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Abstract

Zebrafish model have become a powerful tool in cancer research in recent years. The
advantages of the zebrafish tumor xenograft model include: low cost, easy experimentation,
reduced dosage for drug test, feasibility of various genetics/proteomics approaches such as whole
mount in situ hybridization and whole mount immunocytochemistry. Different from other
vertebrate organisms, the transparency of zebrafish embryo allowed us to monitor tumor
progression and the tumor-induced angiogenesis in live embryos. In addition, zebrafish tumor
xenograft model is much more rapid and cheaper than the current mouse model. Thus, here I
aimed to use this model in tumor-induced angiogenesis research.

Ovarian carcinoma is considered as one of the leading gynecologic cancers with high
mortality rate. The tumor malignancy is highly associated with tumor-induced angiogenesis. The
tumor-associated macrophages (TAMs) with: M2-like phenotype have been reported with tumor
malignancy by promoting tumor-induced ‘angiogenesis; however, the mechanisms of the
interaction between cancer cells and macrophages are incompletely understood.

In this study, I established the zebrafish tumor xenograft model to accompany the in vitro
cell-based assays to elucidate the molecular mechanism of tumor-induced angiogenesis in the
cancer microenvironment. | have identified that the VEGFA and cathepsin S are induced in
SKOV3 cells after co-cultured with M2-polarized macrophages. Furthermore, the zebrafish
tumor xenograft model indicated when co-injected with M2-polarized macrophages, the
tumor-induced angiogenesis was significantly increased. In conclusion, my results revealed that
the tumor-associated macrophages could trigger the ovarian cancer cells to up-regulate

angiogenesis-related genes in promoting tumor-induced angiogenesis.



B EARSS E S RASE T F S B £ h P LY g
oY A ESRGNI AL EEA c LRI ASHL G 0 F LR R e
AT BN PR AR BB AR LR B A s b
AVEFIRE BT AP P1IENPELREEDXFEIEERET FYEE
FRs B £ faif AR AL Al - R X % R TR RATE B Rl T

Fp LB EIRL AR A g'l%‘i’é__%f— 7 I ,_{,*{m)xlﬁﬁﬁggg\ﬁj\n Lo g

cke
-
=
AtE
%
—=\

TR g o i‘sﬂ?fwz\— BoehE 4 gLl o F AR B R ht R A e

B R R ARA BTN P LY > sl PR T g o B P £ 597

i
S
4
|
'h-t‘
W
:1‘\
s
™
G
ke
-
En
A
&
|
S
p2
ém
ol
=
&
j
4
b
put
c'l
it
o+l
1k
\_
e
11\%—
T
44%
4
),.
Z
W

P BRERAAE RO R > » (A BANEI AN D E o B AR R AL
EEF LR %gré%ﬁg’mg‘; R 2 AP REAFEREAL T e 0 THEAL G
R 0 A B e B BRI A e

A R REERY o FEA o L Ak BERE IO AR

’

BB BH A G BEE - B 2 K ORI PR ERGE S L2
hmaB gt FATA T > BEFRAPESE AT L R NG AP P
BT kA o AT A PR R A 2 R SR B A o B F - EFTT AT
TORAAL > S EL GV B RFE AL U Y% B HE R RN R
B ERaRE o VRO RS AR RO ALY B A AN H ALY
R AT - AAFROIRTY B AR g o AE L 0 A ER LT %

WAF* > X F RGN 8 F P o AREEGEET] ) o REE RS
WenRl o R T o B ehpE g HOR A A o 00 2 g K A B R TR

B GRA P RE s c RHMEEF L S AT AL T A

Jet

EERzeL I BRI

v (T &

Vasl

Dt
o

~
e
N

AREERE A BTG AR IBEIFIOL Y 2 BER > VoL

dRETF S RIRSESETA > BEARBAITA NS E XL o pE RE L



RENPGHERE Y S % > & o2 a2 LT chfinl & REL R o T
e WG B F A B ER TR EAT ARAPM DGR RAPT NEZ G R
RELL T T P BFLG HEFHER - EANEV NP H - MEFLAFHE
A RS RS FFRAL L PRI R A& K T TR T G R

WA LBFR D e E

:\rmL

Ho TS FERFIBEA G R E - BTG
AHE AR G WA R ORA T AR RHTF R L REN A TSH
BEAEPE %] Al TR e 7 28T o T R RARAGPPER 2 £ > B R A9 BRI/ ET S F

2 by PN s Ll 2 DR s 3 . o - .
EPELS o RERGEFGG R RELREARCEFFTREIFHDES 0 FERN

RXN
=
=N

F T EIR > K F IR AT AR - BOTE SRR A L R P A
—AR R O TS FRIVAER - HHEZ L Lo REA T DT RE S 40 0P
BA SO ITREAPG BTRTDTRET RF %k F 0 AR hl L SRR A
% ¥ % SRS SRR S SRE S LA PR A T R
FaEs o d AN AP L e 0 A 4RI Rl o e B2 Eoinh A R TR REpE e
AR IFELE DG A E PR RERTRESIE P PR

BARL TR E o R R A P AR R o RAT G - FRE AR - A - A
NpEo d R PRET I APIFE EAT UL T EHEM B 9,1—3?%\ A
FHERBELEI A NEFELY DT XA 0 AN R PPRGRE A RN R
FAAP O A A L B ERE BHR A EEFIHRTIDTIEL B AE
ENEFRERE  hEATRRETEAANS TR BHTL AL AT LR A2 E e
%%,Egﬁ?immg,jgﬂjﬁg,wﬁﬁwwﬂx5%§ﬁmﬁ@o$ﬁégm

SR E > AN FA R NS R FROVEAH - EHAY

B v AEPLPnLFEMe > EAT R 2 3 E b

&&’@ﬁaﬁﬁﬁﬁﬂﬁ;ﬁﬁ%@,ﬂﬁ’ﬁ¢aﬁ§@@,@ﬁﬁwégﬂo
P EBBEA L BT R I T FEAR LT o B PR AL P
BECE o BREMAR R HA G > N R REA DT A A3 P EAT o

EHEFwme » BALF A DA 7L 3 A hd S o

v



List of contents

B2 JE B cocurssssessssssssessssssssssssssssssss s sssss s sses SRR RR RS RRRRRSR R0 I
ADSIFACE caueeeenneiiinrieiniensnennsneessnessneessnesssssessasessanssssssssssssssasssssssssassssassssassssassssasssssassnss I1
ZEIE oo eceeseesssssessssseseseessesesesassseseses et eses st et asse et ssa et ame st e sesmaesetanas 11|
ADDYEVIALIONS c.cccuneeeineiesnrennnenssnnessannssnecssnessssnessanesssnsssssssssssssssssssassssasssssasssssssssassssas Vil
1. INEFOAUCEION .ueueeenuniecsureeinenssneessanessannssaneessnsessneessasessanssssssssssssssassssassssasssssssssssssssasens 1
1.1 Angiogenesis and current assay MOAELS........coouerrieeriiriieeiienieeesee e 1
1.2 The advantages of zebrafish model..........cocooiiiiiiiiiiniii e 2
1.3 Ovarian cancer and tumor-associated macrophages ..........ccoceevervvirieiiniieninicniceces 2
1.4 The angiogenesis-related factors in tumor MiCrOENVITONMENL.........eevverieeerieereerieeenieeeeeeneees 3
1.5 The objective Of this StUAY .....eeiuiiriiiiieie e 4
2.1 Zebrafish tumor xenograft model. ........c.cooviiriiiiiiiii e 5
2.2 Cell culture and cell Preparation ..........coeueereeerierieeenienieeree sttt sneesae e 6
2.3 Construction of nls-mCherry eXpression VECIOT .......civevuirierieiiiniinenieneeieseesiie e 6
2.4 CL1-5 Cell transSfeCtioN. .....ueeiueerieeiiesiee ettt ettt sttt b e s e e b e s e e e neeenaee 7
2.5 Cryosection and histochemistry StAINHIE wii. tvieererienieriiniieiesieie e 7
2.6 M1 and M2-polarized macrophage preparation..........ccoceevvereriieniiinenieneeneniesse e 7
2.7 M2 macrophages and ovarian cancer cell co-culture procedure...........cceceerierieenienieeneenne. 7
2.8 Real-time PCR ANalySis ........co iiiie i i i et de e ste e siee st e sseesin e e bt e saeesne e s e saneennee s e 8
P AN/ 1<) 01 1 o) (o OO s B e SO U TSP PR PSPPI 8
2.10 Cathepsin S enzyme KINEtIC aSSAY ......ciiiviiiiiiiiieiiiiieiecie et 9
2.11 Co-injection of SKOV3 cells and M2-polarized macrophages for tumor-induced
NEOVASCULATIZAtION ASSAY ..veeveerurieiieeriiieteesite ettt e st et e saee et e sbee st e e bt e saeeebeesbeesnneeseesanenns 9
3. Results10
3.1 The control microspheres stayed immobilized at the injection site and did not induce
angiogenesis in zebrafish embryos........cccooiiriiiiiiiii e 10
3.2 Cancer cells could survive and proliferate in zebrafish embryo.........cccccevveviniiniicinnnne. 10
3.3 Tumor-induced angiogenesis in zebrafish embryos ...........ccoceeviiniiiiiinieneeeseeeee 11
3.4 THP-1 cells were induced to M2-polarized macrophages ..........cceceeveerieeieenieniieeneenienes 12
3.5 The VEGFA and cathepsin S gene expression level of ovarian cancer cells were
increased after co-culture with M2 Cells ......ccceeiiiriiiiiiiiiieeeee e 13
3.6 M2-polarized macrophages promote SKOV3 tumor-induced angiogenesis in vivo......... 14
4. DISCUSSION cuceeureeiiurecsnecssaessssnessanesssnssssnesssnssssasessasessasssssassssssssssssssassssassssassssasssssasess 15
4.1 Zebrafish tumor xenograft model ..........cocoiiiiiiiiiiii e 15
4.1.1 MICTOPIPEES PIEPATALION ..vevruvreerirreeireeeiireesieeesreessieeesseeesessseeesseessseeessseesssseesnsaeesns 15

4.1.2 The host vs. graft rejection of tumor xenograft does not occur in zebrafish

XENOZIAft MOAEL ... e 16



4.1.3 The choice of xenograft INJECtioN SIte........ceveeriuerreeriiieiierie et 17

4.1.4 The limitations of this model .........ccccivviiiiiiiiiiii 18
4.2 Tumor-associated macrophages promote ovarian cancer cells induced-angiogenesis ........ 19
List of Tables
Table 1. The sequence of primers used for real-time quantitative PCR..........cccccoociiiiiniiniiniinene 25
List of Figures
Figure 1. Zebrafish tumor xenograft model...........cooiiiiiiiiiiiiine e 26
Figure 2. The control microspheres did not migrate or induce angiogenesis in zebrafish................. 27

Figure 3. CL1-5 with endogenous nuclear mCherry indicated human cancer cells could survive

and migrate in Zebrafish ........oooeoiiiiiiii e 28
Figure 4. Cancer cell mitosis in zebrafish........c.ccocoeviiiiiiniiiiiie, 29
Figure 5. Cancer cell mass was formed at the perivitelline Space ........c.ccocveevevieiiniiiniicinicnineee, 30
Figure 6. No cancer-host immune cell interaction was observed around the tumor xenograft ......... 31

Figure 7. The dynamic process of tumor-induced angiogenesis was monitored for up to 80 hours..32
Figure 8. THP-1 cells were polarized into the M2 macrophages..........ccevervveniriiiniininicneenieneee, 33
Figure 9. Expression level of CTSS was increased in SKOV3 cells co-cultured with polarized

M2 MACTOPRAZES ..t ettt e sbe e s e e nae 34
Figure 10. Polarized M2 macrophages effectively promoted SKOV3 cells to induce angiogenesis 35
Figure 11. Proposed model for the role of tumor-associated macrophages in tumor-induced

ANZIOZEIIESTS ..veeuvveaureeteeruteeteesteeeteeseesseeabe e abeesaeeebeeeaeeeaseeaseesaseeaseeaseesaseeseesasseenseenneenanean 36

List of Supplemental Figures
Figure S1. The tip of micropipettes was created with blunt end...........ccoceevieniiiiiniinieee e, 37
Figure S2. Time-course analysis of tumor cell dissemination throughout the perivitelline space.....38

Figure S3. In vivo cell MIration @SSAY ........cccevieiririiniiiiiiiiiiciese ettt 39

A



Abbreviations

AMC 7-amido-4-methylcoumarin

Amp Ampicillin

APS Ammonium persulfate

BSA Bovine serum albumin

CAM assay Chick chorioallantoic membrane assay

CTSB Cathepsin B

CTSS Cathepsin S

Dil 1,1°-Dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate
DNA Deoxyribonucleic acid

DTT Dithiothreitol

ECL Enhanced chemiluminescence

ECMs Extracellular matrices

IL-6 Interleukin-6

IL-12 Interleukin-12

LPS Lipopolysaccharides

Mrc 1 Mannose receptor 1

PCR Polymerase chain reaction

PMA Phorbol myristate acetate

PTU 1-phenyl-2-thio-urea

RIPA buffer | Radioimmunoprecipitation assay buffer

RNA Ribonucleic acid

SIVs Sub-intestinal vessels

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Sr 1 Scavenger receptor 1

TAMs Tumor-associated macrophages

TBST Tris-Buffered Saline Tween-20

TEMED Tetramethylethylenediamine

TNF-a Tumor necrosis factor-alpha

VEGFA Vascular endothelial growth factor A

Z-VVR-AMC | Benzyloxycarbonyl-valine-valine-arginine-7-amido-4-methylcoumarin

Vil




1. Introduction

1.1 Angiogenesis and current assay models

Angiogenesis, the development and formation of new blood vessels from pre-existing blood
vessels, is an important topic in cancer research . The new blood vessels formation is known to
support the growing tumor mass with continuous oxygen, nutrition and growth factors supply,
which is critical for cancer cell survival, proliferation and migration. Anti-angiogenesis is thus
targeted for anti-cancer drug development.

Throughout the years, many angiogenesis assays have been developed for preclinical cancer
research. Some in vitro assays are designed with experiment conditions to mimic the in vivo
environment. Although various angiogenesis factors are successfully identified by in vitro
angiogenesis assays, these in vitro assays can only focus on a narrow aspect of endothelial cells
physiology, such as the migration, proliferation and differentiation **. On the other hand, it shall be
noted that these assays are unable to recreate the true-angiogenic microenvironment in vivo. For
example, cancer cells usually do not directly interact with endothelial cell in these assays, or the
components of the assay only represent part of the in vivo conditions.

In vivo angiogenesis assay has thus been developed and used in cancer research because it
provides a system more close to the physiological conditions in living beings °. However, there are
some limitations of these complex and expansive assays. For example, the popular chick
chorioallantoic membrane (CAM) assay is often used to analyze the density, branch point and the
length of the vessels, but it cannot be used to trace the dynamic endothelial cell behavior or
capillaries growth with high-resolution. Another common in vivo model, the nude mouse model, is a
powerful tool because the physiological system of mice is similar to human; however, this model is
a high-cost assay system. The mouse study usually requires a lengthy observation time and needs to
sacrifice a large number of mice to analyze the effect by tissue section. Therefore, a new in vivo

model that could be used to conveniently study angiogenesis in detail and to reduce the assay cost



and time is still much needed.

1.2 The advantages of zebrafish model

Zebrafish model have become a popular tool in human disease models in recent years. There
are many transgenic strains available, and can be easily maintained in the laboratory. Other
advantages of the zebrafish xenograft model include: the husbandry infrastructure are inexpensive,
reduced cost on the drug used per experiment, direct visualization of cancer cell behavior,
feasibility of various genetics/proteomics approaches like whole mount in situ hybridization or
whole mount immunocytochemistry °. Furthermore, zebrafish intersegmental vessels (ISV)
development assay and sub-intestinal veins (SIV) assay have been successfully used to study the
function of angiogenesis factor in vivo '. Recently, the zebrafish tumor xenograft model has

h %! Different from

emerged as an alternative and increasingly popular system in cancer researc
other vertebrate organisms, the transparency of zebrafish embryos allow us to monitor tumor
progression and angiogenesis in live embryos under confocal microscope **'°. Current bio-imaging

technology could also allow real-time observation-on new vessel development in the around the

tumor in live zebrafish.

1.3 Ovarian cancer and tumor-associated macrophages

Ovarian carcinoma is considered as one of the leading gynecologic cancers with high
mortality rate >. The estimated 5-year relapse-free survival rate of ovarian carcinoma is only 30% 2.
Early-stage ovarian carcinoma is generally asymptomatic, and 70% of the patients are diagnosed at
stage III/IV . The stage III/IV ovarian cancers are often presented with massive ascites, and the
accumulation of fluid is considered closely associated with tumor-induced angiogenesis and

13,14

increased vascular permeability in peritoneal micro-vasculatures . Thus, blocking tumor-induced

angiogenesis is an important objective in ovarian cancer therapy.

15,16

Recently, the microenvironment of tumor growth has been studied extensively , with a



focus on the complex interaction between cancer cells and resident stromal cells. A critical type of
stromal cells around the solid tumor is tumor-associated macrophages (TAMs) 1720 Over the past
decade, TAMs are found to promote tumor growth and progression by facilitating angiogenesis and
tumor cells invasion. Clinical data indicate that the tumor microenvironment with abundant TAMs
is linked to poor prognosis of various cancers, including breast, ovarian and pancreatic cancers > .
Macrophages are innate immune cell with high degree of heterogeneity, and its functional roles can

19,21,22,24 .
921,224 Recent studies have

be changed and are associated with their location environment
reported that macrophages under lipopolysaccharides (LPS) stimulation can be polarized to M1
macrophages, which carry inflammatory and anti-tumor activities; when they are exposed to
Th2-cytokine (IL-4 and IL-13), they will polarized into M2 macrophages, which moderate the
inflammatory response, eliminate cell wastes, and promote angiogenesis and tissue remodelling '**.
The M2-phenotype macrophages can express high levels of M2-specific genes, such as mannose
receptor 1 (Mrcl) and low expression of TNE-o: and TL-12 27, Interestingly, the TAMs with

th 26,27

M2-like phenotype were found to support-tumor grow . In addition, previous studies have

revealed the M2-phenotype TAMs are involved in-extracellular matrix (ECM) remodelling, which

15-17,20 - -
". The comprehensive understanding

promote endothelia cells migration to form new vessels
of the molecular mechanism of tumor-induced angiogenesis by the interaction between TAMs and

cancer cells in cancer development microenvironment shell advance the ongoing cancer research to

develop novel therapy.

1.4 The angiogenesis-related factors in tumor microenvironment

The most important factor involved in tumor-induced angiogenesis is vascular endothelial
growth factor (VEGF) *®. Clinical data indicated a high VEGF expression level detected in ovarian
carcinoma and in patient’s ascites *°. A body of evidences show that the VEGF-induced signal
transduction stimulates endothelial cell proliferation, migration, and survival *'. Furthermore, it has

been reported that VEGF induce vessels sprouting by up-regulating other cell migration factors,



such as integrin receptors in tumor-induced angiogenesis >. Besides VEGEF, there are other
pro-angiogenic factors involved in tumor-induced angiogenesis. One interesting group of these
factors are the 11 human cysteine cathepsin proteases (Cts) (B, C, H, F, K, L, O, S, V, W, and X/Z),
which are known to involve in protein degradation in the lysosomes, protein processing or antigen
presentation *>~°. Some clinical studies have shown that up-regulation of cathepsin B and S are

335 Interestingly, recent studies also showed that these

detected in various types of cancers
cysteine cathepsins are involved in the degradation of extracellular matrix macromolecules and in
the activation of pro-enzymes in tumor microenvironment by secreted into the extracellular matrix

or onto the cell surface **3%,

1.5 The objective of this study

Most of the published studies have only investigated the correlation between ovarian cancer
outcomes and TAMs, or the tumor malignance with: cathepsin activity separately. To our knowledge,
there is no study to investigate the connection between TAMs and cathepsins in tumor-induced
angiogenesis of ovarian cancers. Here, we established the zebrafish tumor xenograft model to
accompany the in vitro cell-based assays to elucidate the molecular mechanism of tumor-induced
angiogenesis. We found under the co-culture condition with polarized M2 macrophage, the gene
expression level of VEGFA and cathepsins in SKOV3 ovarian cells increased significantly, and the
protein level of active cathepsin S was also markedly increased. Moreover, we co-transplanted
SKOV3 cells and M2-polarized macrophages into zebrafish embryos, and found the tumor-induced
angiogenesis were enhanced significantly as compared to either SKOV3 cells or M2 macrophage
alone. Taken together, this study demonstrated that M2-polarized macrophages could promote
tumor-induced angiogenesis by up-regulating factors like cathepsins in the ovarian cancer cell mass.
Our findings imply that the depletion or blockade of TAM-dependent cathepsin production in tumor
microenvironment might reduce tumor-induced angiogenesis, which can become a worthy strategy

in developing novel ovarian cancer therapy.



2. Materials and Methods

2.1 Zebrafish tumor xenograft model.

Zebrafish (Danio rerio) Tg(kdr:EGFP) and Tg(lyz:EGFP) (a kind gift from Dr. Phil Crosier;
The University of Auckland, New Zealand) strains were maintained under standard laboratory
conditions. Fertilized zebrafish eggs were incubated at 28.5°C in sea salt buffered water. At 24
hours post-fertilization, the zebrafish eggs were incubated in 0.006% sea salt water containing 0.2
mM 1-phenyl-2-thio-urea (PTU, Sigma) to prevent pigmentation and incubated for further 24 hours
at incubator. The 2 days post-fertilization zebrafish eggs were dechorionated by suspending in 2
mg/ml pronase (Sigma) for 3 minutes, then changed to fresh sea salt water containing PTU and
flushed with the dropper to remove the chorion. The dechorionated embryos were anesthetized with
0.02 mg/ml tricaine (MS-222, Sigma), and arranged with the correctly orientated on the
agarose-modified microinjection plates. The cells-injected needles were prepared from borosilicate
glass needles (with inner diameter 0.53 mm, outer-diameter 1.14 mm; Drummond). The parameters
of the pipette puller were: Pressure: 500, ‘Heat: +10, ‘Pull: 0, Velocity: 50, Delay time: 200. The
inner diameter of the needle opening was about 20 um. Cancer cells were aspired by using a
nanoliter injector (Drummond) equipped with a borosilicate glass needle. Aspiration should be slow
so that cells will not block the pipette. Dil-labeled cells were injected into the perivitelline space of
2 days post-fertilization zebrafish embryos (Fig. 1). It shall be noted that the embryos will be killed
when the cancer cells were injected in yolk or other sites. At 2 hours post-injection, the transplanted
embryos were checked for correct injection using fluorescent microscope. The embryos with
successful transplant were then incubated in 0.006% sea salt water containing 0.2 mM PTU at
28.5°C. The transplanted embryos were anesthetized by 0.02 mg/ml tricaine and embedded in
lateral orientation in 1% low-melting agarose, and examined by Nikon A1R confocal microscope

for the following days.



2.2 Cell culture and cell preparation

Human non-small cell lung cancer cell line CL1-0 and CL1-5 and human melanoma cell line
A2058 were generous gifts from Dr. Wun-Shaing Chang (National Health Research Institutes,
Taiwan). Human ovarian adenocarcinoma cell line SKOV3 was generous gifts from Dr. Chih-Long
Chang (Mackay Memorial Hospital, Taiwan). CL1-0, CL1-5 cells and SKOV3 cells were cultured
in RPMI 1640 medium (Invitrogen) supplemented with 10% FBS, 100 mg/ml penicillin, and 100
mg/ml streptomycin. A2058 cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen)
supplemented with 10% FBS, 100 mg/ml penicillin, and 100 mg/ml streptomycin. THP-1 human
monocytic cell line (American Type Culture Collection) were cultured in RPMI 1640 medium
(Invitrogen) supplemented with 2.5 g/l glucose, 10 mM HEPES, 1 mM sodium pyruvate, 10% FBS,
100 mg/ml penicillin, 100 mg/ml streptomycin and 0.05 mM 2-mercaptoethanol. Before
microinjection, the cancer cells were labeled with 3.75 pg/ml of 1,1’-Dioctadecyl-3,3,3°,3’
-tetramethylindocarbocyanine perchlorate (Dil, Invitrogen) for 30 minutes. The labeled cells were
thoroughly washed 3 times with PBS, counted by hemocytometer, and suspended 8x10* cells/ul in

matrigel (Trevigen).

2.3 Construction of nls-mCherry expression vector

The nuclear-localized mCherry sequence was sub-cloned from pME-nlsmCherry by PCR
amplification using primers: 5’-GGATCCATGGCTCCAAAGAAGAAGCGTA-3’(forward) with
BamHI restrict enzyme cutting site and 5’-GAATTCTTACTTGTACAGCTCGTCCATG-3’
(Reverse) with EcoRI restrict enzyme cutting site. PCR was performed by using Phusion™ DNA
polymerase (Finnzymes) and checked by using DNA agarose gel electrophoresis. The PCR product
with correct size was digested from the gel and eluted by using gel elution kit (Quiagen). The PCR
products were constructed into pGEMTeasy vector (Promega) and sub-cloned into pCMV-Tag4a
(Stratagene), which contain the kanamycin resistance gene. The pCMV-nlsmCherry plasmid was

sequence verified.



2.4 CL1-5 cell transfection

CL1-5 cells were seeded 5x10* cells/ul in 24-well plate overnight at 37°C in incubator. Before
performing cell transfection, the medium was replaced with serum/antibiotics free medium. An
amount of 0.8 pg pCMV-nlsmCherry and 0.5 ul Lipofectamine™ 2000 reagent were diluted in 50
pl Opti-MEM® reduced serum medium (Invitrogen) separately. The reagents were incubated for 5
minutes at room temperature and mix for another 20 minutes at room temperature. The mixture
were added into medium and incubated at 37°C in incubator. At 4 hours post-transfection, the
medium was changed with complete medium. For stable clone selection, complete medium

containing 800 pg/ml G418 were used to select cells that express kanamycin resistance gene.

2.5 Cryosection and histochemistry staining

Transplanted embryos were killed by placed into 4% paraformaldehyde at 4°C overnight. The
embryos were washed with PBST for 3-times and mfiltrated in OCT. The 16 um thick cryosections
were processed and placed on charged slides (Thermo). The fluorescence of samples was examined

by confocal microscope. The slides were then stained with Hematoxylin and Eosin.

2.6 M1 and M2-polarized macrophage preparation

The different polarized macrophages were prepared from THP-1 cells by following Tjiu’s
procedure *°. For M1-polarized macrophages, 1x10" THP-1 cells were treated with 200 ng/ml
phorbol myristate acetate (PMA) for 6 hours and cultured with PMA plus 100 ng/ml LPS for the
following 18 hours. For M2-polarized macrophages, 1x10’ THP-1 cells were treated with 200 ng/ml
PMA 6 hours and then cultured with PMA plus 20 ng/ml IL-4 and 20 ng/ml IL-13 for another 18

hours.

2.7 M2 macrophages and ovarian cancer cell co-culture procedure

SKOV3 cells were seeded 2.5x10° cells/well in 6-well plate overnight. THP-1 cells were

7



seeded 1x10° cells/well and treated with 200 ng/ml PMA and seeded into the 6 well Hanging Cell
Culture Insert (0.4 um pore size, Millipore) for 6 hours, and then cultured with PMA plus 20 ng/ml
IL-4 and 20 ng/ml IL-13 for another 18 hours at 37°C in incubator. M2-polarized cells were
thoroughly washed 3 times to remove all PMA and cytokines contained medium. Then the
macrophages were co-cultured with SKOV3 cells in RPMI serum free medium without direct
contact. The insert wells were removed and the SKOV3 cells were harvested the RNA or protein for

real-time quantitative PCR, Western blot or enzyme kinetic analysis.

2.8 Real-time PCR analysis

After co-culture, total RNAs of SKOV3 cells were harvested using TRIZOL reagent
(Invitrogen) according to the manufacturer’s protocol. An amount of 1.5 pg total RNAs were treated
with deoxyribonuclease I (Invitrogen) to eliminate-genomic DNA contamination in following
experiment. The products were then reverse-transcripted using Superscript III (Invitrogen) and
Oligo(dt);2.13. The real-time quantitative -PCR were -performed with SYBR green master mix
(Applied Biosystems) and Applied Biosystems:7500 Real-Time PCR System. The primers used in

this study are listed in Table 1.

2.9 Western blot

After co-culture, RIPA buffer containing 1| mM PMSF, 2 mM DTT and cocktail were used to
lyse the cancer cells. Whole cell extracts were prepared and quantitated by Bradford assay.
SDS-PAGE was performed with Trans-Blot® Electrophoretic Transfer Cell Instruction Manual
(Bio-Rad). The gel was transfered (70 min at 400mA) onto 0.45 um PVDF membrane (Millipore)
in transfer buffer (25 mM Tris-Base, 192 mM glycine, 20 % methanol without SDS) using Tank
Transfer Systems (Bio-Rad). The membranes were blocked in 5% skim milk or 3% bovine serum
albumin in TBST (200mM Tris-base, 1.5M NaCl, pH 7.6, 0.002% Tween-20) 1 hour in room
temperature. Immunoblotting used primary antibody, cathepsin S (Santa Cruz) and B-actin (Santa
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Cruz) at 4°C overnight. The primary antibody was removed and the membrane was washed 3 times
with 10 ml TBST for 10 minutes. The HRP-conjugated secondary antibody was used in 5% skim
milk or 3% bovine serum albumin in TBST at room temperature for 1 hour. The blots were

developed using ECL chemiluminescence systems and the images were exposed to films.

2.10 Cathepsin S enzyme Kinetic assay

The assay procedure was derived from Dr. Margaret DT Chang’s lab (National Tsing Hua
University, Taiwan). The benzyloxycarbonyl-valine-valine-arginine-7-amido-4-methylcoumarin
(Z-VVR-AMC) was purchased from Bachem (Torrance, CA) and used as the cathepsin S substrate.
In cathepsin S kinetic assay, 15 pg total cell lysate were added to kinetic assay buffer (50 mM MES,
pH 6.5, 1 mM DTT and 2.5 mM EDTA) and incubated for 10 minutes at 37°C. The substrate
Z-VVR-AMC was then added to a final concentration of 5 uM. After adding the substrate,
7-amido-4-methylcoumarin (AMC) was released: by hydrolysis of the Z-VVR-AMC and the
fluorescence was detected with VICTOR3-Multilabel Plate Reader (PerkinElmer) using excitation

wavelengths of 370 nm and emission wavelengths of 455 nm.

2.11 Co-injection of SKOV3 cells and M2-polarized macrophages for

tumor-induced neovascularization assay

SKOV3 cells were labeled with Dil before the cells were harvested. M2-polarized
macrophages were washed 3 times and incubated in 5 ml PBS for 30 min to reduce the adhesion
ability. The cell scraper was used to harvest the cells. The harvested cells were counted by
hemocytometer, and suspended 8x10* cells/ul in matrigel. The SKOV3 cells and M2-polarized
macrophages were prepared as 1:1 proportion mix. The cells were injected into the perivitelline
space of 2 days post-fertilization zebrafish embryos, and examined by Nikon A1R confocal

microscope at 3 days post-injection.



3. Results

3.1 The control microspheres stayed immobilized at the injection site and did not
induce angiogenesis in zebrafish embryos

As a control experiment, fluorescent microspheres were injected into the perivitelline space of

the zebrafish embryo. The 10 um orange (540/560) fluorescent microspheres are chosen to mimic

the cancer cell size and density. When the fluorescent microspheres were transplanted into zebrafish,

they stayed at the injection site and the zebrafish sub-intestinal vessels (SIVs) developed normally.

No abnormal neovascularization was observed up to 4 dpi. (Fig. 2)

3.2 Cancer cells could survive and proliferate in zebrafish embryo

In this assay, I tested whether human cancer cells could survive in zebrafish. The stable clone
of mCherry-labeled cancer cell was first generated. The nuclear-localized mCherry DNA sequence
from the pME-nlsmCherry plasmid was sub-cloned into the pCMV-Tag-4a plasmid (Fig. 3A). The
resulting pCMV-nlsmCherry was then transtected into CL1-5 cells, a human non-small lung cancer
cell line. The cells expressing stable nuclear mCherry gene were selected by G418 treatment for 2
months (Fig. 3B). The resulting stable clone of mCherry-labeled cell line was then injected into
zebrafish embryos. Up to 5 days post-injection, the mCherry-labeled cells could still be detected at
the anterior and posterior regions in the live zebrafish embryos (Fig. 3C). These data demonstrate
that human cancer cells could indeed survive in zebrafish embryo. Knowing that, we then switched
to the easier Dil labeled method for the subsequent experiments so any kind of human cancer cell
lines could be labeled and tracked in zebrafish. As demonstrated in previous study by Nicoli et al,
Dil is a dialkylaminostyryl dye that does not affect cell viability or basic physiological properties *°,
and the labeled cells could remain viable for up to 4 weeks in culture and up to one year in vivo 4,
In my cell tracking experiments, I monitored cancer cell mitosis by the Nikon AIR real-time

confocal system. At 2 days post-injection, the cell mitosis process was tracked in blood islands via
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time lapsed images (Fig. 4). I captured the image of a Dil-labeled CL1-5 cell when it was dividing
into two daughter cells across a 6-hour period. In an additional test, I injected approximately 20
Dil-labeled human melanoma cells (A2058) mixed with matrigel into the perivitelline space of
another zebrafish embryo to generate a small cancer cell mass. The injected cells were tracked by
real-time confocal microscopy up to 5 days. As shown in Fig. 5A, the cancer cell mass gradually
formed and increased in size at the injection site (Fig. 5). These results indicate that the human
cancer cells could proliferate in zebrafish embryo.

In most cancer animal models, the xenograft rejection by the host is always a major concern
during experiment. If the host’s immune system attacks the foreign cells, it could result in either
failed experiments or misleading conclusion. To investigate whether this phenomenon also appear
in our zebrafish model, I transplanted CL1-5 cells into the Tg(/yz: EGFP) zebrafish embryos, which
carry endogenous fluorescent macrophages. The Tg(/yz: EGFP) strain was originally created by Phil
Crosier’s group in 2006*2. The enhanced green fluorescent protein is driven by lysC promoter,
which has been demonstrated to express specifically in a subset of zebrafish macrophages and likely
also granulocytes **. Thus, I used the Tg(lyz-EGFP) zebrafish to examine the interaction between
the human cancer xenograft cells and the zebrafish host immune cells. For this assay, the
Dil-labeled CL1-5 cells were injected into perivitelline space of 2 days post-fertilization embryos.
The transplanted embryos were examined by the Nikon AI1R confocal microscopy. Interestingly, I
found no signs of interaction between the CL1-5 xenograft cells and the host myelomonocytic cells.
The EGFP-labeled macrophages migrated normally in zebrafish, with no sign of recruitment to the
tumor cell mass (Fig. 6). This result indicates that, at this developmental stage, the host immune

system might not attack the xenograft cells in our zebrafish tumor xenograft model.

3.3 Tumor-induced angiogenesis in zebrafish embryos
The transparency of the zebrafish embryo, in combination with the transgenic vascular
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fluorescent zebrafish line, makes it a powerful model for analyzing tumor-induced angiogenesis
study. Since I have demonstrated human cancer cells could survive and proliferate in zebrafish
embryo, I next use this zebrafish xenograft model to examine the tumor-induced angiogenesis. The
Dil-labeled CL1-5 cells were again injected into the perivitelline space near the sub-intestinal
vessels. The tumor-induced angiogenesis were tracked for 30 hours by real-time confocal
microscope. As shown in the time lapse imaging data, the growth of the new vessels was clearly
observed (Fig. 7). I also found the injected cell mass successfully induced the highly disorganized
expansion of the SIV vessels around the cancer cell mass. Strikingly, the dynamic fusion process of
2 tip cells on different growing vessels was captured. At 4 days post-injection, the pattern of the

sub-intestinal vessels was evidently perturbed by the tumor cell mass.

3.4 THP-1 cells were induced to M2-polarized macrophages

After I established the zebrafish tumor xenograft model, I used the system to further study the
interaction between tumor-associated maerophages and cancer cells in the microenvironment.
Macrophages are highly heterogeneous cells ‘with-various functional phenotypes associated with
their microenvironment settings and stimulation **. Recent studies had reported that
tumor-associated macrophages have an M2-like phenotype *°. In Tjiu’s study, they polarized the
THP-1 cells into M1 and M2 subtype macrophages by treated the THP-1 cells with phorbol
myristate acetate (PMA) and then with either the Thl (LPS and IFN-7 ) or Th2 (IL-4/IL-13)
cytokines. Following their protocol, I polarized the THP-1 cells into M2-phenotype macrophages
for the subsequent assays (Fig. 8A). The THP-1 cells were treated with 200 ng/ml PMA for 6 hours,
followed by treatment with IL-4 (20 ng/ml) and IL-13 (20 ng/ml) for 18 hours. The resulting cells
would attach to the dish and differentiated to M2-polarized cells. As a validation, the gene
expression level of M1 and M2—polarized macrophage marker genes were analyzed (Fig. 8B, C).
The M2-polarized macrophage showed a high expression level of M2 marker genes. The mannose
receptor (Mrc 1) was increased by 21.7-fold and the scavenger receptor (Sr 1) was increased by
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3.3-fold, respectively; and the M1 marker genes, TNF-a, IL-6 and IL-12, in M2 macrophages were
expressed at levels around 30-46 folds lower than MI1-polarized macrophages. The results are
consistent with the previous study . Hereafter, I used these THP-1 polarized M2 macrophages for

the subsequent experiments.

3.5 The VEGFA and cathepsin S gene expression level of ovarian cancer cells
were increased after co-culture with M2 cells

In order to investigate the interaction between ovarian cancer cells and tumor-associated
macrophage, I co-cultured SKOV3, a human ovarian adenocarcinoma cell line, and M2-polarized
macrophages in a co-culture system with no direct cell-cell contact. After incubation, M2 cells were
discarded and the total RNAs of SKOV3 cells were isolated to determine the VEGFA and
cathepsins gene expression level (Fig. 9A). In our co-culture system, the gene expression level of
VEGFA was increased by 7-fold, which is consistenit with previous studies '****. I then examined
the gene expression level of selected ' cathepsins: after co-culture. In addition, the real-time
quantitative PCR data indicate that, after co-cultured with M2-polarized macrophages, SKOV3 cells
would up-regulate the gene expression levels of cathepsin B and S by 1.6-fold and 12.5-fold,
respectively (Fig. 9B). Interestingly, this data also showed the expression level of cathepsin S was
significantly higher than cathepsin B. To verify this at the protein level, I further examined the
protein expression level of cathepsin S by Western blot. I found the active form of cathepsin S was
indeed increased in SKOV3 cells after co-cultured with the M2-polarized macrophages (Fig. 9C).
Furthermore, cathepsin S kinetic assay indicate that the cathepsin S activation was also increased in
the SKOV3 cells (Fig. 9D). Taken together, these in vitro data suggest that the M2-polarized
macrophages could trigger the SKOV3 cells to up-regulate angiogenesis-related genes expression,
which indicate tumor-associated macrophages may also play a critical role in promoting tumor

angiogenesis in ovarian cancer.
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3.6 M2-polarized macrophages promote SKOV3 tumor-induced angiogenesis
in vivo

In this assay, I tested whether M2-polarized macrophages promote SKOV3 tumor-induced
angiogenesis in vivo. The Dil-labeled SKOV3 cells and M2-polarized macrophages were
co-injected into the perivitelline space of the zebrafish embryos. At 3 days post-injection, the
tumor-induced angiogenesis was examined (Fig. 10A). The quantitative data indicated that
co-injection of M2-polarized macrophages and SKOV3 could enhanced vessels length and number
of branch points within the cancer cell mass, as compared to either the SKOV3 or M2-polarized
macrophages only (Fig. 10B, 10C). The total vessels length and branch points in co-injection group
increased by 1.3-fold and 1.6-fold, respectively, compared with that of control SKOV3 group. Thus,
our in vitro and in vivo data both support that polarized M2 macrophages could promote tumor

angiogenesis of ovarian cancer.
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4. Discussion

In this study, I first established the zebrafish tumor xenograft model for human cancer
research. I then applied this model system to study the connection between tumor-associated
macrophages and cathepsin in term of tumor-induced angiogenesis of ovarian cancer. I found the
gene expression levels of VEGFA and cathepsin S in SKOV3 cells are increased after co-cultured
with M2-polarized macrophages in vitro, and the in vivo analysis further validated that
M2-polarized macrophages indeed play a role in tumor-induced angiogenesis in the zebrafish tumor
xenograft model. 1 thus revealed that cathepsin S has an important functional role during

SKOV3-induced angiogenesis via paracrine interaction with M2-polarized macrophages (Fig. 11).

4.1 Zebrafish tumor xenograft model

As shown in this study, zebrafish xenograft model is a simple, fast and highly efficiency
animal model for angiogenesis assay in cancer, research. Based on my results, the tumor-induced
angiogenesis experiment could be completed within 3 to 4 days post-injection. That is much faster
and easier than other vertebrate animal models like chick chorioallantoic membrane (CAM) model
or mouse xenograft model. Using the zebrafish tumor xenograft model, we could compare the
ability to induce tumor-induced angiogenesis of different human cancer cells. The critical issues

involved in the model set up are discussed as below.

4.1.1 Micropipettes preparation

In zebrafish tumor xenograft model, the proper preparation of micropipettes was critical to the
success of effective cancer cells transplantation. The parameters of the micropipettes shall depend
on the specific application. Along with different parameter setting, there are different kinds of tip

size, taper length and resistance. For successful recovery of the zebrafish peridermal membrane,
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minimal trauma to the embryo was important. This implies the outer diameter of the micropipette
shall be as small as possible. On the other hand, the inner diameter of the tip should be large enough
to allow smooth aspiration of the cancer cells suspended in viscous matrigel solution. Taken
together, preliminary testing is required to ensure the custom-made pipette could penetrate the
peridermal membrane of the embryo, and be large enough to aspirate the selected cancer cells. The
size, shape and other parameters of the final micropipette can only be created from trial and error by
testing different combination of filament and parameters.

With the suitable micropipette in hand, people also need to pay attention to the zebrafish host
subject because the zebrafish embryonic yolk membrane is very frail. To minimize the damage, |
found the tip of micropipettes should not be beveled. In my zebrafish tumor xenograft model, 1
found pipettes with blunt end were most suitable, which is different from what were reported in the
published protocols. In my preparation, the blunt end of pipette was created by “glass-on-glass”
method. This is done by putting another pipette above-the location of the cutting site, and moves
with a fluid motion to push the top of the taper back and away (Fig. S1). With optimised parameter
setting to pull the needle and the blunt end shaping of micropipette tip, high success rate of the

tumor xenograft transplantation could be anticipated.

4.1.2 The host vs. graft rejection of tumor xenograft does not occur in zebrafish

xenograft model

The xenograft rejection by the host immune system could be a big problem in xenograft
transplantation since the foreign cells might activate the host’s adaptive immune system ***’. In
mouse xenograft model, researchers always need to use severe combined immunodeficiency (SCID)
mice or have the recipient mice be treated with radiation to destroy the bone marrow before the
experiment. Interestingly, the xenograft rejection did not occur in our system. It has been shown that,
the zebrafish adaptive immune system will not become mature until 4 to 6 weeks post-fertilization
4

® and pervious studies figured out that the transplantion of adult donor’s kidney marrow stem cells
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to embryos was not induced the graft rejection in zebrafish *°. That is an important advantage of
using zebrafish embryos as the host for this tumor xenograft model.

On the other hand, recent studies have shown that macrophages play a critical role in initial
xenograft rejection °. To examine whether macrophages are recruited to the tumor xenograft, I
injected the human cancer cells into the 2-days-old Tg(/yz: EGFP) zebrafish embryos to examine the
interaction between macrophages and the xenograft cells. I found the macrophages would not attack
the xenograft cells within 2 days post-injection. This result indicates the macrophages of the

developing zebrafish embryos shall not initiate xenograft rejection in zebrafish xenograft model.

4.1.3 The choice of xenograft injection site

The injection site of the xenograft cells mass is an interesting issue in setting up the model. In
my preliminary trails, I tried to inject the cells at different sites, including the perivitelline space and
inside the yolk. I found the perivitelline space is most optimal for my study. In Nicoli’s study, they
described the perivitelline space to be the space between the periderm and the yolk syncytial layer .
However, there are two possible injection sites-in this region, one is at posterior yolk sac near the
sub-intestinal vessels, and the other is near the duct of Cuvier (it is also known as the common
cardinal vein). In my study, I mainly chose the site near the sub-intestinal vessels to monitor the
tumor-induced angiogenesis, but I also found the site near the duct of Cuvier is more suitable for the
in vivo migration assay.

At 48 hours post-fertilization, the circulatory system of a zebrafish embryo at the end point of
the duct of Cuvier is an open vessel >'. When cancer cells are suspended in PBS and injected into
the site near the duct of Cuvier, the cells have better chance to show a higher mobility to reach other
anatomic sites of the fish host. With this characteristic, I tried to establish the in vivo cell migration
assay in my model system. Human non-small cell lung cancer cell lines CL1-0 and CL1-5 are the
cells of choice for this assay. CL1-0 and CL1-5 are derived from the same lung cancer cell line but
with different mobility and invasion ability. Therefore, I used these two cell lines to test our
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zebrafish xenograft model to see whether this system can be used to distinguish the different cell
mobility and invasion ability in vivo. In my experiments, tumor cells disseminated from the
perivitelline space was traced by real-time confocal microscopy (Fig S2). Quantification of
migrated cells by image analysis in tail region clearly showed that this assay can distinguish
different cell mobility just like the in vitro assay (Fig S3). This means we may use this model to
analyze the molecular mechanism of cell migration of any other human cancer cells. For instance,
there are many genes known to regulate cell migration ability. Cancer cell lines can be modified by
mutation or gene knockdown to study the gene function on the migration ability as compared with
the parental cells in this zebrafish model. I believe my zebrafish tumor xenograft model is more
rapid and cheaper than the current mouse model. Most importantly, cell behavior can be examined
real-time in high magnification in vivo, and structure of membrane protrusion of the cells can also

be traced as demonstrated in this study.

4.1.4 The limitations of this model

The abnormal cells growth condition-and narrow observation window are the major
limitations of this model. In my zebrafish tumor xenograft model, the implanted embryos were kept
at 28.5°C, and this condition is lower than the physiological body temperature in mammals.
Although the cancer cells in my model did not grow at the native physiological condition, the cell
could still survive and proliferate in the zebrafish embryos within 5 days post-injection (Fig 3,4,5).
Unfortunately, in the mCherry-labeled CL1-5 transplantation experiment, although the mCherry
signals can be detected by microscope until 8 days post-injection, the mCherry signals would
diminish gradually compared to the early time points. This phenomenon may be caused by the
change of cell physiology at late stage embryos. Because the growth condition in zebrafish is not
suitable for cancer cells, it may interfere with the cells survival at long term. Thus, the main
drawback of this model is that it cannot exceed 6 days post-fertilization. This could translate to the
single migrating cancer cell cannot form a metastatic cell mass distant from the primary tumor mass.
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The narrow observation window was another major limitation of this model. Because the yolk is
turbid and its opacity would affect light transmission, such factors would affect the depth of
penetration of the lasers to excite the reporter fluorescent protein within the cancer cells in the
embryo. If the target cells within the embryos travel too deep into the tissue (beyond 200 £ m), the
image quality would decrease significantly or the cancer cells cannot be observed under current

confocal microscope system.

4.2 Tumor-associated macrophages promote ovarian cancer cells
induced-angiogenesis
Recently, tumor-associated macrophages in the cancer microenvironment become a hot topic
in cancer research. Macrophages are innate immune cells with high plasticity, and their

heterogeneity depends on different cytokine stimulation at specific location ***"**%2

. Many clinical
and experimental data have described “the existence of wvarious macrophage sub-types.
Tumor-associated macrophages with the M2-subtype are shown to polarize from the Th2 cytokines
stimulation ***”. The tumor-associated macrophages reported in early cancer research were mainly

32,53
1 °*

prepared from human peripheral blood mononuclear cells or from the mouse mode . Tjiu’s

group in 2009 has developed a quick and easy protocol to induce THP-1 to differentiate into

different macrophage subsets in vitro .

This proven method enables generation of the
M2-polarized macrophages for various experiments. In this study, I followed Tjiu’s protocol to
polarize THP-1 cells into M2-polarized macrophages, and confirmed the cells’ marker genes
expression profile with real-time PCR (Fig. 8). Although there are still difference between the
native tumor-associated macrophages and the M2-polarized macrophages, they are still a powerful
tool and materials for my study.

After co-cultured with M2-polarized macrophages, the dramatic increase of VEGFA and
cathepsin S gene expression in SKOV3 cells in vitro suggest TAMs could play a significant role in

ovarian cancer-induced angiogenesis in vivo. Our in vitro data also revealed the paracrine
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interaction between macrophages and cancer cells were critical in the induction of
angiogenesis-related gene expression. So far, VEGFA has been reported to be secreted by many
cancer cells and has been shown to play a coordinated role in promoting malignant tumor growth

and migration with helps from the surrounding tumor-associated macrophages '****

. My real-time
PCR data indicate that VEGFA gene expression profile in SKOV3 co-cultured with M2
macrophages was also consistent with previous studies in human patients or other animal models®.
Meanwhile, cysteine cathepsins are found to be highly expressed in malignant tissues > °.
Cathepsin B and S have been shown to exhibit high enzyme activities within tumor-associated
macrophages in pancreatic tumor ***°. In my study, I found cathepsin S is increased in the ovarian
cancer cells after co-cultured with macrophages. To my knowledge, my study is the first to reveal
the cathepsin S expression and enzymatic activity in ovarian cancer would be increased after
paracrine stimulation by tumor-associated macrophages, and the enhanced cathepsin S production
was in addition to the ones produced by the TAMS as reported by other studies®>. My results showed
that the M2-polarized macrophages could -trigger the angiogenesis-related gene expression in
ovarian cancer cells.

Because the in vitro assay system and analysis could not represent the complex tumor
microenvironment, here I developed and used the zebrafish tumor xenograft model to investigate
the angiogenesis induced by the interaction between tumor cells and macrophages in
microenvironment. I co-injected the SKOV3 cells and M2-polarized macrophages into a single
zebrafish embryo with fluorescent endothelia cells. When co-injected with macrophages, the degree
of SKOV3-induced angiogenesis was significantly increased. This result revealed the macrophages
indeed play a critical role in tumor-induced angiogenesis.

In conclusion, my in vitro and in vivo assay systems provide insight into the complex
interaction between ovarian cancer cells and macrophages in a living tumor microenvironment. My
findings may pave the basis to develop drug to target TAM-dependent cathepsin production or

activity to block tumor-induced angiogenesis in ovarian cancer therapy.
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Table 1. The sequence of primers used for real-time quantitative PCR

Gene Forward (5°- 3°) Reverse (5°-3”) Amplicon length
name (base-pair)
MRC1 GCGTCTTCTGGGTTTTGGAG ATGACTACTCCGGCCACGTT 170
SR1 TGACTTTGGTTCCCGTGTTG CGTGCATGAGAGGTGTCCAG 163
TNF CTCACTGGGGCCTACAGCTT GGCTCCGTGTCTCAAGGAAG 174
IL6 TGCAATAACCACCCCTGACC GGAATGCCCATTAACAACAACA 192
IL12B CTTGTGGTCCCAGCTGTTCA AGAGAGGTGGGGGTGAGGAC 170
VEGFA GGACTCGCCCTCATCCTCTT TGGATCCTGCCCTGTCTCTC 193
CTSB GCAGTGAGCCAAGACAGTGC TGCCAAGGCTGATCTCAAAA 188
CTSS CCTTCTGCCTGCTGTTCTCC TTCCTCTTTGTGTCCCTGTGC 163
GAPDH TTGTGATGGGTGTGAACCAC GGATGCAGGGATGATGTTCT 239

GAPDH is the endogenous control in our real-time PCR-assay.
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Inject into 2dpf
embryos

Figure 1. Zebrafish tumor xenograft model

The cancer cells were labeled with 3.75 pg/ml Dil.-Approximately 400 cancer cells suspended in
4.6 nl matrigel (10 pg/ml) were implanted. into- the perivitelline space of 2 days post-fertilization
(dpf) Tg(kdr:EGFP) zebrafish embryos. ‘Cancer cells and the zebrafish vessels were monitored
using the Nikon A1R real-time confocal microscopy-at different time point. Color code: Fish blood

vessels are green, and human tumor cells are red.
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Figure 2. The control microspheres did not migrate or induce angiogenesis in zebrafish

Red fluorescent microspheres (10 pm diameter) were suspended in the 9.6 mg/ml matrigel and
injected into 2 dpf zebrafish embryos, and monitored by real-time confocal microscope in following

days. (Scale bar, 100 um.) Color code: Fish blood vessels are green, and microspheres are red.

27



Score = 1363 bits (738), Expect = 0.0
Identities = 738/738 (100%), Caps = 0/738 (0W)
( a ) strand=Flus/Minus
tuery 1

sbjot

tuery

CMV promoter

sbjer 7

Query 121 TT

sbjet 7

Query 181 ANGGTGACCANGGGCGGCCCCCTGCCCTTOR0C ACATCCTOTCCCCTCAGTTOATS 240

sbjer 664 o CTG

TCATC 605

gQuery 241 TACGGCTCCANGOCCTACOTGAMGCACCCCGCCOMCATCCCCOACTACTTGAAGCTSTCC 300

sbjet 604

guery 301 TTCC

nlsmCherry .

pCMV-nlsmCherry

spict 544 TT

guery 361

5045 bps

sbict 484  GTGACCC

Guery 421

sbjct 424

Cuery 481

%, neomycin'kanamycin resistance ORF sbict 364

SVA0 polya

Cuery 541 CTGAAGGAC

sbict 304 ©
Query 601 GTGC

Sbjot 244  GTOC

Query 661

sbjet 184

gQuery 7L GhC

sbjet 124 GACG

Posterior

Figure 3. CL1-5 with endogenous nuclear mCherry indicated human cancer cells could

survive and migrate in zebrafish

(A) Construction of pCMV-nlsmCherry plasmid. The pCMV-nlsmCherry plasmid was sequence
verified by multiple sequences alignment. (B) The image of stable nlsmCherry expressed CL1-5
cells which selected by G418 antibitic. Red: nuclear-localized mCherry. (C) nlsmCherry-labeled
CL1-5 cels were injected into 2 dpf zebrafish embryo. (Scale bar, 100 pm.) Color code: Fish blood

vessels are green, and nlsmCherry-labeled CL1-5 cells are red.
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Figure 4. Cancer cell mitosis in zebrafish

Dil-labeled CL1-5 cells were injected into'2 dpf zebrafish-embryos. At the posterior region of the
embryos, the cell mitosis can be trace with-real-time image by the A1R confocal microscopy. (A)
Confocal images and (B) (C) 3D reconstruction-Images of the X-Y projection and X-Z projection.

Color code: Fish blood vessels are green, and Dil-labeled CL1-5 cells are red.
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Figure 5. Cancer cell mass was formed at the perivitelline space

Melanoma cells (A2058) were injected -into-perivitelline space in the presence of 9.6 mg/ml
matrigel. Approximately 20 cells of A2058 were mjected into the 2 dpf zebrafish embryos. (A)
Dil-labeled tumor cells were monitored by. confocal microscopy on days 0, 2 and 5 post-injection.
(B, C) Cryosection of 5 dpi zebrafish embryos show the cell mass of A2058 (arrowhead) at the
perivitelline space. (HE staining in B and confocal image in C) (Scale bar, 100 pm.) Color code:

Fish blood vessels are green, and Dil-labeled A2058 cells are red.
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24 hpi

Figure 6. No cancer-host immune cell interaction was observed around the tumor xenograft

Dil-labeled CL1-5 cells were injected “into’ 2v dpf ~Tg (lyz:EGFP) zebrafish embryos. The
macrophages of zebrafish and cancer cells were;traced by confocal microscopy for 24 hours. (Scale

bar, 100 um.) Color code: Fish macrophages are green, and Dil-labeled CL1-5 cells are red.
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Figure 7. The dynamic process of tumor-induced angiogenesis was monitored for up to 80

hours

Dil-labeled CL1-5 cells were injected into the perivitelline space of 2 dpf zebrafish embryos. (A)
The tumor-induced angiogenesis of the sub-intestinal vessels were monitored for 30 hours in two
days post-injection zebrafish embryos by the real-time A1R confocal microscopy. (Scale bar, 50
um.) (B) Three-dimensional reconstruction of tumor-induced angiogenesis in cancer cell mass

was shown. Color code: Fish blood vessels are green, and Dil-labeled CL1-5 cells are red.
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Figure 8. THP-1 cells were polarized into the M2 macrophages

THP-1 cells were exposed to Thl or Th2 cytokine and polarized into different subtypes of
macrophages. (A) The schema THP-1 cells polarized into M1 and M2-phenotype macrophages.
THP-1 cells were treated with 200 ng/ml PMA for 6 hours and 100 ng/ml LPS for the following 18
hours to M1-polarized macrophages; and THP-1 cells were treated with 200 ng/ml PMA for 6 hours
and 20 ng/ml IL-4 and IL-13 for the following 18 hours to M2-polarized macrophages. (B) (C)
M2-polarized macrophages were examined the M2 marker genes in (B) and M1 marker genes in (C)
to confirm the phenotype. In M2-polarized macrophages, mannose receptor (Mrc 1) increased
21.688-fold and scavenger receptor (Sr 1) increased 3.251-fold than M1-polarized macrophages.
TNF-o decreased 46.971-fold, IL-6 decreased 35.216-fold and IL-12 decreased 30.218-fold in

M2-polarized macrophages. (*, P<0.01) (n=3)
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Figure 9. Expression level of CTSS was increased in SKOV3 cells co-cultured with polarized

M2 macrophages

(A) (B) After co-cultured with polarized M2 macrophages for 6 hours, the RNA of SKOV3 were
harvested and examined VEGFA and cathepsin B and S gene expression. VEGFA increased
7.324-fold, cathepsin B increased 1.648-fold and cathepsin S increased 12.549-fold, compared with
control group. (*, P<0.01) (n=3) (C) The protein level of cathepsin S in SKOV3 cells was examined
after co-cultured with M2-polarized macrophages for 48 hours. (D) The cathepsin S kinetic activity
was analysis by add Z-VVR-AMC, the specific subtract of cathepsin S. The relative fluorescence

units represent the concentration of the product.
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Figure 10. Polarized M2 macrophages effectively promoted SKOV3 cells to induce
angiogenesis

M2-polarized macrophages were co-injected with Dil-labeled SKOV3 cells into 2 dpf zebrafish
embryos. (A) The tumor-induced angiogenesis were examined by confocal microscope. (Scale bar,
100 um.) (B) Quantification of the length of vessels related to tumor area. (C) Quantification of the
branch point of vessels related to tumor area. The total vessels length and branch points increased
1.3-fold and 1.6-fold respectively after co-injected M2-polarized macrophages (*, P < 0.01) (n = 6)

Data are represented as mean = SD.
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Figure 11. Proposed model for the role of tumer-associated macrophages in tumor-induced

angiogenesis

In tumor microenvironment, ovarian cancer cells and tumor-associated macrophages interacted by
paracrine chemokine. The interaction triggered cancer cells secreting VEGFA and the cathepsin S,

and induced angiogenesis.
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Supporting Information

e—

50 um

Figure S1. The tip of micropipettes was created with blunt end

The blunt end of pipette was created by -’glass-on-glass” method. The open end was about

20~30um. (Scale bar, 50 pm.)
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Figure S2. Time-course analysis of tumor cell dissemination throughout the perivitelline space

The ovarian cancer cells (TOV112D) were suspended in PBS and implanted into the perivitelline
space near the Cuvier ducts of 2 dpf zerbafish embryos. Cell dissemination was monitored at 10, 20,
30 hours post-injection (hpi). (Scale bar, 100 pm.) Color code: Fish blood vessels are green, and

Dil-labeled TOV 112D cells are red.
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Figure S3. In vivo cell migration assay

CL1-0 and CL1-5 were suspended in PBS and implanted into the perivitelline space near the Cuvier
ducts of 2 dpf zerbafish embryos. (A) Confocal image of the zebrafish tail region. (Scale bar, 100
um.) Color code: Fish blood vessels are green, and Dil-labeled CL1-0 or CL1-5 cells are red. (B)
Quantitative data of the migration assay. (**) P < 0.01 compared with CL1-0; N=3, and n = 10

embryos in each group.
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