. Quinolinic acid Fisher Scientific Ltd 10793275

43. Rp-8-pCPT-cGMP TOCRIS 5524

44. Running buffer | BIO-RAD 161-0732
(10XTris/Glycin/SDS)
Buffer

45. Serotonin Fluorochem Limited 169300-25G
hydrochloride

46. Serotonin Sigma 14927-25MG

47.SNAP Sigma N3398

48. Sodium Dodecyl | Fisher chemical BP166-500
Sulphate SDS

49.5Q-22,536 Santacruz, USA Sc-201572

50. TheCytoTox-ONE™ Promega G7890

51. Thromboxane analogue | Tocris 1932
U1333961

52. Tris Base Fisher bioreagents BP152-1

53. Triton X-100 Fisher Bioreagents BP151-500

54. Tween-20 Sigma T2700

55. Tyrod’s buffer Sigma T2397

56. P. VASP 157 Ab LSBIO LS-C117505
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57. P. VASP 238 Ab LSBIO LS-C178002
58. VASP antibody Santacruz SC-46668

59. Xanthurenic acid Sigma D120804-1G
60. IBMX Sigma 15879-100MG
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Appendix-2 Electrophoresis gel preparation reagents

Stacking Buffer Tris base 6.05¢g
Water 300 ml
Adjust to pH 6.8
Add water up to 500 ml
Filter 0.45 um
Add SDS 04g
Store 4 °C
Tris base 91¢g
Resolving buffer Water 300 ml
Adjust to pH 8.8
Add water up to 500 ml
Filter 0.45 um
Add SDS 2g
Store 4 °C
Stacking gel for (4 gels) Acrylamide 30% 1300ul
Stacking buffer 2500 pl
Water 6000 pl

Ammonium persulfate 10 %

Separating gel 10% (4 gels) | Acrylamide 30% 5ml
Resolving buffer 3.75 ml
Water 6.25 ml
APS 10 % (m/m) 50 ul
TEMED 10 ul

Laemmli loading buffer (4X) | Stacking buffer 4ml
Beta-mercaptoethanol 2ml
Glycerol 6ml
SDS 1g
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50 ul
Tetramethylethylenediamine(TEMED) 10 ul




Bromophenol blue 50mg
Tank buffer (10x) Tris base 30.2¢g
Glycine 144 g
SDS 10g
Water 1000 ml
pH 8.3
Towbing transfer buffer Tris base 1212 ¢
Glycine 576¢g
SDS 2g
Methanol 800 ml
Water 4000 ml
Washing buffer TBS + Tween 0.05 % (V/V), pH 7.4
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