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Chapter 1 Introduction

1-1 Tumor growth and metastasis

Tumor, including its malignant form, cancer, is one of the major causes of death all
over the world. Every year, about 8 million people were estimated to die of tumor (1), and
the number is still increasing. Tumor cells arise from carcinogenic and mutagenic stimuli,
such as radiation, viral infection, and also chronic inflammation. Tumor cells abnormally
proliferate at the primary lesion, and metastasize to distant organs via blood/lymph vessels.
Since the risk of metastasis correlated to primary tumor size and tumor metastasis are
responsible for approximately 90% of all tumor-related deaths (2), elucidating the precise
mechanisms of tumor growth and metastasis are urgently needed for effective tumor

therapy.

1-2 Tumor microenvironment

To clarify the precise mechanisms of tumor growth and metastasis, | here focused
on tumor microenvironment, which was composed of non-tumor cells. Tumor cells produce
various cytokines/chemokines/growth factors and induce inflammatory reactions of
surrounding stromal cells. Tumor cells manipulate the tumor environment to acquire
adequate nutrients/oxygen and also avoid host immunosurveillance. The main cell types in
the tumor microenvironment were endothelial cells and immune cells (Fig. 1), as described

below.



1-2-1 Endothelial cells

To receive enough nutrients and oxygen, tumor cells produce cytokines and/or
growth factors to stimulate the formation of new vessels, by a process called angiogenesis
(3). Tumor vessels mainly comprise tumor endothelial cells (ECs), which possess
completely different characteristics and functions compared to normal ECs. ECs in tumor
have abnormal structures such as fenestrations and widened intercellular junctions (4),
constructing hyper-permeable and angiogenic vessels. They also have a high proliferation
rate and migration capability (5). Some tumor ECs become cancer-associated fibroblasts by
endothelial-to-mesenchymal transition (EndMT) (6), producing large amounts of
tumorigenic cytokines and growth factors (7). Recent studies have identified several
molecules that are specifically upregulated in human ECs in the colon (8), lung, bladder,
and breast cancer (9). Several studies have also reported the morphological characteristics
and antigen markers of ECs in tumor. Since tumor vessels are indispensable for tumor
growth and metastasis, normalizing and reducing tumor vessels can be developed into an
anti-tumor therapy. However, it is still unclear how tumors modulate the functional

characteristics of tumor ECs.

1-2-2 Immune cells

Host immune system plays an important role in detecting and rejecting tumor cells.
In particular, Natural killer (NK) cells, CD8" T cells, and T helper 1 (Th1) cells reject
primary and metastatic tumor cells. NK and CD8" T cells directly kill various types of

tumor cells by secreting cytotoxic products (perforin and granzymes) or cytokines [tumor



necrosis factor-o (TNF-a) and interferon gamma (IFNy)] (10, 11). Thl cells also have
IFNy-dependent cytotoxic effects in human tumor (12). To avoid these host
immunosurveillance, tumor cells induce the infiltration of immunosuppressive cells such as
myeloid-derived suppressor cells (MDSCs), T regulatory (Treg) cells, tumor-associated
macrophages, and Th2 cells. In previous reports using mice tumor models, these cells
produce immunosuppressive cytokines (i.e. transforming growth factor B, IL-4, IL-10, IL-
12, IL-13, or iNOS), leading to inactivate the host immune responses (13, 14). Recently,
several drugs activating CD8" T cells have been proposed (15, 16), and provide significant
impact on the strategies of cancer treatment. Therefore, many researchers are now focusing

on the immune cells in tumor microenvironment.

1-3 Prostaglandins and tumor microenvironment

Prostaglandins (PGs) are lipid autacoids synthesized from cell membrane-derived
arachidonic acid. Arachidonic acid is first converted to PGH, by an enzyme
cyclooxygenase (COX), and then to PGs by each PG synthase (Fig. 2). PGs maintain the
homeostasis in the resting state by regulating the kidney blood flow and protecting gastric
mucosa. During inflammation, PGs are abundantly produced and worsen the pathologies of
various inflammatory diseases (17). Since PGs has central role in modulating inflammation,
several studies focused on their role in tumor microenvironment. Epidemiologic studies
revealed that routine use of COX-2 inhibitors (known as NSAIDs) inhibited the progression
and prognosis of human colon, breast, prostate, and lung cancer (18, 19). In addition,

another study revealed that expression of COX-2 in human colon cancer cells increased



their metastatic potential (20), suggesting its contribution in tumor metastasis. There are
mainly 5 PGs, PGE,, PGD,, PGF,,, PGl,, and thromboxane A, (TXA;), which have distinct
physiological/pathophysiological function (Fig. 2). PGE, has been well studied and
recognized as important exacerbating factor in inflammatory diseases. In terms of tumor
microenvironment, PGE, acts on tumor vessels and enhances angiogenesis, leading to
promote the growth of mice colorectal (21) and breast cancer (22). Other group also
revealed that PGE, recruited MDSCs, leading to promote colorectal tumor growth and
metastasis in mice (23). Inhibition of PGE; signal shows significant reduction of mice lung
metastasis (24). However, there are few studies focusing on other PGs in tumor

microenvironment.

1-4 PGD,

PGD; is one of major PGs that are synthesized by COX and lipocalin-type or
hematopoietic PGD synthase (L-PGDS and H-PGDS, respectively). L-PGDS is expressed
mainly in oligodendrocytes and epithelial cells in choroid plexus (25), regulating
physiological sleep (26) and allodynia response (27). Recent studies also reported that
expression of L-PGDS was induced by blood shear stress in ECs (28), though its
physiological and/or pathological roles remain unknown. In contrast, H-PGDS is expressed
in immune cells such as mast cells/Th2 cells and also in endothelial/epithelial cells.
Previous reports showed that H-PGDS-derived PGD, regulated allergic diseases such as

asthma (29) and food allergy (30).



PGD; shows its bioactivity via two G-protein-coupled receptors (GPCRs), DP and
CRTH2. Some researchers reported that PGD,-DP signaling abrogated the pathologies of
mice skin allergy and asthma by attenuating the activities of dendritic and Treg cells (31,
32). Our group also revealed its anti-inflammatory role in several mice pathological models
such as acute lung injury and skin inflammation (33, 34). In these reports, PGD; acted on
endothelial DP, leading to enhance endothelial barrier and attenuate vascular permeability.
In contrast, previous studies also revealed the pro-inflammatory role of PGD,-CRTH2
signaling in the inflammatory diseases such as asthma and chronic allergic skin
inflammation (29, 35). In these studies, PGD; induced the chemotaxis of CRTH2-positive
eosinophils and Th2 cells, leading to amplify the inflammatory loop in the lesion. As
mentioned above, PGD, has multiple roles in regulating inflammatory diseases and its

action is highly dependent on the localizations of its synthases and receptors.

1-5 PGD, and tumor microenvironment
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Figure 1 Tumor cells and tumor microenvironment
Tumor microenvironment is mainly composed of tumor ECs and immune cells.
Tumor cells manipulate this microenvironment to acquire adequate nutrients/oxygen and

also avoid host immunosurveillance.
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Figure 2 Synthetic pathway of PG

PGH; is synthesized via enzyme reaction of COX from cell membrane-derived
arachidonic acid. PGH; is converted to PGE;,, PGD,, PGF,,, PGl,, and TXA; via each PG

synthase which exerts various physiological functions.
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Chapter 2 Role of L-PGDS-derived PGD, in tumor

growth

2-1 Aim of Chapter 2

In this chapter, | investigated the contribution of L-PGDS-derived PGD; in tumor
growth. In the resting condition, expression of L-PGDS was hardly observed in ECs and
immune cells, which create the tumor microenvironment. However, in vitro experiments
showed the induction of L-PGDS in ECs by abnormal blood flow (28). Since tumor ECs
was consistently exposed to abnormal blood flow, | here speculated that L-PGDS might be

expressed in tumor ECs and regulate the tumor growth by producing PGD,.
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2-2 Induction of L-PGDS in tumor ECs
2-2-1 Expression of angiogenesis-related factors in ECs of melanoma

Tumor ECs were isolated from subcutaneously-implanted B16F1 melanoma and its
MRNA expression levels of angiogenesis-related factors were determined. Consistent with
previous reports (36, 37), expression of COX-2 was upregulated, and that of intercellular
adhesion molecule-1 (ICAM-1) was downregulated in tumor ECs, as compared to ECs in
normal tissues (mouse lung ECs; MLECs) (Fig. 3). Expression levels of IL-1p, IL-4, H-
PGDS, prostaglandin | synthase (PGIS), matrix metallopeptidase 9 (MMP9), and vascular
cell adhesion molecule-1 (VCAM-1) were 2-8 fold higher in melanoma ECs than in
MLEGCs. Interestingly, the expression of L-PGDS was markedly increased (about 15-fold;

Fig. 3).
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Figure 3 Marked increase of mMRNA expression of L-PGDS in melanoma ECs
Relative expression of angiogenesis-related factors in ECs of melanoma compared
to that in MLECs (n = 5). Dot line indicates equal mRNA expression of tumor ECs and

MLECs. Data are presented as means + SEM.
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2-2-2 Expression of L-PGDS in LLC and 4T1 ECs

MRNA expression of L-PGDS in tumor ECs was also observed using other tumor
cell lines, lewis lung carcinoma (LLC) and 4T1 breast tumor cells. Compared to other
prostaglandin synthases (about 2 to 4-fold; Fig. 4A), mRNA expression of L-PGDS was
markedly increased (about 10-fold, Fig. 4A) in LLC tumor ECs. The expression was also

increased in 4T1 ECs (about 4-fold, Fig. 4B).
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Figure 4 Marked increase of mMRNA expression of L-PGDS in LLC and 4T1 ECs

(A) Relative expression of prostaglandin synthases in ECs of LLC compared to that
in MLECs (n =5). (B) Relative expression of L-PGDS in ECs of MLEC or 4T1 in BALB/c
mice (n = 6). * Significantly different from the results in MLEC group at p < 0.05. Data are

presented as means £ SEM.
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2-2-3 Localization of L-PGDS in tumor

Immunofluorescence staining showed that L-PGDS (red) was specifically localized
to CD31 (green) positive tumor ECs (Fig. 5A, upper panels) in B16F1 melanoma. In detail,
L-PGDS was localized in granular endoplasmic reticulum, adjacent to the cell nucleus as
previously described in oligodendrocytes (25) (Fig. 5A, lower panels). The protein

expression of L-PGDS in tumor ECs was also detected in 4T1 tumor ECs. (Fig. 5B).
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B16F1

B CD31 L-PGDS

4T1

Figure 5 L-PGDS was localized in B16F1 melanoma and 4T1 ECs

(A) Representative pictures of tumor immunostaining of CD31 (green), L-PGDS
(red), and DAPI (blue) in B16F1 melanoma. Scale bar, 100 um (upper panels) and 10 um
(lower panels). (B) Representative pictures of tumor immunostaining of CD31 (green), L-

PGDS (red), and DAPI (blue) in 4T1. Scale bar, 100 pm.
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2-2-4 Localization of L-PGDS in human tumor

In addition to ECs in mice tumor, In situ hybridization showed mRNA expression
of L-PGDS in ECs in human melanoma and oral squamous cell carcinoma tissues (Fig. 6,
white arrow heads). Its expression was also detected in some melanoma cells (Fig. 6, black

arrow-heads).

Melanoma Squamous cell carcinoma
ki TEoNs

Figure 6 L-PGDS was expressed in ECs of human tumors

Representative pictures of L-PGDS in situ hybridization in human melanoma (left)
and oral squamous cell carcinoma (right). White arrow heads indicate positive staining of
L-PGDS in ECs, and black arrow heads indicate positive staining of L-PGDS in tumor cells.

Scale bar, 25 um.
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2-2-5 Expression of L-PGDS in melanoma supernatant-treated EC

ECs in tumor are considered to have acquired their abnormal characteristics due to
sustained inflammatory stimuli, including tumor cell-derived cytokines and growth factors
in the tumor microenvironment (4). | determined the effect of tumor cell-derived factors on
MRNA expression of L-PGDS in normal ECs (HUVECS) by treating supernatant from
melanoma cell culture. As shown in Fig. 7, 3 h or 6 h stimulation to a minor extent, and 12
h stimulation markedly, increased the expression of L-PGDS. This increase in levels of L-

PGDS persisted for at least 24 h.
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Figure 7 L-PGDS was upregulated by melanoma supernatant in EC
The time-dependent effect of melanoma culture supernatant on the mRNA
expression of L-PGDS in HUVECs (n = 5). * Significantly different from the results in

none treated cells at p < 0.05. Data are presented as means £ SEM.
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2-2-6 Effect of IL-1 or TNF-a antagonist on expression of L-PGDS in EC

I next evaluated which factors in culture supernatant stimulate the expression of L-
PGDS. As shown in Fig. 8, pretreatment with IL-1 receptor antagonist, IL-1Ra (500 ng/ml,
1 h) or TNF-a receptor antagonist, WP9QY (25 uM, 1 h) significantly inhibited the
elevation of L-PGDS levels. Co-treatment with these antagonists inhibited L-PGDS

upregulation by about 80% (Fig. 8).
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Figure 8 IL-1 and TNF-a inhibition attenuated L-PGDS upregulation in EC

The effect of IL-1 antagonist (IL-1Ra, n = 6), TNF-a antagonist (WP9QY, n =5), or
IL-1Ra and WP9QY (n = 6) on the mRNA expression of L-PGDS in melanoma
supernatant-treated (n = 8) HUVECs. * Significantly different from the results in none
treated cells at p < 0.05. ** Significantly different from culture supernatant treated cells at

p <0.05 or p <0.01, respectively. Data are presented as means + SEM.
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2-2-7 Effect of tyrosine kinase or COX inhibitor on expression of L-PGDS in EC

In contrast the results in Fig. 8, pretreatment with a pan-tyrosine kinase inhibitor,
genistein (Gen, 100 uM, 1 h) or a COX inhibitor, indomethacin (Indo, 20 uM, 1 h) did not
alter the mRNA expression of L-PGDS (Fig. 9), indicating that these signaling did not

affect L-PGDS upregulation in HUVECSs.
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Figure 9 Tyrosine kinase or COX inhibition did not alter mRNA expression of L-
PGDS in EC

The effect of tyrosine kinase inhibitor (Genistein; Gen) or COX inhibitor
(Indomethacin; Indo) on mRNA expression of L-PGDS in melanoma supernatant-treated
HUVECs (n = 6). * Significantly different from the results in none treated cells at p < 0.05.

NS-No significance. Data are presented as means + SEM.
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2-2-8 PGD; production in melanoma supernatant-treated EC

Consistent with the results in mRNA expression of L-PGDS, the production of
PGD; was also increased in HUVECSs treated with melanoma culture supernatant (Fig. 10).
Its production was inhibited by pretreatment with a L-PGDS inhibitor, AT-56 (100-300 uM,
1 h). Co-pretreatment with IL-1Ra and WP9QY almost completely inhibited the production
of PGD; (Fig. 10). Pretreatment with an inhibitor of another PGD, synthase, hematopoietic-

PGDS (H-PGDS), HQL-79 (1-10 uM, 1 h), had little effect on the PGD, production.
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Figure 10 IL-1 and TNF-a inhibition attenuated PGD, production in EC

The effect of L-PGDS inhibitor (AT-56), IL-1 antagonist (IL-1Ra) and TNF-a
antagonist (WP9QY) (n = 6), or H-PGDS inhibitor (HQL-79, n = 6) on melanoma
supernatant-treated (n = 10) PGD, production in HUVECs. * Significantly different from
the results in none treated cells at p < 0.05. * Significantly different from culture
supernatant treated cells at p < 0.05 or p < 0.01, respectively. Data are presented as means +

SEM.
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2-3 Role of endothelial L-PGDS in tumor growth
2-3-1 Melanoma or LLC growth in WT and L-PGDS deficient mice

I next evaluated the role of L-PGDS in tumor growth by using L-PGDS deficient
(L-PGDS™) mice. As shown in Fig. 11A, melanoma cells implanted in mice flanks grew
faster in L-PGDS™ mice compared to WT mice. The tumor size doubled in 16 days after

the implantation. L-PGDS” mice also exhibited rapid tumor growth in LLC (Fig. 11B).
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Figure 11 Systemic L-PGDS deficiency exacerbated tumor growth
(A) Growth rate of melanoma growth in WT and L-PGDS” mice (n = 6). (B)
Growth rate of LLC in WT and L-PGDS™ mice (n = 5-6). ** Significantly different from

the results in WT mice at p < 0.01. Data are presented as means + SEM.
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2-3-2 PGD, content in WT and L-PGDS™ mice tumor
I next measured the PGD, content in tumor. About 5 pg/mg tissue of PGD, was
detected in melanoma grown in WT mice (Fig. 12). Host deficiency of the L-PGDS gene

significantly decreased the PGD, content in melanoma by 60% (Fig. 12).
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Figure 12 Decrease of PGD; content in tumor of L-PGDS™ mice
PGD, content in WT and L-PGDS™ mice tumor (n = 19). * Significantly different

from the results in WT mice at p < 0.05. Data are presented as means + SEM.
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2-3-3 Effect of DP agonist on tumor growth

The biological actions of PGD, are mediated through two G protein-coupled
receptors, DP and CRTH2. Previous report showed that DP was localized in tumor ECs
(38). As shown below, treatment with a DP receptor agonist, BW245C (BW, 0.1 mg/kg,
intraperitoneal, twice a day) significantly inhibited tumor growth both in WT and L-PGDS

" mice (Fig. 13), indicating that PGD, inhibited tumor growth through DP.
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Figure 13 Treatment with DP agonist inhibited tumor growth in WT and L-PGDS™
mice

The effect of DP agonist, BW245C (BW), in WT and L-PGDS™ mice tumor growth
(n = 6). * Significantly different from the results in WT+Vehi at p < 0.05. ** Significantly
different from the results in L-PGDS™ Vehi mice at p < 0.05 or p < 0.01, respectively. Data

are presented as means £ SEM.
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2-3-4 Tumor growth in CRTH2 deficient mice
| also evaluated the role of CRTH2 in tumor growth. Host gene deficiency of

CRTH2 did not influence the growth of B16F1 melanoma on WT mice (Fig. 14).
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Figure 14 CRTH2 deficiency did not alter tumor growth

Growth rate of melanoma in WT and CRTH2 deficient (CRTH2") mice (n = 4).

Data are presented as means + SEM.
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2-3-5 Effect of PGD; on cultured tumor cell proliferation and survival
I also confirmed that PGD, (0.1-10 uM, 6-24 h) had no direct effect on proliferation
and survival of melanoma in vitro (Fig. 15). These data suggested that PGD, attenuated

tumor growth by modulating the tumor microenvironment.

A O Vehicle B
5471 A01 1007 - _
I A 1 [PGD, (uM) -
0: 3' (=] 75-
T | @10 =
2 2 5 -
.g = 50
Z 1] S 25-
o
0 6 12 24 2 0.1 1 10
Time (h) & PGD, (uM)

Figure 15 PGD; did not affect tumor proliferation and survival in vitro
The effect of PGD; (0.1-10 uM) on proliferation (6-24 h) or viability (24 h) of

B16F1 melanoma cell (n = 5). Data are presented as means £ SEM.
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2-3-6 Tumor growth in WT or L-PGDS” bone marrow transplanted mice

| attempted to find the functional source of PGD, in growing tumors using bone
marrow transplantation. L-PGDS™ bone marrow-implanted WT mice (WT + L-PGDS™&M)
showed equivalent tumor growth compared to WT mice (Fig. 16). In contrast, WT bone
marrow-implanted L-PGDS” mice (L-PGDS™ + WT®") showed accelerated tumor growth
which was comparable to that of L-PGDS” mice (Fig. 16). These results indicated that the

non-myeloid cell-derived L-PGDS was responsible for the inhibition of tumor growth.
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Figure 16 L-PGDS deficiency in non-myeloid cells exacerbated tumor growth
Growth rate of melanoma in bone marrow transplanted mice (n = 5). ***
Significantly different from the results in WT mice at p < 0.05 or p < 0.01, respectively.

Data are presented as means £ SEM.
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2-3-7 Tumor growth in endothelial-specific L-PGDS deficient mice
| further assessed tumor growth in endothelial specific L-PGDS deficient (L-
PGDS* %) mice. As shown in Fig. 17, implanted melanoma grew faster in L-PGDS**¢

Sfl/fl

mice compared to that in control (L-PGDS™") mice. These observations suggested that the

L-PGDS-PGD,-DP signaling pathway in ECs inhibited tumor growth.
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Figure 17 L-PGDS deficiency in endothelial cells exacerbated tumor growth
Growth rate of melanoma in L-PGDS™ (n = 8) or L-PGDS* ¢ mice (n = 9). ***

Sfl/fl

Significantly different from the results in L-PGD mice at p < 0.05 or p < 0.01,

respectively. Data are presented as means + SEM.
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2-4 Morphological analysis of tumor
2-4-1 HE staining of tumor

Tumor growth is the net result of tumor cell proliferation and death. HE-stained
tumor sections from WT mice showed a necrotic layer spread throughout the tumor (Fig.
18A, black arrow heads). L-PGDS deficiency in the host significantly decreased the
necrotic area in the tumor (Fig. 18A, B). Similar results were also obtained from L-

PGDS*E¢ mice (Fig. 18C, D)
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Figure 18 Endothelial L-PGDS deficiency decreased necrotic area in the tumor

(A) Representative pictures of HE staining in melanoma. Arrow heads indicate
necrotic layer in tumor. Scale bar, 200 um. (B) Quantification of necrotic layer in tumor (n
= 5). (C) Representative pictures of HE staining in melanoma. Arrow heads indicate
necrotic layer in tumor. Scale bar, 200 um. (D) Quantification of necrotic layer in tumor (n
= 6). * Significantly different from the results in WT or L-PGDS™" mice at p < 0.05. Data

are presented as means + SEM.
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2-4-2 Proliferative rate of tumor

| examined the proliferation of tumor in WT, L-PGDS™, and L-PGDS"E® mice. The
number of Ki67 positive proliferative tumor cells was not different between the tumors in
the WT and L-PGDS™ mice (Fig. 19A, B) and also between the tumors in L-PGDS™ and

L-PGDS*“ mice (Fig. 19C, D).
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Figure 19 L-PGDS deficiency did not alter the number of proliferative cells in tumor
(A) Representative pictures of Ki67 staining in melanoma. Scale bar, 50 um. (B)

Quantification of Ki67 positive cells in tumor (n = 5). (C) Representative pictures of Ki67

staining in melanoma. Scale bar, 50 pm. (D) Quantification of Ki67 positive cells in tumor

(n = 6). Data are presented as means + SEM.
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2-4-3 Apoptotic rate of tumor

| also examined the number of TUNEL positive apoptotic cells and found
significant reduction in the tumors in L-PGDS™ mice (Fig. 20A, B), suggesting that host L-
PGDS deficiency increased tumor growth by attenuating tumor cell death. | also confirmed

the similar observations in L-PGDS** mice (Fig. 20C, D).
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Figure 20 Endothelial L-PGDS deficiency decreased the number of apoptotic cells in
tumor

(A) Representative pictures of TUNEL staining in melanoma. Scale bar, 50 um. (B)
Quantification of TUNEL positive cells in tumor (n = 5). (C) Representative pictures of
TUNEL staining in melanoma. Scale bar, 50 um. (D) Quantification of TUNEL positive
cells in tumor (n = 5). * Significantly different from the results in WT or L-PGDS™ mice

at p < 0.05. Data are presented as means + SEM.
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2-5 Role of endothelial L-PGDS in tumor vessels
2-5-1 Hypoxic region in tumor

I hypothesized that L-PGDS-PGD, increased the number of apoptotic tumor cells
by limiting nutrient/oxygen delivery. The tumor implanted WT mice exhibited hypoxic area
throughout the tumor mass (Fig. 21A upper left panel). The area was markedly decreased in
L-PGDS™ mice tumor (Fig. 21A lower left panel and Fig. 22B), suggesting the efficient

delivery of oxygen.
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Figure 21 L-PGDS deficiency decreased hypoxic area in tumor

(A) Representative pictures of tumor immunostaining of DAPI (blue), Hypoxyprobe
(green), and CD31 (red) in WT and L-PGDS™ mice. Scale bar, 100 um. (B) Quantification

of Hypoxyprobe intensity (n = 5). * Significantly different from the results in WT mice at p

< 0.05. Data are presented as means + SEM.
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2-5-2 Angiogenesis and vascular permeability in tumor

Since L-PGDS was specifically localized in tumor ECs, | next focused on tumor
vascular function. WT mice tumor exhibited neovascularization (Fig. 22A upper left panel)
and vascular leakage (fibrinogen deposition outside the vessels, Fig. 22A upper middle
panel). Tumor sections from L-PGDS™ and L-PGDS*EC mice revealed increase in tumor
angiogenesis (indicated as the number of CD31 positive tumor ECs; Fig. 22A lower left
panel, Fig. 22B, Fig. 22C lower left panel, and Fig. 22D) and vascular leakage (indicated as
the amount of fibrinogen deposition; Fig. 22A lower middle panel, Fig. 22B, Fig. 22C

lower middle panel, and Fig. 22D).
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Figure 22 Endothelial L-PGDS deficiency enhanced tumor angiogenesis and vascular
permeability

(A) Representative pictures of tumor immunostaining of DAPI (blue), CD31 (green),
and fibrinogen (red). Scale bar, 100 um. (B) Quantification of CD31 positive cells (to the
ratio of total cells, n = 5) and fibrinogen intensity (to the ratio of CD31 intensity, n =5). (C)
Representative pictures of tumor immunostaining of DAPI (blue), CD31 (green), and
fibrinogen (red). Scale bar, 100 um. (D) Quantification of CD31 positive cells (n = 6) and
fibrinogen intensity (to the ratio of CD31 intensity, n =6). * Significantly different from the

results in WT or L-PGDS™ mice at p < 0.05. Data are presented as means + SEM.
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2-5-3 Vessel maturation in tumor

In addition to increase in vascular angiogenesis and permeability, the CD31 positive
tumor ECs in the L-PGDS™ and L-PGDS*E¢ mice exhibited less aSMA positive smooth
muscle coverage ratio (about 40-50% of CD31" tumor ECs were covered) compared to the
respective control (about 60-70% of CD31" tumor ECs were covered) (Fig. 23A middle

panels, Fig. 23B, Fig. 23C middle panels, and Fig. 23D), indicating less mature vasculature.
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Figure 23 Endothelial L-PGDS deficiency decreased the number of aSMA-covered
mature vessels

(A) Representative pictures of tumor immunostaining of DAPI (blue), CD31 (green),
and aSMA (red). Scale bar, 50 um. (B) Quantification of aSMA positive cells (to the ratio
of CD31 positive cells) in tumor (n = 5). (C) Representative pictures of tumor
immunostaining of DAPI (blue), CD31 (green), and aSMA (red). Scale bar, 50 um. (D)
Quantification of aSMA positive cells (to the ratio of CD31 positive cells) in tumor (n = 6).
* Significantly different from the results in WT or L-PGDS™ mice at p < 0.05. Data are

presented as means + SEM.
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2-5-4 Functional vessels in tumor

Most tumor vessels are disrupted and hardly perfused, thus limiting their ability to
deliver enough oxygen and nutrients. | also examined vessel perfusion in the tumor. About
10% of CD31 positive ECs composed lectin positive perfused vessels (Fig. 24A upper
panels and Fig. 24B). The ratio of perfused vessels was doubled in L-PGDS™ mice (Fig.
24A lower panels and Fig. 24B), indicating the increase of function vessels. These
observations suggested that L-PGDS-PGD, signaling reduced vascular leakage,

angiogenesis, and perfusion, thereby leading to decrease tumor growth.
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Figure 24 L-PGDS deficiency increased the number of functional vessels in tumor

(A) Representative pictures of tumor immunostaining of DAPI (blue), Lectin
(green) and CD31 (red). Scale bar, 50 um. (B) Quantification of Lectin positive cells (to the
ratio of CD31 positive cells) in tumor (n = 5). * Significantly different from the results in

WT mice at p < 0.05. Data are presented as means + SEM.
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2-5-5 Endothelial-to-mesenchymal transition in tumor

I next speculated that endothelial L-PGDS-PGD, autocrine loop might induce
phenotypic changes of tumor ECs, known as Endothelial-to-mesenchymal transition
(EndMT). In WT mice, about 6% of CD31 positive tumor ECs were also positive for
EndMT marker, aSMA (Fig. 25A white arrow head, and Fig. 25B), indicating the
phenotypic conversion of ECs to mesenchymal cells. The ratio of the CD31/aSMA double
positive cells was increased about 50% in L-PGDS” mice (Fig. 25A white arrow head and

Fig. 25B).
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Figure 25 L-PGDS deficiency enhanced EndMT in tumor

(A) Representative pictures of tumor immunostaining of DAPI (blue), CD31 (green),
and aSMA (red). Arrow heads indicate CD31/aSMA double positive, EndMT occurred
cells. Scale bar, 15 um. (B) Quantification of aSMA and CD31 double positive cells (to the
ratio of CD31 positive cells) in tumor (n = 8). * Significantly different from the results in

WT mice at p < 0.05. Data are presented as means + SEM.
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2-5-6 mMRNA expression of EndMT markers in tumor ECs

| also examined the role of L-PGDS in EndMT using tumor ECs isolated from
melanoma. L-PGDS deficiency markedly increased the mRNA expression of aSMA
compared to that of WT ECs (Fig. 26, middle graph), while it did not influence the mRNA
expression of Cdh5 (endothelial marker; also known as VE-cadherin, left graph) and

transforming growth factor g (TGFB, main EndMT induction molecule, right graph).
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Figure 26 L-PGDS deficiency increased the mRNA expression of EndMT marker in

tumor ECs
MRNA expression of Cdh5, aSMA, and TGFpB in isolated ECs (n = 6). *
Significantly different from the results in WT ECs at p < 0.05. Data are presented as means

+ SEM.
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2-5-7 mRNA expression of EndMT markers in melanoma supernatant-treated EC

| finally evaluated the role of L-PGDS in EndMT using isolated human ECs.
Inhibition of L-PGDS (AT-56, 100 uM, 1 h) significantly increased the mRNA expression
of aSMA in melanoma supernatant (12 h)-treated HUVECs, suggesting that L-PGDS
inhibition facilitated EndMT in vitro (Fig. 27). Taken together, endothelial L-PGDS also
attenuated the malignant properties of tumor by inhibiting the transformation of ECs to

mesenchymal cells.
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Figure 27 L-PGDS inhibition increased mRNA expression of EndMT marker in EC
MRNA expression of Cdh5, aSMA, and TGFp in melanoma culture supernatant-
treated HUVECs (n = 5).* Significantly different from the results in supernatant-treated

HUVECs at p < 0.05. Data are presented as means + SEM.
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2-5-8 Immune cell infiltration in tumor

| examined the difference in immune cell infiltration between WT and L-PGDS™
mice tumor. In contrast to effects on vessel morphology and function mentioned above, L-
PGDS deficiency did not influence the infiltration of inflammatory cells such as CD68"

monocytes/macrophages, Gr-1" granulocytes, and CD4" T cells in tumor (Fig. 28).
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Figure 28 L-PGDS deficiency did not alter the number of immune cell infiltration in
tumor

Representative pictures of tumor immunostaining of leukocytes (CD45, red),
monocytes (CD68, green), granulocytes (Gr-1, green), lymphocytes (CD4, green), and
DAPI (blue). Scale bar, 100 (left panels) and 50 pm (other panels). The number of CD45,

CD68, Gr-1, and CD4 positive cells in tumor (n = 5-6). Data are presented as means = SEM.
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2-6 Role of L-PGDS in vascular permeability and angiogenesis in mice inflammation
model
2-6-1 Role of L-PGDS in ear vascular hyper-permeability

| determined if L-PGDS-PGD; signaling directly inhibits vascular permeability in
vivo. Treatment with inflammatory stimulant croton oil (Oil, 2.5% in acetone, 3 h) or IL-1p
(30 ng, 1 h) induced dye extravasation into the interstitium, and its leakage was observed in
almost all parts of the ear (Fig. 29A upper panels). The L-PGDS™ mice showed increase in
vascular leakage compared to the WT mice (Fig. 29A, B), indicating exacerbation of

vascular hyper-permeability.

53



A WT
Vehi Croton oil IL-1B

L-PGDS--
Vehi Croton oil IL-18

B 500- _#_

mWT T

-/-
S 4004 O L-PGDS
S
2 300-
o #
E  ———
@ 200-
W
c
g
T 100
o) L
Vehi Qil IL-1B8

Figure 29 L-PGDS deficiency exacerbated ear vascular hyper-permeability

(A) Representative pictures of dye extravasation in the treatment with vehicle (left
panels, left ear), croton oil (left panels, right ear), or IL-1p (right panels) in WT and L-
PGDS™ mice. (B) Quantification of dye extravasation in WT and L-PGDS™ mice (n = 6). *
Significantly different from the results in WT mice at p < 0.05. Data are presented as means

+ SEM.
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2-6-2 L-PGDS localization in mice ear
Immunofluorescent staining of mice ear revealed that, consistent with the results in
tumor ECs, L-PGDS was upregulated and localized in CD31 positive ECs by croton oil

treatment (Fig. 30).

WT mice ear
Vehi Croton oil

DAPI CD31 L-PGDS

Figure 30 L-PGDS was induced in EC of mice ear
Representative pictures of mice ear immunostaining of DAPI (blue), CD31 (green),

and L-PGDS (red) in vehicle- or croton oil-treated WT mice. Scale bar, 10 pm.
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2-6-3 Role of L-PGDS in cornea angiogenesis

I finally determine if L-PGDS-PGD, signaling inhibits angiogenesis in vivo.
Implantations of pellets containing IL-1p (60 ng) and vascular endothelial growth factor
(VEGF, 300 ng) in mice cornea induced angiogenesis from limbal vascular plexus to
avascular areas within 6 days (Fig. 31A). L-PGDS™ mice showed exacerbation of cornea

neovascularization in response to these angiogenic stimuli compared to WT mice (Fig. 31A,

B).
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Figure 31 L-PGDS deficiency exacerbated angiogenesis of mice cornea

(A) Representative pictures of cornea angiogenesis in the treatment with vehicle
(upper panels) or IL-1p- and VEGF (lower panels) in WT and L-PGDS” mice. (B)
Quantification of cornea vascularized area (n = 6). ~ Significantly different from the results

in WT mice at p < 0.05. Data are presented as means + SEM.
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2-7 Discussion of chapter 2

In the present chapter, | found that tumor cell-derived cytokine stimuli markedly
increased the mRNA expression of L-PGDS in tumor ECs and that L-PGDS/PGD, axis
acted as a negative feedback signaling against tumor growth by inhibiting vascular
permeability, angiogenesis, and EndMT (Fig. 32).

There are several studies showing the pro-tumorigenic actions of tumor ECs. Amin
et al. reported that tumor ECs isolated from human melanoma exhibited enhanced EGFR
activation in response to EGF, leading to increased proliferative capability (39). Akiyama et
al. also showed that high expression of P-glycoprotein accounted for drug resistance in
human melanoma ECs (40). In contrast, this is the first study identifying anti-tumorigenic
signaling pathway that can be activated in tumor ECs.

Prostaglandins are known as mediators of pro-inflammatory reactions that are
responsible for exacerbation of several inflammation associated diseases, including cancers.
PGE_,, which is one of the main prostaglandins, is known to promote the growth of mice
melanoma, breast tumor, or colorectal tumor by exacerbating tumor angiogenesis and
tumor cell invasion (22). Another prostaglandin, thromboxane A, enhanced human prostate
tumor cell motility, leading to poor prognosis (41). Epidemiologic studies revealed that
routine use of COX-dependent prostaglandins syntheses inhibitors, nonsteroidal anti-
inflammatory drugs (NSAIDSs) inhibited the progression and prognosis of human colon
cancer (18). In contrast to the established pro-inflammatory role of prostaglandins, Our
group previously demonstrated that hematopoietic prostaglandin D synthase (H-PGDS)-

derived PGD, from inflammatory cells has anti-inflammatory role in various mice models
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including dermatitis (34), acute lung injury (33), and even cancer (38, 42). In detail, PGD,
derived from neutrophil or mast cell H-PGDS acted on endothelial DP receptor, and
ameliorated their symptoms by attenuating vascular permeability, angiogenesis, and
inflammatory cell infiltration.

Although characters of tumor ECs have considered to be acquired by sustained
inflammatory stimuli including cytokines and growth factors in tumor microenvironment (4,
43), its details were yet to be revealed (44). | here showed that tumor cell-derived IL-1 and
TNF-0 mainly elevated the mRNA expression of L-PGDS. Previous reports showed that
several inflammatory cytokines such as IL-6 and TNF-a activates a transcription factor
activator protein 1 (AP-1) in isolated ECs (45, 46), which induces L-PGDS mRNA
transcription (47). Sustained exposure of cocktail of inflammatory cytokines or some
specific cytokines but IL-1 and TNF-a in microenvironment may be responsible for the
strong MRNA elevation of L-PGDS. Further investigations are needed to clarify this point.

Unlike previously known EndMT facilitating molecules (6, 48), PGD; is a unique
endogenous molecule that inhibits EndMT in tumor. Recent study revealed that no less than
40% of cancer-associated fibroblasts, which exacerbate tumor malignancy, are converted
by EndMT (7). Normalizing the tumor vessel might benefit to exclude these “evil” cells
from the tumor. In the present study, I could not clarify the precise mechanism of PGD; in
EndMT. PGD, possibly attenuates the expression of inflammatory cytokines or inhibits the
TGFB signal cascade itself (49). Further studies are needed to reveal the precise

mechanisms of PGD» in EndMT.
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As described above, there are only a few reports available from studies focusing on
the role of L-PGDS in peripheral tissues instead of central nervous system. The present
study showing their anti-tumorigenic role is the first one that demonstrates the
pathophysiological contribution of L-PGDS-PGD, signaling in peripheral tissues. L-PGDS
deficiency exacerbated both vascular permeability and angiogenesis in other peripheral
inflammatory models; Miles assay and cornea angiogenesis assay as well as implanted
tumor model. L-PGDS possibly represents anti-inflammatory reactions in various types of
inflammation in peripheral tissues.

In this study, | focused on the role of L-PGDS in mice melanoma ECs.
Unexpectedly, mRNA expression of L-PGDS was observed not only in ECs but also in
some tumor cells of human melanoma. The melanoma-derived PGD, might negatively
regulate tumor vascular permeability and angiogenesis, as well as EC-derived PGD,. |
demonstrated that PGD, did not influence proliferation and survival of cultured B16F1
melanoma. However, there is still a possibility that PGD, somehow influence the
tumorigenisity itself. Further studies are needed to clarify the precise role of L-PGDS-
PGD, axis in respective tumor types.

In conclusion, | have identified L-PGDS-PGD, pathway as an anti-tumorigenic
signaling pathway in tumor ECs. Tumor-derived cytokines upregulate mRNA expression of
L-PGDS in ECs. The produced PGD, attenuates tumorigenic phenotype of tumor ECs by
inhibiting vascular permeability, angiogenesis, and EndMT. Inhibition of tumorigenic
transformation of ECs in tumor using this signal enhancement might be useful for future

management of tumor malignancy (Fig. 32).
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Figure 32 The role of L-PGDS in tumor growth
Tumor cell-derived IL-1 and TNF-a upregulated mRNA expression of L-PGDS in
tumor ECs. L-PGDS produced PGD, and inhibited tumor angiogenesis, vascular

permeability, and EndMT, leading to limit tumor growth.
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Chapter 3 Role of PGD, in tumor metastasis
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Chapter 4 Total discussion
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Chapter 6 Material and Methods
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