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Abstract

Mechanisms of Nodular and Infiltrative Pattern of Uveal Melanoma in the

Liver

By Nyasia Jones

The goal of this research is to gain more insight into the mechanisms by
which uveal melanoma (UM) metastasizes to the liver and use this understanding to
identify potential targets for therapy. There are two different metastatic growth
patterns in the liver: the nodular pattern in which tumor cells surround the portal
triad and the infiltrative pattern in which tumor cells invade the sinusoidal space.
Pigment epithelium derived factor (PEDF) and natural killer (NK) cells have been
implicated by previous research as protective mechanisms against progression of
metastatic disease. NK cell depletion in a murine model of UM increased the number
of hepatic metastases. Likewise, implanting murine melanoma cells in the uvea of
PEDF KO mice resulted in dramatically larger angiogenic metastatic foci. Based on
these observations, we hypothesized that knock out of PEDF would result in
predominantly nodular pattern while depletion of NK cells would result in the
infiltrative pattern of growth predominating. The wild-type model would have equal
distribution of both patterns. To test this, we developed three murine models of
uveal melanoma in mice with C57BL/6 background that form hepatic metastases: a
NK cell deficient model using anti-asialo GM1 antibody, a PEDF KO model, and a
model in wild-type mice. The right eyes of mice were inoculated with B16LS9
melanoma cells and at 7 days the eyes were enucleated. Three weeks later, the mice
were euthanized and livers were routinely processed for histological evaluation.
PEDF KO mice showed increased nodular to infiltrative pattern in comparison to
wild type and NK cell deficient mice. Interestingly, NK cell deficient mice did not
show increased infiltrative pattern, however NK cell deficiency resulted in
significant increase in the number of hepatic metastases and significant increase in
stage 2 nodular and infiltrative metastases. Finally, we investigated how loss of the
protective functions of PEDF and NK cells affected infiltration of host protective
immune cells in the liver. FACS data evidenced an increase in myeloid derived
suppressor cells (MDSCs) and tumor associated dendritic cells, suggesting that NK
cell or PEDF loss promote an immunosuppressed tumor microenvironment that
facilitates tumor growth.
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Introduction

Epidemiology of Uveal Melanoma

Uveal Melanoma is the most common form of malignant intraocular tumor in
adults (Woll et al. 1999, Miyamoto et al. 2012). Uveal melanoma typically arises in
the choroid, ciliary body, or iris, with 80% of neoplasms manifesting in the choroid
(Figure 1)(Miyamoto et al. 2012). Uveal melanoma is considered a distinct entity
compared to cutaneous melanoma, with 5% of all melanomas occurring in the eye
(Albert et al. 1996, Woll et al. 1999). Uveal melanoma has a worse overall prognosis
in comparison to cutaneous melanoma with a 15-year survival rate of 53%
compared to 95% for cutaneous melanoma(Woll et al. 1999, McKinnon et al. 2003).
Caucasians have an 8 times greater risk of disease than African Americans and three
times greater risk than Asians. The causal role of UV radiation in disease is debated
as the incidence of uveal melanoma has not increased during the last 40 years in
comparison to cutaneous melanoma, and there is not a higher incidence of
tumorigenesis in more light exposed areas of the eye (Woll et al. 1999). Uveal
melanoma Kkills about half of those diagnosed; most succumbing to metastatic
disease (Eagle 2013). The liver is the main site of metastasis; about 71% of patients
with uveal melanoma develop liver metastases as the first or secondary site of
metastasis (Woll et al. 1999, Eagle 2013). The mortality rate of patients with uveal
melanoma has not significantly changed since 1973 due to the lack of an effective

clinical treatment for metastatic disease (Miyamoto et al. 2012).

The Biology of the Primary Tumor

Uveal melanoma is a malignant neoplasm derived from uveal melanocytes



(Eagle 2013). The human eye consists of 3 layers: the cornea and sclera, the retina,
and the uveal tract. The uveal tract is highly vascularized and is composed of three
topographic sites: the iris, the ciliary body, and the choroid. Uveal melanocytes are
neural crest derived cells located in the uveal tract (Hu et al. 2008). Benign nevi and
malignant melanomas are derived from the uveal melanocytes and can arise in the
iris, ciliary body, or choroid (Figure 1). The choroid is the most common site of
neoplasm growth (80%), followed by the ciliary body (10%), and iris
(10%)(Miyamoto et al. 2012). The melanocytes are a source of melanin, which is
thought to be protective against several ocular diseases. Melanin in the uveal tract,
more specifically the choroid and ciliary body, protects uveal melanocytes from
oxidative stress and malignant transformation. UV radiation and biochemical
activity produce reactive oxygen species, which can induce malignant

transformation of uveal melanocytes (Hu et al. 2008) .

The choroid itself is highly vascularized, and the tumor choroid interface is
essential in tumor development and vascularization. It is hypothesized that the
tumor in the choroid co-opts off the mature vessels allowing tumor cells to receive
oxygen and nutrients. Co-option of the mature choroidal vascular network feeds the
initial neoplasm at its margins until the tumor is able to develop its own vasculature
(Pina et al. 2009). Uveal melanoma typically presents as a dome shaped or nodular
mass that forms into a mushroom-like protrusion due to the tumor rupturing the

Bruch membrane (Miyamoto et al. 2012, Eagle 2013).
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Figure 1 Uveal Melanoma in the Eye. Three layers compose the human eye: the
cornea and sclera, the retina, and the uveal tract. The uveal tract is further composed
of iris, ciliary body, and choroid. Uveal melanocytes within the uveal tract protect the
eye from oxidative damage through the production of melanin. Uveal melanomas are
derived from these melanocytes and lesions can arise in the choroid, ciliary body, or
iris (Hu et al. 2008).



Diagnosis, Treatment, and Prognosis

Patients with uveal melanoma may present with symptoms such as blurred
vision, metamorphopsia, visual field loss, flashes, or pain. However, a significant
number of patients are asymptomatic and disease is detected during routine
examination (Materin 2011, Miyamoto et al. 2012). Patients are clinically assessed
by indirect opthlamoscopy, fundus photography, ultrasonography, and biopsy.
Treatment options for uveal melanoma include surgical excision or enucleation,
brachytherapy, and proton beam therapy (Materin 2011, Damato and Damato
2012). Treatment is usually dependent on tumor size, location, and the extent of
disease. Early diagnosis and treatment may increase chances of vision conservation
(Damato and Damato 2012). The first choice of treatment is usually brachytherapy
with either iodine-125 or ruthenium-106 plaque (Materin 2011). However, about
20% of patients require enucleation as the primary treatment or following
unsuccessful brachytherapy (Damato and Damato 2012). Despite advances in
treatment, the 5-year survival rate of patients remained steady at 80% over a 35

year period (Singh et al. 2011).

Clinical and pathological factors are important in determining patient
prognosis including: nucleoli size, tumor size, mitotic activity, tumor-infiltrating
lymphocytes, age, and vascular patterns (Miyamoto et al. 2012). A worse prognosis
is correlated with tumor size and invasion, invasion of sclera and/or optic nerve,
and presence of an orange pigment. The location of the tumor is also important;
patients with lesions in the choroid or ciliary body have a 54% 15-year survival rate,

while patients presenting with lesions in the iris have a much better prognosis with



a mortality of less than 4% (Woll et al. 1999). An increased number of tumor
infiltrating lymphocytes such as B- and T-lymphocytes are correlated with
decreased survival (de la Cruz PO Jr., Miyamoto). Based on these prognostic factors,
researchers developed a computerized system for determining patient prognosis
from histological slides using multivariate analysis. Gamal and associates found that
13 variables strongly correlated with malignant potential and patient mortality

(Gamel et al. 1982)

Uveal melanomas can be further classified by gene expression profiling (GEP)
into class 1 and class 2 melanomas, in which class 1 patients have a lower risk of
metastasis than class 2 (Harbour et al. 2010). Class 2 tumors have more than a 90%
risk of metastasis in comparison to class 1 at less than 5% (Eagle 2013). The gene
expression profile of class 1 melanomas resembles that of melanocytes while class 2
melanomas resemble primitive neural or ectodermal stem cells (Materin 2011,
Eagle 2013). Furthermore, class 2 tumors show increased genomic instability and
chromosomal abnormalities such as monosomy 3 (Eagle 2013). Monosomy 3 is an
important predictor of survival, as it confers greater metastatic potential and
rapidly progressive disease (Figure 2) (Abdel-Rahman et al. 2012). Tumors with
loss of chromosome 3 contain a greater number of chromosomal abnormalities, and
gain of metastatic competence (Landreville et al. 2008). Loss of chromosome 3 is
also strongly correlated with inactivating somatic mutations of the gene encoding
BAP1 (BRCA1- associated protein 1). The BAP1 gene is located at chromosome
3p21. BAP1 mutations coincide with the onset of metastatic progression and have

been implicated as a key factor of metastatic competence and as a potential



therapeutic target (Harbour et al. 2010).

Additional studies of uveal melanoma have identified activating mutations in
GNAQ or GNA11 that appear to occur early in tumor development (Figure 2) (Van
Raamsdonk et al. 2009). Both GNAQ and GNA11 encode the G protein alpha-subunit,
Gag, which is a member of the q class of G proteins alpha-subunits involved in
mediating downstream signaling in the RAF/MEK/ERK pathway (Eagle 2013, Xu et
al. 2014). Mutations in GNAQ or GNA11 result in constitutively active G-protein due
to decreased GTP hydrolysis— this leads to upregulating activation of the

MAPKinase pathway (Xu et al. 2014).

Metastatic Disease and Dissemination to the Liver

At the time of diagnosis, roughly 5% of patients present with metastatic
disease (Woll et al. 1999). There are two contributing hypotheses as to why the liver
is the major site of metastasis: 1) the liver provides a microenvironment conducive
for engraftment of circulating melanoma cells and 2) homing of tumor cells to the

liver by secreted ligands (Bakalian et al. 2008).

The epithelial to mesenchymal transition of primary tumor cells promotes
intravasation into the bloodstream and ensuing distant metastases. Although it is
still unknown what factors specifically promote dissemination of uveal melanoma
cells from the eye, research has implicated both ZEB1 and Twist1 as mediators of
EMT (Asnaghi et al. 2015). TWIST1 and ZEB1 are known repressors of E-cadherin
transcription, mediating loss of E-cadherin, which allows tumor cells to assume a

more invasive and motile phenotype (Cantore et al. 1994). However, research by



Onken and associates, suggests a paradoxical role for E-cadherin in UM metastasis.

As previously mentioned, GEP class 2 uveal melanomas have a higher
propensity to metastasize (Onken et al. 2004). Gene ontology revealed that class 2
tumors exhibited epithelial-like features by down-regulating neural crest and
melanocyte-specific genes and up-regulating epithelial specific genes such as
expression of E-cadherin (Onken et al. 2006). There are no lymphatics in the eye
and therefore uveal melanoma cells exclusively metastasize hematogenously (Woll
et al. 1999). Up-regulation of E-cadherin is associated with gastric cancers that
hematogenously metastasize to the liver and advanced hepatocellular carcinoma.
Similarly, cutaneous melanomas in advanced stages re-express E-cadherin. E-
cadherin up regulation in class 2 melanomas may confer anchorage independent
growth that allows tumor cells to dissociate from the primary tumor and survive

during transit in the bloodstream to distant sites (Onken et al. 2006).

Hypoxia in the primary tumor promotes intravasation by inducing
production of hypoxia factors and MMP’s that increase vascular permeability (Lu
and Kang 2010). Circulating tumor cells first encounter capillary beds in the lungs
via pulmonary circulation, yet uveal melanoma predominantly metastasizes to the
liver (Bakalian et al. 2008). One hypothesis for the mechanism behind this selective
metastasis is Paget’s “Seed and Soil” theory, postulating that the liver
microenvironment provides a “fertile” niche for the tumor cells to survive and

proliferate (Vidal-Vanaclocha 2008). Studies have shown high levels of c-Met

expression in the primary tumor of patients who developed liver metastasis (Figure



2) (Bakalian et al. 2008). Research has shown that hepatocyte growth factor (HGF),
the c-Met receptor ligand, is secreted by the liver into the blood stream; thereby,
creating a gradient that contributes to liver specific metastasis (Mallikarjuna et al.
2007, Bakalian et al. 2008). In vitro experiments with primary uveal melanomas
have shown that human uveal melanoma cells become highly motile and invasive in
the presence of HGF, further supporting the suggested mechanism (Woodward et al.
2002). Recent work with uveal melanoma has also shown that some tumors express
the chemokine receptor CXCR4 (Figure 2). CXCR4 activation by stromal derived
factor-1 (SDF1) leads to a variety of signal transduction pathways, and regulation of
cellular survival, proliferation, adhesion, and migration. It is hypothesized that uveal
melanoma cells exploit this system to extravasate and home to the liver through the

chemotactic gradient (Bakalian et al. 2008, Grossniklaus 2013).



Uveal Melanoma

c-Met
Increased GNAQ/ GNAII
metastatic \l/
potential

Proliferation Proliferation, migration,

/ \ cell survival

Class1 UM Class2 UM
(low metastatic (high metastaticrisk)
risk)

Monosomy 3

1

BAP1

\ s

Increased
metastatic
potential

Figure 2. Pathways to tumorigenesis in uveal melanoma. Mutations in
GNAQ/GNAII occur early in tumorigenesis and are hypothesized to be important in
initial tumor development (Eagle 2013, Xu et al. 2014). Constitutive activation of
GNAQ or GNA11 leads to upregulating activation of the MAPKinase pathway (Xu et
al. 2014). Uveal melanoma primary tumors have been shown to express high levels
of c-Met. The liver secretes HGF, the receptor ligand of c-Met, into the bloodstream
and uveal melanoma cells exploit this chemotactic gradient to metastasize to the
liver (Mallikarjuna et al. 2007, Bakalian et al. 2008). Some uveal melanoma tumors
also express the chemokine receptor CXCR4. CXCR4 is activated by SDF1, and
activation by SDF1 leads to multiple pathways regulating cellular survival,
proliferation, adhesion, and migration GEP data revealed that class 2 melanomas
have increased genomic instability and chromosomal abnormalities such as
monosomy 3. Loss of chromosome 3 confers increased metastatic potential and is
strongly correlated with somatic mutation of the gene BAP1 (Landreville et al.
2008, Harbour et al. 2010). BAP1 mutation leads to increased metastatic
competence and has been implicated as a therapeutic target
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Liver Microniche in Progression from Micrometastases to Macrometastases
The liver filters venous blood from the intra-abdominal viscera and about
30% of cardiac output which makes the organ a common site of metastasis for
circulating tumor cells (Vidal-Vanaclocha 2008). The hepatic lobule is shaped like a
hexagon (Figure 3A). Six repeating patterns of blood vessels, or portal tracts,
comprise the six corners of the lobule. The portal tract contains the portal venule,
hepatic arteriole, and bile duct. At the center of the lobule is the central lobular vein,
which drains deoxygenated blood from the sinusoids. The portal vein, including
branches of the splenic vein, gives rise to portal venules and the hepatic artery gives
rise to the hepatic arterioles. The portal venule and hepatic arteriole feed the
sinusoidal space, which is lined by endothelial cells and resident macrophages, also
known as Kupffer cells, and forms a microvasculature among the hepatocytes of
hepatic lobule. Hepatocytes and fibroblasts, called hepatic stellate cells, surround
the sinusoidal spaces. Blood from both the hepatic arteriole and portal venule flows
through the sinusoidal space and drains into the central lobular vein where it is
returned to systemic circulation (Vidal-Vanaclocha 2008). The liver’s importance in
circulation and filtration makes the organ a potential stopping point for circulating
tumor cells. Metastatic tumor cells are filtered through the sinusoidal space and this
filtration leads to mechanical arrest of tumor cells either in the periportal or lobular

spaces (Figure 3B)(Vidal-Vanaclocha 2008, Grossniklaus 2013).

The liver presents a unique environment for tumor cells. There is evidence
that once in the liver, uveal melanoma cells are able to form dormant

micrometastases (Grossniklaus 2013). These dormant metastases are then able to
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progress from dormant stage 1 metastases to avascular stage 2 metastases to
vascularized stage 3 metastases following an "angiogenenic switch” (Grossniklaus
2013). Hepatic stellate cells and fibroblasts can respond to tumor-derived factors
and contribute to blood vessel generation and tumor associated stroma (Vidal-
Vanaclocha 2008). Activated hepatic stellate cells become smooth muscle actin-
positive myofibrasts and invade the tumor area providing the metastatic cells with
scaffolding for tumor growth prior to new blood vessel development (Vidal-
Vanaclocha 2008, Grossniklaus 2013). Micrometastasis are also able to co-opt off
the existing vasculature or serum in the sinusoidal space. Vascular endothelial
growth factor (VEGF) stimulates endothelial cell growth and tumor angiogenesis.
VEGF is overexpressed in uveal melanoma and is correlated with tumor growth
(Yang et al. 2010). Tumor cells can also induce production of pro-inflammatory
cytokines from tumor-activated endothelial cells that promote tumor-endothelial
cell adhesion and VEGF-dependent proliferation (Vidal-Vanaclocha 2008,

Grossniklaus 2013).

Nodular and Infiltrative Growth Patterns

There are two observed metastatic growth patterns of uveal melanoma in the
liver. Tumors grow either adjacent to the portal venule effacing the surrounding
hepatic parenchyma, or the tumors invade hepatic lobule and replace healthy
hepatocytes (Figure 3C); these patterns respectively are referred to as the nodular,
and infiltrative patterns (Grossniklaus 2013). In the nodular pattern, the
hepatocytes are pushed aside destroying the preexisting liver architecture and the

hepatocytes are separated from the tumor cells by a thin layer of reticulin fibers.
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Conversely, metastatic cells in the infiltrative pattern, invade the liver parenchyma
without disturbing the pre-existing liver structure at the interface (Van den Eynden
et al. 2013). Previous observations have shown that these distinct growth patterns
are not random and must be the result of interactions between tumor cells and the
microenvironment (Van den Eynden et al. 2013). These patterns may also be due to
the first occurrence of tumor cells in either the lobule or adjacent to the terminal
branch of the portal vein. Both of these patterns may be seen in the same liver

(Grossniklaus 2013).
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Figure 3 Nodular Vs. Infiltrative Pattern. A) The hepatic lobule is shaped like a
hexagon with the portal triad repeating to form its 6 apices. The portal triad is
comprised of a portal venule (blue), a hepatic arteriole (red), and a bile duct
(vellow). Blood flows from the triad through the sinusoids to the central lobular
vein (green). B) The sinusoidal spaces are lined by hepatocytes (tan) and
endothelial cells (not pictured). Uveal melanoma cells metastasize
hematogenously and arrive in the liver through the hepatic arteriole or portal
venule. These circulating tumor cells can arrest in the hepatic lobule adjacent to
the portal triad or within the sinusoidal space. C) In the liver there are two
observed growth patterns of uveal melanoma. The nodular pattern in which
melanoma cells are adjacent to the portal venule, and efface the surrounding
hepatocytes. In the infiltrative pattern, tumor cells fill the sinusoidal space, Kill,
and replace healthy hepatocytes (Grossniklaus et al. 2014).
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Intrinsic Defense of the Hepatic Sinusoid

In the liver, cytotoxic and phagocytic immune cells preferentially reside in
the sinusoids and periportal area of the hepatic lobule. In the sinusoids these cells
are able to remove most circulating tumor cells, derived primary metastases, that
pass through the liver (Vidal-Vanaclocha 2008). Kupffer cells, NK cells, and
endothelial cells coordinate the major defense mechanisms of the liver against
circulating tumor cells (Vidal-Vanaclocha 2008). Hepatic sinusoidal endothelial cells
(HSECs) line the sinusoids of the hepatic lobule. Clusters of invading tumor cells can
block sinusoidal spaces, inducing ischemia and subsequent inflammatory response
(Van den Eynden et al. 2013). In response, local HSECs and Kupffer cells release
nitric oxide and reactive oxygen species, which can lead to tumor cell damage and
death. Kupffer cells are tumoricidal bone-marrow derived macrophages than can
phagocytose and clear cancer cells (Vidal-Vanaclocha 2008, Van den Eynden et al.
2013). Kupffer cells can also release cytokines, like IFN-y, that modulate the innate
immune response by activating other immune cells such as hepatic NK cells (Vidal-

Vanaclocha 2008, Van den Eynden et al. 2013).

Role of the Immune Response and Natural Killer Cells in Tumor Progression
The immune response to cancer is well known to have both an inhibitory
effect and tumor-promoting effect on regulation of metastasis. Natural killer cells
(NK cells) are large granular lymphocytes that are a part of the innate immune
response, and have cytolytic activity against tumor cells and infected cells (Harning
et al. 1989). The “missing self” hypothesis states that NK cells are able to recognize

and eliminate cells that do not express major histocompatibility complex (MHC)
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class I molecules. NK cells have the ability to differentiate between normal and
aberrant cells, and in turn lyse cells that are transformed, or virus infected (Hans-
Gustaf 1990). The MHC molecule binds peptides from pathogens and presents them
on the cell surface for T-cell recognition. NK cells can kill certain tumors with low or
no expression of MHC 1 class molecules; however, studies have shown that it is
difficult to identify what modifications in MHC expression cause NK cells to either

lyse or spare abnormal cells (Hans-Gustaf 1990).

There is increasing evidence that NK cells eliminate metastatic uveal
melanoma cells in the liver (Yang et al. 2004 ). Expression of MHC is necessary for an
effective anti-tumor T-cell response; however, the presence of MHC class |
molecules suppresses NK cells (Blom et al. 1997). NK cells are able to eliminate
tumor cells expressing low MHC class I in the liver (Yang et al. 2004). In uveal
melanoma patients, high expression of MHC was correlated with death from
metastases, suggesting that NK cells play an essential role in immune response to
uveal melanoma metastases (Blom et al. 1997). NK cell depletion leads to significant
reduction in the clearance of uveal melanoma cells from the liver and more
extensive metastases (Ma et al. 1995). Previous experiments in the Grossniklaus lab
showed that enhanced hepatic NK cell activity induced by IFN- aZb treatment
decreased hepatic micrometastases (Yang et al. 2004). The proposed mechanism for
NK cell anti-tumor activity is through a series of autocrine and paracrine loops
(Figure 4). Following endothelial cell damage in the sinusoidal space, caused by
micrometastases, the damaged endothelial cells secrete IL-12 and express vascular

adhesion molecule (VCAM) -1, -4, -6, which recruit NK cells to the sinusoidal space.
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NK cells secrete IFN-y, a cytokine that is essential to innate and adaptive immunity,
which potentiates macrophage and NK activity. IFN- a2b enhances NK cell activity
by boosting IFN-y expression by NK cells (Yang et al. 2004). IFN-y secretion also
further potentiates NK cell activity by stimulating T-lymphocytes that secrete IL-10.
Secretion of IL-18 and IL-12 by the damaged endothelial cells, directly recruits B-
lymphocytes, which also potentiate NK cell activity (Yang et al. 2004). While NK cells
have a cytolytic effect on uveal melanoma cells, they also block basic fibroblast
growth factor (bFGF) and tumor angiogenesis (Harning et al. 1989, Yang et al.

2004).
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Figure 4 Proposed Mechanism of Interferon enhanced NK cell activity.
Hepatic micrometastases in the sinusoidal space cause sinusoidal endothelial cell
damage. In response, damaged endothelial cells secrete IL-12 and express VCAMs
-1, -4, -6, which recruit NK cells to the sinusoidal space. IFN- a2b enhances the
activity of IFN- y expressing NK cells. IFN- y produced by the NK cells also
stimulates T-lymphocytes to secrete IL-10, which further potentiates NK cell
activity. Secretion of IL-12 by damaged endothelial cells also recruits B-
lymphocytes to the sinusoidal space. The B-lymphocytes further potentiate NK
cell activity. In addition to the direct melanoma-killing effect, NK cells block bFGF

thus downregulating angiogenesis (Yang et al. 2004).
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Anti-Asialo GM1 induced NK deficiency

Anti-asialo GM1 is a rabbit polyclonal antibody that reacts with asialo
ganglio-N-tetraosylceramide (asialo-GM1), a glycoprotein that is present on mouse
NK cells and a subset of monocytes. The antibody specifically recognizes asialo-gm1
and not other glycolipids (eBioscience). A detailed mechanism of the in vivo effects
of anti-asialo GM1 remains unclear, but the decrease in NK cells is attributed to ab-
mediated lysis. NK cell activity is effectively abolished with repeated injection of
anti-asialo GM1 serum (Habu et al.). In a study conducted by the Grossniklaus lab,
NK cell depletion by cytotoxic treatment with anti-asialo GM1 resulted in greater
hepatic tumor burden (Dithmar et al. 1999). The study used B16LS9 murine
melanoma cells, which also express low levels of MHC class I and high levels of c-
MET, similar to human uveal melanoma. Human uveal melanoma cells that express
low levels of MHC class I molecules are susceptible to NK cell-mediated lysis in vitro

and in vivo (Dithmar et al.).

VEGF: PEDF Ratio Mediates Tumor Progression

Vascular endothelial growth factor (VEGF) and pigment epithelium-derived
factor (PEDF) both play a central role in tumor angiogenesis and stromagenesis
(Lattier et al. 2013). Angiogenesis is essential for tumor progression from micro- to
macro-metastases (Hicklin and Ellis 2005). As tumor cells become hypoxic they
secrete VEGF, thus recruiting host vascular endothelial cells to the metastatic area
(Lattier et al. 2013). Stromagenesis provides a scaffold for new blood vessels and
tumor growth, by activating hepatic stellate cells into a migratory state and also

forming ECM components such as type I and type II collagen (Vidal-Vanaclocha
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2008, Lattier et al. 2013) PEDF, produced by hepatocytes, inhibits angiogenesis and
stromagenesis (Dawson et al. 1999, Lattier et al. 2013). PEDF inhibits angiogenesis
by inducing endothelial cell apoptosis through various apoptotic pathways including
Fas/FasL and cleavage of caspases 8 and 9 (Volpert et al. 2002, Chen et al. 2006,
Lattier et al. 2013). PEDF exerts its anti-angiogenic effect on VEGF by inhibiting
ligand binding to VEGF receptors 1 and 2 (Cai et al. 2006, Zhang et al. 2006). PEDF
also induces apoptosis in HSC’s, inhibiting stromagenesis (Ho et al. 2010, Lattier et
al. 2013). Hypoxia induces degradation of PEDF by matrix metalloproteinases MMP-
2 and MMP-9, which are secreted by tumor cells (Notari et al. 2010, Lattier et al.
2013). This finding suggests that in a hypoxic environment, tumor cells are able to
down-regulate host PEDF as they progress (Fernandez-Barral et al. 2012, Lattier et
al. 2013). The VEGF:PEDF ratio is increased as tumor cell production of VEGF
continues uninhibited by PEDF which is normally produced by host hepatocytes. An
increase in the VEGF:PEDF ratio is a proposed mechanism for “angiogenic switch” in
uveal melanoma (Yang et al. 2006). In a study done by Lattier et al., knockout of host
PEDF led to increased metastatic progression. When host PEDF is lost, there was
increased prevalence of macrometastases (< 200 um), and mean vascular density
increased in metastatic tissue. These findings suggest that when the VEGF: PEDF
ratio is increased stromagenesis and angiogenesis are potentiated in metastatic
tissue resulting in tumor progression. Host PEDF has a clear effect on preventing
tumor progression (Lattier et al. 2013). In addition to hepatocytes, fibroblasts, or
hepatic stellate cells, are able to produce PEDF that attenuates progression of

metastatic melanoma. Recent research has shown that melanoma cells are able to
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induce the tumor-promoting phenotype of cancer-associated fibroblasts by
inhibiting the tumor-suppressive properties of fibroblasts. Melanoma cells secrete
PDGF-BB and TGF-f, which suppresses fibroblast-derived PEDF in tumor-associated

fibroblasts (Nwani et al. 2016).

Central Hypothesis and Project Focus

The purpose of my work is to determine if PEDF and NK cells are able to
attenuate the progression of metastatic uveal melanoma in the nodular and
infiltrative pattern. There are two hepatic compartments involved in the metastatic
process: the periportal area, and sinusoidal spaces. In the nodular pattern of
metastasis, tumors become established adjacent to the portal venule and efface the
surrounding hepatocytes; whereas, in the infiltrative pattern of metastasis tumors
invade the sinusoidal space and replace the hepatic lobule. Preliminary data shows
that PEDF and NK cells have important protective roles against the progression of
micro- to macro-metastases. Our reasoning is host PEDF, produced by hepatocytes
and stromal cells, prevents growth of metastases in the nodular pattern based on
previous observations that show when host PEDF is knocked out melanoma cells in
the nodular pattern are able to proliferate in the periportal area by co-opting the
vasculature of the portal triad. Preliminary observations have shown that NK cells
are recruited to the sinusoidal spaces, and elimination of NK cells allows melanoma
cells to evade being targeted by the innate immune response, thus enabling the
tumor cells to proliferate in the sinusoidal space by receiving nourishment from
serum that is present. In order to further investigate these observations, we

hypothesized that the uveal melanoma mouse models, where NK cell infiltration or
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PEDF secretion would be interrupted would exhibit different ratios of the
infiltrative and nodular growth patterns versus controls. The nodular pattern would
predominate in the PEDF KO model due to loss of PEDF’s antagonistic effect on
tumor cell-mediated angiogenesis in the periportal area. NK cell deficient mice
would predominantly exhibit metastases of the infiltrative pattern due to the
absence of NK cell protection in the sinusoidal space. Lastly, to address this
hypothesis, we designed three mouse melanoma models by injecting B16LS9
melanoma cells into the right eye of mice with C57BL6 background. The cells were
allowed to metastasize to liver, and the liver was histologically evaluated for
metastasis type, size, and distribution. Tumor vascularization was also examined
through quantification of mean vascular density. FACS analysis was utilized to
measure NK cell activity and to investigate the effect of NK cell depletion on other

hepatic lymphocyte populations.
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Methods and Materials

Cell Culture

Mouse melanoma cell lines B16-LS9 were cultured at 37°C in a 5% COZ2 incubator.
The complete culture medium included RPMI11640 with HEPES, L-glutamine, 10%
FBS, 1% nonessential amino acids, 1% sodium pyruvate solution, 1% MEM vitamin
solution, and a 1% antibiotic-antimycotic solution. Cells were grown to 90%
confluence, and then they were washed three times with Hank’s solution,

trypsinized and expanded for use in all experiments (Yang et al. 2004).

Mouse Model

Eight-week old mice were obtained from a Jackson Laboratories (Bar Harbour, ME).
All experiments were performed in compliance with the Association for Research in
Vision and Ophthalmology (ARVO) Statement for the use of animals in Ophthalmic
and Visual Research and with the Institutional Animal Care and Use Committee
policies and procedures. B16-LS9 mouse melanoma cells (courtesy of Dario
Rusciano, Friedrich Miescher Institute, Basel Switzerland) were chosen because they
mimic human disease progression of melanoma cell metastasis to the liver, express
high levels of c-Met, and fail to express MHC class I antigen as demonstrated in
previous experiments (Diaz et al. 1999, Dithmar et al. 1999). All mice used in this
experiment were C57BL/6 background and injected with B16LS9 murine melanoma
cells to ensure that genetic variability and immune competence did not affect the

results apart from the manipulated variable.
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Inoculation of Melanoma Cells into the Posterior Compartment of the Eye

Eight-week old female C57BL/6 mice and C57BL/6 PEDF KO mice with healthy eyes
were inoculated in the uveal layer of the right eye with 5x 10> B16-LS9 melanoma
cells in 2.5uL phosphate buffer solution. The mice were anesthetized by
intraperitoneal injection of 100mg/kg ketamine and 12mg/kg xylazine mixture in
phosphate buffer solution. The cells were injected into the posterior compartment
of the right eye by preparing a passageway with a 30-gauge needle under guidance
of a dissection microscope. The inoculated eyes were enucleated after one week and
28 days post injection the mice were euthanized and livers were collected and
routinely processed for histological evaluation (Diaz et al. 1999, Yang et al. 2004,

Lattier et al. 2013).

Anti-Asialo Gm1-mediated NK Cell Depletion

One group of 15 female C57BL/6 mice was treated with anti-asialo gm1 serum to
deplete NK cells. Anti-Asialo GM1 (Rabbit; Wako Pure Chemical Industries, Osaka,
Japan) stock solution was prepared with 1mL of sterile water. Anti-asialo Gm1 stock
was diluted (1:4) before injection with 1mL of stock solution and 3 mL of phosphate
buffered solution. Mice were given 100 uL IP injections of the anti-asialo Gm 1
serum every 3 days beginning two weeks before inoculation continuing until they

were euthanized (Yang et al. 2004)

Metastasis, Frequency, and Stage Assays

The livers were grossly examined, and submerged in 4% neutral buffered

formaldehyde for routine processing. Formalin fixed-paraffin embedded slides were
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stained with hematoxylin and eosin (H&E) and microscopically evaluated
(Olympus) for metastases. Three sections through the center of each liver were
evaluated for the number of metastases, and the average number per section was
determined, as previously described (Diaz et al. 1999, Yang et al. 2004). To
determine relative metastasis area the sizes of all metastases in a single liver section
were added to calculate a total metastasis area (um?) and averaging this value per
mouse. Metastases were also separated by size into stage 1 micrometastases (<50
um in diameter), stage 2 intermediate metastases (50-200 pm), and stage 3
macrometastases (>200 um). These measurements were also performed in

triplicate sections and averaged per mouse (Lattier et al. 2013).

Evaluation of tumor vascular density

The number of blood vessels per area for metastatic tissue was determined through
H&E staining. The number of blood vessels per 40x high-powered field (HPF) was
calculated and averaged to mean vascular density. An individual vessel was defined
as an area of lumen lined with endothelial cells, while tracts and branches were

counted as separate vessels (Lattier et al. 2013).

Liver Processing for FACS

Mouse livers were processed 24 hours after isolation. Livers were placed in small
dishes with 5mL of RPMI media. Tissue was macerated using a Cell Strainer Pestle
(MIDSCI). The resultant cell suspension was filtered using a Falcon 70um nylon

strainer (BD Biosciences, San Jose, CA) followed by centrifugation at 1500 RPM x 7
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minutes at RT. Cells were resuspended in PBS/1% FBS (Lonza, Walkersville, MD)

and kept on ice until ready for use (Morales, unpublished).

Cell surface labeling

Cell viability was evaluated at the time of cell dissociation. The following primary
antibodies were used to detect surface antigens by incubating the cells on ice for 30
minutes: anti-CD3 (clone 17A2), Brilliant Violet 605, anti-CD4 (clone GK1.5) PerCP-
Cy5.5, anti-CD8a (clone 53-6.7) PE-Cy7, anti-NK1.1 (clone PK136) APC, anti-CD49b
(clone DX5) PE, anti-CD45R/B220 (RA3-6B2) PE-Cy7, anti-CD19 (clone 6D5) PerCP-
Cy5.5, anti-CD11b (clone M1-70) PE, anti-CD11c (clone N418) Brilliant Violet 421,
and anti-Ly-6G/Ly-6C (GR-1) [clone RB6-8C5] APC. All anti-mouse antibodies were
purchased from BioLegend. Samples were washed 3x with PBS/1% FBS. Data
acquisition was done in BD Biosciences LSRII Flow Cytometer and data analysis

performed using Flow]Jo vX.0.0.6 (Morales, unpublished).

Statistical Analysis

To compare the three groups (PEDF KO, NK cell deficient, and WT C57BL6) a one-
way ANOVA with Tukey’s post-test was performed for all assays to determine
statistical significance among groups. When comparing metastasis type among the
three groups a two way ANOVA and Tukey’s post-test was utilized to determine
statistical significance. The value p<0.05 was used to define statistical significance

for all assays. All data was reported with standard error of the mean.
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Results
[A]. Effects of NK cell depletion and PEDF KO on metastasis frequency and size
Three sections through the centers of each liver were microscopically
examined for metastases, and the average number of metastases per liver section
was determined. There was no statistically significant difference in the number of
metastases per section between the wild-type and PEDF KO genotype. Natural killer
cell deficient mice showed a statistically significant increase in the number of
metastases per liver section with a 2.8-fold increase over the wild-type (Figure 5).

These data show that NK cell depletion increases the number of hepatic metastasis.
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Figure 5. Loss of NK cell increases the number of hepatic metastases per liver
section. The total number of metastases per liver section without respect to size
was counted to determine the average. NK cell deficient mice showed a 2.8-fold
increase in hepatic metastases over wild-type mice. Data are reported with standard
error of the mean, n=9, n=9, n=8 respectively, *p<.05 using one-way ANOVA with
Tukey’s post-test.
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Wild-type mice livers predominantly had hepatic stage 1 metastases while NK cell
deficient and PEDF KO mice had increased numbers of stage 2 and stage 3
metastases (Figure 6A). NK cell deficient mice had a statistically significant increase
in stage 2 metastases over the wild-type and PEDF KO genotypes. Wild-type mice
showed no stage 3 metastases while PEDF KO and NK cell deficient mice contained a
greater number of stage 3 metastases. NK cell deficient mice had tumors that were
grossly visible upon initial examination (Figure 6B). These data demonstrate that
loss of PEDF and NK cell function leads to a significant increase in the size of hepatic

metastases.
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Figure 6A. NK cell deficient mice showed statistically significant increase in
the number of stage 2 metastases. The size of individual metastases was
measured in each of the 3 mouse models and staging was determined as stage 1
(<50 um), stage 2 (50-200 um), and stage 3 (>200 um). Wild-type mice livers
contained no stage 3 metastases, while NK cell deficient and PEDF KO had an
increased number of stage 2 and stage 3 metastases. NK cell deficient mice had a
5.7-fold increase in stage 2 metastases over wild-type mice, and 3.2-fold increase
over PEDF KO mice. Data are reported with SEM, n=9, n=9, and n=8 respectively,
*p<.01, ***p<.001, using two-way ANOVA with Tukey’s post-test.
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Figure 6B. Grossly visible macrometastases from NK cell deficient mice.
Macrometastases that were visible to the naked eye following liver harvesting from
NK cell deficient mice. These metastases disrupt normal liver function and usually
lead to liver failure and death.
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[B]. Effects of NK cell depletion and PEDF KO on ratio of infiltrative: nodular
pattern

Depletion of NK cells had no effect on the ratio of infiltrative: nodular pattern
of hepatic metastases. However, PEDF KO mice had an increased percentage of
nodular metastases, which was statistically significant increase in comparison to
wild-type (Figure 7). These data show that PEDF has an inhibitory effect on the
nodular pattern of growth. NK cell deficient mice had a statistically significant
increase in the number of stage 2 nodular metastases in comparison to wild-type
mice, and an increase in stage 2 infiltrative in comparison to both wild-type mice
and PEDF KO mice. There was no statistical significance in the number of stage of 3
hepatic metastases (Figure 8, Figure 9). However, PEDF KO mice had a greater
number of stage and stage 3 nodular metastases, while NK cell deficient mice also
had a greater number of stage 2 and stage 3 metastases of both nodular and
infiltrative pattern in comparison to wild-type mice. Wild-type mice showed no

stage 3 metastases of either infiltrative or nodular pattern.
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Figure 7. PEDF KO mice showed a greater nodular: infiltrative ratio than wild-
type mice. The ratio of infiltrative to nodular metastasis was determined from the
average number of infiltrative and nodular metastases per mouse. The ratios were
then averaged for each group (wild-type, PEDF KO, and NK cell deficient) to
establish an overall average for each experimental group. PEDF KO and NK cell
deficient mice were compared to wild-type mice using a two-way ANOVA with
Tukey’s post-test. Data are reported with standard error of mean, n=9, n=9, n=8
respectively, *p<.05.
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Distribution of Metastases in Infiltrative Pattern
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Figure 8. NK cell deficient mice showed statistically significant increase in the
number of stage 2 infiltrative hepatic metastases. NK cell deficient mice had
significant increase in the number of stage 2 infiltrative metastases in comparison to
wild-type and PEDF KO mice. Data are reported with standard error of the mean,
n=9, n=9, n=8 respectively, ***p<.001 using two-way ANOVA with Tukey’s post-test.
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Distribution of Metastases in Nodular Pattern
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Figure 9. NK cell deficient mice showed statistically significant increase in the
number of stage 2 nodular hepatic metastases. NK cell deficient mice had a
significant increase in the number of stage two nodular in comparison to wild-type
mice. There was no statistical significance in the number of stage of 3 metastases.
However, PEDF KO mice had a greater number of stage 2 and stage 3 nodular
metastases while wild-type mice predominantly showed stage 1 metastases. Data
are reported as standard error of the mean, **p<.01, n=9, n=9, n=8 respectively,
using two-way ANOVA with Tukey’s post-test.
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[C]. Effect of NK cell depletion and PEDF KO in mean vascular density of

metastases.

As per previous results, PEDF KO mice showed the greatest increase in mean
vascular density of metastatic tissue, or the number of blood vessels per 40x high
power field of magnification (40HPF). NK cell depletion, did not have a direct impact
on tumor angiogenesis. NK cell deficient mice had a slight increase in mean vascular
density of metastatic tissue, but this difference was not statistically significant. This
increase in MVD may be attributed to the increase in stage 3 metastases in NK cell
deficient mice. PEDF KO mice showed a 9.1-fold increase in mean vascular density in
comparison to wild-type mice, and a 3.2 increase in comparison to NK cell deficient
mice (Figure 10). These results suggest that PEDF normally functions to inhibit

angiogenesis in hepatic metastases.
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Figure 10. PEDF KO mice had statistically significant increased mean vascular
density in metastatic tissue in comparison to wild-type mice. PEDF KO mice had
9.1-fold increase in mean vascular density in comparison to wild-type mice which
showed no vascularization of metastatic tissue. Data are reported with standard
error of the mean, **p <.01, n=9, n=9, n=8 respectively, using a one-way ANOVA
with Tukey’s post-test.
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[D.] FACS analysis of NK cell population in mouse models

To induce NK cell deficiency, mice were injected intraperitoneally with anti-
asialo GM1 antibody every 3 days beginning two weeks before inoculation and
continuing until the mice were euthanized. Livers were collected and processed for
FACS analysis to asses NK cell activity following treatment with anti-asialo GM1.
FACS analysis revealed significant decrease in NK cells in the liver after 4 weeks of
treatment with anti-asialo GM1(Figure 11A). These results indicate that anti-asialo
GM1 treatment successfully caused NK cell deficiency in the treated group (Figure

11B).
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Figure 11. FACS analysis showed a statistically significant decrease in NK
cells in the livers of GM1 treated mice. A. The number of NK cells as a percentage
of live cells is shown. Livers were harvested from euthanized mice after 4 weeks of
treatment with anti-asialo GM1. Livers were also collected from control and PEDF
KO mice. The total cell population was stained with a cocktail of antibodies against
CD3, Cd49b, and NK1.1 in order to quantify NK cells by FACS. NK 1.1 CD3- isa
marker for all NK cells. CD49b is an integrin expressed by most NK cells. Cells
expressing NK1.1 were further subdivided by the CD49b marker expressed by NKT
cells. B. Anti-asialo GM1 injections significantly reduced NK cells in the livers of
treated mice. Data are reported with standard error of the mean, *p<.05, n=3, using
multiple t-tests (Morales, unpublished).
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[E.] FACS analysis of T cells

FACS analysis of live T cells was also conducted to confirm that anti-asialo
GM1 did not have cytotoxic effects on other lymphocyte populations in the liver.
CD3+ is a marker for all T-cells. CD3+ CD4+ cells are helper T-cells. Most T cells in
the liver are CD8+ T cells. CD8+ T cells have tumoricidal activity. There was no
significant difference in T cell populations in the liver between wild-type mice, PEDF

KO mice, and GM1 treated mice (Figure 12).
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Figure 12. FACS analysis revealed that GM1 did not have a cytotoxic effect on
CD8+ T cells in the livers of treated mice. CD3+ denotes lymphocytes with T-cell
lineage. CD3+CD4+ lymphocytes classify a subset of regulatory T cells. Most T cells
found in the liver are CD3+CD8+ cytotoxic T cells with anti-tumoricidal activity.
There was no statistically significant difference in the percentage T cells in the livers
of wild-type mice, PEDF KO mice, and GM1 treated mice. These data show that anti-
asialo GM1 did not have a cytotoxic effect on T cell populations. Data are reported
with standard error of the mean, *p<.05, n=3, using multiple t-tests (Morales,
unpublished).
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[F.] FACS analysis of B cell populations in mouse models

To determine the status of B cell populations in the liver, FACS analysis was used to
quantify the percentage of mature B cells (B220+CD19+) with respect to all B cells
(B220). Both PEDF KO and GM1 treated mice showed significant reduction in the
CD19 expressing mature B cells (Figure 13). These results correlated with
increased tumor progression in PEDF KO and GM1 treated mice suggesting that
increased tumor burden may be affecting B cell maturation or vice versa. Further
investigation of CD19 negative cells showed that there was significant reduction in
the number mature dendritic cells expressing CD11c¢ (CD19- CD11c+).CD11c
negative cells are referred to as pre-plasmacytoid dendritic cells (McKenna et al.
2005). There was also significant reduction in CD11c+ CD11b+ myeloid dendritic
cells (Figure 14). These results prompted further investigation into expression of
myeloid derived suppressor cells (MDSCs) which are immature myeloid cells that
potently suppress the immune response. MDSCs are Ly6G/C+ CD11b+ expressing
cells. FACS analysis revealed a slight increase in the percentage of MSDC'’s expressed
in PEDF KO, and GM1 treated mice however these results were not statistically

significant (Figure 15).
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Figure 13. FACS analysis revealed a statistically significant decrease in
mature B cells in the livers of PEDF KO mice and GM1 treated mice. A.
Representative images of FACS analysis of B220+ cells divided based on their
expression of CD19. B. The bar graph shows the results of the FACS analysis. Both
PEDF KO, and NK cell deficient mice showed a statistically significant decrease in
the percentage of mature B cells. Data are reported with standard error of the
mean, *p<.05, **p<.001, n=3, using multiple t-tests (Morales, unpublished).
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Figure 14. FACS analysis shows significant decrease in CD11c+ expressing
mature dendritic cells in the livers of PEDF KO mice and GM1 treated mice.
Four distinct populations of B220+CD19neg cells, B220+ CD19neg CD11c+,
B220+CD11b+, B220+CD4+, and CD11b+ CD11c+, were examined. The bar graph
shows the cumulative results of FACS analysis of the four subsets of myeloid derived
cells. PEDF KO mice and GM1 treated mice had a statistically significant decrease in
the percentage of mature dendritic cells. GM1 treated mice had a significant
decrease in CD11b+CD11c+ expressing cells. Data are reported with standard error
of the mean, **p<.01, ***p<.001, n=3, using multiple t-tests (Morales, unpublished).
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Figure 15. FACS analysis showed an increase in myeloid derived suppressor
cells in PEDF KO and GM1 treated mice. MDSCs are Ly6G/C+CD11b+ expressing
cells. Although results are not statistically significant there was slight increase in
MDSCs in PEDF KO and GM1 treated mice. Data are reported with standard error of
the mean, *p<.05, n=3, using multiple t-tests (Morales, unpublished).
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Discussion

In support of our initial hypothesis wild-type mice developed an equal
distribution of metastases in the infiltrative and nodular pattern of growth. Wild-
type mice predominantly developed stage 1 micrometastases, and a few avascular
stage 2 metastases. In comparison to wild-type mice, PEDF KO mice showed a
statistically significant increase in the number of metastases in the nodular pattern
of growth. In addition, PEDF KO mice had a greater number of stage 2 and stage 3
metastases in comparison to wild-type mice. Research has shown that PEDF
produced by hepatocytes is important in suppressing metastatic progression by
inhibiting angiogenesis and stromagenesis within metastases. PEDF inhibits the
angiogenic properties of VEGF by inducing apoptosis in endothelial cells and HSCs.
However, melanoma cells have developed means to suppress PEDF in metastatic
tissue. In hypoxic conditions, melanoma cells and macrophages secrete MMP-2 and
MMP-9 which degrade host PEDF produced by hepatocytes. These findings suggest
that as tumors increase in size they are able to downregulate PEDF and shift the

VEGF: PEDF ratio toward VEGF production.

There is increasing evidence of the protective function of PEDF in inhibiting
metastatic progression, however the contribution of stromal PEDF, derived from
cancer associated fibroblasts, is not well understood. Cancer associated fibroblasts
compose a significant portion of the tumor microenvironment (Kalluri and Zeisberg
2006, Nwani et al. 2016). Crosstalk between tumor cells and host stromal cells
causes host cells to assume cancer associated properties that support tumor growth

(Tlsty and Hein 2001, Nwani et al. 2016). Fibroblasts that express PEDF are able to
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inhibit metastatic progression. Yet, recent studies have shown that PEDF null
melanoma cells suppress PEDF expression in fibroblasts in close contact. These
melanoma cells produce PDGF-BB (platelet-derived growth factor BB) and TGFf
which block PEDF production in cancer associated fibroblasts and in turn diminish
their tumor suppressive properties (Nwani et al. 2016). This mechanism suggests
that in the livers of mice expressing PEDF, melanoma cells may downregulate PEDF
expression in the surrounding stroma diminishing PEDF-mediated inhibition of
tumor progression. This finding potentially explains how tumors in the nodular
pattern of growth are able to establish metastases and proliferate in the PEDF
competent livers. In future experiments, further investigation into fibroblast
expression of PEDF would elucidate the contribution of stromal PEDF in

tumorigenesis.

A parallel hypothesis is that both peripheral blood natural killer cells and
intrinsic hepatic natural killer cells protect the periportal area and sinusoidal space.
Contrary to the original hypothesis, NK cell deficient mice showed increased stage 2
infiltrative and nodular metastases which shows that NK cell deficiency lead to
increased metastatic progression of tumors in both patterns. NK cell deficient mice
also presented with an increased number of hepatic metastasis relative to PEDF KO
and wild type mice. Some metastases were grossly visible and NK cell deficient mice
had an increased number of stage 3 metastases in comparison to wild type mice.
From this data we hypothesize that there are two ways the tumor can be exposed to
the host immune response, and more specifically that infiltrating natural killer cells

from the periphery are protecting the periportal area.
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For this experiment we previously assumed that the periportal area was an
immune privileged site. Peripheral blood (PB) NK cells can be recruited from the
blood to local sites of inflammation in tissue (Hudspeth et al. 2013). NK cells are
important effectors of the innate immune response, and hepatic-NK cells account for
50% of the total liver lymphocyte population. Liver macrophages, or Kupffer cells,
coordinate the immune response, by acting as regulatory cells that can amplify
immune response by producing cytokines and chemokines (Hudspeth et al. 2013).
Our data showed statistically significant increase in the number of stage 2
metastases, this increase may be due to disruption of the paracrine and autocrine
loops coordinating immune response following loss of NK cell function. Mice were
sacrificed 3 weeks after inoculation with tumor cells. Based on the collected data,
mice in the PEDF KO and anti-asialo GM1 treated group would likely have
significantly more stage 3 metastases if they were allowed to live longer. Especially,
in the GM1 treated group because these mice presented grossly visible metastases 3

weeks after inoculation.

Hepatic-NK cells also have enhanced cytolytic potential over PB-NK cells,
which indicate that they likely serve as sentinels in the liver. Hepatic-NK cells are
able to lyse cell lines that are resistant to PB-NK cell cytolysis (Hudspeth et al.
2013). The enhanced cytolytic activity of hepatic NK cells may explain why these
cells have a more potent effect in the sinusoidal spaces, validated by the reduced
number of stage 2 and stage 3 metastases in sinusoidal spaces of PEDF KO and wild-
type mice. Also, this mechanism suggests that PB-NK cells may be working in

conjunction with PEDF to suppress metastasis in the periportal area. PB-NK cells
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and PEDF both have antagonistic effects on cells in the nodular pattern, which could
explain the reduction in stage 2 and stage 3 metastases in wild-type mice. Further
experimentation with immunostaining for lymphocyte infiltration would be crucial

in understanding the role of NK cells in the immune response to tumor cells.

Previous experiments using the TLR-5 agonist Entolimod, and interferon-
aZb reduced the number of hepatic metastases. Mice treated with entolimod
injections had significant reduction in the number of metastatic nodules in the liver.
The mechanism of action behind entolimod’s antimetastatic effect is increased
homing of blood borne NK cells, maturation and activation in the liver (Yang et al.
2016). Similarly, as previously demonstrated in Figure 3, injections of IFN- a2b
enhances the activity of [FN- y expressing NK cells further potentiating hepatic NK
cell activity (Yang et al. 2004). These data again suggest that PB-NK cells and
hepatic-NK cells are crucial components of the innate immune response to tumor

cells in the liver.

Although NK cells are depleted in the NK cell deficient mouse, we
hypothesized that this would not affect other lymphocytes that may have an anti-
melanoma effect. However, FACS analysis revealed a significant reduction in the
number of mature B cells which possibly suggests that immune suppression in the
tumor microenvironment is required for metastatic progression of uveal melanoma.
In addition to NK cell deficiency, increased tumor burden may further
immunosuppression by upregulating MDSC activation thus reducing CD8+ T cell and

NK cell cytotoxicity. Further investigation of B cell populations revealed that PEDF
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KO and NK cell deficient mice showed a statistically significant decrease in CD11c+
expressing mature dendritic cells. CD11c- cells represent a subpopulation of
immature dendritic cells referred to as pre-plasmacytoid dendritic cells, immediate
precursors of plasmacytoid dendritic cells. Plasmacytoid dendritic cells are
responsible for initiating host innate and adaptive immune responses, which results
in indirect/direct activation of monocytes, mature dendritic cells, B cells, NK cells,

and T cells (McKenna et al. 2005).

The tumor cells are able to communicate with the host microenvironment to
induce an immunosuppressive state that promotes tumor progression and reduces
T cell cytotoxicity (Ostrand-Rosenberg et al. 2012). Myeloid-derived suppressor cell
activity is heightened in most malignancies. MDSCs inhibit adaptive and innate
immunity through multiple mechanisms that directly affect CD4+ and CD8+ T cells,
NK cells, and NK cell production of IFNy (Ostrand-Rosenberg et al. 2012). MDSCs are
recruited to the tumor site by a variety of tumor-derived soluble factors that affect

myelopoiesis, myeloid cell mobilization, and activation (Dolcetti et al. 2008).

Defective dendritic cell function is also a commonality in patients with
malignancies. Dendritic cells function as antigen presenting cells that prime the
immune T cell response. Tumor cells are able to disrupt this system to enhance
tumor growth by increasing the number of immature dendritic cells and decreasing
the number of mature dendritic cells (Gabrilovich 2004, Ostrand-Rosenberg et al.
2012). MDSC-DC crosstalk may be responsible for dendritic cell dysfunction (Sinha

et al. 2007, Ostrand-Rosenberg et al. 2012). Studies with melanoma cells
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demonstrate that MDSCs are able to impair DC maturation by reducing antigen
uptake, prevent migration of innate and mature dendritic cells, and block the ability
of dendritic cells to induce IFNy-producing T cells (Ostrand-Rosenberg et al. 2012,
Poschke et al. 2012). Tumor associated dendritic cells produce IL-23 and induce
TH17 cells which contribute to the effects of MDSCs. IL-23 production also fuels
tumor progression by driving TH17 cells which suppress adaptive and innate
immunity (Figure 16) (Ostrand-Rosenberg et al. 2012). This mechanism
exemplifies that tumor cells are able to communicate with cells of the

microenvironment and induce a pro-metastatic environment.

It is important to determine if tumor burden is suppressing B cell
maturation, and negate the possibility that PEDF and anti-asialo GM1 have an effect
on B cell maturation. Current research reveals no direct link between PEDF and B
cells, however, studies have shown that PEDF is an endogenous anti-inflammatory
molecule (Zhang et al. 2006). Further investigation of the mechanism is important to
determine if uveal melanoma cells are able to suppress the B cell mediated immune

response, which may have an impact on immune therapy.

In summary, we found that knockout of PEDF in mice leads to increased
nodular pattern, which shows that PEDF has a distinct role in preventing metastatic
progression of tumors in the periportal area. Depletion of NK cells leads to an
increased number of hepatic metastases and increased stage 2 metastases of both
nodular and infiltrative pattern. This data suggests that NK cells infiltrate both the

periportal area and sinusoidal spaces and protect these compartments from
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metastasis. FACS analysis of liver lymphocyte populations revealed significant
reduction in mature B cells. We hypothesize that increased tumor burden, facilitated
by loss of protective mechanisms, initiates dendritic cell dysfunction and
upregulation of MDSCs that results in an immunosuppressive tumor
microenvironment. We propose a new mechanism in which uveal melanoma cells
are able to inhibit host PEDF and suppress the immune response in the tumor
microenvironment (Figure 17). In hypoxic conditions, melanoma cells degrade host
PEDF by producing MMP-2 and MMP-9. They also inhibit fibroblast-derived PEDF in
tumor associated fibroblasts through PDGF-BB and TGFp. Hepatic and peripheral
blood NK cells normally function to protect the periportal area and sinusoidal space
from metastasis. However, as tumor burden increases, melanoma cells recruit
MDSCs and tumor associated dendritic cells which in turn suppresses cytotoxic T
cell and NK cell activity, and also decreases dendritic cell maturation and antigen
uptake. Combined disruption of PEDF and NK cells protective effects, by melanoma
cells, allows for metastatic progression of tumors in the periportal area and

sinusoidal space.
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Figure 15. Increased tumor burden induces dendritic cell dysfunction and
MDSC activation. Cross-talk between MDSC and tumor associated dendritic cells
promotes metastatic progression of tumor cells. Tumor associated dendritic cells
promote tumor growth by producing IL-23 which suppresses T cell and NK cell
cytotoxicity. IL-23 also stimulates TH17 cells that produce IL-17 which further
supports tumor progression. Increased tumor burden upregulates activation of
MDSCs which decrease DC maturation, antigen uptake, migration, IL-23, [L-12,and T
cell production of IFNy. MDSC accumulation further limits activation of the CD8-
mediated anti-tumor immunity thus facilitating tumor progression (Ostrand-
Rosenberg et al. 2012).
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Figure 17. Melanoma cells inhibit host PEDF and suppress the immune
response to promote metastatic progression in the liver. In normal liver
host PEDF and NK cells protect the periportal area and sinusoidal spaces from
metastasis. However once uveal melanoma become established in the liver,
melanoma cells secrete MMP-2 and MMP-9 to degrade host PEDF produced by
hepatocytes. Melanoma cells recruit fibroblasts to support metastatic growth.
The tumor cells inhibit fibroblast derived PEDF through PDGF-BB and TGFp.
As tumor burden increases, the melanoma cells upregulate MDSCs and tumor
associated dendritic cells. MDSCs and tumor-associated dendritic cells
function to support tumor growth, and suppress the immune response by
downregulating T cell and NK cell cytotoxicity, and by reducing dendritic cell
maturation and antigen uptake.
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