Brunel
University
London

Innate Immune Surveillance in

Ovarian and Pancreatic Cancer

A thesis submitted in fulfilment of the requirement for the
Degree of Doctor of Philosophy

By Anuvinder Kaur

September 2017

Division of Biosciences
College of Health and Life Sciences

Brunel University London



Declaration

I hereby declare that the research presented in this thesis is my own work, except
where other specified and has not been submitted for any other degree

Anuvinder Kaur



Acknowledgments

Firstly, I would like to express my sincere gratitude to my supervisor Dr Uday
Kishore for his continuous support during my PhD and related research, for his
patience, motivation and immense knowledge. I could not have imagined having a
better advisor and mentor. I greatly benefited from his profound scientific insight,
ability for solving seemingly challenging lab difficulties and to put complex ideas into
simple terms.

Besides my supervisor, I would like to thank the rest of my PhD committee: Dr Ansar
Pathan (my second supervisor), Dr Predrag Slijepcevic and Dr Sabrina Tosi for their
insightful comments and encouragement, but also for the hard question which helped
me to widen my research from various perspectives. | am thankful to Dr Ansar Pathan
for his lab expertise and insights that greatly assisted this research.

Every result described in this thesis was accomplished with the help and support from
my fellow lab-mates Sami Sultan, Suleman Riaz, Arshad Mehmood, Basudev
Paudyal, Valarmathy Murugaiah and Praveen Mathews. Thank you being there to
save the day when things got out of hand and stimulating discussions to do even
better.

I would like to thank Dr Shiv K Singh for pancreatic cancer project and Dr
Emmanouil Karteris for ovarian cancer project, for sharing their knowledge and
providing expertise to make these projects successful.

My sincere thanks to Dr Anthony Tsolaki and Dr Beatrice Nal for their support.

I would also like to thank Helen Foster, Mathew Themis, Helen Blakes and Gerry
Hatton, who facilitated this research by being the last-minute rescuers on a number of
occasions. Without training and support provided by Helen Foster, it would not have
been possible to conduct this research.

Finally, I would also like to acknowledge the immense impact and support that my
family has given me, whose encouragement and support is beyond description. I am
grateful to my friends, who supported me spiritually throughout the PhD.



Table of Contents

ACKNOWIEAGMENTS ... sssanas 3
Table Of CONTENTS....corcrrsmsscsessmssmsnsssssssssssssssssssssssss s s s ss s ssses s s snssesassassenassens 4
Papers Published ... 11
UNAET REVIEW ..ciitiiiismsssssssmsssssssmssisssis s st s s sas s s s s 11
IN PrOZresSS i 12
Summary of the thesis...... i —————— 13
Chapter 1  INtroduction .....ummsmmmsmssssssssssssssssa——————" 14
1.1 Immune surveillance in CaANCer ....ms——————————" 15
1.2 Innate IMMUNItY ... ————————— 18
1.2.1 Innate immune surveillance in various CanCers.......eemeeeesseessesseenn: 18
1.2.2 Immune surveillance mechanisms induced by Innate Immunity........c.ccuve.n. 19
1.3 The Complement SYyStem.....c.commmmmmmmmmmss———————————— 22
1.3.1 Complement mediated immune surveillance in various cancers.............. 24
1.3.2 Complement Resistance Mechanisms in various tUmors ........eeenenees 25
30 75 O o PP 27
1.4 COLLECHINS iR 30
1.4.1 Human Surfactant Protein D ... sesssessesssesssessessssenns 30
1.5 Main Aims of this StUAY ... ———— 35
Chapter 2 Methods and Materials........ccnnmnmmmmmmmss—ns 36
2.1 Purification of human C1q.....ummmmmsssssssssss 37
2.2 Expression of recombinant proteins.......essn. 37
2.2 1 COMPELENT CEIIS et sn s nns 37
2.2.2  Transformation 0f CEILS ... ssssssssesnes 38
2.2.3  Pilot-Scale EXPreSSION .. crreeseesreesresssssessesssessesssesssesssesssssssssssessssssssssssssssesssssssesss 38
2.2.4  Large-S5cale EXPreSSION ... sesssesssssssessssssse s sssssssssessssssesss 39
2.3 Purification of ghA, ghB, ghC modules of human C1q and MBP.................. 39
2.4 Purification of rfhSP-D ... 40
2.4.1  LysiS and SONICAION ..ceeceeceeerreessens s s sssssssssesssssssenss 40
N D T | £ PP 40
2.4.3 Protein purification by Affinity Chromatography........ccnennecneeneenneen: 41
2.44 Endotoxin removal from purified fractions of rfhSP-D and Limulus
AMEDOCYLE 1FSATE ASSAY .evrerrereersersersrerssrese s sess s e ss s s s enssenns 41
2.4.5 SDS (Sodium dodecyl sulfate)-PAGE = 1290 ...ccovcrreeremmreererrrererseesereeseessesseessenns 42
2.5 Cell Culture and treatments ... ———————————— 43
2.6 Cell viability aSSay ... ———————————- 43
2.7 L T N 44
2.8 Cell morphological Studies.......c.ccmmm s —————— 44
2.9 Matrigel INVasion ASSaY ... sssa——————e 44
2.10 Fluorescence MiCIrOSCOPY ...ommmmmmmmsmsssssssssssssssssssssssssssssassssssssasssssssssssssssssssass 45
2.10.1 Protein BiNAING .. sess s sssssss s sssssesssssssesns 45
2.10.2 Intracellular STAINING ... ses s 46
2.10.3 ApOPLOSIS MICIOSCOPY .ot 47
% 1 T 33 U020 05 T2 0] 14 =3 o o 2, 47
2.111 Protein BiNAING ... sess s sssssssssessssssesns 47
2.11.2 APOPLOSIS i ——————————— 48
2.11.3 Cell CYCle ANALYSIS .vvuererreereer e sess s sssssesssssssesns 48
2.11.4 Intracellular STAINING ... sesssesenns 48
2.12 Quantitative Real-time Polymerase Chain Reaction Analysis........cccusuinns 49
2.121 TIME-POINTS oot —————————— 49



2.12.2 Total RNA @XEIaCtiON .o essseessssesssesesssssesessssssssssssssssssssssessssssssssnsaes 49

2.12.3 DDA E=RST=T 15 iy U 00 1= o | PP 49
2.12.4 CDINA SYNTNESIS oot s s senns 50
2.12.5 Gene expression ANAlYSIS .. snsenns 50
2.12.6 20 00 40 U] PP 50
2.13  Western Blot......iinninssnsssnssssssssssssssssssssssssssssssssssssssssssssssssssssssss s sssssssssss 52
2.14 Statistical ANAlYSIS .. ——————————— 53
Chapter 3 Effects of Complement protein Clq and its globular head modules on
an ovarian cancer cell line, SKOV3......ccimmmmmmmssssssssssssssssssssassssssns 54
3.1 2 013 T . 55
3.2 001 0 7 11 ot ) 56
3.3 3] L L, 58
3.3.1 Purification of HUMAN CL..eeeeerersreserseesesseesseessesssssssesssessessssssssssssssssssesaees 58
3.3.2 Expression and Purification of C1q globular head chains and MBP................ 59
3.3.3 Human Clq and recombinant globular head modules bind SKOV3 ............... 61
3.3.4 (Clq and individual recombinant globular head modules reduce cellular
VIability in SKOV3 CIIS ..t sssses s ssss s sssssans 64
3.3.5 C(Clqand recombinant globular head modules induce apoptosis as shown
via fluorescence microscopy in SKOV3 CellS ... sessssessessseessesssessseenns 65
3.3.6 Clq and recombinant globular head modules induce apoptosis as shown
via flow cytometer in SKOV3 CelIS ... sesssss s sssssssessseenns 65
3.3.7 C(Clqand individual globular head modules upregulate TNF-a production by
SKOV3 cells with concomitant upregulation of NF-KB ... 68
3.3.8 (Clqupregulates expression of pro-apoptotic Bax and Fas in SKOV3 cells..69
3.3.9 C(Clq and the globular head modules activate caspase 3 in SKOV3 cells........ 70
3.3.10 C1q and globular head modules down-regulate pro-survival factors such
as RICTOR, MTOR and RAPTOR ..erreeesessseerssesssessssessessssesssssssssesssessssessssssssssssssssssssssnees 72
3.4 D3 T L1 T ) 75

Chapter 4  Effect of rfhSP-D on epithelial-to-mesenchymal transition in

pancreatic cancer cell lines ......cummmmmmms—————— 78
4.1 ADSEFACT .. —————————————————— 79
4.2 INrOUCEION ...t —————————— 80
4.3 RESUILS .o ———————— 82

4.3.1 Expression and Purification of rfhSP-D ... 82
4.3.2 Human pancreatic cancer tissues and cell lines secrete SP-D......cccouuvrrrennee. 84
4.3.3 rfhSP-D binds to a range of pancreatic cell lines........cornrerneerrnenccrneessensneenenns 86
4.3.4 rfhSP-D induces morphological alterations in the pancreatic cell line Panc-1
in a dose and time-dependent MANMNET ... eeereereesses e ssesesssesssesssssssesns 87
4.3.5 rfhSP-D suppresses the invasion ability /capacity in pancreatic cancer cell
lines 89
4.3.6 rfhSP-D downregulates TGF-3 gene eXpreSSion ... remereesseessessesssenns 90
4.3.7 rfhSP-D reduces the expression of EMT markers........eeeneeneeneenenns 93
4.3.8 Fluorescence and flow cytometry Analysis of EMT markers........coueeeneens 93
4.3.9 Blocking TGF-f via neutralizing antibody reduces the expression of EMT
markers in a similar trend as rfhSP-D..... s 96
4.4 DiSCUSSION o ———————— 98

Chapter 5  Induction of apoptosis in pancreatic cancer cell lines by rfhSP-D

101
51 72 X 0 131 0 i T o 102
5.2 890 0 X 10 ot ) 103
53 2 1 104

5.3.1 rfhSP-D induces cell cycle arrest in G1 phase in Panc-1 and MiaPaCa-2...104
5



5.3.2 rfthSP-D induces apoptosis in pancreatic cancer cells by 48 h .....c.ccccconuenneee. 106

5.3.3 rfthSP-D activates cleavage of caspase 8 and 3 .......cccovvrenmernrrenrersseennerneersecnnenns 108
5.3.4 rfthSP-D upregulates the expression of pro-apoptotic marker, Fas.............. 110
5.3.5 rfhSP-D upregulated the expression of TNF-a and causes nuclear
translocation Of NF-KB ...t sssssssssesssssseens 111
5.3.6 rfthSP-D down-regulates the survival pathway, mTOR.......ccccormernrenecrrecneen. 113
5.4 DiSCUSSION vt ———————— 115
L@ 1 ) 11 1 119
General DiSCUSSION ...cvuciuicsersmssmssssmssmsssssssssssssssssssssssssss s sss s sssssssssssssssssnsssssssssssnssnsss 119
LR 1 07 1 T 124
List of Figures

Figure 1.1 Cancer Immunoediting comprises of three phases: elimination, equilibrium

0T 072 o1 17
Figure 1.2 Immune response triggered by effector cells against cancer cell........... 20
Figure 1.3 Various soluble and membrane bound pattern-recognition receptors
(050 3 ) T PPt 21
Figure 1.4 Three pathways of Complement system................ccooviiiiiiiiinnnn.... 23
Figure 1.5 Main complement inhibitors including soluble proteins and membrane
bound complement regulators. ..........oviiiiiiiii e 26
Figure 1.6 Schematic representation of structural assembly of C1q molecule......... 28

Figure 1.7 Schematic presentation of human Surfactant Protein D (SP-D) structure. 31
Figure 1.8 Schematic presentation of a recombinant fragment of human Surfactant
Protein D (rthSP-D) structure.

Figure 1.9 Mechanism involved for apoptosis induction by rthSP-D in AML14.3D10

leukemic cell lINe........o.ooieoi i 34
Figure 3.1 SDS-PAGE (12% w/v) for analysis of purified Clq fractions from human
PlaSINA. .. e 58

Figure 3.2 Pilot scale expression of ghA, ghB and ghC on a 12% w/v SDS-PAGE...59
Figure 3.3 Large-scale expression of ghA (A), ghB (B) and ghC (C) on 12% w/v
SDS-PAGE. ... 60
Figure 3.4 SDS-PAGE (12% w/v) for analysis of purified globular head fractions... 60
Figure 3.5 Measurement of endotoxin levels in the purified g head modules and

Figure 3.6 Fluorescence microscopy analysis to show binding of human Clq and
individual recombinant globular head modules (ghA, ghB and ghC; 10 pg/ml) to
SKOWV3 CellS. .ot 62
Figure 3.7 Flow Cytometry analysis to quantify the binding of human Clq and
individual globular head modules (ghA, ghB and ghC; 10 pg/ml) to SKOV3 cells... 63
Figure 3.8 Trypan Blue Exclusion (a) and MTT (b) assay to analyse SKOV3 cell
viability following the treatment with human Clq, ghA, ghB, ghC (10 pg/ml) and
controls as MBP (10 pg/ml) and untreated for 24 h .........ccoeeiiveiiiiniiiinieeeieeeeee 64



Figure 3.9 Fluorescence microscopy to analyze apoptosis in SKOV3 cells following
treatment with human Clq and globular head modules (ghA, ghB, ghC; 10 pg/ml) and
untreated cells, as @ cONtrol, TOr 24 N. ......ooeviiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee et aeeaeees 66
Figure 3.10 Flow cytometer analysis to quantify SKOV3 cells undergoing apoptosis
following treatment with Clq and individual globular head modules for 24

Figure 3.11 Relative quantification of TNF-a (a) and NF-kB (b) mRNA expression in
SKOV3 cells treated with Clq, and globular head modules (ghA, ghB and ghC; 10
pg/ml) at 12 R e .68
Figure 3.12 Relative quantification expression of Fas (a) and Bax (b) mRNA
expression in SKOV3 cells treated with Clq, ghA, ghB and ghC (10 pg/ml) at 12 h

ANA 24 N 69
Figure 3.13 Western Blot analysis of caspase 3 activation in SKOV3 cells treated with
Clq and globular head modules.............ooiiiiiiiiii e 70
Figure 3.14 Fluorescence microscopy to analyze the activation of caspase 3 at 24
PO 71
Figure 3.15 Relative quantification comparisons of mTOR (a), RICTOR (b) and
RAPTOR ..o 72
Figure 3.16 Fluorescence Microscopy analysis of mTOR expression................... 73
Figure 3.17 Illustration of the potential apoptotic pathway following the exogenous
treatment of SKOV3 cells with Clq and globular head modules........................ 74
Figure 4.1 SDS-PAGE 12% analysis for rthSP-D expression in the pilot-scale
DAtCRES. ..ot 82
Figure 4.2 SDS-PAGE 12% analysis for rthSP-D expression in the large-scale
DAtCRES. ..ot 83
Figure 4.3 SDS-PAGE (12% w/v) analysis of purified fractions of rthSP-D. ............ 83
Figure 4.4 Measurement of endotoxin levels in the purified rthSP-D.................. 84
Figure 4.5 Fluorescence Microscopy analysis of SPD in human pancreatic cancer
181D 85
Figure 4.6 Western blot analysis of purified SP-D fractions from all pancreatic cancer
CeIl IS, ..o e 86

Figure 4.7 rthSP-D binds to a range of pancreatic cell lines............................ 87

Figure 4.8 Exogenous treatment with rthSP-D of Panc-1 cells induced morphology
changes in a time and dose- dependent manner...................c.oceviiiiiiiinnann... 88

Figure 4.9 rthSP-D supresses the invasion in pancreatic cancer cell lines............ 89

Figure 4.10 Treatment with rthSP-D significantly reduced the cell invasion such as
Panc-1 (~50%) and MiaPaCa-2 (~65%0). .. .couiiniiiii i 90

Figure 4.11 TGF- B gene expression as determined by qPCR was significantly
downregulated at 12 h in both Panc-1 and MiaPaca-2 cell lines....................... 91

Figure 4.12 Western Blot analysis confirmed this results as the bands (~60Kda) (in
the treated samples appeared very faint as compared to untreated. ............ccccveeeenennnn. 91
Figure 4.13 TGF- B intracellular staining for all cell lines.............................. 92

Figure 4.14 Smad 2/3 intracellular staining for Panc-1 and MiaPaCa-2 cell lines with
and without rthSP-D (20 pg/ml)........cooiiii e, 92

Figure 4.15 rthSP-D affected the EMT makers (Vimentin, Snail and Zebl) gene
o 0 3 10 o VA 94

Figure 4.16 Vimentin intracellular staining for all cell lines using 0.5x10° cells.....95

Figure 4.17 Zeb] intracellular staining for all cell lines using 0.5x10° cells......... 95



Figure 4.18 The quantitative analysis of mean fluorescence of Vimentin, Zebl and
Snail of Panc-1 and MiaPaCa-2 cell lines showed a significant reduction in the treated

cells as compared to UNtreated. .........cccuvieeiiieiiiieiie e 96
Figure 4.19 TGF- B blocking caused downregulation of EMT markers.. ................... 97
Figure 4.20 TGF- B blocking caused downregulation of EMT markers.. ................... 97
Figure 5.1 Cell cycle analysis following 24 h treatment of pancreatic cancer cell lines
WIth TS P-D . L 105
Figure 5.2 Qualitative analysis of apoptosis in pancreatic cancer cells following
treatment with rthSP-D via fluorescence microscopy.........coooevvvvvinniiiinenn... 107
Figure 5.3 The quantitative analysis of apoptosis using Flow Cytometer. ............ 108
Figure 5.4 Cleavage of caspase 8 and 3 in pancreatic cancer cell lines following
rfhSP-D treatment. ... ... 109

Figure 5.5 Relative quantification comparisons of Fas mRNA expression in Panc-1,
MiaPaCa-2 and Capan-2 cell lines treated with rthSP-D (20 pg/ml) for 12 and 24

5 P 110
Figure 5.6 Fas expression via Western Blot analysis in Panc-1, MiaPaCa-2 and
Capan-2 cell lines treated with rthSP-D for24 h...............oooiii, 111

Figure 5.7 Relative quantification comparisons of TNF-a and NF-xkB mRNA
expression in Panc-1, MiaPaCa-2 and Capan-2 cell lines treated with rthSP-D (20

pg/ml) for 12 and 24 ..o 112
Figure 5.8 Fluorescence Microscopy analysis to determine the translocation of NF-xB
into nucleus following rthSP-D treatment. ... 112
Figure 5.9 Relative quantification of mTOR expression in Panc-1 and MiaPaCa-2 cell
lines treated with rthSP-D (20 pg/ml) for24 h...........oooiiiiiiii e, 113
Figure 5.10 Fluorescence Microscopy analysis to analyse mTOR expression
following rthSP-D treatment. ............coiiiiiiiii e 114
Figure 5.11 Illustration of the potential apoptotic pathway following the exogenous
treatment of pancreatic cancer cells with rthSP-D..................... . 115
List of Tables

Table 1.1 List Of ADDIEVIAtIONS ......covuiiiiiiiiiiiiiiieeieeeeeceee et 9
Table 2.1 Resolving and Stacking components for 12% SDS-PAGE............c.cccc..c.. 42
Table 2.2 Phenotype and Genotype of Cancer Cell lines used in this thesis............... 43
Table 2.3 List of cell lines and antibodies .............coceerieeniiiiiiniiiiiinieeeeceeeee 46
Table 2.4 Target genes and primers used in the qPCR analysis.......cc.ccceceeninienicen. 51



Table 1.1 List of Abbreviations

ADCC antibody-dependent cellular cytotoxicity
AF ascitic fluid

Afu Aspergillus fumigatus

APS Ammonium Persulfate

ATP Adenosine 5'-triphosphate

BSA Bovine serum albumin

CAPS N-cyclohexyl-3-aminopropanesulfonic acid
ct Cycle Threshold

cDNA Complementary Deoxyribonucleic acid
CLR C-type lectin receptors

CNT Carbon nanotubes

CRD carbohydrate recognition domain

CR1 Complement receptor 1

CTL cytotoxic T lymphocytes

DAB 3,3’-diaminobenzidine

DAF decay-accelerating factor

DAMP damage-associated molecular patterns
DIABLO direct inhibitor of apoptosis protein binding protein
DC dendritic cells

Derp Dermatophagoides pteronyssinus
DMEM Dulbecco's Modified Eagle Medium
EDTA Ethylenediaminetetraacetic acid

EGF epidermal growth factor

EGFR epidermal growth factor receptor

EMT epithelial-to-mesenchymal transition
FADD Fas-associated death domain protein
FCS fetal calf serum

FHL-1 factor H like protein 1

FITC Fluorescein Isothiocyanate

HMGBI high-mobility group box 1

HRP Horse radish Peroxidase

HSP heat shock proteins

IAP Inhibitor of apoptosis protein

IFN-y Interferon gamma

IGFIR insulin-like growth factor 1 receptor
IKK IkB kinases

IL interleukin

LAL Limulus amebocyte lysate

LB Luria Broth

KIR2DL3 Killer-cell immunoglobulin-like receptor 2DL3
MAC Membrane attack complex

MASP-2 MBL-associated serine protease-2
MBP Mannose-binding protein

MBL mannose-binding lectin

MCA 3’-methylcholan-threne

MCP Membrane cofactor protein




MHC-I major histocompatibility complex

MICA MHC class-I-chain-related protein A
MISIIR Mullerian inhibitory substance type Il receptor
mRNA Messenger Ribonucleic acid

mTOR Mammalian target of rapamycin

mTORCI Mammalian target of rapamycin complex 1
mTORC2 Mammalian target of rapamycin complex 2
MTT 3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazolium bromide
mt mutant

NITR novel immune-type receptor

NK cells Natural killer cells

NKG2D Natural killer group 2D

NKGA Natural killer group A

NKT Cells natural killer T cells

NLRs NOD-like receptors

OSE Ovarian Surface Epithelium

PAMPs pathogen associated molecular patterns
PARP Poly (ADP-ribose) polymerase

PBS Phosphate-buffered saline

PBST Phosphate-buffered saline Tween

PDA Pancreatic ductal adenocarcinoma

PI Propidium lodide

PRRs pattern recognition receptors

PS phosphatidylserine

qPCR quantitative polymerase chain reaction
RAG recombinase activating gene

RANKL receptor activator nuclear factor-xB ligand
RAPTOR regulatory-associated protein of mTOR

RM Rainbow Marker

rfhSP-D recombinant fragment of human SP-D
RICTOR rapamycin-insensitive companion of mTOR
RLRs RIG-I-like receptors

RNA Ribonucleic acid

rRNA Ribosomal Ribonucleic acid

SDS Sodium dodecyl sulfate

shRNA short hairpin RNA

smac second mitochondria-derived activator of caspase
SP-D Surfactant protein D

SRs scavenger receptors

TAA tumour associated antigens

TEMED Tetramethylethylenediamine

TGF-B Transforming growth factor-beta

TLR Toll like receptors

TNF Tumor necrosis factor

TNFR1 TNF type I receptor

TRAIL TNF- related apoptosis inducing ligand
TRADD Tumor necrosis factor receptor type 1-associated DEATH domain
uT Untreated

wt Wild-type

ZEB1 zinc finger E-box binding homeobox 1

10




Papers Published

1. Kaur A, Sultan S, Murugaiah V, Pathan A, Alhamlan F, Karteris E, Kishore U.,
Human Clq Induces Apoptosis in an Ovarian Cancer Cell Line via Tumor Necrosis
Factor Pathway. Frontiers in Immunology. 2016;7: 599 (IF 6.4)

2. Pondman K, Paudyal B, Sim R, Kaur A, Kouser L, Tsolaki A, Jones LA, Salvador-
Morales C, Khan HA, ten HB, Stenbeck G, Kishore U. Pulmonary surfactant protein
SP-D opsonises carbon nanotubes and augments their phagocytosis and subsequent
pro-inflammatory immune response. Nanoscale. 2017;9(3):1097-1109. (IF 7.8)

3. Pednekar L, Pathan A, Paudyal B, Tsolaki A, Kaur A, Abozaid S, Kouser L, Khan
HA, Peerschke EI, Shamji MH, Stenbeck G, Ghebrehiwet B, Kishore U. Analysis of
the Interaction between Globular Head Modules of Human C1q and Its Candidate
Receptor gC1gR. Frontiers in Immunology. 2016;7:567 (IF 6.4)

4. Pednekar L, Pandit H, Paudyal B, Kaur A, Al-Mozaini M, Kouser L, Ghebrehiwet
B, Mitchel DA, Madan T, Kishore U. Complement Protein C1q Interacts with DC-
SIGN via Its Globular Domain and Thus May Interfere with HIV-1 Transmission.
Frontiers in Immunology. 2016;7:600 (IF 6.4)

5. Kouser L, Madhukaran S, Shastri A, Kaur A, Ferluga J, Al-Mozaini M, Kishore U
Emerging and Novel Functions of Complement Protein C1q. Frontiers in
Immunology. 2015;6: 317 (IF 6.4)

6. Dodagatta-Marri E, Mitchell DA, Pandit H, Sonawane A, Murugaiah V, Thomas S,
Nal B, Al-Mozaini AM, Kaur A, Madan T and Kishore U. Protein-protein interaction
between surfactant protein SP-D and DC-SIGN via C-type lectin domain can suppress
HIV-1 transfer. Frontiers in Immunology, 2017 Jul 31; 8:834. (IF 6.4)

Under Review

7. Kaur A, Riaz M S, Singh Shiv K., Kishore U Human Surfactant Protein D
suppresses epithelial-to-mesenchymal transition in pancreatic cancer cells by
downregulating TGF-B. Cancer Research

8. Kaur A, Riaz M S, Mathews P, Singh S. K., Kishore U Human Surfactant Protein
D induces apoptosis in pancreatic cancer cell lines. Oncogene.

9. Kouser L, Paudyal B, Kaur A, Flahaut E, Abozaid S, Stover C, Sim RB and
Kishore U. Human properdin opsonizes nanoparticles and triggers a potent pro-
inflammatory response by macrophages. Frontiers in Immunology, in revision

10. Kandov E, Kaur A, Hosszu KK, Kishore U, Irrizary D, Peerschke E IB,

Ghebrehiwet B. The dual roles of membrane and soluble forms of gC1qR and Clq in
the breast cancer microenvironment. Frontiers in immunology, submitted.

11



In progress

11. Kaur A et al., Surfactant protein D exerts its anti-proliferative and anti-migratory
effects on an ovarian cancer cell line via negative regulation of mTOR pathway.
Frontiers in Immunology.

12 Ferluga J, Kaur A, RB Sim RB, Kishore U. Complement and Collectin receptors
in innate and adaptive immune development and homeostasis. 2017. Immunological
Reviews, in preparation.

13. Kaur A, Roberta Bulla, Uday Kishore. Clq as a double-edged sword in human
cancer. Frontiers in Immunology.

12



Summary of the thesis

Activation of innate immune surveillance mechanisms during the development of
cancer is well-documented. However, knowledge of how these innate immune
proteins, when added exogenously, independent of tumour microenvironment, affect
tumour cells is limited. In Chapter 3, the effects of human Clq and its individual
globular domains (ghA, ghB and ghC) on an ovarian cancer cell line, SKOV3, have
been examined. Clq and globular head modules induced apoptosis in approximately
55% of cells, which involved upregulation of TNF-a and Fas and activation of the
caspase cascade. This occurred in parallel to the downregulation of mTOR, RICTOR
and RAPTOR survival pathways, which are often over-expressed in the majority of
the cancers. Thus, this study provided evidence for another complement-independent
role of Clq. The second part of this thesis was to investigate the effect of Human
Surfactant Protein-D (SP-D), which is known to modulate secretion of a range of
cytokines and chemokines by effector immune cells, such as TNF-a and TGF-J, at
mucosal surfaces during infection and inflammation. Our hypothesis was that SP-D
can influence these soluble factors as a part of its putative role in the immune
surveillance against pancreatic cancer, where the inflammatory tumour
microenvironment contributes to the epithelial-to-mesenchymal transition (EMT)
invasion and metastases. In this study, a recombinant fragment of human SP-D
(rfhSP-D) inhibited TGF- expression in a range of pancreatic cancer cell lines,
thereby reducing their invasive potential by downregulating Smad2/3 expression that
may have interrupted signal transduction negatively, which affected the transcription
of key mesenchymal genes such as Vimentin, Zebl and Snail. Furthermore,
prolonged treatment with rfthSP-D induced apoptosis in the pancreatic cancer cell
lines via activation of the caspase cascade. Thus, this study added another layer to the

well-known protective role of SP-D.
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Chapter 1

Introduction
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1.1 Immune surveillance in Cancer

The immune system is a highly effective host defense mechanism comprising layered
protective subsystems, such as innate and adaptive immune systems, which launch an
attack against altered self (apoptotic cells, transformed cells, virus-infected cells etc)
and non-self (pathogens, grafts etc) by initiating inflammatory responses (Pio et al,
2014). Carcinogenesis is associated with frequent genetic and epigenetic alterations,
which radically change phenotype of the cells by altering the morphology, structure of
cell membrane components including the origin of tumour associated antigens,
abnormal glycosylation (Hakomori, 2002) and an aberrant rise in the metabolism of
membrane phospholipids (Glunde and Serkova 2006; Griffin and Kauppinen, 2007).
Immune cells and proteins participate in an immune surveillance mechanism via its
innate and adaptive wings to eliminate tumour cells. It can also make tumour cells
quiescent, as evident from the presence of dormant tumours in the autopsy of patients
deceased due to other reasons (Schreiber et al., 2011; Aguirre-Ghiso, 2007; Welch
and Black, 2010). The immune surveillance comes into play when the normal cells
undergoing transformation express distinctive pro-inflammatory factors or damage-
associated molecular patterns (DAMPs), which act as danger signals recognised by
the immune cells for eradication (Garg et al., 2013). The nature of the danger signals
depends on various factors such as type of physical or chemical stress, chemistry of
cell stress response, tumour cell type and the nature of the injury or cell death.
DAMPs include chaperones (calreticulin and heat shock proteins; HSP70 and
HSP90), extracellularly secreted factors (Adenosine 5'-triphosphate (ATP), high-
mobility group box 1 (HMGBI) and uric acid) and cellular components produced
during cell death (mitochondrial components and nucleic acid). Immune cells such as
natural killer (NK) cells, dendritic cells (DCs) and T cells recognise the danger
signals and participate in elimination process of newly transformed immunogenic
tumour cells. However, rare tumour cells acquire mutations, which escapes the
detection and elimination by the immune system, thus, continue to survive and
proliferate until clinically detectable (Teng et al., 2008; Grivennikov et al., 2010). The
escape tactics may include activation of regulatory T cells, varied antigen profile,
shedding of tumour antigens to neutralise tumour specific antibodies, loss of major

histocompatibility complex (MHC-I) expression, elevation of immunosuppressive
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cytokines such as IL-10 or transforming growth factor-beta (TGF-B) and by
downregulating the cell death receptors and caspases (Garg et al., 2013).

Tumour growth advances not only due to the acquired genetic mutations to
overcome various defense mechanisms initiated by immunosurveillance, but also by
altering the local microenvironment to a favourable niche for its survival,
proliferation and migration (Barcellos-Hoff et al., 2013; Shankaran et al., 2001).
Tumour cells colonised in the tissue enter an equilibrium phase, in which they survive
either by generating new less immunogenic tumour variants, or by altering the
mechanisms that activate immune defense (Shankaran et al., 2001). These findings
led to the concept of dynamic process of ‘immunoediting’, which comprised three
stages: (1) elimination via cancer immunosurveillance, followed by (i1) equilibrium, a
phase of immune-mediated latency following the partial tumour elimination, and (ii1)
escape during which tumour overcomes the immunological limitations of the
equilibrium phase and outgrows (Dunn et al., 2004; Dunn et al., 2002).

Various studies have shown the active role of innate and adaptive immune
molecules in oncogenesis. However, the immuno-oncology field is constantly
evolving due to heterogeneity associated with cancer cells, and hence, the activation
of distinct immune mechanisms. Traditionally, the main focus of immuno-oncology
research was based on the recognition and cytotoxic effects of immune cells.
However, recent scientific advancements have shown that immune proteins can
equally contribute to cancer treatment, which has been successfully translated into

immunotherapies in a number of cases (Pandya et al., 2016).
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Figure 1.1 Cancer Immunoediting comprises three phases: elimination, equilibrium
and escape. Normal cells undergo transformation in response to oncogenic stimuli and
the process of tumorigenesis begins. During early stages of tumorigenesis, these
transformed cells may express tumor associated markers and secrete danger signals.
This initiates the immunoediting process, which begins with elimination phase by the
combined action of innate and adaptive immunosurveillance network for the
eradication of the developing tumor. In an unsuccessful event of elimination, the
cancer cells enter the equilibrium phase, where they alter the immune responses and
produce new tumor variants. These variants eventually overcome the immune
responses and escape until it becomes clinically detectable (Figure 1.1 was taken from
Dunn et al., 2004).
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1.2 Innate Immunity

Innate immunity is the first line of defense against pathogens invading via epithelia,
which is composed of epithelial cells held together by tight junctions in the form of
skin and linings of the body’s tubular structures such as gastrointestinal, respiratory
and urogenital tracts (Murphy, 2012). Epithelial cells not only form a physical barrier
but also secrete various protective anti-microbial glycoproteins (mucins), enzymes
(lysozymes), and peptides (defensins, cathelicidins and histatins), which inhibit the
microbial growth. The innate immune responses depend on a set of proteins and
phagocytic cells such as neutrophils and macrophages, which recognise the conserved
features of the pathogens, called pattern associated molecular patterns (PAMPs), or
DAMPs, which are associated with host cells, via pattern recognition receptors
(PRRs) to distinguish between self and non-self and promptly become activated to
destroy them (Murphy, 2012). PRRs are divided into membrane bound PRRs (Toll
like receptors; TLRs and C-type lectin receptors; CLRs), cytoplasmic PRRs (NOD-
like receptors; NLRs and RIG-I-like receptors; RLRs) and soluble PRRs such as
collectins, ficolins etc. PAMPs are highly conserved within different pathogens and
can consist of protein, lipid, carbohydrate moieties or nucleic acid, that are recognised
by TLRs. TLRs are a type of PRR, 13 of which have been identified so far, that are
usually expressed on DC, macrophages, and NK cells (Lu et al., 2002; Reid, 1998;
Haagsman, 1998; Crouch and Wright, 2001).

Over last two decades, various studies have demonstrated the role of major
effector cells of innate immunity such as dendritic cells (DC), macrophages,
basophils, eosinophils, natural killer (NK) cells, and mast cells and the cytokines and
chemokines they produce, can influence the immunoediting process of elimination,

equilibrium and escape during tumour development (Liu et al., 2012).

1.2.1 Innate immune surveillance in various cancers

The most powerful evidence for immune surveillance appeared when recombinase
activating gene (RAG)-2 knockout mice model was developed. The knock-out mouse
was incapable of somatically rearranging the lymphocyte antigen receptors, and
thereby cannot produce peripheral natural killer T (NKT) cells, af T cells, yo T cells
or B cells. Thus, the model offered an insight into the effects of lymphocyte
insufficiency on the development of tumour (Shinkai et al., 1992; Shankaran et al.,

2001). RAG-2 knockout mice developed chemical carcinogen 3’-methylcholan-threne
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(MCA) induced sarcomas quicker and more frequently, as compared to wild-type
controls (Shankaran et al., 2001). NKT and yo T cells were later found to play a key
role in linking innate and adaptive immune responses, as evident from their
interactions with CD4" and CD8" T lymphocytes (Dranoff, 2004). Subsequent studies
showed that o and yo T cell subsets played a critically distinct role against tumour
development as mice lacking either o or y& T cells were more prone to MCA-
induced tumour development as compared to wild type mice (Girardi et al., 2003; Gao
et al., 2003). Additional studies using chimeric mice with yo T cells that could not
produce IFN-y were more prone to MCA-induced tumour suggesting, anti-tumour
functions of IFN-y (Gao et al., 2003).

The immune surveillance role of NK cells against cancer has been extensively
studied. Mice depleted of NK and NKT using monoclonal antibody anti-NK1.1 were
up to three times more prone to MCA-induced tumour as compared to the wild type
mice (Smyth et al., 2001). The perforin produced by NK cells has been shown to
protect mice from MCA induced sarcomas (van den Broek et al., 1996). Moreover,
clinical evidence suggests that NK cells infiltrate in tumour tissues are associated with

favourable prognosis in the cancer patients (Ishigami et al., 2000).

1.2.2 Immune surveillance mechanisms induced by Innate Immunity

During the innate immune response against non-major histocompatibility complex
(MHC) or low MHC-I expressing tumour cells, NK cells are stimulated to initiate the
primary immune response when its stimulatory cell surface receptor, Natural killer
group 2D (NKG2D), binds to the tumour cell ligands including MHC class-I-chain-
related protein A (MICA) (Bauer et al., 1999), MICB (Salih et al., 2003; Vetter et al.,
2002) and UL-16 binding protein (Champsaur and Lanier, 2010) in human. The
stimulated NK cells secrete IFN-y, perforin and TNF-a, which induces apoptosis in
the cancer cells (Schoenborn and Wilson, 2007; Liu and Zeng, 2012). The importance
of IFN-y has also been supported by the mice studies. IFN-y prevents chemically
induced tumour formation in vivo; in addition, tumours grow rapidly in mice lacking
IFN-y (Kaplan et al., 1998). TNF family ligands such as TNF, TNF- related apoptosis
inducing ligand (TRAIL) and Fas are widely expressed on the NK cell surface. These
can engage with their corresponding receptors such as TNF receptor, TRAIL receptor,
or Fas, which are overexpressed in various tumours (Beutler and van Huffel, 1994;

Gruss, 1996), leading to efficient induction of cell death by apoptosis (Nagata, 1997).
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The C57BL/6 mice treated with TRAIL-neutralising antibodies, developed MCA-
induced fibrosarcoma more rapidly than the wild-type control (Takeda et al., 2002).
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Figure 1.2 Immune response triggered by effector cells against cancer cells. Immune
response may occur either via recognition of tumour associated antigens (TAA) either
by cytotoxic T lymphocytes (CTL) or by specific antibodies, which opsonize the
cancer cells for recognition by natural killer (NK) cells. CTL bind to TAA and causes
cell death via FasL-FasR, whereas NK cells recognize the TAA associated antibody

and release granules with perforin, granzyme, and TNF-a. Subsequently, caspase 3 is
activated upon internalization of either granzyme via mannose-6-phosphate receptor
(MPR) or perforin via perforin complex pores, which leads to apoptosis. These
responses may lead to complement activation which culminates in membrane attack
complex (MAC) and eventually the cell content leakage occurs. (Figure 1.2 was taken
from Peres Lde et al., 2015).

Furthermore, stress signals secreted by the apoptotic tumour cells share similarities to
the events triggered by microbial pathogens. These include danger signals recognised
via PRRs such as TLRs, nucleotide-binding and oligomerisation domains, leucine-
rich repeat containing NLRs and scavenger receptors (SRs). The phagocytic and
antigen presenting cells can recognize both exogenous pathogens as well as
endogenous modified molecules via these receptors (Murphy, 2012). The danger
signals from apoptotic tumour cells which include lipid phosphatidylserine (PS) or
calreticulin, activate the macrophages for recognition and elimination by phagocytosis

(Gardai et al., 2006; Gardai et al., 2005). However, limitations to these danger signals
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exit as they may initiate immune responses against the tumour locally as part of
elimination phase. Several recent studies have shown that excessive inflammation
may promote the tumour development (Dranoff, 2004). The macrophages in the
tumour microenvironment are considered to promote chronic inflammation that
provides an immune deficient environment favourable for tumour growth (Ostrand-

Rosenberg, 2008).
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Figure 1.3 Various soluble and membrane bound pattern-recognition receptors
(PRRs). These include soluble lectins such as collectins (MBL, surfactant proteins
SP-A & SP-D), ficolins and pentraxins (C-reactive proteins and serum amyloid —P),
integral membrane receptors (DC-SIGN, Dectin-1 and Mannose Receptor), natural
killer (NK) cell receptors (NKGA, KIR2DL3 and NITR), scavenger receptors,
complement receptors and Toll-like receptors (TLR). These receptors regulate the
interactions with non-self cells that could lead to activation of various immune system
mechanisms for their elimination (Figure 1.3 was taken from Vasta et al., 2009 with
minor modification).

21




1.3 The Complement System

Complement system is an integral arm of the innate immune system, which is
composed of more than 40 circulating or cell surface bound plasma proteins (Reid,
1986; Walport, 2001). These proteins participate in various processes such as
mediators of adaptive immunity, microbial resistance, clearance of apoptotic cells,
angiogenesis, regulation of coagulation system, synapse pruning, lipid metabolism
and several immunological processes that substantially contribute to homeostasis
(Ricklin et al., 2010). The complement system is activated depending on the ligand
via classical, lectin or alternative pathway (Lu and Kishore, 2017).

The classical pathway is activated by Clq binding to IgM or IgG immune
complexes or other activators such as apoptotic cells, necrotic cells etc, which
initiates a cascade reaction of complement proteins that starts with activation of Cls
and Clr. Cls, a serine protease cleaves C4 into C4b (binds to target surface) and C4a
(diffuses away). Then, C2 binds to C4b and this complex is further cleaved by Cls
into C2a and C2b, which remains bound to C4b, to generate a classical pathway C3
convertase (C4bC2b). In this complex, C2b (serine protease) cleaves C3 into C3b and
C3a. C3b then binds to the target surface and joins C3 convertase to form C5
convertase, C4bC2bC3b. C5 is then cleaved into C5a (a potent anaphylatoxin like
C3a) and C5b, which then assembles the components of C5b-9 (membrane attack
complex, MAC), which may cause cell lysis. This process is known complement-
dependent cytotoxicity (CDC), if the activating particle is a cell (Pangburn and
Rawal, 2002) (Figure 1.4).

The lectin pathway is activated upon binding of mannose-binding lectin
(MBL), which recognise and bind repetitive carbohydrate patterns such as mannose
and N-acetyl-glucosamine on pathogens. The proteins then form a complex with
MBL-associated serine protease-2 (MASP-2), which cleaves C4 and C2 to form C3
convertase C4bC2b, which is common to the activation of classical pathway Figure
1.4 (Pio et al., 2014).

The alternative pathway is initiated by hydrolysis of C3, which causes the
cleavage of a thioester bond in C3 to form C3 (H,O). This allows its binding to Factor
B, which is cleaved by Factor D into Ba and Bb to form alternative pathway C3
convertase, C3 (H,O)Bb. This complex then converts C3 into C3b and C3a. C3b is

usually rapidly in activated, however, a few C3b molecules can bind complement

22



activating surfaces. This causes cascade reaction again as it then binds to Factor B,
which can be cleaved by Factor D, forming C3 convertase (C3bBb). An amplification
loop initiates as the Bb fragment on C3 convertase cleaves more C3, generating more
C3b, capable of creating new C3 convertase and C5 convertase (Figure 1.4) (Pio et

al., 2014).
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Figure 1.4 Three pathways of Complement system. The classical pathway is activated,
when C1 complex binds to immune complexes leading to the formation of C4bC2b
enzyme complex (C3 convertase) or brings about complement activation by binding
to apoptotic cells. The lectin pathway is activated via either MBL or and MASP
binding to a range of mannose groups on the bacterial cell surfaces, leading to the
generation of C3 convertase. The alternative pathway is activated by hydrolysed C3
and factor B, which leads to formation of C3 convertase. All three pathways converge
at C3 convertase. C3 convertase then forms C5 convertase enzyme, which
subsequently forms MAC. Several factors including CR1, DAF, C4BP, MCP can
inhibit the activity of C3 and C5 convertase. Proteins such as CDS59, clusterin and
vitronectin can block the assembly of the MAC complex. Complement activation
subsequently leads to bacterial lysis by MAC complex and recruit immune cells,
platelet activation and endothelial and epithelial cell activation. In addition,
complement proteins opsonises the pathogens for phagocytosis. (Figure 1.4 was taken
from Merle et al., 2015).
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1.3.1 Complement mediated immune surveillance in various cancers
Although there is no direct and convincing evidence of effective complement
mediated immune surveillance against cancer, it is assumed that the conventional role
of complement system such as opsonisation of transformed cells and recognition by
immune cells for elimination, may contribute to the inhibition of tumour growth.
There is substantial evidence to suggest that tumorigenesis is accompanied by
complement activation; however, it fails to completely eliminate the tumour cells.
Several studies have shown the presence of complement deposition in and
around tumour cells, including the tumour microenvironment. These include C5
deposits and ability to generate C5a by lung cancer cell lines (Corrales et al., 2012),
C3b presence in primary lung cancer cells (Niehans et al., 1996), elevated C3¢ and C4
in lung cancer patients (Gminski et al., 1992) and elevated C3a and soluble C5b-9 in
the intraperitoneal ascitic fluid of ovarian cancer patients (Bjorge et al., 2005).
Increased lectin pathway activation has been reported in colorectal cancer patients as
compared to healthy subjects (Ytting et al., 2004). Increased complement haemolytic
activity and C3 levels were found in serum samples from children with neuroblastoma
(Carli et al., 1979). Elevated complement levels in digestive tract carcinoma patients
(Maness and Orengo, 1977) and brain cancer (Matsutani et al., 1984) have also been
reported. Furthermore, in vivo studies have also reported altered classical complement
pathway activation in chronic lymphatic leukemic patients (Fust et al., 1987;
Schlesinger et al., 1996), papillary thyroid carcinoma (Lucas et al., 1996), and
follicular lymphoma and mucosa-related lymphoid tissue lymphoma (Bu et al., 2007).
The alternative pathway activation was reported in lymphoblastoid cell lines
(McConnell et al., 1978) and patients with multiple myeloma (Kraut and Sagone
1981). Additional associations between complement and tumorigenesis that have been
reported include complement levels correlation with tumour size (Nishioka et al.,
1976), survival correlation with activation of classical pathway of complement (Varga
et al., 1995), and MASP-2 concentration in serum as an independent marker for poor

prognosis (Ytting et al., 2005).
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1.3.2 Complement Resistance Mechanisms in various tumors
Neoplastic transformation is associated with complement activation; however, cancer
cells achieve resistance to complement attack by expressing membrane bound CD59,
CD55 or soluble complement regulators (factor H, C1q) (Jurianz et al., 1999). For
example, increased levels of CD59, a membrane attack complex (MAC) inhibitor, in
prostate cancer (Jarvis et al., 1997); neuroblastoma (Chen et al., 2000) and melanoma
(Coral et al., 2000) have been associated with resistance to complement mediated
toxicity and increased metastatic capacity. Similarly, overexpression of CDS5S5, a
complement decay-accelerating factor (DAF), and its receptor CD97 in prostate
cancer (Loberg et al., 2005) colorectal carcinoma (Durrant et al., 2003) and medullary
thyroid carcinoma (Mustafa et al., 2004) has been reported. This is of significance as
lack of CD55 in mice enhances the T cell response by hypersecretion of IFN-y and
interleukin (IL)-2 to active immunization as compared to wild type mice, suggesting
the overexpression of CDS55 supresses adaptive immune response (Liu et al., 2005).
Soluble complement proteins such as factor H or factor H like protein 1 (FHL-
1) are overexpressed in bladder cancer (Cheng et al., 2005), lung adenocarcinomas
(Cui et al., 2011) and ovarian carcinomas (Junnikkala et al., 2002). This can promote
inactivation of C3b in H2 glioblastoma cells (Junnikkala et al., 2000), and regulate
complement activation in melanoma cell line SK-MEL-93-2 (Ollert et al., 1995). In
contrast, neutralisation of factor H using anti-factor H antibodies enhanced the CDC
mediated killing of Burkitt’s lymphoma cells (Corey et al., 1997; 2000). Moreover,
when Factor H knockout A549 non-small cell lung cancer cell line, was injected into
athymic mice (adaptive immune deficient with normal complement activity),
xenografts formed by Factor H deficient mice were significantly smaller as compared
to control mice. Immunohistochemistry analysis of the xenograft tumours Factor H
deficient mice showed higher levels of C3 deposits, when compared with the control
mice xenografts (Ajona et al., 2007). Other soluble complement regulatory proteins
that protect cancer cells from complement mediated killing include Factor I, which
cleaves C3b and C4b, and C4b-binding protein (C4BP) in non-small-cell lung cancer
(Okroj et al., 2008) and C1 inhibitor (Bjorge et al., 2005). Additionally, complement
resistance mechanisms may also include secretion of proteases, which cleave

complement activating components (Ollert et al., 1990) and endocytosis or
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vesiculation of MAC (Morgan, 1992; Moskovich and Fishelson, 2007) by cancer

cells.

Factor H
o

FHL-1

Figure 1.5 Main complement inhibitors including soluble proteins and membrane
bound complement regulators. Red lines ending in a bar show the inhibitory effect
such as Factor H and FHL-1 inhibit the activation of C3 and C4BP inhibits C4b2b.
Red lines ending with a square show accelerated decay activity. Overexpression of
complement regulator such as CD59 (MAC inhibitor), CD35 (complement receptor),
and CDS55 (C4b2b C3 and C3bBb C3 convertase inhibitor) and Green lines ending
with square show cofactor activity, and the ones ending with arrowhead show
protease activity such as inactivation C3b and C4b by serum factor I. Vitronectin and
clusterin inhibit insertion of MAC into the membrane (Figure 1.5 was taken and
modified from Pio et al., 2014).
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1.3.3 Clq

Clq, an innate immune molecule, is the first subcomponent of the C1 complex that
recognises the IgG-or IgM containing immune complexes and activates the
complement classical pathway. It is the key molecule of classical pathway of
complement. It can bind a wide variety of self and non-self ligands and regulates a
range of homeostatic functions such as clearance of immune complexes, pathogens,
necrotic and apoptotic cells (Kishore et al., 2004). In addition to Kupffer cells cells in
the liver, Clq is also produced by macrophages, immature DCs and adherent
monocytes (Lu and Kishore, 2017). Interestingly, Clq has also been found in the
microenvironment of various tumour tissues, where it was unable to activate
complement and promoted proliferation (Bulla et al.,, 2016), suggesting its
complement-independent function.

Human Clq, 460 kDa, molecule comprises 18 polypeptide chains (6A, 6B and
6C). The A chain (223 residues), B chain (226 residues), and C chain (217) residues
and each Clq chain has a short N-terminal region (3-9 residues), followed by a
collagen like sequence of ~81 residues and a C-terminal globular (gC1q) region of
~135 residues. The inter-chain disulfide bridges link N-terminal regions of A and B
chains yielding 6A-B dimer subunits and two C chains yielding 3C-C dimer subunits.
The triple helical collagen region from A-B subunit and a C-C subunit forms a
structural unit (ABC-CBA), joined by covalent and non-covalent bonds. These three
subunits assemble together to form a full-length protein, held together with strong

non-covalent bonds (Figure 1.6), (Kishore and Reid, 2000; Kishore et al., 2004).
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Figure 1.6 Schematic representation of structural assembly of Clq molecule. Clq
(460Kda) comprises 18 polypeptide chains (6A, 6B, and 6C), encoded by three
different genes (C1QA4, CIQB, and CIQC). (a) Each chain comprises a short N-
terminal region, followed by collagen region (CLR) of ~81 residues and a C-terminal
globular region (gC1q domain) of ~135 residues. (b) The interchain disulfide bridges
link N-terminal regions of A and B chains yielding 6A-B dimer subunits and two C
chains yielding 3C-C dimer subunits. (c) The triple helical collagen region from A-B
subunit and a C-C subunit forms a structural unit (ABC-CBA), joined by covalent and
non-covalent bonds. (d) These three subunits assemble together to form a full-length
protein, held together with strong non-covalent bonds. (¢) The crystal structure of the
gClq domain of human Clq (Protein Data Bank code 1PK6, presented as a ribbon
diagram of ghA in blue, ghB in green, ghC in red, with the calcium ion shown as a
yellow ball), shows a compact, spherical, heterotrimeric assembly (50 A diameter),
held together predominantly by non-polar interactions, with non-crystallographic
pseudo-threefold symmetry (Figure 1.6 was taken from Kishore et al., 2004).
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1.3.3.1 Complement independent functions of Clq

Based on the presence of jellyroll topology of the gC1q domain (Shapiro and Scherer,
1998; Ghebrehiwet et al., 2003; Ghai et al., 2007), it became evident that C1q was
possibly a prototypical molecule of the TNF family, hence, the C1g-TNF superfamily
came to be recognised (Kishore et al., 2004). Thus, expansion of the Clq family has
led to the identification of a range of immunomodulatory functions of Clq that are
independent of its role in the complement activation (Kouser et al., 2015; Kishore et
al., 2016). These include modulation of dendritic cell (DC) functions (van Kooten et
al., 2008), neuronal synapse pruning (Stevens et al., 2007) and cancer development
(Bulla et al., 2016). Indeed, Clq is also involved in cellular differentiation, pathology
of pregnancy, immunologic tolerance and extensive cross-talk with extracellular
matrix proteins (Kishore et al., 2016).

Several functional overlaps between Clq and the TNF family exist. This
became even more evident, when it was established that C1q may regulate TNF-a in
the ovarian cancer cell line SKOV3, leading to apoptosis of the target cells (Kaur et
al., 2016; Chapter 3 of this thesis). In this context, a cytokine-like function of C1q has
also been proposed recently (Ghebrehiwet et al., 2012). Interestingly, the recombinant
fragments of the gC1q domain of human Clq A, B, and C chains (ghA, ghB and ghC)
were also able to induce apoptosis in SKOV3 cells (Kaur et al., 2016; Chapter 3 of
this thesis). Furthermore, Clq was also shown to induce apoptosis in the DU145
prostate cancer cells via activation of WOXI, a pro-apoptotic and a tumour
suppressor protein, and disrupted cell adhesion (Hong et al., 2009).

The presence of Clq was shown in the stroma and vascular endothelium of
various human malignant tumours, including adenocarcinoma of such as lung, colon,
pancreas and breast, as well as melanoma (Bulla et al., 2016). The locally synthesised
Clq has a tumorigenic role via promoting adhesion, evasion and proliferation without
the activation of complement. C/ga deficient mice exhibited slower growth of tumour
and prolonged survival as compared to wild type mice, when melanoma cancer cells
(B16/F10) were injected intramuscularly. The tumour growth rate in C3- and C5-
deficient mice was similar to wild type. Similarly, a significant difference was seen in
tumour growth of Clqga deficient and wild type syngeneic mouse model of lung
carcinoma (Bulla et al., 2016).

In conclusion, the role of Clq against cancer, thus appears to be dampened
due to the expression of complement regulators such as CD55 (C4b2b C3 and C3bBb
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C3 convertase inhibitor) and CD59 (MAC inhibitor), rendering the inefficient
immune surveillance mechanism despite its presence in the tumour
microenvironment; however, Clq regains its functions when added exogenously to
the cancer cells (Bjorge et al., 2005, Kaur et al., 2016, Bulla et al., 2016, Hong et al.,
2009).

1.4 Collectins

Collectins (collagen containing C-type lectins) are soluble pattern recognition
molecules that bind to a wide range of carbohydrate on the cell surfaces of a range of
pathogens including bacteria, fungi and viruses in a calcium dependent manner and
bring about complement activation (in case of MBL) and phagocytosis. The collectins
can recognise PAMPs and DAMPs (Lu et al., 2002; Reid, 1998; Haagsman, 1998;
Crouch and Wright, 2001). Binding of collectins to microbes via lectin domains
results in activation of multiple immunological processes that include
agglutination/aggregation, enhanced phagocytosis and complement activation (Lu et
al., 2002). Nine members of collectin family have been identified so far, including
Mannan binding lectin (MBL) (Kawasaki et al., 1978), Surfactant protein A (SP-A)
(White et al., 1985), Surfactant protein D (SP-D) (Persson et al., 1988), collectin liver
1 (CL-L1), which are the well characterised members of the collectin family (Lu et
al., 1997; Ohtani et al., 1999). One of the aim of this thesis is to explore the effect of

SP-D in immune surveillance against cancer.

1.4.1 Human Surfactant Protein D
Human SP-D plays a vital role in linking the innate and adaptive immunity to protect
against infection, allergy and inflammation (Kishore et al., 2006). SP-D can act as a
potent opsonin for viruses, bacteria and fungi, and bring about clearance mechanisms
via aggregation/agglutination, enhanced phagocytosis, production of superoxide
radicals, direct microbicidal effect, and macrophage activation (Kishore et al., 2005).
In most instances, SP-D binds to carbohydrate on the pathogen surface via its CRD
region, whilst the collagen region binds to its putative receptor (calreticulin/CD91
complex being one of them) on the surface of macrophages and other phagocytic cells
and brings about effector functions (Gardai et al., 2005).

SP-D is a hydrophilic protein, that is a polymer made up of a single
polypeptide chain (43 kDa) with a cysteine containing N-terminal region, region of

collagen sequence containing repeated Gly-X-Y triplets, an a-helical coiled-coil neck
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region and a C-type lectin domain or carbohydrate recognition domain (CRD). Three
identical polypeptide chains of 43 kDa form an oligomer of 130 kDa subunit. Four
homotrimeric subunits linked via their N-terminal regions form a tetrameric structure
of 520 kDa (Kishore et al., 2006, Nayak et al., 2012) (Figure 1.7). Earlier findings
indicated that SP-D was secreted by type Il pneumocytes and Clara cells in the lungs.
However recently its extrapulmonary presence in tissues such as trachea, brain, testis,
heart, prostate, kidneys, and pancreas has also been reported (Madsen et al., 2000;
Kishore et al., 2006; Nayak et al., 2012). Although its homeostatic role in lungs has
been widely studied, its specific functions at extrapulmonary tissues are poorly

understood (Kishore et al., 2006).
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Figure 1.7 Schematic presentation of human Surfactant Protein D (SP-D) structure.
The SP-D polypeptide monomer comprises cysteine rich N-terminal region (required
for disulfide bonds for oligomers), collagen region containing repeated Gly-X-Y
triplets, a-helical coiled-coil neck region and a C-type lectin domain or carbohydrate
recognition domain (CRD). Human SP-D is composed of three single polypeptide
chains of 43 kDa forming a trimer subunit of 130 kDa. Four of these oligomer
subunits then assemble a tetrameric structure of SP-D, 520kDa. SP-D binds via CRDs
to various ligands while the collagen region regulates the recruitment of immune cells
for the clearance of pathogens, allergens and apoptotic/necrotic cells (Figure 1.7 was
taken from Nayak et al., 2012).
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Figure 1.8 Schematic presentation of a recombinant fragment of human Surfactant
Protein D (rthSP-D) structure. The SP-D polypeptide monomer comprises 8 N-
terminal Gly-XaaYaa collagen-like triplets (residues 179-202), Helical coiled-coil
neck region (residues 203-235) and CRD region (residues 236-355) (Figure 1.8 was
adapted from Kishore et al, 2006).

1.4.1.1 Immune surveillance by SP-D

Initially, SP-D and a recombinant fragment of human SP-D containing o-helical
coiled-coil neck and CRD region (rthSP-D) (Figure 1.8) were shown to bind the
house mite extract (Dermatophagoides pteronyssunus, Derp), and allergens of
Aspergillus  fumigatus (Afu) derived from 3-week culture filtrate (3wcf) and
glycoprotein allergens such as gp55 and gp45 in a calcium dependent manner, inhibit
IgE binding to these allergens and thereby blocking the allergen triggered histamine
release from basophils derived Derp and Afu sensitised patients (Wang et al., 1996;
1998; Madan et al., 1997). When exogenous rthSP-D was administered
therapeutically in a murine model of pulmonary hypersensitivity induced by Afu
allergen/antigens, it lowered specific IgG and IgE levels, suppressed peripheral and
pulmonary eosinophilia, and polarised Th2 to Thl immune response in the spleen
(Madan et al., 2001). These studies highlighted SP-D as a potent link between innate
and adaptive immunity and a modulator of inflammation by virtue of its ability to

control inflammatory response and helper T cell polarization (Nayak et al., 2012).
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These initial studies were followed by observations that eosinophils derived
from sensitized individuals were susceptible to apoptosis induction, oxidative burst
and CD69 expression by rthSP-D in vitro as compared to eosinophils derived from
healthy and non-sensitised individuals. However, eosinophils derived from healthy
donor primed with IL-5 turned out to be susceptible to rthSP-D induced apoptosis.
rthSP-D binding to human eosinophils in calcium-dependent manner indicated the
involvement of its carbohydrate recognition domain (Mahajan et al., 2008).

Using an eosinophilic cell line, AML14.3D10 (a model cell line for
leukaemia), it was established, via proteomics analysis, that apoptosis induction by
rthSP-D involved upregulation of p53 (Figure 1.8). The treatment with SP-D and
rthSP-D induced cell cycle arrest via activation of G2/M checkpoints i.e. increased
p21 levels and phosphorylation of cdc2, activated pro-apoptotic marker cleaved
caspase 9 and downregulated pro-survival protein HMGAT in the leukemic cell line
AML14.3D10 (Mahajan et al., 2013; Mahajan et al., 2014).

Another crucial study by Pandit et al., (2016) revealed that rthSP-D was able to
induce apoptosis in activated human PBMCs, but not in resting, non-activated
PBMCs. rthSP-D treatment was found to restore homeostasis by regulating the
expression of immunomodulatory receptors and cytokines and subsequent apoptosis
induction in the activated lymphocytes. It caused significant downregulation of pro-
inflammatory receptors such as CD69, TLR2, TLR4 and CD11c and thus, inhibited
Th response. Levels of Thl cytokines IFN-y, TNF-a and IL-6 were downregulated,
however, Th2 cytokines (IL-4 and IL-10) and TGF-f levels were not affected (Pandit
et al., 2016). These studies, for the first time, raised the possibility that SP-D can have
a function of immune surveillance against activated self and perhaps
altered/transformed self.

Subsequently, involvement of SP-D in the control of cancer has recently been
examined (Hasegawa et al., 2015). Human lung adenocarcinoma cells (A549 cell
line), when exogenously treated with SP-D, showed suppressed epidermal growth
factor (EGF) signalling by reducing the EGF binding to EGFR, which subsequently
reduced the cell proliferation, invasion and migration of cancer cells. SP-D was found
to directly bind to sEGFR in a calcium dependent manner, which involved

interactions between carbohydrate recognition domains of SP-D and N-glycans of
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EGFR (Hasegawa et al., 2015). Therefore, effect of SP-D on pancreatic cancer has

been further evaluated in this study.
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Figure 1.9 Mechanism involved in apoptosis induction by rthSP-D in AML14.3D10
leukemic cell line. rthSP-D treatment enhanced the oxidative stress and
downregulated pro-survival marker, HMGA1, which causes phosphorylation of p53
and cdc2. p21, was upregulated and cdc2 phosphorylation causes inhibition of cdc2,
leading to G2/M phase cell cycle arrest. pS3 was upregulated, which caused activation
of caspase 9, which further caused cleavage of Poly (ADP-ribose) polymerase
(PARP), and subsequent apoptosis (Figure 1.8 was taken from Mahajan et al., 2013).
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1.5 Main Aims of this Study

In order to investigate the effects of innate immune molecules on ovarian and

pancreatic cancer, the following aims have been outlined:

l.

To investigate the complement independent effects of exogenous Clq and
recombinant forms of globular head modules (ghA, ghB and ghC) on an
ovarian cancer cell line, SKOV3 in order to determine if Clq has pro-or anti-
tumorigenic effect in ovarian cancer, which is presented in Chapter 3.

To assess a possible anti-tumorigenic role of rthSP-D on invasive-
mesenchymal phenotype in pancreatic cancer cell lines, which is presented in
Chapter 4.

To examine a possible p53 independent pro-apoptotic role of rfhSP-D in

pancreatic cancer cell lines, which is presented in Chapter 5.
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Chapter 2

Methods and Materials
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2.1 Purification of human Clq

Human Clq was purified from freshly thawed human plasma (TCS Biosciences;
Catalogue # PR100) using affinity chromatography on IgG Sepharose (Tan et al.,
2010). Human plasma (100 ml) was made 5 mM EDTA by adding 200 mM sodium
EDTA, pH 7.4 and centrifuged at 5000 x g for 10 min. The supernatant was then
passed through a Whatmann filter paper (GE Healthcare, UK) to remove any
aggregates and lipids. The plasma was then mixed with non-immune human IgG
coupled to CNBr-activated Sepharose (20 ml with 20 mg IgG per ml of Sepharose;
GE healthcare, UK) on a gentle shaker for 2 h at room temperature. Clq bound to
IgG-Sepharose was washed rapidly with 10 mM Hepes, 140 mM NaCl, 0.5mM
EDTA, pH 7.4 and the IgG-Sepharose was packed into a column to elute bound Clq
with CAPS (N-cyclohexyl-3-aminopropanesulfonic acid) buffer (100 mM CAPS, 1 M
NaCl, 0.5 mM EDTA, pH 11). The eluted protein was dialysed against 0.1M HEPES
buffer, pH 7.5 to lower the pH. The IgG contaminants were removed from the eluted
Clq fractions by passing it through a HiTrap Protein G column (GE Healthcare, UK).
The purified protein was then analysed on SDS-PAGE.

2.2 Expression of recombinant proteins

Preparation of competent cells, transformation, pilot scale and large-scale expression
steps were common for the purification of all recombinant proteins; rthSP-D, ghA,
ghB, ghC and MBP except the antibiotic resistance, which is mentioned as

appropriate in the sections below.

2.2.1 Competent Cells

A single colony of E. coli BL21 (ADE3) pLysS (Invitrogen, UK) in the presence of
chloramphenicol (50 pg/ml) (Sigma-Aldrich, UK) for rthSP-D or BL21 (Invitrogen,
UK) in the presence of ampicillin (100 pg/ml) (Sigma-Aldrich, UK) for globular head
modules was inoculated in 10 ml of Luria Broth (LB) medium at 37°C on a shaker
overnight. On the following day, 500 pl of the primary culture was inoculated into 10
ml of LB medium containing chloramphenicol (50 pg/ml) for BL21 (ADE3) pLysS or
ampicillin (100 pg/ml) for BL21 before incubating at 37°C on a shaker until the
optical density (ODgoonm) reached between 0.3-0.4 1.e. an early log Phase. The culture
was then centrifuged at 2000 x g for 5 min and the pellet was resuspended very gently
in 1 ml of 0.1 M CaCl, and then a final volume of 12.5 ml of CaCl, was added to the
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cell suspension before incubation on ice for 1 h. Then, the cells were centrifuged for 5
min at 2000 x g and the supernatant was discarded. The cell pellet was resuspended in

2 ml of 0.1 M CaCl, and these cells were competent cells to be transformed.

2.2.2 Transformation of cells

Expression construct rfhSP-D (pUK-D1, containing cDNA sequences for Gly-X-Y
repeat, neck and CRD region of human SP-D; Kishore et al., 2006), ghA (pKBM-A),
ghB (pKBM-B), ghC (pKBM-C) and MBP, (1-2pg) (Kishore et al.,2003) were added
to competent cells separately (200 pl) for incubation on ice for 1 h. Then, bacterial
cells were given heat shock at 42°C for 90 sec followed by an immediate incubation
for 5 min on ice. LB (800 pl) was then added to the transformed cells before
incubating at 37°C with gentle shaking at regular intervals for 45 min. After
incubation, cells were spread plated on a LB agar plate containing 100 pg/ml of
ampicillin and 50 pg/ml of chloramphenicol for rthSP-D or ampicillin alone for
globular head modules and MBP. The transformed cultures were plated for incubation
at 37°C incubator to allow the colonies to grow overnight. Using these plates, colonies
were grown for a pilot scale expression analysis to ensure the expression of the

protein of interest.

2.2.3 Pilot-Scale Expression

A single colony was inoculated in 4 different sets of 5 ml LB containing ampicillin
(100 pg/ml) and chloramphenicol (50 pg/ml) for rthSP-D or ampicillin (100 pg/ml)
alone for globular head modules and MBP to grow overnight in a shaking incubator at
37°C. On the following day, 500 pl of primary culture was added tol0 ml LB
containing appropriate antibiotics before incubating at 37°C on a shaker until it
reached an ODgponm between 0.6—0.8. An un-induced (1 ml) sample was taken as a
control and the remaining culture was induced with 0.4mM Isopropyl B-D-1-
thiogalactopyranoside (IPTG) (Sigma Aldrich, UK). Both induced culture and an un-
induced sample were incubated at 37 °C on a shaker for 3 h. Then, 1 ml of un-induced
and induced samples were centrifuged at 13,800 x g for 10 min. The cell pellet was
then mixed with 100 pl of 2x treatment buffer (50 mM Tris pH 6.8, 2% B-
merceptoethanol, 2% SDS, 0.1% bromophenol blue, and 10% glycerol) and heated at
100°C for 7 min before loading 20 pl of each sample on a 12 % SDS-PAGE to run for

90 min at 120V for analysis of the expression in the induced samples. The primary
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culture for the expressed colony was then streaked on a LB agar plate containing
appropriate antibiotics for rthSP-D or globular heads and MBP to grow overnight at
37°C. Using these plates, large scale bacterial cultures were grown for the purification

of the recombinant proteins.

2.2.4 Large-Scale Expression

A single colony from the pilot scale was inoculated in 25 ml LB containing ampicillin
(100 pg/ml) and chloramphenicol (50 pg/ml) for rthSP-D or ampicillin (100 pg/ml)
alone for globular head modules to grow overnight at 37°C on a shaker. The primary
culture (12.5 ml) was added to 500 ml LB medium with appropriate antibiotics for the
recombinant proteins and incubated at 37°C on a shaker for 3 h until the ODag0o
reached between 0.6 and 0.8. An un-induced sample (1 ml) was taken from the culture
and the remaining culture was induced with 0.4 mM IPTG before incubating at 37°C
on a shaker for further 3 h. After 3 h, 1 ml from induced culture and an un-induced
sample were centrifuged at 13,800 x g for 10 min. The cell pellet was mixed with 100
pl of 2x treatment buffer and heated for 7 min at 100°C before running on a 12 %
SDS- PAGE for 90 min at 120V to determine the protein expression. In addition, the
remaining induced culture was centrifuged at 13,800 x g at 4°C, for 15 min and the

cell pellet was stored at —20°C to process for purification later.

2.3 Purification of ghA, ghB, ghC modules of human Clq and
MBP
The globular head regions of human Clq A (ghA), B (ghB) and C (ghC) were
expressed in E.coli as MBP-fused recombinant forms. The cell pellet from the large
scale for each fusion protein and MBP was lysed in 25 ml of lysis buffer (20 mM
Tris-HCL, pH 8.0, 0.5 M NaCl, | mM EGTA pH 7.5, 1 mM EDTA pH 7.5, 5% v/v
glycerol, 0.2% v/v Tween 20) containing 0.1 mM PMSF and lysozyme (100 pg/ml) at
4°C for 30 min. The cell suspension was then sonicated at 60 Hz for 30 sec with an
interval of 2 min each and it was repeated for 12 cycles. The sonicated cell suspension
was then centrifuged at 13,800 x g for 15 min. The supernatant was mixed 5 x 25 ml
with buffer I (20 mM Tris-HCL, pH 8.0, 100 mM NaCl, 1 mM EDTA PH 7.5, 0.2%
v/v Tween 20 and 5% v/v glycerol). The diluted supernatant was then passed through
an amylose resin column (New England Biolabs). The column was then washed

extensively with 150 ml of buffer I, followed by buffer II (250 ml of buffer I without
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Tween 20). The fusion protein fractions were then eluted with 100 ml buffer II
containing 100 mM maltose. The OD,gy was determined for the concentration of the
proteins before running the samples on SDS-PAGE to confirm the purified protein
bands. The peak elutions were then passed through Pierce™ High Capacity Endotoxin
Removal Resin (Qiagen) to remove lipopolysaccharide (LPS). Endotoxin levels in the
purified protein samples were analysed using the QCL-1000 Limulus amebocyte
lysate system (Lonza). The assay was linear over a range of 0.1-1.0 EU/ml (1 EU = 0.
1 ng of endotoxin) and the amount of endotoxin levels was measured as <0.5pg/ug of

the recombinant proteins.

2.4 Purification of rfhSP-D
A recombinant fragment of human SP-D containing a-helical coiled-coil neck region

and three CRDs was purified as discussed below.

2.4.1 Lysis and Sonication

The cell pellet stored at —20°C was lysed using 50 ml of lysis buffer (50 mM Tris-
HCI, pH 7.5, 200 mM NacCl, 5 mM EDTA) containing 0.1 mM phenylmethylsulfonyl
fluoride (PMSF; Sigma-Aldrich, UK) and 100 pg/ml lysozyme (Sigma-Aldrich, UK)
at 4°C for 1 h. The cell suspension was sonicated at 60Hz for 30 sec with 2 min
interval and repeated it for 12 cycles. The sonicated cell suspension was then
centrifuged at 13,800 x g for 15 min at 4°C and the inclusion bodies enriched with

rthSP-D protein in the cell pellet were stored at -20°C for solubilization later.

2.4.2 Dialysis

The cell pellet was solubilized in 25 ml of solubilisation buffer (50 mM Tris-HCI pH
7.5, 5 mM EDTA and 100 mM NaCl) containing 6 M Urea for 1 h at 4°C. The cell
suspension was then centrifuged at 13,800 x g, at 4°C for 15 min. The supernatant
was serially dialysed against solubilization buffer containing 4 M, 2 M, 1 M urea with
10mM B-mercaptoethanol and 0 M urea for 2 h each at 4°C. The final dialysis was
done in solubilization buffer containing 5 mM CaCl, for 3 h and centrifuged at 13,800
xg, 4°C for 15 min to carry out further purification steps.
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2.4.3 Protein purification by Affinity Chromatography

The supernatant containing rthSP-D was passed through the maltose agarose column
(Sigma-Aldrich, UK). The column was washed with 50 ml of 1M salt buffer (50 mM
Tris-HCL, pH 7.5, 1 M NacCl, 5 mM CaCl,) before eluting the maltose bound protein
with solubilisation buffer containing 10mM EDTA, pH 7.5. The ODjg was
determined for the concentration of the protein in the eluted fractions. The purified
protein (20 pl) was mixed with 2 x treatment buffer (50 mM Tris pH 6.8, 2% f-
mercaptoethanol, 2% SDS, 0.1% bromophenol blue, and 10% glycerol) and denatured
at 100°C for 7 min before running on 12% SDS-PAGE to confirm the purity of the

protein.

2.4.4 Endotoxin removal from purified fractions of rfhSP-D and Limulus
amebocyte lysate assay

Pierce™ High Capacity Endotoxin Removal Resin (Qiagen) was used to remove
lipopolysaccharide (LPS). The column was washed with 50 ml of autoclaved water
followed by 50 ml of 1% sodium deoxycholate (Sigma-Aldrich, UK) and then washed
again by 50 ml autoclaved water. Then, the purified protein with higher ODsy was
passed through the column and ODysy was determined using a Nanodrop
spectrophotometer. To confirm the LPS levels of rthSP-D, a LAL (Limulus
amebocyte lysate) was performed. A standard curve was plotted using 4 E-coli
standards provided in the kit and the endotoxin levels were determined by using the
optical density 405nm values on Y-axis to the corresponding amount of endotoxin
(EU/ml) present in the samples, plotted on x-axis, where 1 endotoxin unit/ml (EU/ml)

is equivalent to 0.1ng endotoxin/ml.
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2.4.5 SDS (Sodium dodecyl sulfate)-PAGE — 12%
A SDS-PAGE gel consists of two parts: resolving (10 ml) and stacking (5 ml), which
were prepared by mixing the components below, with as per quantities listed for 12%

gel:

Table 2.1 Resolving and Stacking components for 12% SDS-PAGE

Resolving gel 12% Stacking gel 12%

Components Volume (ml) Components Volume (ml)

dH;O0 33 dH,0 34

30% Bis-Acrylamide mix 4 30% Bis-Acrylamide 0.83
mix

1.5M Tris-HCI, pH 8.8 2.5 1.0M Tris-HCI, pH6.8 0.63

10% SDS (Sodium dodecyl 0.1 10% SDS 0.05

sulphate)

10% APS (Ammonium 0.1 10% APS 0.05

Persulfate)

TEMED 0.15 TEMED 0.14

(Tetramethylethylenediamine)

The glass plates were assembled in the casting frames ensuring there was no leakage.
The resolving gel solution was first pipetted into the gap between the plates and was
left for 10 min to polymerise. The stacking solution was then pipetted on top of the
resolving gel and a comb was inserted for the formation of wells. After ensuring the
complete polymerisation of the stacking gel, the comb was carefully removed and the
glass plates were set in the buffer dam. The running buffer (1x) (25 mM Tris, 192
mM glycine and 0.1% SDS) was poured into the inner chamber and the tank was
filled to the required levels in the outer chamber. The samples mixed with 2x
treatment buffer (50 mM Tris pH 6.8, 2% p-mercaptoethanol, 2% SDS, 0.1%
bromophenol blue, and 10% glycerol), preheated at 100°C for 10 min, were loaded
into the wells and a protein marker (Thermo Fisher) was loaded in the first lane to
analyse the size of bands. The gel apparatus was then connected to the power pack at
120V for 90 min to run the samples in the gel to separate the proteins for analysis.
The gel was stained overnight in the staining solution (0.1% coomassie blue, 10%
acetic acid, 40% methanol and 50% H,O and de-stained the next day using de-
staining solution (10% acetic acid, 40% methanol and 50% H,O) for clearly visible

protein bands.
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2.5 Cell Culture and treatments

Human cancer cell lines for ovarian clear cell adenocarcinoma cell line: SKOV3
(ATCC, Rockville, MD, USA) and pancreatic cancer: Panc-1, MiaPaCa-2 and Capan-
2 (ATCC, Rockville, MD, USA) were used as an in vitro model. SKOV3, Panc-1,
MiaPaCa-2 and Capan-2 cell lines were cultured in DMEM-F12 media containing
10% v/v fetal calf serum (FCS), 2 mM L-glutamine, and penicillin (100
units/ml)/streptomycin (100 pug/ml) (Thermo Fisher). All cell lines were grown under

standard conditions at 37°C and 5% v/v CO, until 80-90% confluent.

Table 2.2 Phenotype and Genotype of Cancer Cell lines used in this thesis

Human Biological Source ATCC Catalogue # Genotype

Cell Line mt: mutant;
wt- wildtype

SKOV3 Metastasis from ascites in | HTB-77 ps3™

(Fogh and | Ovary

Trempe,

1975)

Panc-1 Primary tumor derived CRK-1469 p53™

(Lieber et | from Pancreas/duct KRAS™

al., 1975) SMAD4"

MiaPaCa-2 | Primary tumor derived CRL-1420 p53™

(Yunis et | from body and tail of KRAS™

al., 1977) | pancreas SMAD4"

Capan-2 Primary tumor derived HTBS0 p53™

(Kyriazis | from head of pancreas KRAS™

et al. 1986) SMAD4™

2.6 Cell viability assay

SKOV3 cells (0.1x10%ml) were grown in DMEM-F12 medium containing 10% FCS
overnight in a 12-well plate (Nunc). On the following day, the cells (which were
adherent) were washed 2x with PBS and were incubated with Clq, ghA, ghB, ghC, or
MBP (10 pg/ml) and an untreated control in serum free DMEM-F12 for 24 h. The
cells were then detached using SmM EDTA (pH 8.0), and centrifuged at 1200 x g for
5 min. The cell pellet was re-suspended in 1 ml of DMEM-F12. The cells were then
counted by mixing 10 ul of cell suspension with 10 pl of Trypan Blue (60%; Sigma-
Aldrich, UK) using a haemocytometer. The viable cells do not stain whereas the dead
cells take up the dye and appear blue under the microscope. The viable cells were
counted and an average was taken by counting in five different optical fields. Average
of three independent experiments was used for analysis.
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2.7 MTT assay

SKOV3 cells (0.1x10°/ml) were grown in a 96-well plate (Nunc) in DMEM-F12
containing 10% FCS. Next day, the cells were washed twice with PBS. MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (Thermo Fisher, Catalogue #
M6494) assay was performed by incubating SKOV3 cells (0.1x10%) with Clq, ghA,
ghB, ghC or MBP (10 pg/ml each) along with an untreated control in serum-free
DMEM-F12 medium for 24 h. Then, cells were incubated with 50 pg/ul MTT (5
mg/ml stock in PBS) per well for 4 h at 37°C. Media was discarded from the wells,
leaving behind 25 pl per well, which was mixed gently with 50 pl of dimethyl
sulfoxide (DMSO) and incubated for another 10 min at 37°C. The absorbance was

read at 570 nm using a plate reader.

2.8 Cell morphological Studies

Morphological alterations were examined in order to determine the optimal dose of
rthSP-D for the treatment of pancreatic cell lines. Panc-1 cells were seeded at a low
density (0.1 x 10*ml) and grown overnight in DMEM-F12 containing 10% FCS in a
12 well plate (Nunc). The cells were washed twice with PBS and incubated in serum
free media with and without rthSP-D (5, 10 or 20 pg/ml). An area of 5-10 cells was
selected for each condition for analysis and images were taken at 0 h, 6 h and 24 h

using phase contrast Axioscope microscope.

2.9 Matrigel Invasion Assay

The invasion assay was performed using Corning™ BioCoat™ Matrigel™ Invasion
Chamber (Fisher; Catalogue # 08-774-122). Inserts pre-coated with basement
membrane, extracted from Engelbreth-Holm-Swarm mouse tumor, were reconstituted
in serum free DMEM-F12 media at 37°C for 2 h. 35,000 cells, resuspended in 500 pl
serum free DMEM-F12 media, were added to the top wells of the inserts with and
without rthSP-D (20 pg/ml) and 500 pl of media containing serum was added to the
bottom of the inserts in a 24-well plate and incubated at 37°C for 22 h. Next, medium
containing non-evaded cells were discarded and remaining cells were scraped off
from the membrane using a sterile cotton bud ensuring cells at the bottom of the
membrane remained intact for fixing. Fixing was done using 100% methanol for 2

min, followed by 2 min incubation with toluidine blue (Thermo Fisher) to stain the
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evaded cells. The membrane was cut using a sterile scalpel and mounted on the slide

to count the evaded cells.

2.10 Fluorescence Microscopy

Cell lines (0.5x10°/ml) were grown on coverslips overnight in DMEM-F12 medium
containing 10% FCS. On the following day, the cells were washed twice with PBS
and incubated with human Clq, ghA, ghB, ghC, MBP (10 pg/ml; SKOV3) or rthSP-
D (20 pg/ml; Panc-1, MiaPaCa-2, and Capan-2) in a serum free DMEM-F12 medium

for appropriate time as per the experiment requirements as discussed below.

2.10.1 Protein Binding

Cell lines (0.5x10°/ml) were grown on coverslips overnight in DMEM-F12 medium
containing 10% FCS. Next day, the cells were washed twice with PBS and incubated
with human Clq, ghA, ghB, ghC (10 pg/ml; SKOV3) or rthSP-D (10 pg/ml; Panc-1,
MiaPaCa-2, and Capan-2) separately in a serum free DMEM-F12 medium for 1 h at
4°C to allow protein binding. After 1 h, the cells were washed twice with PBS to
remove any unbound proteins. The cells were then probed with appropriate primary
antibody (1:200; rabbit anti-human C1q; MRC Immunochemistry Unit, Oxford, rabbit
anti-human MBP for globular head modules (Thermo Fisher, UK) or mouse anti-
human SP-D; MRC Immunochemistry Unit, Oxford) for 1 h at room temperature. The
cells were then washed twice with PBS to remove excess antibody before incubation
with appropriate secondary antibody (1:500; goat anti-rabbit IgG Alexa Flour 488
(Thermo Fisher; Catalogue # R37116) or goat anti-mouse IgG conjugated with CY5
(Abcam; Catalogue # ab6563) and Hoechst 33342 (1:10,000, Thermo Fisher;
Catalogue # 10150888) for 1 h at room temperature. The cells were then washed
twice with PBS to remove excess secondary antibody and were fixed with 4 %
paraformaldehyde (PFA; Thermo Fisher) for 10 min. The anti-fade (5 pl; Citiflour,
UK; Catalogue # AF1) was added on top of the coverslips and the slides were
prepared to view them under HF14 Leica DM4000 microscope for fluorescence

analysis.
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2.10.2 Intracellular staining

Cell lines (0.5x10°/ml) were grown on coverslips overnight in DMEM-F12 medium
containing 10% FCS. Next day, the cells were washed twice with PBS and incubated
with human Clq, ghA, ghB, ghC, MBP (10 pg/ml; SKOV3) or rfthSP-D (20 pg/ml;
Panc-1, MiaPaCa-2, and Capan-2) in a serum free DMEM-F12 medium. The cells
were then fixed and permeabilized by adding 500 pl of ice-cold 100% methanol for
10 min at -20°C. Intracellular staining was performed as per incubation time and
antibodies for each cell line as listed in Table 2.3. The cells were washed twice with
PBS in between each step. The permeabilized cells were incubated with primary
antibody for 1 h at room temperature followed by 1 h incubation with goat anti-rabbit
IgG Alexa Flour 488 (1:500, Thermo Fisher) or anti-rabbit conjugated with CY3
(1:500; Thermo Fisher) and Hoechst (1: 10,000; Thermo Fisher) before preparing the

slides for fluorescence microscopy analysis using HF14 Leica DM4000 microscope.

Table 2.3 List of cell lines and antibodies

Cell Line Primary Source & Secondary Source &
(Treatment) | Antibody Catalogue # Antibody/Dilution | Catalogue #
/Dilution
SKOV3 Rabbit anti- Cell Signalling | Goat anti-rabbit Thermo
human mTOR #2972 IgG Alexa Flour Fisher
(Clq (1:200) 488 (1:500) #R37116
& globular Rabbit anti- Cell Signalling | Goat anti-rabbit Thermo
head human caspase 3 | #9664 IgG, CY3 (1:500) | Fisher
modules) (1:500) # A10520
Panc-1, rabbit anti- Cell Signalling | Goat anti-rabbit
MiaPaCa-2, human Vimentin | #5741S IgG Alexa Flour
& Capan-2 (1:200) 488 (1:500)
Rabbit anti- Cell Signalling
(rthSP-D) human snaill #3879S Thermo
(1:200) Fisher
Rabbit anti- Cell Signalling #R37116
human Zebl #3396S
(1:200)
Rabbit anti- Cell Signalling
human mTOR #2972
(1:200)
Rabbit anti- R&D system
human TGF-f3 #AB-100-NA
(1:200)
Rabbit anti- Cell Signalling | Goat anti-rabbit Thermo
human Smad2/3 | #3102 IgG, CY3 (1:500) Fisher
(1:200) #A10520
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2.10.3 Apoptosis Microscopy

After 24 h (SKOV3: Clq and g heads) and 48 h (Panc-1, MiaPaCa-2, and Capan-2:
rthSP-D) incubation with proteins, the coverslips were washed twice with PBS and
then incubated with annexin V binding buffer containing FITC annexin V (1:200) and
propidium iodide (1:200) (FITC Annexin V apoptosis detection kit with PI,
Biolegend; Catalogue #: 640914) for 15 min. The coverslips were then washed twice
with PBS and fixed with 4% PFA before preparing the slides to view under HF14
Leica DM4000 microscope.

2.11 Flow Cytometry

Cell lines (0.1x107) were plated in culture petri dishes (Nunc) using DMEM-F12
containing 10% FCS. Next day, the cells were washed twice with PBS and incubated
with proteins separately; Clq, ghA, ghB, ghC (10 pg/ml; SKOV3) or rthSP-D (20
pug/ml; Panc-1, MiaPaCA-2 and Capan-2), along with an untreated control in a serum
free DMEM-F12 medium for 1 h for protein binding analysis, 24 h for apoptosis and
growth arrest analysis or 48 h for apoptosis analysis. The cells were detached using 5
mM EDTA and centrifugation at 1200 x g for 5 min for various analysis as discussed

below.

2.11.1 Protein Binding

For protein binding analysis, SKOV3 cells (0.5x10°) were incubated with Clq, ghA,
ghB and ghC (10 pg/ml), using BSA treated cells as a negative control. Cells were
incubated with proteins at 4°C for 1 h and washed twice with PBS. Then, cells were
incubated with primary polyclonal antibodies, rabbit anti-human Clq polyclonal
antibody (1:200) for Clq and rabbit anti-human MBP (Thermo Fisher, 1:200;
Catalogue # PA1-989) for globular head module treated cells as well as their
respective BSA treated controls for 1 h at room temperature. The cells were then
incubated with goat anti-rabbit IgG Alexa Flour 488 (1:1000, Thermo Fisher) for 1 h,
and then washed with PBS twice between each step. Compensation parameters were
acquired using unstained, untreated goat anti-rabbit IgG Alexa Flour 488 stained
SKOV3 cells. 10,000 cells were acquired for each experiment and compensated

before plotting the acquired data.
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2.11.2 Apoptosis

For apoptosis analysis via flow cytometry, FITC annexin V apoptosis detection kit
with propidium iodide (FITC/annexin V apoptosis detection kit with PI, Biolegend,
Catalogue # 640914) was used, as per manufacturer’s instructions. Both treated and
untreated cells were incubated with annexin V conjugated with FITC (5 pl) and
propidium 1odide (5 pl) for 15 min at room temperature. The cells were then washed
twice with PBS before analysing the samples using a Novocyte flow cytometer.
Compensation parameters were acquired using unstained, untreated FITC stained, and
untreated propidium iodide stained cells. 10,000 cells were acquired for each

experiment and compensated before plotting the acquired data.

2.11.3 Cell Cycle Analysis

Cell lines (Panc-1, MiaPaCa-2 and Capan-2) were plated in culture petri dishes
(Nunc) (0.1x107/3 ml) and incubated with rfhSP-D (20 pg/ml), along with an
untreated control, for 24 h and 48 h, followed by cell detachment using 5 mM EDTA,
pH 8, and centrifugation at 1200 x g for 5 min. For cell cycle analysis, the cells were
fixed in 70% v/v ethanol for 30 min at 4°C, followed by a PBS wash twice at 850 x g.
The cells were then treated with ribonuclease (100 pg/ml; Sigma; Catalogue # R4875)
to ensure DNA staining without RNA contamination before staining with propidium
1odide (50 pg/ml; Thermo Fisher; Catalogue # P3566). 10,000 cells were then acquired
for both treated and untreated samples and the propidium iodide histograms were
plotted using the set markers within the analysis program of Novocyte Flow

Cytometer.

2.11.4 Intracellular staining

Cell lines (Panc-1, MiaPaCa-2 and Capan-2) were plated in culture petri dishes
(Nunc) (0.1x107/3 ml) and incubated with rfhSP-D (20 pg/ml), along with an
untreated control, for 24 h followed by cell detachment using 5 mM EDTA, pH 8, and
centrifugation at 1200 x g for 5 min. The cells were then fixed and permeabilized by
adding 500 pl of ice-cold 100% methanol for 10 min at -20°C. The cells were washed
twice with PBS in between each step. The permeabilized cells were incubated with
primary antibody (rabbit anti-human Vimentin, rabbit anti-human Zebl, rabbit anti-

human Snail) for 1 h at room temperature followed by 1 h incubation with goat anti-
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rabbit IgG Alexa Flour 488 (1:500, Thermo Fisher). 10,000 cells were acquired for

each experiment and compensated before plotting the acquired data.
2.12 Quantitative Real-time Polymerase Chain Reaction Analysis

2.12.1 Time-points

Cell lines (0.3 x 107/ml) were grown overnight in DMEM-F12 medium containing
10% FCS in 12 well plates (Nunc). Next day, cells were washed twice with PBS and
incubated with Clq, ghA, ghB or ghC (10 pg/ml) or rthSP-D (20 pg/ml) in serum free
DMEM-F12 medium for various times. At each time-point the cells were detached
using trypsin (Sigma) and centrifuged at 1500 x g for 5 min. The cell pellets were
stored at -80°C for RNA extraction later.

2.12.2 Total RNA extraction

GenElute Mammalian Total RNA Purification Kit (Sigma-Aldrich, UK; Catalogue #
RTN350) was used, as per manufacturer’s instructions, to extract total RNA. The cells
were lysed using 250 pl of lysis solution and 2.5 pl of 2-mercaptoethanol and
vortexed until clumps disappeared. The lysate was mixed with 250 pl of 70% ethanol,
gently vortexed and added to the binding column. The columns were then centrifuged
for 15 sec at 13, 000 x g. Then, columns were washed twice using washing buffer 1
and followed by twice with washing buffer II, provided in the kit. The columns were
then transferred to the fresh eppendorf tube for elution. 50 pl of elution solution was

added to each column and centrifuged for 1 min to elute total RNA.

2.12.3 DNase Treatment

DNase treatment with DNase I (Sigma-Aldrich, UK, Catalogue # AMPDI1-1KT) was
carried out to remove any DNA contaminants. 5 pl of 10 x buffer and 5 pl of Dnase I
enzyme was added to 50 pul RNA elutions and mixed gently. The samples were then
incubated at room temperature for 15 min. Then, 5 pl stop solution was added and
mixed gently to stop the reaction. The samples were heated at 70°C for 10 min and
placed on ice. The concentration and purity of total RNA was determined by
measuring the absorbance at 260 nm and 260:280 nm ratio, using a NanoDrop

2000/2000c spectrophotometer (Thermo-Fisher).
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2.12.4 c¢DNA Synthesis

Total RNA (2 pg) was used to synthesize cDNA using High Capacity RNA to cDNA
Kit (Applied Biosystems; Catalogue # 4387406). Master mix of 2 x RT buffer (10 ul)
and 20 x enzyme mix (1 pl) was added to the RNA samples (9 pl) and converted to
cDNA for target analysis later.

2.12.5 Gene expression analysis

The qPCR reactions were performed to measure the mRNA expression level of
various target genes. Each reaction was conducted in triplicate and consisted of 5 pl
Power SYBR Green MasterMix (Applied Biosystems; Catalogue # 4309155), 75 nM
of forward and reverse primers and 500 ng cDNA, making up to a 10 pl final volume
per well. Relative mRNA expression was determined by qPCR using the 7900HT Fast
Real-Time PCR System (Applied Biosystems). Samples were initially incubated at
50°C and 95°C for 2 and 10 min respectively, followed by amplification of the
template for 40 cycles (each cycle involved 15 seconds at 95°C and 1 min at 60°C).
The gene expression was normalized using the expression of human 18S rRNA as an
endogenous control. The Ct (cycle threshold) mean value for each target gene was
used to calculate the relative expression using the Relative Quantification (RQ) value
and formula: RQ = 27%*“", which was compared with the relative expression of

untreated.

2.12.6 Primers

Forward and Reverse Primer sequences were designed using the web based Basic
Local Alignment Search Tool and Primer-BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The primers used in this thesis are listed in
Table 2.4.

50



Table 2.4 Target genes and primers used in the qPCR analysis

Target Gene Forward Primer Reverse Primer
18S 5’-ATGGCCGTTCTTAGTTGGTG-3’ 5’-CGCTGAGCCAGTCAGTGTAG-3’
Bax 5’-TGCTTCAGGGTTTCATCCAGG-3> | 5’- GGAAAAAGACCTCTCGGGGG-3’

(mitochondrial
apoptosis marker)

Fas
(extrinsic apoptosis
marker)

5’- ACACTCACCAGCAACACCAA-3’

5’- TGCCACTGTTTCAGGATTTAA-3’

mTOR
(cell survival
pathways marker)

5’- TGCCAACTATCTTCGGAACC-3’

5’- GCTCGCTTCACCTCAAATTC-3’

RICTOR
(cell survival
pathways marker)

5’- GGAAGCCTGTTGATGGTGAT-3’

5’- GGCAGCCTGTTTTATGGTGT-3’

RAPTOR
(cell survival
pathways marker)

5’- ACTGATGGAGTCCGAAATGC-3’

5’- TCATCCGATCCTTCATCCTC-3’

TNF-a
(role in apoptosis
induction)

5'-GTATCGCCAGGAATTGTTGC-3'

5'-AGCCCATGTTGTAGCAAACC-3'

NF-xB
(role in apoptosis
induction)

5'-TGAGGTACAGGCCCTCTGAT-3’

5'-GTATTTCAACCACAGATGGCACT-3’

Snail
(EMT marker)

5’- GAGCTGACCTCCCTGTCAGA-3’

5’- GTTGAAGGCCTTTCGAGCCT -3’

Vimentin
(EMT marker)

5’-CTCTGGCACGTCTTGACCTT- 3’

5’-TCTTGGCAGCCACACTTTCA- 3’

Zebl
(EMT marker)

5’- AAGGGCAAGAAATCCTGGGG- 3’

5’-ATGACCACTGGCTTCTGGTG- 3’

TGF- B
(EMT inducer)

5’-GTACCTGAACCCGTGTTGCT-3’

5’-GTATCGCCAGGAATTGTTGC-3’

P53

(role in cell growth
arrest and
apoptosis)

5’- AGCACTGTCCAACAACACCA -3’

5’- CTTCAGGTGGCTGGAGTGAG -3’
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2.13 Western Blot

Cells (10°/2 ml) were plated in a 6-well plate (Nunc) in DMEM-F12 containing 10%
FCS. Next day, the cells were washed twice with PBS and incubated with proteins;
Clq, ghA, ghB, or ghC (10 pg/ml; SKOV3) or rthSP-D (20 pg/ml; Panc-1,
MiaPaCA-2 and Capan-2), along with an untreated control in a serum free DMEM-
F12 medium for 12 h, 24 h or 48 h. After the appropriate time-point, the SKOV3 cells
were lysed using lysis buffer (50mM Tris-HCL, pH 7.5, 10% glycerol, and 150 mM
NaCl, 1% TritonX-100) and kept over ice for 10 min, before gently transferring to
pre-cooled microcentrifuge tube and centrifuged for 15 min at 13,000 x g at 4°C. The
supernatant was mixed with the treatment buffer (50 mM Tris pH 6.8, 2% pB-
merceptoethanol, 2% SDS, 0.1% bromophenol blue and 10% glycerol) and heated for
10 mins at 100°C in order to run on SDS-PAGE (12% w/v). Panc-1, MiaPaCa-2 and
Capan-2 cells were lysed using 2x treatment buffer and scraped off from the plates,
followed by sonication for 15 sec and heated for 10 mins at 100°C in order to run on
SDS-PAGE. The rainbow marker (5 pl, Thermo Fisher) was run in the first well for
protein size determination. The SDS-PAGE separated proteins were then
electrophoretically transferred onto a nitrocellulose membrane (Sigma) using transfer
buffer (25 mM Tris, 190 mM glycine and 20% methanol, pH 8.3) for 2 h at 320 mA
or iBLOT (Thermo Fisher), followed by blocking with 5% w/v dried milk powder
(Sigma) in 100 ml PBS at room temperature for 2 h on a rotatory shaker. The
membrane was washed with PBST (PBS + 0.05% Tween 20) three times, 10 min
each, and incubated with primary polyclonal antibody (1:1000) such as anti-human
SP-D (Immunobiochemistry, MRC Unit, Oxford), rabbit anti-human caspase 3, rabbit
anti-human cleaved caspase 3, rabbit anti-human cleaved caspase 8, rabbit anti-human
Fas, (Cell Signalling Technology) or rabbit anti-human TGF-B (R&D systems) or
anti-f actin (as loading control; Thermo Fisher, Catalogue # PA1-183) at 4°C
overnight with gentle shaking. Next day, the membrane was washed with PBST (3
times, 10 min each) before incubating with secondary anti-rabbit [gG HRP-conjugate
(1:1000; Promega; Catalogue # W4011) for 1 h at room temperature. Anti-
GAPDH/HRP (Thermo Fisher, Catalogue # PA1-987-HRP) was used a loading control
for pancreatic cancer experiments. The bands were visualized using Enhanced

Chemiluminescence (ECL; Thermo Fisher; Catalogue # 32106) in the BioRad
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ChemiDoc MP imaging system, or using 3,3’-diaminobenzidine (DAB) substrate kit
(Sigma; Catalogue # D4293).

2.14 Statistical Analysis

Graphpad Prism 6.0 was used to make graphs, and the statistical analysis was carried
out using an unpaired one-way ANOVA test. Significant values were considered
based on *p<0.05, *p<0.01 and ***p<0.001 between treated and untreated conditions.
Error bars show the standard deviation or standard error of mean, as indicated in the

figure legends.
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Chapter 3
Eftects of Complement protein Clq and

its globular head modules on an ovarian

cancer cell line, SKOV3
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3.1 Abstract

Complement protein Clq is the first subcomponent of the complement classical
pathway. It plays an important role in the clearance of immune complexes, pathogens
and apoptotic cells. Clq has been shown to be expressed locally in the tumour
microenvironment in a wide range of human malignant tumours, where it promotes
cancer cell adhesion, proliferation and migration, which is a complement independent
role of Clq. The complement components including Clq have been found in the
ascitic fluid produced in ovarian cancers. In this study, the effects of human Clq and
its globular head modules on an ovarian cancer cell line, SKOV3 have been
examined, and it was found that Clq and the recombinant globular head modules
induce apoptosis in SKOV3 cells. Clq expression was not detected in SKOV3 cells
either at transcriptional level, or at the protein level. Treatment of SKOV3 cells with
exogenous Clq and its globular head modules (10 pg/ml) induced apoptosis in ~55%
cells, as revealed by fluorescence microscopy and flow cytometry. qPCR and caspase
cascade analysis via western blot suggested that Clq and globular head modules
trigger upregulation of TNF-a and Fas. The pro-survival pathways mTOR, RICTOR
and RAPTOR, which are usually overexpressed in ovarian cancer, were significantly
downregulated upon treatment with Cl1q and globular head modules. In conclusion,
Clq and globular head modules induced apoptosis in an ovarian cancer cell line,

SKOV3 via a TNF-a mediated apoptosis pathway.
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3.2 Introduction

Clgq, the first subcomponent of the C1 complex, recognises IgG or IgM- containing
immune complexes and activates the complement classical pathway. It can bind a
huge range of self and non-self ligands to bring about a variety of homeostatic
functions such as clearance of pathogens and apoptotic cells (Kishore et al., 2004).
Recently, several immunomodulatory functions of C1q have been reported, which are
independent of its participation in the complement pathways (Kouser et al., 2015;
Kishore et al., 2016). These include regulation of dendritic cell (DC) functions (van
Kooten et al., 2008), cancer development (Bulla et al., 2016), and neuronal synapse
pruning (Stevens et al., 2007).

Ovarian cancer is the sixth most commonly diagnosed cancer with the highest
mortality rate compared to any other cancer associated with the reproductive system
among women worldwide. Nearly 70% of the ovarian tumours are detected at an
advanced stage (III or IV), with ~85% expected mortality (Permuth-Wey and Sellers,
2009). The presence of complement activation markers such as C3a and soluble C5b-
9, have been shown in the intraperitoneal ascitic fluid (AF) produced during ovarian
cancer, suggesting the possibility of complement activation in vivo. However, this
complement activation seems to be dampened as membrane regulators such as CD46,
CDS55 and CD59 are overexpressed on the ovarian cancer cells, which makes the
complement system ineffective of complete immune surveillance mechanism.
Interestingly, the malignant ovarian cancer cells derived from the ascitic fluid exhibit
Clq and C2 deposits on their surface. These cells become susceptible to complement
dependent cytotoxicity by ascitic fluid, when CD59 expression is neutralised using
anti-CD59 neutralising antibody (Bjorge et al., 2005). A recent study revealed that
Clq is present in the stroma and vascular endothelium of various human malignant
tumours. These include adenocarcinomas of lung, colon, breast, pancreas and
melanoma (Bulla et al., 2016). This locally synthesized C1q was shown to promote
cancer growth by enhancing adhesion, proliferation and migration.

The cancer immunotherapies involving complement molecules have emerged
to be very successful recently. The identification of a range of cell surface tumour-
associated antigens, which are either overexpressed or mutated, in comparison to
normal tissues, has presented various antibody mediated therapies in various cancers

(Ramsland et al., 2015). These anti-tumour antibodies work either via receptor or
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checkpoint blockade/agonist, induction of apoptosis, immune-mediated cytotoxicity
either via CDC, or antibody-dependent cellular cytotoxicity (ADCC), and regulation
of T cell function. Additionally, antibodies that target growth factors and their
associated receptors including epidermal growth factor receptor (EGFR), tumour
necrosis factor (TNF)-related apoptosis-inducing ligand receptors, insulin-like growth
factor 1 receptor (IGFIR), and receptor activator nuclear factor-«xB ligand (RANKL)
have also been used for cancer treatments (Scot et al., 2012).

In this chapter, the complement independent effects of exogenous Clq and
recombinant globular head modules (ghA, ghB and ghC) on an ovarian cancer cell
line, SKOV3 have been investigated. This chapter has been published as below:

Kaur A, Sultan S, Murugaiah V, Pathan A, Alhamlan F, Karteris E, Kishore U.,
Human Clq Induces Apoptosis in an Ovarian Cancer Cell Line via Tumor Necrosis

Factor Pathway. Frontiers in Immunology. 2016;7: 599.
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3.3 Results

3.3.1 Purification of Human Clq

Human Clq was purified as described in section 2.1 and analysed for purity by

running on 12% SDS-PAGE (Figure 3.1).

Protein Marker Clq
116.0

66.2

45.0

35.0
< 26,29 kDa

25.0

18.4
14.4

Figure 3.1 SDS-PAGE (12% w/v) for analysis of purified Clq fractions from human
plasma. The chain A and B bands appeared at ~26 and 29 kDa whereas C chain
remains trapped in the well due to its larger size.
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3.3.2 Expression and Purification of C1q globular head chains and MBP

The recombinant globular head chains of human Cl1q, MBP-ghA, ghB and ghC were
expressed using pKBM-A, pkBM-B, pkBM-C, transformed in Escherichia coli BL21.
Initially, the expression of these proteins was analyzed in a pilot scale (Figure 3.2)
and the colony with the maximum expression was then inoculated to produce the
large-scale batches (Figure 3.3). The large-scale pellet was lysed using 50 ml lysis
buffer for 30 min followed by sonication. The sonicated sample was then centrifuged
(10,000 x g for 30 min) and the supernatant was diluted 5-fold in buffer I to pass
through an amylose resin column. The column was then washed with buffer I (150
ml), followed by buffer II (250 ml of buffer I without Tween 20). The protein
fractions were eluted with 100 ml of buffer II containing 10 mM maltose. The
concentration of the protein was determined by measuring the OD,gy absorbance and
quality confirmed by running 12% SDS-PAGE gel with bands appearing at ~60 kDa
(Figure 3.3). The peak elutions were then passed through Pierce™ High Capacity

Endotoxin Removal Resin (Qiagen) to remove lipopolysaccharide (LPS) and the

amount of endotoxin levels were found to be <4pg/ug of the rfhSP-D protein (Figure
3.4).

<4— ~42 kDa

Figure 3.2 Pilot scale expression of ghA, ghB, ghC and MBP on a 12% w/v SDS-
PAGE. 1 ml of bacterial culture was centrifuged at 2000 x g and the pellet was mixed
with 100 pl of 2x treatment buffer to load 20 pl on 12% SDS-PAGE for 90 min at
120V. The gel was stained and then de-stained to determine the expression. The
protein expression bands were visible at ~60 kDa for globular heads and ~ 42 kDa for
MBP in the induced (I) sample, which is not observed in the un-induced (UI) samples.
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45.0

35.0

25.0

18.4

14.4

Figure 3.3 Large-scale expression of ghA, ghB and ghC and MBP on 12% w/v SDS-
PAGE. 1 ml of bacterial culture was centrifuged at 2000 x g and the pellet was mixed
with 100 pl of 2x treatment buffer to load 20 pl on 12% SDS-PAGE for 90 min at
120V. The gel was stained and then de-stained to determine the expression. The
protein expression bands were visible at ~60 kDa for globular head modules and ~ 42
kDa for MBP in the induced (I) sample, which is not observed in the un-induced (UI)

samples.

Protein Marker ghA ghB ghC Protein Marker MBP
160 116.0

66.2 66.2 —

— S . 4= _( kDa
450 4.0
<4 ~42KkDa

350 350

25.0 25.0 [

184 15.q -

14.4 (.. 144

Figure 3.4 SDS-PAGE (12% w/v) analysis of purified globular head fractions.
Purified fractions (20 ul) for each protein was mixed with 20 pl of 2x treatment buffer
to run on SDS-PAGE for 90 min at 120V. The gel was then stained and detained to
analyse the purity of the fractions, ghA, ghB and ghC appeared at ~60kDa and MBP
appeared at ~42kDa.
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LAL Assay

1.5+
~9- g heads module
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Figure 3.5 Measurement of endotoxin levels in the purified g head modules and MBP.
The endotoxins activate Factor C proteolytic activity present in LAL, which is
photometrically measured using chromogenic substrate at optical density (ODa4ps). A
standard curve is plotted using 4 E. coli endotoxin standards, which were plated in
parallel to the test sample. Using standard curve, where 1 EU/ml is equivalent to
0.1ng endotoxin/ml, the endotoxin levels in g head modules and MBP were found to
be ~0.5 pg/ug.

3.3.3 Human Clq and recombinant globular head modules bind SKOV3

SKOV3 cells (0.5x10°/ml) were grown on coverslips overnight and were incubated
with Clq and individual recombinant globular head modules (ghA, ghB and ghC; 10
pug/ml) for 1 h at 4°C to analyse their cellular binding using fluorescence microscopy.
All proteins were localized on the cell membrane uniformly in the treated cells,
whereas no fluorescence was detected in the BSA treated cells, which were used as
control (Figure 3.6, Panel B). In addition, no fluorescence was detected in an
untreated, MBP treated and a secondary only control. The nucleus was stained
positively with Hoechst (Figure 3.6; panel A). The protein binding was further
quantified using flow cytometry analysis, which showed similar binding pattern, as
seen under fluorescence microscopy as Clq and globular head modules treated cells
over 90% positive in the FITC positive quadrant, as compared to the BSA treated

cells used a control protein (Figure 3.7).
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(@

Hoechst Anti-rabbit/FITC Brightfield Merge

BSA

Clq
40um 40pm
ghA
40pm- e
¢hB
ghC

40um , 40um

Figure 3.6 Fluorescence microscopy analysis to show binding of human Clq and
individual recombinant globular head modules (ghA, ghB and ghC; 10 pg/ml) to
SKOV3 cells. Panel A: shows the positive staining for nucleus using Hoechst. Panel B
shows the cell membrane localization of proteins in SKOV3 cells probed with rabbit
anti-human Clq (Clq) and rabbit anti-human MBP (globular head modules)
antibodies, followed by goat anti-rabbit IgG Alexa 488; Panel C shows the cell
images taken in brightfield and Panel D shows the merge, where proteins are visible
bound to the cell membrane.
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Figure 3.7 Flow Cytometry analysis to quantify the binding of human Clq and
individual globular head modules (ghA, ghB and ghC; 10 pg/ml) to SKOV3 cells.
Both treated and untreated cells were probed with rabbit anti-human Clq (Clq) and
rabbit anti-human MBP (globular head modules) antibodies for 1 h, followed by 1 h
incubation with goat anti-rabbit IgG Alexa 488. Panel (a) shows over 90% treated
cells in FITC positive quadrant cells, as compared to the untreated cells. Panel (b) The
shift in the mean fluorescent intensity to show a difference between untreated and
treated cells is presented.
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3.3.4 Clq and individual recombinant globular head modules reduce cellular
viability in SKOV3 cells

SKOV3 cells (0.1 x 10°/ml)  were incubated with C1q and individual globular head
modules (10 pg/ml) for 24 h. The untreated cells and MBP treated cells were used as
controls. The cells were then detached and stained with trypan blue for counting using
a haemocytometer. A significant decrease in the cell viability was observed using
trypan blue dye exclusion following incubation with C1q (~50%), ghA (~50%), ghB
(~40%), and ghC (~55%) (Figure 3.8). These results were further confirmed via MTT
assay by growing SKOV3 cells in a 96-well microtiter plate and treating with Clq
and globular head modules (10 pg/ml) for 24 h. As above, the NAD(P)H-dependent
cellular oxidoreductase enzymes in the viable cells reduces the MTT into soluble
purple colour formazan product and the concentration was determined at ODsyy,

which showed ~ 50% reduction in cell viability of treated cells (Figure 3.8).
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Figure 3.8 Trypan Blue Exclusion (a) and MTT (b) assay to analyse SKOV3 cell
viability. Following the treatment with human Clq, ghA, ghB, ghC (10 pg/ml) and
controls as MBP (10 pg/ml) and untreated for 24 h (£SEM, of three independent
experiments), the cell viability was reduced by approximately 50% in the treated cells
as compared to untreated and MBP control. All experiments were done in triplicate

and the significance was established using the unpaired one-way ANOVA test
(*p<0.05, *p<0.01 and ***p<0.001).
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3.3.5 Clq and recombinant globular head modules induce apoptosis as shown
via fluorescence microscopy in SKOV3 cells

The decrease in cell viability following treatment with Clq and globular heads was
then further analysed to determine whether the cell death occurred via apoptosis using
a FITC-annexin V apoptosis detection kit with propidium iodide. Fluorescence
microscopy showed a significant proportion of SKOV3 cells, when treated with Clq
and globular head modules (10 pg/ml) for 24 h, stained positive for annexin V
(conjugated to FITC), which binds to phosphatidylserine (PS) of the cell membrane,
which is exposed during apoptosis (Figure 3.9; panel B). The nucleus was positively
stained using Hoechst (Figure 3.9; panel A). No FITC was observed in the untreated
cells, suggesting that the cell membrane was still intact and the untreated cells were

still viable (Figure 3.9).

3.3.6 Clq and recombinant globular head modules induce apoptosis as shown
via flow cytometer in SKOV3 cells

Fluorescence microscopy results were then quantified via flow cytometer analysis,
which showed that approximately 58% SKOV3 cells (Clq, quadrant Q2-2; Figure
3.10) were positive for both FITC (annexin V marker) and propidium iodide (stains
DNA) quadrant following the treatment with Clq (10 pg/ml) for 24 h, which was
significantly higher than 1.42% observed in untreated control cells (UT, quadrant Q2-
2; Figure 3.10). The cells positive for both FITC and propidium iodide suggested that
these cells were in the late apoptosis stage as the propidium iodide staining was
internalized to stain the DNA due to pores in the cell membrane. In addition, 16% of
cells stained positive for FITC only (Clq, quadrant Q2-4; Figure 3.10), which
suggested that some cells were still in an early apoptosis stage.

Additionally, treatment of SKOV3 cells with individual globular head
modules (ghA, ghB and ghC) for 24 h induced apoptosis in ~50% (ghA and ghC) and
40% (ghB) of cells as shown in quadrant Q2-2 (Figure 3.10). Approximately, 15-20%
were stained positive for FITC alone (quadrant Q2-4; Figure 3.10), suggesting early
apoptotic cell population. Approximately 90% of the untreated cell population was
negative for both FITC and propidium iodide (UT, quadrant Q2-3; Figure 3.10). A
shift in the mean fluorescence intensity of the treated SKOV3 cells in comparison to

the untreated cells, further confirmed this observation (Figure 3.10).
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Hoechst Annexin V/FITC Merge
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Figure 3.9 Fluorescence microscopy to analyze apoptosis in SKOV3 cells. Following
the treatment with human C1lq and ghA, ghB, ghC (10 pg/ml) and untreated cells, as a
control, for 24 h, Panel A shows the nucleus stained positively with Hoechst. Panel B
shows positive staining for PS, a cell integrity marker, which becomes exposed during
apoptosis, available for binding annexin V labeled with FITC. No fluorescence was
detected in the untreated SKOV3 cells, suggesting that the viability of these cells was
not affected.
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Figure 3.10 Flow Cytometer analysis to quantify SKOV3 cells undergoing apoptosis

following treatment with Clq and individual globular head modules for 24 h.

Approximately 50% (Clq, ghA, ghB, ghC; quadrant Q2-2) SKOV3 cells were stained
positive for both FITC and PI, which was significantly higher than 1.42% of untreated
control cells (untreated, quadrant Q2-2). Approximately 20% SKOV3 cells were

stained positive for FITC only (Clq, ghA, ghB, ghC; quadrant Q2-4).
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3.3.7 Clq and individual globular head modules upregulate TNF-a production
by SKOV3 cells with concomitant upregulation of NF-kB
To determine the apoptosis pathway involved, the mRNA expression levels of pro-
inflammatory cytokine, TNF-a and NF-xB was analysed for various time points.
Interestingly, mRNA expression level of TNF-a was not affected at earlier time points
up to 6 h but it was significantly upregulated at 12 h following treatment with Clq
(~log 1.2-fold), ghA (~log 0.4-fold), ghB (~log 1-fold) and ghC (~log 0.7-fold) in
comparison to an untreated control, as analysed by qPCR (Figure 3.11). As
anticipated and consistent with TNF-a upregulation, NF-kB was also significantly

upregulated (log 0.7-fold) in all the treated SKOV3 cells at 12 h. (Figure 3.11).
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Figure 3.11 Relative quantification of TNF-a (a) and NF-kB (b) mRNA expression in
SKOV3 cells treated with Clq, and globular head modules (ghA, ghB and ghC; 10
pg/ml) at 12 h. Both TNF-a and NF-xB were upregulated (~log 0.5-1 fold) in all the
treated SKOV3 cells compared to untreated. The gene expression of the treated was
normalized using the expression of both human 18S rRNA and untreated cells. All
experiments were done in triplicate and the significance was established using the
unpaired one-way ANOVA test (*p<0.05, *p<0.01 and ***p<0.001).
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3.3.8 Clq upregulates expression of pro-apoptotic Bax and Fas in SKOV3 cells

Clq and globular head modules induced apoptosis was further analyzed by
determining the mRNA expression of pro-apoptotic genes, Bax (intrinsic marker) and
Fas (extrinsic marker), via qPCR. Fas was upregulated in the Clq (log 0.4-fold)
treated SKOV3 cells, most significantly at 12 h and 24 h compared to the untreated
cells (Figure 3.12), whereas in globular heads treated cells, the significant
upregulation of Fas was seen at 24 h (log 0.4-fold) (Figure 3.12). Similarly,
significant upregulation of Bax was observed in the case of Clq, ghA, ghB and ghC at
24 h (Figure 3.12). The cell membrane integrity is lost during apoptosis, which was
seen in the Fluorescence microscopy at 24 h and is consistent with the upregulation of
mRNA expression of pro-apoptotic genes Fas and Bax.
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Figure 3.12 Relative quantification expression of Fas (a) and Bax (b) mRNA
expression in SKOV3 cells treated with Clq, ghA, ghB and ghC (10 pg/ml) at 12 h
and 24 h. Fas mRNA expression was upregulated at 12 h and 24 h following Clq
treatment (~log 0.5 fold), whereas upregulation following globular head modules
treatment was seen at 24 h only. Bax mRNA expression was upregulated (~log 0.5
fold) at 24h across all the treated cells compared to untreated. The gene expression of
the treated was normalized using the expression of both human 18S rRNA and
untreated cells. All experiments were done in triplicate and the significance was
established using the unpaired one-way ANOVA test (*p<0.05, *p<0.01 and
*#%p<0.001).
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3.3.9 Clq and the globular head modules activate caspase 3 in SKOV3 cells

The cleavage of caspase 3 is the final molecular event in the apoptosis pathway,
therefore caspase 3 and cleaved caspase-3, were analysed in the SKOV3 cells treated
with Clq and globular head modules, compared with untreated cells. The cleaved
caspase 3 bands were seen at 17 kDa after 24 h treatment of SKOV3 cells with Clq,
ghA and ghB in the western blot (Figure 3.13). A reduction in the full-length caspase
3 bands at 32 kDa was seen after 24 h in comparison to 12 h in the treated samples
(Figure 3.13). Additionally, the activation of caspase 3 was also observed by
fluorescence along with apoptosis staining for annexin V-FITC at 24 h following
treatment with C1q and globular head modules. Activated caspase 3 was detected in
the cytoplasm probed with rabbit anti-human cleaved caspase 3, followed by goat
anti-rabbit/CY 3, which further confirmed the final molecular event of apoptosis as the
membrane was stained positively for annexin V-FITC, as compared to the untreated
control where no fluorescence was detected (Figure 3.14). The cleaved caspase 3 in
the ghC treated sample was not be detected via western blot; however, positive

staining was observed for activated caspase 3 via fluorescence microscopy (Figure

3.14).
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Figure 3.13 Western Blot analysis of caspase 3 activation in SKOV3 cells treated with
Clq and globular head modules. (a) Western blot analysis of full-length caspase 3 at
32 kDa after 12 h and 24 h of the treatment with Clq, ghA, ghB, ghC and untreated as
indicated. (b): The cleaved caspase 3 was observed at 17 kDa after 24 h of treatment
with Clq, ghA, ghB, ghC and untreated. (c) B-actin was used a loading control.
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Figure 3.14 Fluorescence microscopy to analyze the activation of caspase 3 at 24 h.
Panel C shows apoptosis staining with annexin V/FITC along with cleaved caspase
3/CY3, where activated caspase 3 was clearly seen in the cytoplasm probed with CY3
at 24 h. Panel B shows positive staining for annexin V/FITC, suggesting that cells
were undergoing apoptosis. The nucleus was stained positively with Hoechst as seen
in Panel A. Panel D shows merged images.
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3.3.10 Clq and globular head modules down-regulate pro-survival factors such
as RICTOR, mTOR and RAPTOR

The mRNA expression of pro-survival pathway, mTOR signalling pathway, was also
determined since it is frequently overexpressed in ovarian cancers (Altomare et al.,
2004). A significant downregulation of mRNA expressions of mTOR, RICTOR and
RAPTOR (~log 0.5-fold) at 6 h was observed (Figure 3.15), which suggested that the
treatment with Clq and globular head modules can intervene in mTOR signalling
within the first few hours. Additionally, mTOR probed with anti-rabbit mTOR,
followed by goat anti-rabbit IgG Alexa 488, was seen abundantly in the cytoplasm of
the untreated cells as compared to SKOV3 cells treated with C1q and globular heads

at 15 h time point via fluorescence microscopy (Figure 3.16).
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Figure 3.15 Relative quantification by comparisons of mTOR (a), RAPTOR (b) and
RICTOR (c). mRNA expression in SKOV3 cells treated with Clq, ghA, ghB, and
ghC (10 pg/ml) at 6 h was downregulated after the treatment. The gene expression of
the treated was normalized using the expression of both human 18S rRNA and
untreated cells. Significance was obtained using the unpaired one-way ANOVA test
(*p<0.05, *p<0.01 and ***p<0.001) (n=3).
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Figure 3.16 Fluorescence Microscopy analysis of mTOR expression. The presence of
Mtor was detected using anti-human mTOR (1:200, 1 h) followed by secondary
antibody goat anti-rabbit IgG Alexa Flour 488 and Hoechst (1:10,000) (nucleus
staining) was analysed. It showed that mTOR was abundantly present in the
cytoplasm of the untreated cells, as compared to the Cl1q and globular head modules

treated SKOV3 cells at 15 h.
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Figure 3.17 Illustration of the potential apoptotic pathway following the exogenous
treatment of SKOV3 cells with C1q and globular head modules. TNF-a and Fas were
upregulated. TNF-a binds to TNF type I receptor (TNFR1), which is internalized and
forms a complex with TNFRI1-associated DEATH domain (TRADD) (complex I),
stimulating the upregulation of NF-kB. Then, a complex II is formed upon binding of
complex I to Fas-Associated protein with Death Domain (FADD), which is available
when Fas is activated. Subsequently, Complex II activates downstream caspase
cascade, which causes the cleavage of caspase 8 followed by effector caspase 3
cleavage, which brings about apoptosis. NF-kB upregulation may interfere with
apoptosis pathway, as it may promote the activation of apoptosis inhibitors including
inhibitor of apoptosis protein (IAP). Bax, a marker of mitochondria mediated
apoptosis, causes the release of pro-apoptosis factors such as cytochrome c, Smac
(second mitochondria-derived activator of caspase)/DIABLO (direct inhibitor of
apoptosis protein (IAP)-binding protein) from the mitochondria. Release of these
factors into cytosol promotes a caspase cascade by antagonizing the (IAPs) (Figure
3.17 was taken from Kaur et al, 2016)
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3.4 Discussion

This study reports, for the first time, that human C1lq and recombinant globular head
module (ghA, ghB and ghC) treatment induces apoptosis in an ovarian cancer cell
line, SKOV3. A significantly higher number of Annexin V/FITC positive cells were
observed via fluorescence microscopy and flow cytometry. Moreover, cleaved
caspase 3 was detected via western blot. The transcriptional upregulation of pro-
apoptotic genes, such as TNF-a, Fas and Bax was also seen. These results indicated
that C1q and individual globular head modules induce apoptosis in SKOV3 cells via
TNF-o mediated apoptosis pathway. However, other apoptosis pathways may
potentially be involved.

During early stages of apoptosis, the cell membrane integrity is lost and
phosphatidylserine (PS) is exposed, which is a target for annexin V binding (Lee at al,
2013). A significantly higher number of SKOV3 cells were stained Annexin V
positive, when observed under fluorescence microscope, which indicated that the cell
membrane was no longer intact as annexin V conjugated with FITC could bind PS,
which normally exists intracellularly in the healthy cells. This provided the first
indication that Clq and globular head module treated SKOV3 cells underwent
apoptosis at 24 h. MTT, Trypan Blue exclusion assay and flow cytometry analysis of
treated SKOV3 cells further validated induction of apoptosis. Thus, the alterations in
the levels of pro-apoptosis genes such as Fas and Bax were further investigated
following Clq and globular head module treatment of SKOV3 cells. This
subsequently provided evidence for the involvement of the TNF-mediated apoptosis
pathway.

TNF-a, is a pro-inflammatory cytokine, that plays a key role in various
pathways associated with inflammation and cell death (Ashkenazi and Dixit, 1998).
TNF family members play a key role in cancer immune surveillance, for example;
TNF-a can regulate apoptosis induction selectively in tumour cells via death
receptors; TRAIL/FasL ligands (Chan et al., 2000). Clq and globular head module
treatment of SKOV3 cells, triggers the transcriptional upregulation of TNF-a at 6 h
(Clq only) and 12 h (both Clq and globular head modules), and the cells
subsequently underwent apoptosis by 24 h. TNF-a interaction with TNFR1 causes
upregulation of NF-kB, which was observed in this study. Fas transcriptional

upregulation was seen, as anticipated. This suggested that Fas, a receptor for FasL and
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also a TNF receptor family member, may have been also involved in the apoptosis
pathway. Interestingly, the transcriptional upregulation of Bax, a marker of
mitochondria mediated apoptosis, was also observed. Bax activation causes the
release of pro-apoptosis factors such as cytochrome c, apoptosis-inducing factor
(AIF), Smac (second mitochondria-derived activator of caspase)/DIABLO (direct
inhibitor of apoptosis protein (IAP)-binding protein), Omi/HtrA2 or endonuclease G
from the mitochondria. Release of these factors into cytosol promotes a caspase
cascade by antagonizing the inhibitor of apoptosis proteins (IAPs), which are
produced due to NF-xB upregulation (Saelens et al., 2004). This indicated that Bax
upregulation in this study may have negated the pro-apoptotic effects of NF-xB
signalling pathway. (Saelens et al., 2004; Yuan et al., 2011; Wurstle et al., 2011;
Janicke et al., 1998).

Akt/Mammalian target of rapamycin (mTOR) survival pathway are usually
overexpressed in ovarian cancer cells, including the SKOV3 cancer cell line, thus
protecting the cancer cells from undergoing apoptosis (Peng et al., 2010). mTOR, is a
serine-threonine kinase, which upon activation by AKT, forms two complexes,
mTOR complex I (mMTORCI1) and mTOR complex II (mTORC2). mTORCI1
phosphorylates p70S6K, which is required for cell proliferation and progression into
G1 cell cycle phase (Altomare et al., 2004, Laplante and Sabatini, 2009). Hence, the
effect of Clq and globular heads module treatment of SKOV3 cells on the gene
expression of mTOR and components of mTORCI1 (regulatory-associated protein of
mTOR; RAPTOR) (Hara et al, 2002) and mTORC2 (rapamycin-insensitive
companion of mTOR; RICTOR) (Sarbassov et al., 2004) were investigated. The
transcriptional levels of mTOR, RICTOR and RAPTOR were significantly
downregulated at 6 h. This was further validated via fluorescence microscopy, which
revealed that mTOR diminished in the cytoplasm following the treatment with Clq
and globular head module. These results further supported that C1q and globular head
module treatment not only triggered an apoptosis signalling pathway, but also
downregulated the cell survival pathways. In conclusion, treatment with Clq and
recombinant globular head module (ghA, ghB and ghC) induce transcriptional
upregulation of TNF-a and Fas, and subsequently induce apoptosis, in addition to
downregulation of mTOR cell survival pathways in SKOV3 cells.

Based on the jellyroll topology of the gClq domain (Shapiro and Schener
1998), it became evident that C1q is potentially a prototypical molecule of the TNF
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family. Hence, the C1g-TNF superfamily came into existence (Kishore et al., 2004).
This study adds an additional layer of criss-cross mechanism, establishing that Clq
can regulate TNF-a in cancer, to induce apoptosis in the target cells. Moreover, a
cytokine — like property of C1q has been shown recently (Ghebrehiwet et al., 2012). It
i1s perhaps no co-incidence that the recombinant fragments of the gClq domain of
human Clq (ghA, ghB and ghC) are also able to stimulate apoptosis in SKOV3 cells.
It will be interesting to measure levels of Clq in serum and ascitic fluid of the ovarian
cancer patients and establish a correlation with the classification of the severity of the

ovarian cancer.
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Chapter 4
Effect of rthSP-D on epithelial-to-
mesenchymal transition in pancreatic

cancer cell lines
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4.1 Abstract

Human Surfactant Protein-D (SP-D), an innate immune molecule, links innate and
adaptive immunity during which it influences a range of other factors which may either
be pro-or anti-tumorigenic such as TNF-a, TGF-$ and NFkB, which collectively play an
important role in immunomodulation and immunosurveillance against cancer. The
inflammatory tumour microenvironment contributes in epithelial-to-mesenchymal
transition (EMT) invasion and metastases in pancreatic cancer. In this study, we provide
the first evidence that Surfactant Protein-D within the tumour-microenvironment blocks
the mesenchymal-invasive properties of highly aggressive pancreatic cancer cells.
Mechanistically, a recombinant form of SP-D (rthSP-D) inhibits TGF- expression and
reduces the invasive potential of pancreatic cancer cell lines. In response to rthSP-D,
Smad2/3 expression appeared diminished in the cytoplasm of treated cells as compared
to untreated, suggesting interrupted signal transduction required to initiate transcription
of key mesenchymal genes such as Vimentin, Zebl and Snail. Interestingly, expression
of Vimentin, Zebl and Snail was also downregulated upon rthSP-D treatment in
pancreatic cancer cell lines. Furthermore, TGF-B blocking showed similar
downregulation of mesenchymal markers as seen with rthSP-D treatment. An aberrant
form of SP-D in a very low quantity was secreted by all pancreatic cancer cell lines
tested, which may not have been able to initiate effective immune surveillance. Thus,
this study presents yet another novel role of rthSP-D to interfere with EMT induction by

attenuating TGF-f3 pathway in pancreatic cancer cell lines.
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4.2 Introduction

Pancreatic ductal adenocarcinoma (PDA) is one of the most lethal of all human
malignancies with dismal 5-year survival rate below 7%; and it is estimated to
become the third leading cause of cancer-related death by end of 2030 (Siegel et al.,
2016). PDA is associated with high rates of mortality due to metastasis, resistance to
conventional chemotherapy, and high tumor recurrence rate after surgery (Ansari et
al., 2016). Metastasis requires Epithelial-to-Mesenchymal transition (EMT), which is
considered a cause of tumour recurrence and resistance to conventional therapies
(Brabletz et al., 2005; Brabletz, 2012; Rhim et al., 2012, Singh et al., 2015). EMT is a
complex and hierarchical mechanism during tumor progression as it enables the tumor
cells to acquire increased motility, leading to invasion of adjoining tissue and
infiltration of systemic circulation and subsequent penetration into the adjacent tissues
by tumour cells resulting in macroscopic secondary tumours (Fidler, 2003, Maier et
al., 2010). A number of EMT markers have been identified that regulate the invasion-
metastatic process in tumor cells. Aberrant activation of EMT has been attributed to
over-expression of mesenchymal markers, such as Zebl (zinc finger E-box binding
homeobox 1) (Wellner et al., 2009), Snail (Nishioka et al., 2010; Hotz et al., 2007)
and Vimentin (Nishioka et al., 2010), as well as repression of E-cadherin, an epithelial
marker (Singh et al., 2015) in the pancreatic cancer cells. During the EMT process, E-
cadherin expression is lost whereas mesenchymal markers, including fibronectin and
vimentin are over-expressed (Beuran et al., 2015). Snaill, Slug, Zebl, Zeb2 and
Twist, to name a few, have been shown to suppress E-cadherin. The Snaill expressing
metastatic tumors are associated with poor prognosis, drug and immune resistance;
offering limited opportunity for therapeutic strategies (Kaufhold and Bonavida, 2014).

Recent studies have shown that the inflammatory tumor microenvironment
influences early tumour dissemination, EMT and metastasis in pancreatic cancer
(Rhim et al., 2012; Singh et al., 2015; Noll et al., 2016). Pro-tumorigenic cytokines
such as TGF-B have also been linked to EMT, invasion, metastasis and drug
resistance in many types of cancer (Heldin et al., 2012; Oshimori et al., 2015). In
PDA, elevated TGF- expression has been linked to highly invasive (metastatic)
phenotype, acquired through SMAD signalling pathway. Importantly, TGF-
signalling regulates EMT-gene signatures, thereby promoting cell motility and
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invasiveness in the pancreatic cancer cells (Friess et al., 1993, Ellenrieder et al., 2001,
Maier et al., 2010; Peinado et al., 2003, Roshani et al., 2014).

Human Surfactant Protein D (SP-D), a soluble collagen containing C-type
lectin (collectin), is a potent innate immune molecule, found at the pulmonary and
extra-pulmonary mucosal surfaces. As a link between innate and adaptive immunity,
SP-D is known for its role in immune surveillance and immunomodulation in asthma
and pulmonary allergy (Kishore et al., 2006). SP-D has been considered for quite
some time as a modulator of inflammatory response. However recent studies have
shown not only anti-proliferative properties against cancer but also that its deficiency
can trigger serious adverse clinical outcome in a number of diseases such as
emphysema in mice (Ishii et al., 2012), chronic and infectious lung diseases in human
(Foreman et al., 2011), Crohn’s disease and ulcerative colitis in human (Tanaka et al.,
2009), pneumococcal lung disease (Lingappa et al., 2011) and tuberculosis (Silveyra
et al.,, 2012). An extension to defense mechanism of SP-D became evident when a
recombinant fragment of human SP-D comprising the homotrimeric neck region and
carbohydrate recognition domain (rfhSP-D), was shown to selectively induce
apoptosis in the sensitized eosinophils derived from allergic patients, whereas
eosinophils derived from healthy individuals were unaffected (Mahajan et al., 2008).
Proteomics analysis of an eosinophil-like leukemic cell line, AML14.3D10, treated
with rthSP-D, showed that it induced cell cycle arrest via activation of G2/M
checkpoints, and subsequently apoptosis via p53 mediated apoptosis pathway
(Mahajan et al., 2013). More recently, treatment of human lung adenocarcinoma
A549 cell line with SP-D has been shown to suppress the epidermal growth factor
(EGF) signalling by interrupting the EGF-EGFR interaction, thus reducing cell
proliferation, invasion and migration (Hasegawa et al., 2015).

In this study, for the first time, an anti-tumorigenic role of SP-D in EMT and
modulation of mesenchymal-invasive phenotype in pancreatic cancer has been
demonstrated. rthSP-D inhibits the invasive functions of TGF-B/SMAD expressing
pancreatic cancer cells. Mechanistically, rthSP-D blocks the EMT-related gene
signatures (Vimentin, Zebl and Snail), and hence pancreatic cancer cell invasion,

mainly by attenuating TGF- signalling pathway.
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4.3 Results

4.3.1 Expression and Purification of rthSP-D

The construct pUK-D1 containing 8 Gly-X-Y repeats, neck region and CRD region
was transformed into BL21 (ADE3) pLysS. The expression of rthSP-D was analysed
via a pilot scale as shown in Figure 4.1 before producing large-scale batches (Figure
4.2) for purification of rthSP-D. The inclusion body pellet containing insoluble rfhSP-
D was sonicated, solubilized and serially dialysed to denature and refold the protein
as described in Methods and Materials in Section 2.4. The supernatant was then
passed through a maltose-agarose column to capture rfhSP-D. The concentration of
the eluted fractions was determined by measuring the OD,sp absorbance and the
quality was confirmed by running the purified fractions on SDS-PAGE 12% gel
(Figure 4.3). The peak elutions were then passed through Pierce™ High Capacity
Endotoxin Removal Resin (Qiagen) to remove lipopolysaccharide (LPS) and the

amount of endotoxin was found to be <0.4pg/ug of the rthSP-D protein (Figure 4.4).
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Figure 4.1 SDS-PAGE 12% analysis for rthSP-D expression in the pilot-scale batches.
The cell pellet centrifuged from 1 ml culture was mixed with 100 pl of the 2x
treatment buffer. 20ul for each sample was loaded on SDS-PAGE and run for 90 min
at 120V. The gel was stained and then de-stained to determine the expression. A clear
band was visible ~18kDa in the last well for expressed rfhSP-D, which was not seen
in the un-induced sample.
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Figure 4.2 SDS-PAGE 12% analysis for rthSP-D expression in large-scale batches.
The cell pellet centrifuged from 1 ml culture was mixed with 100 pl of the 2x
treatment buffer. 20ul for each sample was loaded on 12% SDS-PAGE and run for 90
min at 120V. The gel was stained and then de-stained to determine the expression. A

clear band was visible ~18kDa in the induced wells for expressed rthSP-D, which was
not seen in the un-induced sample.
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Figure 4.3 SDS-PAGE (12% w/v) analysis of purified fractions of rthSP-D. The large-
scale pellets were lysed, sonicated and the insoluble inclusion bodies were
solubilized, refolded and affinity purified on maltose-agarose. 10 ul of purified
protein was mixed with 10ul of 2x treatment buffer for each fraction and run on SDS-

PAGE for 90 min at 120V. The gel was stained and de-stained and the bands were
seen at ~18kDa.
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Figure 4.4 Measurement of endotoxin levels in the purified rthSP-D. The endotoxins
activate Factor C proteolytic activity present in LAL, which is photometrically
measured using chromogenic substrate at optical density (OD4ps). A standard curve is
plotted using 4 E. coli endotoxin standards, which were plated in parallel to the test
sample. Using standard curve, where 1 EU/ml is equivalent to 0.1ng endotoxin/ml,
the endotoxin levels in rthSP-D were found to be ~0.4pg/ug.

4.3.2 Human pancreatic cancer tissues and cell lines secrete SP-D

Fluorescence studies of human pancreatic cancer tissues probed with anti-human SP-
D polyclonal antibody showed positive staining confirming the presence of an SP-D
epitope in the tissues (Figure 4.5). These images were produced as a part of our
collaboration by Dr Shiv K Singh, Department of Gastroenterology and
Gastrointestinal Oncology, University Medical Center, Gottingen, Germany.
Additionally, the tissues were probed with rabbit anti-human Vimentin, which also
showed positive staining. This prompted further characterization of SP-D, which may
be secreted into the tumour microenvironment. Subsequently, SP-D was purified via
maltose affinity chromatography using supernatant from 80-90% confluent Panc-1,
MiaPaCa-2 and Capan-2 cell lines. Interestingly, the western blot analysis of purified
fractions probed with rabbit anti-human SPD antibody revealed that all pancreatic
cancer cell lines secreted a very low quantity of an aberrant form of SP-D, which
appeared above 60 kDa, as compared to normally found human SP-D at ~43 kDa. The
rthSP-D (~18 kDa) was used as a positive control for the western blotting (Figure
4.6). Therefore, inability of this abnormal SP-D secreted by pancreatic cancer cells to

contribute to defense mechanism against cancer cells was further investigated by
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incubating the cell lines with purified rthSP-D. Initially, it was established if rthSP-D

binds to these cell lines using fluorescence microscopy.

(2)

Human PDAC tissue (#1)

Figure 4.5 Fluorescence analysis of SPD in human pancreatic cancer tissues. The
tissue slides were probed with rabbit anti-human SP-D (1:500) and rabbit anti-human
Vimentin (1:500) followed by secondary goat anti-rabbit IgG Alexa 488 (1:500) and
DAPI (for nucleus staining; 1;1000) showed positive staining for the presence of SP-
D and Vimentin in the human pancreatic cancer tissue. These images have been used,
with permission, for completeness. These images were produced as a part of our
collaboration by Dr Shiv K Singh, Department of Gastroenterology and
Gastrointestinal Oncology, University Medical Center, Gottingen, Germany.
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Figure 4.6 Western blot analysis of purified SP-D fractions from all pancreatic cancer
cell lines. SP-D was purified using supernatant from 80-100% confluent cells and two
fractions for each cell line were subjected to western blot analysis by probing the
membrane with rabbit anti-human SP-D (1:1000) for 1 hr, followed by anti-rabbit
conjugated with HRP (1:1000) for 1 hr and the colour was developed using DAB
substrate kit. The bands appeared above 60 kDa for Panc-1, MiaPaCa-2 and Capan-2
and rfthSP-D (~18Kda) was used a positive control.

4.3.3 rfhSP-D binds to a range of pancreatic cell lines

The fluorescence analysis of rfhSP-D binding to Panc-1, MiaPaCa-2 and Capan-2
revealed its membrane localization following 1 h incubation at 4°C (Figure 4.7). The
rthSP-D probed with mouse anti-human SP-D/CYS5 antibody appeared evenly bound
in clusters on the cell membrane, along with nuclei stained positively with Hoechst.
All cell lines showed a similar rthSP-D binding pattern. No CY5 fluorescence was
detected in the untreated controls, probed with primary and secondary antibodies, for
each cell line, suggesting the rthSP-D binding observed in the treated cell lines was
protein-specific. To determine whether rthSP-D influences the cellular morphology
and EMT phenotypic expression, we treated highly invasive pancreatic cancer cells

(e.g. Panc-1) with exogenous rfhSP-D in a dose-dependent manner.
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Figure 4.7 rthSP-D binds to a range of pancreatic cell lines. All cell lines, Panc-1,
MiaPaCa-2 and Capan-2 (0.5x10°/ml) were grown on coverslips and incubated with
and without rfhSP-D (10 pg/ml) for 1 h, followed by incubation with primary
antibody (mouse anti-human SP-D, 1:200) for 1 h and then probed with Goat Anti-
Mouse I1gG H&L (Cy5 ®) (1:500,) and Hoechst (1: 10,000) for fluorescence analysis.
rthSP-D was seen bound on the cell membrane in the treated cells whereas no Cy5
fluorescence was detected in the untreated cells. Hoechst positively stained the nuclei.

4.3.4 rfhSP-D induces morphological alterations in the pancreatic cell line
Panc-1 in a dose and time-dependent manner

To determine the optimal dose of rthSP-D, Panc-1 cells were incubated with 0, 5, 10,
and 20 pg/ml. Colonies of 10-15 cells were selected for each protein dose to observe
the effect of rthSP-D on cell morphology and cell division. The images of the selected
cell colonies were taken at 0 h, 6 h and 24 h (Figure 4.8). Panc-1 cells treated with
rthSP-D (5 pg/ml) acquired spindle type cell morphology, reduced cell-cell contact
and continued to divide in a time dependent manner. These alterations were similar to
the untreated cells. Panc-1 cells treated with rthSP-D (10 and 20 pg/ml) did not

acquire spindle shape and appeared to be static. However, cell morphology at 10
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pg/ml appeared to be regaining the spindle shape and reduced cell-cell contact and
some cell division by 24 h. At 20 pg/ml, the non-spindle effect continued up to 24 h.
Although some cell division was noted, cells remained in close contact with each
other and static. Interestingly, some dead cells were also seen at 20 pg/ml as
compared to the other dose conditions. Therefore, 20 ug/ml dose was selected to
further investigate a possible effect on EMT by rfhSP-D in Panc-1, MiaPaCa-2 and
Capan-2. This finding was then investigated qualitatively and quantitatively using a

matrigel invasion chambers.

10pg Spg

20pg

Untreated

Figure 4.8 Exogenous treatment with rthSP-D of Panc-1 cells induced morphology
changes in a time and dose- dependent manner. Panc-1 cells (0.1x10%/ml) were grown
overnight in a 12 well plate and colonies of 5-10 cells were selected for analysis with
and without rthSP-D (5, 10, 20 ug/ml) at 0, 6 and 24 h. The cells treated with 5 pg/ml
and untreated appeared to undergo EMT as they acquired spindle shape and showed
reduced cell-cell contact whereas cells treated with 10 and 20 pg/ml appeared static,
did not acquire spindle shape and some dead cells were also seen.
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4.3.5 rfhSP-D suppresses the invasion ability/capacity in pancreatic cancer cell
lines
The matrigel invasion chambers pre-coated with extracellular matrix proteins were
used to incubate the pancreatic cancer cells (3.5 x 10*/0.5ml) in presence and absence
of rthSP-D (20 pg/ml) in the upper surface of the chamber and serum containing
media as a chemo-attractant in the bottom surface for 22 h. Both Panc-1 and
MiaPaCa-2 cell lines treated with rthSP-D (20 pg/ml) showed significantly reduced
invasion in the matrigel (Figure 4.9); however almost no invasion occurred in Capan-
2 whether treated or untreated, which was anticipated since it is a low-grade cancer
cell line. MiaPaCa-2 was most affected as the invasion was reduced by 65%, followed
by Panc-1 cell line, which was approximately 50% less than the untreated cells
(Figure 4.10). Since pancreatic cancer cells are well known to overexpress TGF- 3,
which has a prominent-role in inducing EMT, the expression of TGF-  in the cell

lines was investigated following the treatment with rthSP-D (20 pg/ml).

MiaPaCa-2 Panc-1 pan-2

Figure 4.9 rfhSP-D suppresses the invasion in pancreatic cancer cell lines. The cell
invasion was analysed by incubating 35,000 cells, with and without rthSP-D (20
pg/ml) in the BioCoat™ Matrigel™ Invasion Chambers at 37°C for 22 h. The
metastasized cells were fixed and stained before mounting the membrane on the slide
for cell counting. The images show the difference between treated and untreated.
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Figure 4.10 Treatment with rfhSP-D significantly reduced the cell invasion by Panc-1
(~50%) and MiaPaCa-2 (~65%) measured by counting the number of cells that
penetrated through the matrigel. However, as anticipated, no invasion was detected in
Capan-2 cell line, neither in treated nor untreated.

4.3.6 rfhSP-D downregulates TGF- gene expression

The gene expression of TGF-B was significantly downregulated in Panc-1 (~log; 0.5-
fold) and MiaPaCa-2 (~log;o 0.3-fold) at 12 h (Figure 4.11) whereas Capan-2 showed
no difference between treated and untreated. This suggested that reduced TGF-B
transcripts were being made following the rfhSP-D treatment. Thus, the total cell
extracts for all cell lines were then analyzed by western blot. The rabbit anti-human
TGF-B antibody bands detected at 60 kDa at 24 h treatment and a reduction in the
amount of TGF-f in the rfhSP-D treated Panc-1 and MiaPaCa-2 samples was
observed as compared to the untreated cells; the amount of TGF-f in Capan-2 was
unaffected (Figure 4.12). The qualitative analysis by fluorescence microscopy showed
TGF-B expression at 24 h diminished considerably within the cytoplasm Panc-1 and
MiaPaCa-2 cell lines following rthSP-D treatment (Figure 4.13). During TGF-B
induced EMT pathway, Smad2/3 are phosphorylated in the cytoplasm, followed by
translocation into nucleus, however Smad2/3 staining appeared very weak in the
cytoplasm of the treated Panc-1 and MiaPaCa-2 cell lines (Figure 4.14). Then, key

regulators of EMT were examined.
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Figure 4.11 TGF- B gene expression as determined by qPCR was significantly
downregulated at 12 h in both Panc-1 and MiaPaca-2 cell lines. The gene expression
of the treated was normalized using the expression of both human 18S rRNA and
untreated cells. Significance was obtained using the unpaired one-way ANOVA test
(*p<0.05, *p<0.01 and *#%p<0.001)(n=3).
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Figure 4.12 Western Blot analysis confirmed this results as the bands (~60Kda) in the
treated samples (+) appeared very faint as compared to untreated (-), when probed
with rabbit anti-human TGF- B (1:1000) for 1 h followed by anti-rabbit conjugated
with HRP and the colour was developed using DAB. Anti-GAPDH was used as a
loading control.
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Figure 4.13 TGF- B intracellular staining for all cell lines using 0.5x10° cells/ml
incubated with and without rthSP-D (20 pg/ml) for 24 h followed by probing with
rabbit anti-human TGF- Blantibody (1:500) and then probed with goat anti-rabbit IgG
Alexa Flour 488 (1:500) and Hoechst (1:10,000) for fluorescence analysis showed
bright green fluorescence in the cytoplasm of the untreated cells as compared to minor
staining in the treated cells.
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Figure 4.14 Smad 2/3 intracellular staining for Panc-1 and MiaPaCa-2 cell lines with
and without rfthSP-D (20 pg/ml) for 24 h using rabbit anti-human Smad2/3 antibody
(1:500) and then probed with goat anti-rabbit IgG/CY3 (1:1000) showed the presence
of Smad2/3 in the cytoplasm of untreated cells, however no CY3 fluorescence was
detected in the treated cells.
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4.3.7 rfhSP-D reduces the expression of EMT markers

To determine whether exogenous rthSP-D was affecting the key regulators of EMT,
we examined the gene expression of Vimentin, Zebl and Snail at various time points.
All of these markers were downregulated in all the cell lines; however, variations in
the transcript levels and the time of downregulation in each cell line were observed.
Vimentin was significantly downregulated in Panc-1, ~log;o 1-fold at 1 h, and ~log;o
0.5-fold at 6 h (Figure 4.15). MiaPaCa-2 had downregulation of ~log;o 0.5-fold at 1 h
that remained constant at 6 h (Figure 4.15). Vimentin downregulation occurred at
later time-point, as compared to Panc-1 and MiaPaCa-2, at 6 h in Capan-2 (~logjo 0.5-
fold) cell line (Figure 4.15). All cell lines showed a similar pattern of decrease in
levels of downregulation of Vimentin at 12 h compared to earlier time-points.

Snail was significantly downregulated in Panc-1 (~log;o 1-fold), MiaPaCa-2
(~logjo 0.5-fold), and Capan-2 (~log;o 1-fold) at 1 h and remained downregulated at 6
h and 12 h (Figure 4.15). Zebl transcript level was significantly reduced in Panc-1
(~logjo 0.5-fold) at 1 h at 6h and MiaPaCa-2 (~log;o 2-fold) at 12h (Figure 4.15). No
difference in Zeb1 gene expression was seen in Capan-2. Since TGF- regulates these
markers and rfhSP-D downregulates TGF-B, rfhSP-D mediated downregulation of
EMT markers (Vimentin, Snail and Zebl) was clearly evident. To further establish
the TGF-B association, we used neutralizing antibody in order to block TGF-f in all

cell lines and assessed the expression of these markers.

4.3.8 Fluorescence and flow cytometry Analysis of EMT markers

The qualitative analysis of Vimentin (Figure 4.16) and Zeb1 expressions (Figure 4.17)
in Panc-1 and MiaPaCa-2 cell lines via fluorescence microscopy revealed a
significant difference in the cytoplasmic presence of these proteins in treated and
untreated cells. Furthermore, the quantitative analysis using flow cytometry was
carried out to further confirm the downregulation of the Vimentin, Zebl and Snail in
Panc-1 and MiaPaCa-2 (Figure 4.18) following 24 h treatment with rthSP-D. The
mean fluorescence for Vimentin, Zebl and Snail was approximately 50% less in the
rfthSP-D treated cells as compared to the untreated counterparts and a clear shift was

seen in the fluorescent intensity between treated and untreated (Figure 4.18).
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Figure 4.15 rthSP-D affected the EMT markers (Vimentin, Snail and Zebl) gene
expression. All cell lines were incubated with and without rthSP-D (20 pg/ml) for
various time points and total RNA was extracted to make cDNA. Each qPCR reaction
was carried out in triplicate and human 18S RNA, an endogenous control, was used to
normalize the gene expressions. The cycle threshold (ct) mean was used to calculate
the relative expression to compare treated and untreated. The gene expression of the
treated was normalized using the expression of both human 18S rRNA and untreated
cells. EMT inducers i.e. Vimentin, Snail, and Zebl were significantly downregulated
across the cell lines.
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Figure 4.16 Vimentin intracellular staining for all cell lines using 0.5x10° cells/ml
incubated with and without rthSP-D (20 pg/ml) for 24 h followed by probing with
rabbit anti-human Vimentin antibody (1:500) and then probed with goat anti-rabbit
IgG Alexa Flour 488 (1:500) and Hoechst (1:10,000) for fluorescence analysis
showed bright green fluorescence in the cytoplasm of the untreated cells as compared
to minor staining in the treated cells.
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Figure 4.17 Zebl intracellular staining for all cell lines using 0.5x10° cells/ml
incubated with and without rthSP-D (20 pg/ml) for 24 h followed by probing with
rabbit anti-human Zebl antibody (1:500) and then probed with goat anti-rabbit IgG
Alexa Flour 488 (1: 500) and Hoechst (1:10,000) for fluorescence analysis showed
bright green fluorescence in the cytoplasm of the untreated cells of all cell lines
compared to minor staining in the treated cells of Panc-1 and MiaPaCa-2.
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Figure 4.18 The quantitative analysis of mean fluorescence of Vimentin, Zebl and
Snail of Panc-1 and MiaPaCa-2 cell lines showed a significant reduction in the treated
cells compared to untreated. 10,000 cells were acquired via flow cytometer for
intracellular staining. A shift of fluorescence intensity suggested that the expression of
these proteins was higher in the untreated as compared to treated. The mean of
fluorescence intensity was also plotted.

4.3.9 Blocking TGF- via neutralizing antibody reduces the expression of EMT
markers in a similar trend as rfthSP-D
All cell lines were incubated with TGF- B neutralizing antibody (1 pg/ml) for 6 h and
the mRNA expression for EMT markers (Vimentin, Snail and Zeb1) was measured by
qPCR. Interestingly, blocking TGF-  showed a similar downregulation trend to that
seen following the rthSP-D treatment, which further validated that rthSP-D treatment
causes downregulation of TGF- B, which in turn suppresses EMT regulators (Figure
4.19). The images were taken for Panc-1 cell line to analyze the cell morphological
differences following treatment with rthSP-D, rabbit anti-human TGF- antibody, or
both added together, to compare with untreated at 6 h (Figure 4.20). Fewer branches
and cell movement was observed in all the treated cells compared to the untreated,
which suggested that suppressed EMT effects become apparent as early as 6 h
following the treatment. Interestingly, the effect was even more prominent when

rfhSP-D and rabbit anti- human TGF- 3 were added together (Figure 4.20).
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Figure 4.19 TGF- B blocking caused downregulation of EMT markers. All cell lines
were incubated with TGF-B neutralizing antibody for 6 h to analyse the gene
expression of Vimentin, Snail and Zebl, which showed that all markers were
downregulated in a similar pattern as rthSP-D treatment. The gene expression of the
treated was normalized using the expression of both human 18S rRNA and untreated
cells. Significance was obtained using the unpaired one-way ANOVA test (*p<0.05,
*p<0.01 and ***p<0.001) (n=3).

(b)

Panc-1

Figure 4.20 TGF- B blocking caused downregulation of EMT markers. Panc-1 cells
were incubated with TGF-B neutralizing antibody, rfhSP-D, both rfhSP-D and anti-
human TGF-B neutralizing antibody and an untreated control for 6 h and the images
were taken to visualize the differences in the EMT morphological changes. rfhSP-D
and cells with neutralized TGF- B morphology appeared very similar whereas
untreated cells continued to branch out.
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4.4 Discussion

EMT induction is characterized by morphological alterations, enhanced motility,
reduced cell-cell contact (Ellenrieder et al., 2001), and upregulation of mesenchymal
markers such as Vimentin (Maier et al., 2010), Snail (Peinado et al., 2003), and Zebl
(Wellner et al., 2009). In this study, we report, for the first time, a novel anti-EMT
role of rfhSP-D. rthSP-D which interferes with TGF-f induced EMT by blocking
Smad phosphorylation, using two poorly differentiated pancreatic cancer cell lines,
Panc-1, and MiaPaCa-2, and a well-differentiated cell line Capan-2 (Deer et al.,
2010). The rthSP-D treatment of these cell lines for up to 24 h prevented the cell
morphological alterations associated with EMT, reduced tumor cell invasion in the
matrigel, downregulated TGF-f3 production, downregulated key mesenchymal genes
such as Vimentin, Zebl and Snail, which suggested that it may have attenuated the
TGF-B pathway to suppress EMT. SP-D was found in human pancreatic tissues and
all three pancreatic cancer cell lines included in this study secreted very low levels of
an aberrant form of SP-D (hyper-glycosylated) (Foreman et al., 2011; Ishii et al.,
2012; Silveyra et al., 2012; Tanaka et al., 2009).

Overexpression of TGF-B1 in tumor microenvironment suppresses immune
surveillance and facilitates the escape, migration and increased resistance to anti-
tumor immune responses (Sun et al., 1994; Beauchamp et al., 1990; Reiss, 1999) by
exerting anti-proliferative effects on natural killer (NK) cells and cytotoxic T cells
(Kehrl et al., 1986a; 1986b; Rook et al., 1986; Wahl et al., 1989). TGF-B1 has also
been shown to upregulate VEGF production, thus increasing the liver metastasis of
pancreatic cancer by regulating angiogenesis in a mouse model (Teraoka et al., 2001).
It is understood that TGF-f binds to heterotetrameric receptor complex consisting of
type I receptors (TBRI/ALKS) and type II receptors (TPRII) to activate downstream
Smads, which act as signal transducers from the receptors to the nucleus (Massague
and Wotton, 2000; Massague, 2000). TGF-3 expression, as analysed by qPCR and
western blots of total cell extracts, showed downregulation in Panc-1 and MiaPaCa-2
cell lines, whereas Capan-2 was unaffected since it is unable to produce TGF- B
(Subramanian et al., 2004), thus acting as a negative control in this study. In addition,
minimal presence of Smad2/3 was detected in the cytoplasm and no translocation to
the nucleus was detected in the rthSP-D treated cells as compared to untreated Panc-1

and MiaPaCa-2 cell lines, which suggested that the downregulation of TGF-B had
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prevented the recruitment of Smads, the signal transduction molecules into the
nucleus. Previous studies have shown that TGF-B stimulation causes the
phosphorylation of Smad2/3, which then accumulate in nucleus to drive transcription
of various target genes (Maasague and Wotton, 2000), including key mesenchymal
markers such as Vimentin (Nishioka et al., 2010), Snail (Nishioka et al., 2010;
Horiguchi et al., 2009), and Zebl (Wellner et al., 2009) in pancreatic cancer, which
regulate EMT by either direct or indirect effect on epithelial cell adhesion markers
such as E-cadherin (Imamichi et al., 2007). The treatment of Panc-1, MiaPaCa-2 and
Capan-2 with rthSP-D resulted in downregulation of Snail and Zebl, however
Vimentin downregulation was only seen in Panc-1 and MiaPaCa-2. Capan-2 has been
previously shown not to express Vimentin (Diaferia et al., 2016). This suggests that
due to downregulation of TGF-B, phosphorylation of Smads is affected, since no
Smad2/3 was seen either in the cytoplasm or nucleus, which then further causes the
downregulation of EMT inducing genes resulting in a static state and loss of key
EMT- associated morphological features. Moreover, when TGF-§ was blocked for 6 h
by a neutralizing antibody, gene expressions of Vimentin, Snail and Zebl were
downregulated similar to rfhSP-D treatment, re-affirming that rfhSP-D suppressed
EMT by downregulation of TGF-B pathway. These results thus explain the
significantly reduced invasion of rfhSP-D treated Panc-1 and MiaPaCa-2 in the
matrigel matrix pre-coated with extracellular matrix proteins that promotes invasion,
whereas a non-invasive Capan-2 remained unaffected.

It has been previously shown that stable, short hairpin RNA (shRNA)-
mediated Zebl-knockdown in Panc-1 and MiaPaCa-2 with overexpressed Zebl
showed a reduced sphere formation, a hallmark of self-renewal and differentiation
(Wellner et al., 2009). In addition, Zebl knockdown in orthotopic mouse xenograft
models, significantly affected the tumor growth and EMT by switching the expression
of vimentin and E-cadherin (Wellner et al., 2009). Similarly, downregulation of Snail
in Panc-1 cells has been shown to increase sensitivity to chemotherapeutics or
radiation (Zhang et al., 2010). Therefore, downregulation of mesenchymal markers
can be crucial to target the EMT driven by TGF-B signalling pathway, which is
emerging as a critical event in the progression of pancreatic cancer. In view of this
study, rthSP-D offers potentially a novel therapeutic approach to restore the polarized
epithelial phenotype in pancreatic cancer. Interestingly, rthSP-D was effective in the

invasive cancer cells lines i.e. Panc-1 and MiaPaCa-2, but less so in the non-invasive

99



Capan-2 cell line, which indicates that it selectively targets the mesenchymal-
differentiated cells. This is consistent with previous studies where rthSP-D did not
affect the eosinophils derived from healthy individual whereas it induced apoptosis in
the sensitized eosinophils from allergic patients (Mahajan et al., 2008; Mahajan et al.,
2013). Targeting EMT pathway using rfhSP-D could not only lead to decreased
invasiveness but also promote drug sensitivity. As mentioned earlier, Zebl knockout
Panc-1 clones were more susceptible to chemotherapy and their proliferation was
significantly reduced (Wellner et al., 2009). Silencing of Zebl in Panc-1 and
MiaPaCa-2 reversed the E-cadherin expression and significant increase in apoptotic
cell death was measured following gemcitabine, 5-FU and cisplatin treatment
(Arumugam et al., 2009). Therefore, it will be interesting to explore the EMT
suppressor role of rthSP-D in combination with conventional chemotherapy as a

therapeutic strategy.
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Chapter 5
Induction of apoptosis in pancreatic

cancer cell lines by rthSP-D
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5.1 Abstract

Human Surfactant Protein (SP-D) is a potent innate immune molecule, known as a
key molecule in recognizing and clearing altered and non-self targets. Previous
studies have shown that a recombinant fragment of human SP-D (rthSP-D) induced
apoptosis via a p5S3 mediated apoptosis pathway in an eosinophilic leukemic cell line,
AML14.3D10. However, in this study, we report the ability of rthSP-D to induce
apoptosis via TNF-o/Fas-mediated apoptosis pathway regardless of the p53 status in
human pancreatic adenocarcinoma using Panc-1 (p53™), MiaPaCa-2 (p53™), and
Capan-2 (p53™") cell lines. Treatment of these cell lines with rfhSP-D for 24 h caused
growth arrest in G1 cell cycle phase and triggered transcriptional upregulation of pro-
apoptotic factors such as TNF-a and NF-kB. Translocation of NF-kB from the
cytoplasm into the nucleus following treatment with rthSP-D compared to the
untreated cells was seen via fluorescence microscopy. The rfhSP-D treatment caused
upregulation of a pro-apoptotic marker Fas, as analyzed by qPCR and western blot,
which then triggered caspase cascade, as evident from cleavage of caspase 8 and 3
analyzed by western blot at 48 h, and subsequent apoptosis of the cells. The cell
number following the rthSP-D treatment was reduced in ~70% of Panc-1 and
MiaPaCa-2 cells and ~43% in Capan-2. All these cell lines secrete an aberrant form of
SP-D in very low quantities, however, rthSP-D (20 pg/ml) treatment induced

apoptosis in all pancreatic cancer cell lines at 48 h.
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5.2 Introduction

Human Surfactant Protein D (SP-D), a member of soluble C-type lectin family, plays
a vital role in linking the innate and adaptive immunity to protect against infection,
allergy and inflammation (Kishore et al., 2006). Although its homeostatic role in
lungs has been widely studied, its specific functions at extrapulmonary tissues such as
kidney, human trachea, brain, testis, heart, prostate, kidneys, and pancreas are poorly
understood (Madsen et al., 2000; Kishore et al., 2006; Nayak et al., 2012). SP-D
deficiency is associated with significant clinical outcome in a number of diseases
(Schaub et al., 2004; Wert et al., 2000; Ikegami et al., 2005). SP-D gene knockout
mice showed chronic inflammation and fibrosis due to accumulation of surfactant
phospholipids in the lungs, monocyte infiltration, and activation of pro-inflammatory
alveolar macrophages (Wert et al., 2000; Ikegami et al., 2005). SP-D deficiency in
children makes them more susceptible to frequent pneumonia as compared to SP-D
sufficient children (Griese et al., 2008). SFTPD polymorphisms increase the
susceptibility to chronic and infectious lung diseases (Foreman et al., 2011),
pneumococcal lung disease (Lingappa et al., 2011), emphysema in mice (Ishii et al.,
2012), tuberculosis (Silveyra et al., 2012), Crohn’s disease and ulcerative colitis
(Tanaka et al., 2009).

SP-D has been shown to be a potent innate immune molecule at pulmonary as
well as extrapulmonary mucosal surfaces by virtue of its ability to control
inflammatory response and helper T cell polarization (Nayak et al., 2012). The first
clue came via a murine model of allergic hypersensitivity, when therapeutic treatment
with a recombinant fragment of human SP-D (rthSP-D) lowered peripheral and
pulmonary eosinophilia, in addition to specific IgE levels and Th2 cytokines in the
spleen (Madan et al., 2001; Singh et al., 2003). It turned out that rthSP-D was able to
selectively induce apoptosis in sensitized eosinophils derived from allergic patients
(Mahajan et al., 2008). The molecular mechanisms involved in apoptosis induction
were further delineated by proteomics analysis using an eosinophilic leukemia cell
line AML14.3D10, which revealed involvement of the p53 pathway in SP-D mediated
apoptosis induction (Mahajan et al., 2013; Mahajan et al., 2014). Subsequently,
involvement of SP-D in the control of cancer has recently been examined. Human
lung adenocarcinoma cells (A549 cell line), when exogenously treated with SP-D,

showed suppressed epidermal growth factor (EGF) signalling by reducing the EGF
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binding to EGFR, which subsequently reduced the cell proliferation, invasion and
migration of cancer cells (Hasegawa et al., 2015).

This chapter examines a possible pro-apoptotic role of SP-D in pancreatic
cancer. Pancreatic cancer is the fourth leading cause of cancer-related mortality in the
western world (Malvezzi et al., 2015; Siegal et al., 2016) and its five-year survival
rate is ~5% (Wolfgang et al., 2013). The poor prognosis has been attributed to the
silent nature of the tumor in early stages, aggressive phenotype, surgical
complications, and lack of targeted efficacious therapies (Ansari et al., 2016). In this
study, we show that a rfhSP-D composed of homotrimeric neck and carbohydrate
recognition domains (CRDs), induces cell growth arrest in G1 phase and subsequently
apoptosis in human pancreatic adenocarcinoma using Panc-1, MiaPaCa-2 and Capan-
2 cell lines. The apoptosis induction appears to involve TNF-0, NF-kB and Fas axis,

revealing a p53 independent route of apoptosis induction in the tumour cells by SP-D.

5.3 Results

5.3.1 rfhSP-D induces cell cycle arrest in G1 phase in Panc-1 and MiaPaCa-2

Panc-1, MiaPaCa-2, Capan-2 cell lines were individually treated with rthSP-D (20
pug/ml) for 24 h to assess if the cytostatic effect seen in Chapter 4 could be due to
growth arrest following rthSP-D treatment. DNA binding dye, PI, was used to analyse
the cell cycle for both treated and untreated cells via DNA quantitation. rthSP-D
induced inhibition of DNA synthesis in treated Panc-1 (68%) and MiaPaCa-2 (50%)
in comparison to untreated Panc-1 (3%) and MiaPaCa-2 (2%) cells, respectively, as
the cells were arrested in G1 phase (Figure 5.1). DNA synthesis was unaffected in the
untreated cells for both cell lines since Panc-1 (43%) and MiaPaCa-2 (31%) were
seen in S phase and Panc-1 (32%) and MiaPaCa-2 (33%) in the G2 phase of cell
cycle. The growth arrest was, however, not seen in Capan-2 cell line following the
rfthSP-D treatment. Growth arrest at 24 h following rthSP-D treatment prompted the
determination of cell fate at a later time point; therefore, all cell lines were analysed

for likely apoptosis at 48 h.
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Figure 5.1 Cell cycle analysis following 24 h treatment of pancreatic cancer cell lines
with rfthSP-D (20 pg/ml). Propidium iodide was used to stain the DNA in both rfhSP-
D treated and untreated cells. Propidium iodide histograms were plotted using set
markers within the analysis program of Novocyte Flow cytometer. The rfhSP-D
treated pancreatic cancer cells show arrest in G1 phase in treated Panc-1 (68%) and
MiaPaCa-2 (50%) in comparison to untreated Panc-1 (3%) and MiaPaCa-2 (2%) cells
suggesting that untreated cells continued into the next cell cycle phases.
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5.3.2 rfhSP-D induces apoptosis in pancreatic cancer cells by 48 h

The qualitative apoptosis analysis of Panc-1, MiaPaCa-2 and Capan-2 treated with
rthSP-D (20 pg/ml) for 48 h using fluorescence microscopy showed that the cell
membrane was no longer intact and the propidium iodide bound to DNA in the treated
cells compared to untreated cells, where no fluorescence was detected, indicating that
cells were undergoing apoptosis at 48 h (Figure 5.2).

The flow cytometry analysis to quantify apoptosis showed significant
reduction in the viable cell percentage of Panc-1 and MiaPaCa-2. The rthSP-D
induced apoptosis in ~70% of Panc-1 and MiaPaCa-2 cells and ~43% in Capan-2 at
48 h, out of which, ~25% Panc-1 cells, ~60% MiaPaCa-2 and ~28% Capan-2 were
both FITC and propidium iodide positive, suggesting Annexin V/FITC binding to
phosphatidylserine (PS), a cell membrane phospholipid, which is externalized during
early apoptotic stage and the passage of PI, a DNA stain, through the porous cell
membrane into the nucleus in order to intercalate the DNA. A significant percentage
of Panc-1 cells (~43%) and not so significant for MiaPaCa-2 and Capan-2 (~12%)
were positive for propidium iodide alone, suggesting that these cells were either dead
or in late apoptotic stage. The percentage of viable cells, i.e. unstained, in the
untreated sample was significantly higher (80%) as compared to treated (Figure 5.3).
Apoptosis was further confirmed by analysing the activation of caspase to determine

the pathway that may have been involved.
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Figure 5.2 Fluorescence Microscopy analysis of apoptosis in pancreatic cancer cells
following treatment with rthSP-D (20 pg/ml) for 48h. The cell membrane was
positively stained for annexin V and the DNA staining is visible in the treated cells
indicating that the cells underwent apoptosis turning the membrane inside out, thus
making PS available for annexin V binding and due to the porous membrane,
propidium iodide was taken in which stained the DNA of apoptotic cells (Panel b). No
such staining was seen in the untreated cells (Panel a). The nucleus was stained with
Hoechst for both treated and untreated.
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Figure 5.3 Flow Cytometry analysis of apoptosis in pancreatic cancer cell lines, Panc-
1, MiaPaCa-2 and Capan-2 following treatment with rthSP-D (20 pg/ml) for 48 h.
10,000 cells were acquired, which showed that approximately 70% of Panc-1 cells
and MiaPaCa-2 and 43% Capan-2 cells underwent apoptosis as compared to untreated
cells. A shift in the fluorescence intensity of both FITC and propidium iodide was also
seen between treated and untreated cells.

5.3.3 rfhSP-D activates cleavage of caspase 8 and 3

Western blot analysis of caspase 3, 8 and 9 revealed that caspase 8 and 3 were cleaved
in all the cell lines following treatment with rthSP-D (20 pg/ml) for 48 h (Figure 5.4).
The cleavage of caspase 3, however, was not seen in the untreated cells and faint
bands appeared for Caspase 8 in the untreated cells, which further confirmed that cell
death occurred via apoptosis. Interestingly, although Capan-2 cell line appeared
unaffected in terms of cell cycle arrest at 24 h; yet, the cleaved bands for caspase 8
and 3 were seen in Capan-2 treated cells too, which suggested that rthSP-D can affect
the cancer cells via multiple pathways. Caspase 9 was tested as a marker for intrinsic
apoptosis pathway; however, no difference was noted between treated and untreated
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cells. Therefore, gene expressions were assessed for pro-apoptotic genes such as Bax,
an intrinsic pathway marker, and Fas, an extrinsic pathway marker, to further

determine the apoptotic pathway.
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Figure 5.4 Cleavage of caspase 8 and 3 in pancreatic cancer cell lines following
rfthSP-D (20 pg/ml) treatment at 48 h. The cleaved caspase 8 & 3 was detected only in
the rfhSP-D treated samples (+) of all cell lines, whereas no bands appeared in the
untreated cell (-) samples. Anti-GAPDH was used as a loading control. GAPDH was
used a loading control. (RM: Rainbow Marker)
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5.3.4 rfhSP-D upregulates the expression of pro-apoptotic marker, Fas

Human pancreatic cancer cells often escape apoptosis by downregulating apoptosis
stimulators such as FasL/FasR (von Bernstorff et al., 1999), or pro-apoptotic proteins
such as Bax (Friess et al., 1998). These pro-apoptotic genes, Bax and Fas, for time-
points ranging from 2 h to 24 h in all the cell lines, were analysed in order to explore
the apoptotic pathway. Bax was unaffected following the treatment with rfhSP-D (20
pug/ml) in all cell lines at all time-points, which, in addition to unaffected caspase 9,
suggested that intrinsic pathway may not have been involved in causing the cell death.
Fas expression was unaffected at earlier time-points up to 6 h (data not shown);
however, it was upregulated at 12 h & 24 h in Panc-1 (log;o~0.5), MiaPaCa-2 (log;o
~1), and Capan-2 (logjo ~1) cell lines, which indicated that apoptosis induction by
rthSP-D is likely to take place via the extrinsic pathway (Figure 5.5). Western blot
analysis also showed upregulation of Fas at protein level in the treated cells as
compared to untreated cells (Figure 5.6). Since TNF-a and NF-«kB are crucial factors
in the apoptotic pathway and they can regulate Fas expression (Fulda and Debatin,
2006), the effect of rfhSP-D on the gene expression of TNF-a and NF-kB as well as

translocation of NF-kB from the cytoplasm to nucleus was investigated.
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Figure 5.5 Relative quantification comparisons of Fas mRNA expression in Panc-1,
MiaPaCa-2 and Capan-2 cell lines treated with rthSP-D (20 pg/ml) for 12 and 24 h.
Fas expression was upregulated in the treated samples at 12 h and 24 h for all cells
compared to untreated. The gene expression of the treated was normalized using the
expression of both human 18S rRNA and untreated cells. Significance was
determined using the unpaired two-way ANOVA test (*p<0.05, *p<0.01 and
**%p<0.001) (n=3).
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Fas (~50 kDa)

Figure 5.6 Fas expression via Western Blot analysis in Panc-1, MiaPaCa-2 and
Capan-2 cell lines treated with rfhSP-D for 24 h. Fas expression was determined
using rabbit anti-human Fas (1:1000) at 4°C overnight, followed by incubation with
secondary anti-rabbit IgG HRP-conjugate (1:1000) for 1 h at room temperature. The
membrane was washed with PBST (PBS + 0.05% Tween 20) three times, 10 min each
between each step. The bands were developed using DAB substrate kit. Fas
expression was upregulated in the treated samples at 24 h for all cells as compared to
untreated.

5.3.5 rfhSP-D upregulated the expression of TNF-a and causes nuclear
translocation of NF-xB
Following treatment with rfhSP-D (20 upg/ml), the analysis of TNF-o mRNA
expression levels showed a significant up-regulation in Panc-1 (log;o~0.5), MiaPaCa-
2 (logip ~1), and Capan-2 (logjo ~1) at 12 and 24 h; however, no difference was
observed at earlier time-points (Figure 5.7). Similar transcriptional upregulation was
noted for NF-kB for Panc-1 (logjo~0.4), MiaPaCa-2 (log;o~0.8), and Capan-2 (logi
~0.6) at 12 and 24 h (Figure 5.7). Fluorescence microscopy of Panc-1, MiaPaCa-2
and Capan-2 cell lines showed that NF-kB was translocated to the nucleus at 24 h,
which was not seen in the untreated cells (Figure 5.8). This further confirmed that
NF-«B could play a key role in deciding the apoptotic fate of the cancer cells
following the rfhSP-D treatment.
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Figure 5.7 Relative quantification comparisons of TNF-o and NF-«xB mRNA
expression in Panc-1, MiaPaCa-2 and Capan-2 cell lines treated with rthSP-D (20
pg/ml) for 12 and 24 h. The transcriptional expressions of both TNF-a and NF-kB
were upregulated in the treated samples at 12 h and 24 h for all cells as compared to
untreated. The gene expression of the treated was normalized using the expression of
both human 18S rRNA and untreated cells. Significance was determined using the
unpaired two-way ANOVA test (*p<0.05, *p<0.01 and ***p<0.001) (n=3).
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Figure 5.8 Fluorescence microscopy analysis to determine the translocation of NF-xB
into nucleus following rthSP-D treatment. After 24 h treatment, both treated and
untreated cells were fixed and permeabilised using 100% cold methanol. The cells
were probed with rabbit anti-human NF-«xB (1:500) for 1 h followed by 1 h incubation
with anti-rabbit/CY3 (1:1000) and Hoechst (1:10,000). The cells stained positively for
NF-«B in the nucleus of treated cells as compared to untreated in all cell lines at 24 h.
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5.3.6 rfhSP-D down-regulates the survival pathway, mTOR

The mTOR is often deregulated in pancreatic cancer (Semba et al., 2003) and its
activation is associated with poor prognosis (Kennedy et al., 2011). Upon treatment
with rthSP-D (20 pg/ml), mRNA expression of mTOR was downregulated in Panc-1
and MiaPaCa-2 cell line at 12 h, however, no difference was seen in Capan-2 (Figure
5.9). In addition, fluorescence analysis revealed that in comparison to the untreated
cells, a significant decrease in the cytoplasmic levels and an increased accumulation
of mTOR in the nucleus was evident (Figure 5.10), where it has been shown to be

present in its inactive form in previous studies (Betz et al., 2013).
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Figure 5.9 Relative quantification of mTOR expression in Panc-1 and MiaPaCa-2 cell
lines treated with rthSP-D (20 pg/ml) for 24 h. rthSP-D treatment of Panc-1 and
MiaPaCa-2 cells downregulated the mRNA expression of mTOR. The gene
expression of the treated was normalized using the expression of both human 18S
rRNA and untreated cells. Significance was determined using the unpaired two-way
ANOVA test (*p<0.05, *p<0.01 and ***p<0.001) (n=3).
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Figure 5.10 Fluorescence microscopy analysis of mTOR expression following rthSP-
D (20 pg/ml) treatment. After 15 h treatment, both treated and untreated cells were
fixed and permeablised using 100% cold methanol. The cells were probed with rabbit
anti-human mTOR (1:500) for 1 h followed by goat anti-rabbit Alexa 488 (1:1000)
and Hoechst (1:10,000). The reduced cytoplasmic levels of mTOR were seen
following the treatment compared to the untreated. Nuclear accumulation was clearly
visible in the treated cells.
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Figure 5.11 Illustration of the potential apoptotic pathway following the exogenous
treatment of pancreatic cancer cells with rthSP-D. TNF-a and Fas were upregulated.
TNF-a binds to TNF type I receptor (TNFR1), which is internalized and forms a
complex with TNFR1-associated DEATH domain (TRADD) (complex I), stimulating
the upregulation of NF-xB. Then, a complex II is formed upon binding of complex I
to Fas-Associated protein with Death Domain (FADD), which is formed when Fas is
activated. NF-xB upregulation promotes Fas upregulation as it acts as a transcription
factor for Fas Subsequently, Complex II activates downstream caspase cascade, which
causes the cleavage of caspase 8 followed by effector caspase 3 cleavage, which
brings about apoptosis. (Figure 3.17 was taken from Kaur et al, 2016 with minor
modifications).

1.4 Discussion

Human SP-D is known for its important role as a first line of defense in innate
immunity against invading pathogens. (Murphy, 2012; Lu et al., 1997). SP-D is a
pattern recognizing soluble factor that can act as a potent opsonin for viruses, bacteria
and fungi, and brings about clearance mechanisms via aggregation/agglutination,
enhanced phagocytosis, production of superoxide radicals, direct microbicidal effect,
and macrophage activation (Kishore et al., 2005). In most instances, SP-D binds to
carbohydrate or charge patterns on the pathogen surface via its CRD region, whilst
the collagen region binds to its putative receptor (calreticulin/CD91 complex being

one of them) on the surface of macrophages and brings about effector functions
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(Gardai et al., 2005). SP-D has also been shown to bind glycoprotein allergens
derived from house dust mite, Aspergillus fumigatus and grass pollen allergen and
interfere with specific IgE-allergen interaction and consequent histamine release from
sensitized basophils (Kishore et al., 2002; Singh et al., 2017). When exogenous rthSP-
D was administered therapeutically in a murine model of pulmonary hypersensitivity
induced by allergen/antigens of an opportunistic fungal pathogen, Aspergillus
fumigatus, it lowered specific 1gG and IgE levels, suppressed peripheral and
pulmonary eosinophilia, and polarised Th2 to Thl immune response in the spleen
(Madan et al., 2001). These studies highlighted SP-D as a link between innate and
adaptive immunity and as a modulator of inflammation. These initial studies were
followed by observations that eosinophils derived from sensitized individuals were
susceptible to apoptosis induction by rthSP-D in vitro although rthSP-D bound
eosinophils derived from healthy, non-sensitised individuals equally well (Mahajan et
al., 2008). Using an eosinophilic cell line, AML14.3D10 (a model cell line for
leukemia), it was established, via proteomics analysis, that apoptosis induction by
rthSP-D involved upregulation of p53 (Mahajan et al., 2013; Mahajan et al., 2014).
Another crucial study by Pandit et al., (2016) revealed that rthSP-D was able to
induce apoptosis in activated human PBMCs, but not in resting, non-activated
PBMCs. These studies, for the first time, raised the possibility that SP-D can have a
function of immune surveillance against activated self and perhaps altered self.

In this study, it was found that a recombinant form of human surfactant
protein D (rthSP-D) induces apoptosis in a range of pancreatic cancer cell lines.
rthSP-D induced apoptosis occurs regardless of pS3 status using two p53 mutated,
aggressive cell lines, Panc-1 (derived from head of the pancreas), MiaPaCa-2 (derived
from the body and tail of the pancreas), and a p53 wild type, non-aggressive cell line,
Capan-2 (derived from head of the pancreas) (Deer et al., 2010). Following the
treatment with rfhSP-D, Panc-1 and MiaPaCa-2 cells were arrested in G1 phase at 24
h. In addition, upregulation of Fas, an apoptosis stimulator, and pro-apoptotic TNF-a
(and associated transcription factor, NF-kB) at 24 h was consistent with the cleavage
of caspase 8 and 3 at 48 h. These findings indicated that cell death is likely to occur
via TNF-o/Fas-mediated apoptosis pathway (Kaur et al.,, 2016; Liu et al., 2012;
Ashkenazi et al., 1998). The cell viability after 48 h of rfhSP-D treatment was reduced
in the order of Panc-1 > MiaPaCa-2 > Capan-2, which coincided with the
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approximate growth arrested percentage of Panc-1 and MiaPaCa-2 at 24 h. Although
Capan-2 cells were not arrested in the cell cycle, yet they underwent apoptosis at 48 h,
which may be attributed to their increased sensitivity to Fas-mediated apoptosis as
compared to other two cell lines (Bernstorff et al., 1999). Fas is a type | membrane
protein that belongs to TNF superfamily (Armitage et al., 1994; Schulze et al., 1998)
that undergoes trimerization upon binding to its physiological ligand, FasL, to form a
Fas-associated death domain protein (FADD) via its cytoplasmic domain (Boldin et
al.,, 1995, Chinnaiyan et al., 1995). It then activates downstream caspase cascade,
which subsequently causes cleavage of caspase 3 as the terminal molecular event
during apoptosis (Janicke et al., 1998; Zheng et al., 1998). When the Panc-1,
MiaPaCa-2, Capan-2 cell lines were treated with rfhSP-D, Fas remained unaffected
up to 12 h and then upregulation of Fas transcripts as well as protein was seen at 24 h,
which indicated that TNF-a (Elzey et al., 2001) and NF-xB (Lui, et al., 2012) might
also be affected since they are well known to tightly regulate the Fas-mediated
apoptosis pathway. TNF-a, another member of TNF superfamily, acts via TNFR2 to
increase the susceptibility of the target cells to Fas-mediated death; in addition, it
stimulates the downstream NF-xB signalling (Micheau and Tschopp; 2003) by
recruitment and activation of inhibitor of IkB kinases (IKK), which in turn enables its
translocation to the nucleus where transcription of NFkB-dependent genes such as Fas
occurs (Liu et al., 2012; Oeckinghaus and Ghosh, 2009).

In this study, transcriptional levels of both NF-«xB and TNF-a were
upregulated at the same time-point as Fas, which was largely anticipated (Liu et,
2012). Additionally, the fluorescence microscopy revealed NF-kB translocation to
nucleus at 24 h in the rthSP-D treated cells compared to the untreated counterpart,
which suggested that TNF-a induced canonical NF-kB pathway (Perkins, 2007). NF-
kB can regulate both pro- as well as anti-apoptotic genes, depending upon its
canonical or non-canonical signalling (Perkins, 2007 Oeckinghaus and Ghosh; 2009).
Interestingly, canonical NF-kB has been shown to bind directly to the Fas promoter to
facilitate cell death via Fas-mediated apoptosis pathway (Liu et al., 2012). SP-D
regulation in cancer is yet unknown. NF-kB plays an important role in deciding the
cell fate as its canonical activation acts a transcription factor of Fas, which upon
stimulation induces apoptosis signalling (Liu et al.,, 2012, Kaur et al., 2016).

However, SP-D has been shown to regulate steady-state NF-xB activation in alveolar
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macrophages of SP-D deficient mice (Yoshida et al., 2001). Interestingly, SP-D has
also been shown to trigger TNF-o production in human CCR2" inflammatory
monocytes (Barrow et al., 2015). These studies present an interesting central role of
SP-D, which could be important in deciding the cell viability/apoptosis. Moreover, a
cleaved caspase 8 and 3 was seen at 48 h, whereas intrinsic apoptosis markers such as
caspase 9 and Bax remained unaffected (Fulda and Debatin, 2006), in all rthSP-D
treated cell lines as compared to untreated cells, which further confirmed the cell
death via Fas-mediated pathway alone. In addition, mTOR pathway was
downregulated following the treatment with rthSP-D, which is crucial for cell
survival and proliferation, and thus, to protect the cancer cells from apoptosis
(Laplante and Sabatini, 2009). These findings are also supported by studies such as
targeting mTOR pathway using rapamycin (Matsubara et al., 2013), or its regulating
component RICTOR knockdown (Schmidt et al., 2017), significantly reduces
pancreatic cancer cell growth. Interestingly, fluorescence microscopy showed that
rthSP-D causes nuclear accumulation of mTOR in the treated cells, which may have a
transcriptional role. However, the nuclear versions do not form an intact mTORCI
required for cell regulation signalling pathways (Betz and Hall, 2013).

The rthSP-D binds to all the pancreatic cell lines tested in this study: Panc-1,
MiaPaCa-2 and Capan-2 (presented in Chapter 4). However, the putative SP-D
receptor or the ligand on the pancreatic cancer cell surface is not yet known. Recently,
an interaction between the CRD region of human SP-D and N-glycans of EGFR has
been reported which led to downregulated EGF signalling in human lung
adenocarcinoma cells (Hasegawa et al., 2015). Moreover, the ability of SP-D to
trigger TNF-a production in human CCR2" inflammatory monocytes via interaction
with a receptor, OSCAR (Barrow et al., 2015) has been reported. In conclusion,
rthSP-D upregulates pro-apoptotic factors such as TNF-0, NF-kB and Fas to activate
caspase cascade to induce apoptosis in pancreatic cancer cell lines (Figure 5.11),
which needs further exploration in orthotropic murine models. The majority of
conventional anti-cancer therapies only target rapidly proliferating cancer cells,
therefore, new strategies involving immune molecules such as rfhSP-D that target the
signalling pathways to reduce cell growth require further investigation as these would
not only help eliminate the tumour but could also influence recurrence or migratory

capacity of the tumour cells.
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Chapter 6

General Discussion
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Innate Immune surveillance comes into play during tumour development to eliminate
cancer cells. This thesis, for the first time, provided evidence that complement protein
Clq, which had been previously shown to promote tumour growth in the tumour
microenvironment, is capable of inducing apoptosis in an ovarian cancer cell line,
SKOV3, when added exogenously in a serum free medium. Thus, it defined another
complement independent role of Clq. Each globular head module (ghA, ghB or ghC)
of human Clq produced a similar effect to that of the full-length molecule Clq and
induced apoptosis independently in ovarian cancer cells. Treatment with Clq and
globular head modules for 24 h upregulated TNF-a, a pro-apoptotic cytokine and Fas,
a death receptor, and activated the caspase cascade, which subsequently resulted in
apoptosis induction. Moreover, the pro-survival mTOR pathway, which is usually
overexpressed in ovarian cancer, was downregulated. Although the presence of Clq
has been reported in ascitic fluid formed during ovarian cancer, we were unable to
detect its transcripts or immunoreactivity in SKOV3. This thesis also revealed that a
recombinant fragment of human SP-D (rthSP-D) can interfere with EMT in
pancreatic cancer cell lines, by downregulating the key mesenchymal markers, which
contribute to the invasive phenotype of the cancer cells. Extended treatment of
pancreatic cancer cells with rfhSP-D subsequently induced apoptosis. Thus, it added
another layer to the many well-known protective roles of SP-D.

Ovarian and pancreatic cancers are among the most lethal of all human
malignant cancers. Ovarian is the sixth most frequently diagnosed cancer among
women worldwide with higher mortality rate than any other female reproductive
system associated cancer. The mortality rate associated with ovarian cancers is higher
due to inadequate screening test and late stage (III or IV) detection (Permuth-wey and
Sellers, 2009). Pancreatic ductal adenocarcinoma (PDA) has a dismal 5-year survival
rate below 7%; it is estimated to become the third leading cause of cancer-related
death by end of 2030 (Siegel et al., 2016). PDA is associated with high rates of
mortality due to metastasis, resistance to conventional chemotherapy, and high
tumour recurrence rate after surgery (Ansari et al., 2016).

Several studies over the past few decades have shown evidences of immune
surveillance activation during cancer development. However, tumour cells constantly
undergo alterations to render immune surveillance ineffective by utilising various
escape or avoidance mechanisms such as shedding of tumour associated antigens,

elevation of immunosuppressive cytokines such as IL-10 or TGF-B, and/or
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downregulating the cell death inducing factors (Garg et al., 2013). Therefore, the
experimental models are crucial to further understand the biological and genetic
markers, which may be altered during early stages or phenotypic characteristics that
influence proliferation and aggressive nature of these cancers. This advancement in
the knowledge can then be further utilised to develop rational intervention strategies
to effectively detect the cancer growth at an early stage, control its growth, increase
chemo-sensitivity and prevent recurrence.

Although in vitro studies in this thesis provide the first clue of anti-tumour
effects of Clq and rthSP-D against ovarian and pancreatic cancer cell lines,
respectively, further validation using animal models will be the next logical step.
Indeed, it was attempted to verify these in vitro results, wherever possible, using
techniques such as matrigel assays, which mimic basement membrane and contains
extracellular matrix proteins, in order to investigate cell invasion in the presence and
absence of rthSP-D. Similarly, Clq and globular head modules mediated apoptosis
was verified using different highly sensitive techniques such as flow cytometry,
fluorescence and western blot analysis.

Ovarian cancer may arise from any cell type of the ovaries such as germ cells,
granulosa or stromal cells. However, 90% of the ovarian cancers develop from
epithelial cells covering the surface of the ovaries. Human Ovarian Surface
Epithelium (OSE) cells had been developed by Auserperg et al., in 1984 into several
in vitro models to study ovarian epithelial carcinogenesis. These OSE cells were then
transfected with various tumour inducing viruse genes to study tumorigenesis in
animal models. These included subcutaneous or intraperitoneal injections of
transfected OSE cells with Kirsten murine sarcoma into rat caused endometrioid
tumours (Adams and Auersperg, 1981) and transfection with SV40T antigen induced
immortalisation (Leung et al., 2001). The T-antigen immortalised cells were further
transformed by introducing E-cadherin for epithelial differentiation (Ong et al., 2000)
or human papilloma virus E6 and E7 genes to make their phenotype invasive
(Gregoire et al., 2001). Thus, these models allowed the evaluation of various
oncogenes that may contribute to the development of ovarian cancers. For instance,
p53 deficiency combined with two oncogenes from C-MYC, K-RAS, or AKT were
required to achieve transformation in the OSE cells (Orsulic et al., 2002).
Furthermore, xenograft models, where ovarian cancer cells are injected either

subcutaneously or into the peritoneal cavity, have been extensively used for
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investigating novel therapies (Massazza et al., 1989). The intra-bursal space, a sac-
like structure that envelops mouse ovaries, has been used for transplanting the
xenografts in the ovaries, which gave a physiological advantage as the cancer cells
were directly placed in the ovarian environment where the tumours generally arise.
Recent studies have identified a transgenic model of epithelial ovarian cancer, which
used the upstream region of Mullerian inhibitory substance type II receptor (MISIIR).
These transgenic mouse models are ideal to investigate the pathogenic events
associated with ovarian cancer as the tumour directly arises from OSE cells. These
models have defined genetic lesions that could be studied at various stages as they
inevitably develop ovarian cancer in situ. In addition, it provides understanding of
oncogenes and tumour suppressor genes for their contribution to the initiation and the
progression of malignancies in the mouse ovary. Finally, a number of different factors
could be altered such as the genetic background of the mouse strain, the frequency of
ovulation and the levels of various hormones to determine their impact on the
development of tumours in the susceptible transgenic mouse line. These transgenic
models could be therefore ideal to further study the effect of C1q on tumour growth in
vivo. The complement components levels can be measured in the serum of the tumour
induced transgenic mice and compared with the control as it may provide the much-
needed screening strategy for an early detection.

In contrast, the murine models to better understand the molecular mechanism
during the development of pancreatic cancer have remained complex and not always
well-defined. Fearon and Vogelstein et al., in 1990 revealed that at least 4-5 genetic
mutations were required for normal epithelium to become a carcinoma. This led to the
development of several mouse models that involved activation of Kras and
inactivation of pl6INK4a, p53 and Smad4 tumour suppressors (Hruban and Adsay,
2001). Currently, several genetically modified mouse tumours based on Kras
mutations and xenograft models (heterotopic or orthotopic) are available (Herreros-
Villanueva et al., 2012). These models can therefore be utilised to evaluate the
inhibitory effects of rthSP-D on the development of pancreatic cancer in vivo.

Therefore, the next step towards achieving therapeutic goals of this study will
be to cross-link these innate immune molecules (Clq, ghA, ghB, ghC and rthSP-D)
on carbon nanotubes (CNT) or other nano-carriers as a delivery strategy to the tumor
site in the orthotropic murine models of ovarian and pancreatic cancer. rthSP-D has
been shown to opsonise the CNTs and therefore, enhanced their uptake by U937 and
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THP-1 macrophages/monocytic cell lines, which was accompanied by an increased
pro-inflammatory response (Pondman et al., 2017). These could be useful as these
molecules will not only have a direct effect but also may bring about complement
attack against the tumor cells. Moreover, the majority of conventional anti-cancer
therapies only target rapidly proliferating cancer cells; therefore, new strategies
involving immune molecules such as rthSP-D, Clq and globular head modules that
target the signalling pathways to reduce tumour cell growth merit further investigation
as these would not only help eliminate the tumour but could also influence recurrence

or migratory capacity of the tumour cells.
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