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Abstract

Melanoma is one of the deadliest forms of skin cancer in the United States. The rate of
melanoma diagnoses has been increasing steadily over the past few decades. The growth and
survival of melanoma tumors is affected by many factors, including angiogenesis and the
immune response. Angiogenesis, the growth of new blood vessels, is usually held in check by
pro-angiogenic molecules such as vascular endothelial growth factor, and anti-angiogenic
molecules such as soluble Flt-1 (sFlt-1). In addition, the serum protein Beta2 Glycoprotein I (2-
GPI) both increases and decreases angiogenesis depending on concentration and conformation.
Angiogenesis can alter and be influenced by cells and cytokines produced by the immune
response in the tumor. The immune response including tumor-associated macrophages (TAMS),
can increase angiogenesis, while angiogenesis can control the phenotype of TAMS in the tissue.
We hypothesized that peptides derived from the binding domain of 32-GPI could reduce
melanoma growth by controlling angiogenesis and thus altering TAM phenotypes. We used a
mouse melanoma model and cell culture to determine whether the p2-GPI-derived peptides
regulate angiogenesis to control tumor growth. We found that the peptides reduced tumor growth
by increasing the secretion of sFlt-1 in the tumors. As sFlt-1 is also secreted by macrophages and
can affect macrophage polarization, we investigated whether the f2-GPI-derived peptides could
alter macrophage phenotype. We examined this change in macrophage phenotype by examining
RNA from tumors and bone marrow-derived macrophages (BMDMs) treated with f2-GPI-
derived peptides. We found that treatment with 2-GPI decreased anti-inflammatory cytokines in
BMDMs and altered inflammatory cytokines in the tumors as well. These data indicate that
treatment with B2-GPI-derived peptides reduces melanoma growth through regulation of

angiogenesis and changes in inflammatory response.
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Chapter 1 - Review of the Literature

Diagnoses of melanoma, one of the deadliest forms of skin cancer, have been increasing
over the past few decades. Attributed to an increase in tanning beds and decrease of skin
protection, educational campaigns have been used to improve public awareness of melanoma and
how to prevent it (1, 2). Despite this, the rate of diagnoses still increases every year (1-3). The
rate of deaths due to melanoma does not show a similar increase due to the many therapeutic
treatments discovered each year, ranging from targeted radiation to immunotherapies (3-6).
These therapeutics often result in severe side-effects, and the cost of cancer treatment in the
United States is notoriously high (1, 2, 7, 8). Though the increasing rate of melanoma diagnoses
has not resulted in an increase in deaths, the drawbacks of current treatments have led to research
in further therapeutics.

Melanoma

Melanoma is a form of skin cancer that arises in melanocytes. Though not the most
common form of skin cancer, the rate of melanoma diagnoses has increased in the United States
in the past several decades (1-3). Melanoma incidence rates in the United States doubled through
1982 to 2011 from 9.8 to 19.7 per 100,000 people, and are predicted to increase further through
2030 (4). The incidence of melanoma also differs between sexes, as melanoma has a higher
incidence in women ages 14-49 than men (4-6 per 100,000), but there is higher incidence in men
than women aged 50 years and older (1, 3, 4, 9-11). After age 55, men have an incidence of
anywhere between 23 to 131 per 100,000 higher than women (11). Despite the increase in
diagnoses, the death rate for melanoma in the United States has not shown the same increase as
the incidence. The death rate for melanoma increased by 2.3% from 1975-1982 but began to

slow down with a -0.6% rate of change between 1975-2008 (3). Indeed, the mortality rate has



remained relatively steady with 2.7 per 100,000 people (4). Mortality in melanoma changes with
age, increasing significantly after age 65, and gender, with men having an overall rate of 4.0 and
women having 1.7 per 100,000 people (4). Though the death rate has not risen over the past few
decades as the incidence rate has, melanoma remains a deadly form of cancer and a serious
public health concern

Melanoma is known for metastasizing, but the primary melanoma itself can guide the
treatment of cancer moving forward. Most primary tumors regardless of cancer are categorized
by many indicators, including the size of the tumor, shape, and rate of growth. Unlike other solid
tumors, the diameter of malignant melanoma is not an indicator for cancer stage or malignancy:
instead, patient prognosis relies on the thickness of the tumor (Figure 1.1). The thickness of the
tumor and number of metastases from the melanoma can be directly related to patient survival (3,
6, 10). The diagnostic value of tumor thickness can determine appropriate treatment plans (12,
13).

Melanoma begins at stage 0, also referred to as in situ melanoma, in which the “thin”
(<1.0 mm) melanoma remains in the epidermis and rarely metastasizes (8). Many melanomas are
diagnosed after growing into the “superficial” stage I. Stage | melanoma occurs with radial
growth increasing the diameter, while the tumor remains in the epidermis and can be removed
via surgery (6). Stage | melanoma is still thin (<2.0 mm) and is unlikely to metastasize but may
contain ulcerations on the tumor surface (8). The danger of metastases occurs after the tumor
begins vertical growth, as the tumor reaches the dermis (14, 15). Stage Il melanoma is not
required to have ulceration or metastases, but must have a thickness of up to 4 mm (6, 8).The
thicker stage 111 tumors are associated with small metastases growing in the lymph nodes (8).

Stage IV melanoma is, as with many different cancers, diagnosed with metastases in the brain,



lungs, or liver rather than any criteria for the primary tumor itself (8). However, the key
associations of primary tumor thickness and likelihood of metastases make identification of the

primary tumor essential.

Ulceration

Stage IV

Stage 0 Stage | Stage Il Stage Il

——/

Epidermis

\

Dermis

Tumor cells
metastasizing

Figure 1.1 Melanoma stages are determined by thickness.

In situ, or stage 0, melanomas are very thin and do not grow beyond the epidermis, similar to stage |
melanoma (thickness <2.0 mm). Stage Il melanoma, which may have ulceration, is much thicker (<4.0
mm). Stage 11l melanoma are often ulcerated and have metastasized to local sites or nearby lymph nodes.
Stage IV melanoma is often ulcerated, and includes metastases in the lungs, liver, or brain. Figure based
on (16), and created with BioRender.com

Melanoma is also known for metastasis and recurring tumors even after the main tumor
was removed or treated with chemotherapy (3, 10, 12, 17, 18). This high risk of metastasis is
responsible for melanoma’s reputation as one of the most aggressive and deadly forms of skin
cancer. Primary melanoma tumors >4.0 mm thick have a 62% chance of a second, distinct
melanoma occurring in the same area within three years (10, 13, 15, 17). Despite the aggressive

nature of melanoma, early detection and specialized treatments have prevented the rate of deaths




from increasing alongside the incidence (1, 3, 4, 7). Nonetheless, patients with metastatic
melanoma face a very poor prognosis, with many patients dying within a year of diagnosis and a
25% survival rate after five years (19, 20). Further resistance to surgeries, chemotherapies, and
immunotherapies reinforce cutaneous metastatic melanoma as the most deadly skin cancer (21—
25).

Melanoma is studied in the lab with a primary cell line or, more commonly, an
immortalized cell line. However, like all cancers, each melanoma expresses high heterogeneity
between tumors and within the tumor itself (26-28). Immortalized cell lines, though less
heterogenous, experiments, and mouse models can help discover possible new treatments and
their effects on growth. B16F10 cells are a well-studied immortalized melanoma cell line derived
from C57BI/6 mice with high rates of lung metastases that mimic the metastatic potential of
melanoma (29, 30). Regardless of tumor heterogeneity, there are still reoccurring biological
targets that can be used to reduce or prevent tumor growth.

Angiogenesis

As they grow beyond stage I, tumors become hypoxic and deprived of nutrients,
requiring angiogenesis, the formation of new blood vessels from existing vessels. Angiogenesis
is required for the tumor to grow beyond 2 mm in diameter (31), and is absolutely required for
tumor survival (31-33). Angiogenesis is promoted by hypoxic cells, which secrete pro-
angiogenic factors and chemokines to increase endothelial cell migration and maturation to form
blood vessels (34-37). Once oxygen is properly restored to the cells, anti-angiogenic factors are
released from endothelial cells to restrict angiogenesis and further vessel growth (38-43).

Growth factors such as the essential vascular endothelial growth factor (VEGF) increase



endothelial cell growth and survival and promote new blood vessel growth. Meanwhile,
inhibitors such as angiostatin and sFIt-1 prevent excessive angiogenesis.

The constant signaling for angiogenesis results in extreme dysregulation, caused by high
concentrations of pro-angiogenic secretions and unsustainable blood vessel growth (Reviewed in
28, 30-32). Not only does the increased angiogenesis lead to the rapid production of new blood
vessels, but the vessels produced through tumor angiogenesis are abnormal, often leading to

further hypoxia and continuing the process again (Figure 1.2).

Tumor

Angiogenesis

Tumor growth Abnormal vessels
continues increase vessel
beyond existing pressure, hypoxia
vessels

Further hypoxia
Hypoxia and causes increased
necrosis within angiogenesis
tumor

Figure 1.2 Hypoxia and stimulation of angiogenesis in melanoma.

As tumor growth progresses beyond existing blood vessels, the tumor becomes hypoxic. Lack of oxygen
causes death of the cells within the tumor and causes signaling of pro-angiogenic cytokines. The vessels
that grow from this angiogenesis are disorganized and abnormal, causing increased vessel pressure,
leakage of blood vessels, and further hypoxia. Thus, the resulting hypoxia causes signaling of pro-
angiogenic cytokines and begins the cycle again. Created with BioRender.com.




Abnormal vasculature

The rapid angiogenesis that leads to tumor progression also produces abnormal
vascularization (47, 48). Tumor blood vessels lack pericytes, the stabilizing cells in the lining of
the blood vessels and basement membranes, leading to weak, poorly formed blood vessels (49—
52). The instability in blood vessels leads to leaking, hemorrhage, and collapsing vessels, further
reducing the flow of blood throughout the tumor (47, 49, 53, 54). This lack of blood flow and
compression of vessels by the tumor tissue produces high vascular pressure and damages the
vessels further (54-56). This forms a cycle of continued hypoxia and increased angiogenesis to
restore oxygen to the tumor cells, followed by poor perfusion within the tumor which results in
hypoxia again (57-62).

Along with promoting further angiogenesis, these abnormal vessels assist in immune
evasion, tumor malignancy, and tumor progression (47, 63). The hypoxia causes an increase in
treatment resistance, as the poor perfusion of the blood vessels prevents the dissemination of
treatments throughout the tumor (47, 55, 64). However, new cancer treatments have emerged as
abnormal tumor angiogenesis has been studied (48, 65, 66). Inhibition of hypoxia normalizes
vascularity and inhibit tumor growth (64, 67). Normalization of vascularity results in a lack of
hyperpermeable and damaged vessels, allowing for an enhanced immune response and
chemotherapeutic response (67, 68). Thus, while abnormal vasculature encourages further tumor
progression and survival, targeting tumor angiogenesis can control tumor growth and improve
the success of other treatments. In vitro, angiogenesis can be studied using primary or
immortalized endothelial cell lines. MS1 (Mile Sven 1) cells are an immortalized endothelial cell

line derived from pancreatic islet cells of Mus musculus. A well-examined endothelial cell line,



MS1 cells secrete VEGF and express its receptor (69, 70), and are used as an experimental model

for endothelial cells.

Markers and cytokines involved in angiogenesis

VEGF is a key angiogenesis signaling molecule and mitogen. Originally named vascular
permeability factor (71), VEGF-A (usually referred to simply as VEGF) has multiple isoforms
ranging from 121 to 206 amino acids. The isoforms are encoded by alternative splicing of the
exons of the gene, with the 165 amino acid isoform being the most common and the most
associated with angiogenesis (72, 73). As an endothelial-specific mitogen, VEGF-A promotes
survival in endothelial cells and is necessary for fetal development (74-77).

The other forms of VEGF, VEGF-B, -C, and -D, are not as well understood. VEGF-B has
been associated with myocardial and embryonic angiogenesis in particular (78). VEGF-C and
VEGF-D are associated with lymphangiogenesis, though only VEGF-C has a clear relationship
with angiogenesis (79-83). VEGF-C in particular is associated with tumorigenesis and tumor
growth, and has been used as targets for anti-tumor therapeutics (32, 46, 58, 75, 84). Though
VEGF-A is considered the “main” member of the VEGF family, the other members perform
varied but essential roles in angiogenesis and vasculogenesis.

The VEGF family also features two main receptors, VEGFR1 (a receptor for VEGF-A
and -B) and VEGFR2 (a receptor for VEGF-A and -C), along with VEGFR3, which only binds
to VEGF-D and is associated with lymphangiogenesis (Figure 1.3). KDR (also known as
VEGFR2 and FIk-1) is a key receptor for VEGF in the context of tumor angiogenesis. A cell
surface receptor tyrosine kinase, KDR is necessary for angiogenesis in fetal growth. KDR is

essential for angiogenesis in tumors (85, 86) and thus often upregulated in cancer (69, 87).



As a key regulator of VEGF-A and -B, the fms-like tyrosine kinase receptor Flt-1 (also
known as VEGFR1) was the first of the VEGF receptors identified (88). At 150 kDa, Flt-1 was
originally believed to be a decoy receptor, as the resulting signal was not as strong as KDR, but
FIt-1 was later confirmed to promote signaling for angiogenesis. Knockouts of membrane-bound
FIt-1 significantly hinder angiogenesis due to its function in VEGF signaling (77, 88, 89).
Soluble Flt-1 (sFIt-1) is a truncated form of VEGFRL1 that was first discovered as an endogenous
inhibitor of VEGF (41). sFlt-1 binds VEGF and prevents it from signaling, restricting endothelial
cell activation and angiogenesis (41, 90). Excessive sFlt-1 secretion is associated with
endothelial cell dysfunction, and sFlt-1 concentrations are used as a diagnostic for clinically
hypoxic conditions such as pre-eclampsia (91, 92). Importantly, increased sFIt-1 reduces cancer
growth both by the inhibition of angiogenesis signaling and the reduction of endothelial cell
migration (33, 93). While FIt-1 functions in promoting angiogenesis with VEGF signaling, sFlt-1
functions as an endogenous inhibitor of angiogenesis, offering two different but important results

with the same protein.



B Pro-Angiogenesis

Anti-Angiogenesis

Angiostatin

Figure 1.3 Tumor angiogenesis includes multiple VEGF pathways and surface markers.

A. In angiogenesis, VEGF family includes VEGF-A, B, and C, and two receptors Flt-1 (VEGFR1) and
KDR (VEGFR2). These proteins are essential for the promotion of angiogenesis, while the soluble Flt-1

(sFlt-1) is an angiogenesis inhibitor.

B. Tumor vascularity is dependent on the presence or absence of pro- and anti-angiogenic proteins.
Surface markers such as endoglin and endosialin are used as diagnostic markers for angiogenesis, while
the VEGF family increases angiogenesis. sFIt-1 and angiostatin, however, inhibit angiogenesis and

restrict tumor growth. Created with BioRender.com.

Tumor blood vessels can be identified through several surface markers present on

endothelial cells. Endosialin (CD248; TEML1) was initially identified as a surface protein on




tumor blood vessels (94, 95). Later, endosialin was further characterized as a marker for tumor
angiogenesis expressed differentially on human tumor endothelial cells and embryonic cells, but
not on normal adult tissues (96, 97). Further investigation found increased expression of
endosialin associated with recurrent breast cancer (98) and metastatic melanoma (99), allowing
the surface marker to be targeted for tumor treatments (100).

Endoglin (CD105), is an accessory receptor for TGF- and is highly expressed on
vascular endothelial cells (101). In particular, endoglin is expressed on the rapidly multiplying
endothelial cells of tumor blood vessels (102). Due to its upregulation in tumor blood vessels,
endoglin is used as a diagnostic marker for tumor growth and angiogenesis (101-103). Similarly,
endoglin has been used to determine the efficacy of therapeutic cancer treatments (104, 105).
However, not all histological markers used to measure tumorigenesis are exclusive to tumor
cells. CD31 (PECAM-1) is a 130 kDa membrane glycoprotein expressed on platelets and
endothelial cells (106) and is concentrated in endothelial junctions (106, 107). Clinically, CD31
is used in histology and microscopy to both locate blood vessels and measure the progress of
angiogenesis within tissues (81). While CD3L1 is not exclusive to tumor cells, both CD31 and
endoglin are key markers in monitoring angiogenesis within tumors.

Angiogenesis is also controlled by negative regulation to prevent excessive blood vessel
formation. Angiostatin is an endogenous angiogenesis inhibitor derived from a proteolytic
fragment of plasminogen (108). Angiostatin restricts endothelial growth, and reduces tumor
growth and metastasis, making it an inhibitor of interest in tumor angiogenesis (42, 43).
However, treatments designed to use angiostatin as an anti-tumor therapeutic have not yet been
successful (108, 109). In conclusion, angiogenesis is regulated and identified by many pro- and

anti-angiogenic proteins.
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Beta2 Glycoprotein |

Structure and function

Originally discovered in 1961 (110), Beta2 Glycoprotein I (f2-GPI) is a globular serum
protein that naturally occurs in concentrations near 0.2 mg/mL in the blood (111). Also called
Apolipoprotein H due to its binding to cardiolipin, 2-GPI is also highly conserved, with 88%
homology in mice and 91% in bovines compared to human f2-GPI (112). In particular, there is
nearly 100% conservation in the domain | antibody binding site (RGGMR) and the positively-
charged phospholipid binding site in domain V (CKNKEKKC) between mice, bovines, and
humans (112). A 43-kDa protein with 326 amino acids, 32-GPI contains five sushi, or,
complement control protein (CCP) domains and a flexible hydrophobic “tail” of amino acids
(113, 114). Domains I-IV of B2-GPI are CCP domains containing about 60 amino acids with two
disulfide bonds and a conserved tryptophan. The overall sequence of f2-GPI contains a high
percentage of proline residues (8.3%) and cysteine residues (5%) (113). The cysteines form the
disulfide bonds conserved in CCP domains that hold together the individual CCP domains (115),
and the prolines separate the domain structures within $2-GPI.

Circulating B2-GPI maintains a “closed” globular conformation, concealing the antibody
binding epitopes on the interior of the protein (116). In its circulating state, 32-GPI remains
mostly inert. After binding to moieties such as negatively charged phospholipids and
lipoproteins, B2-GPI “opens”, exposing the neoantigens on domains I and 11 (116, 117) (Figure

1.4). These neoantigens can then be recognized by naturally occurring anti-B2-GPI antibodies

11



(117-119) which bind to epitopes on domains I and 11 (117, 120, 121). This antibody binding can

then initiate the complement cascade, causing cell lysis and inflammatory response.

00000000 000 0.0L.
Figure 1.4 Beta2 glycoprotein | circulates in a globular conformation (A),

before it opens upon binding (B), allowing antibodies to recognize previously hidden
antigens (C)

In contrast to the first four CCP domains, the fifth domain contains a positively charged
site that binds to negatively charged moieties such as phospholipids (114, 122, 123). These
negatively charged phospholipids include those found on the surface of stressed or damaged cells
produced by hypoxia (124). Under hypoxic conditions, negatively charged phospholipids are
“flipped” to the surface of the cell and 2-GPI can then bind (124). In addition, the 20 amino
acid “tail” extension can be inserted into the lipid bilayer or cleaved by plasmin. Though the
“tail” of 2-GPI inserts into the lipid bilayer, it is not necessary for the binding of the protein to
the negatively charged phospholipids (114, 125). The cleavage of the tail results in a functional
“cleaved” or “nicked” form of B2-GPI (114, 125). Though the tail is not necessary for $2-GPI
binding, the fifth domain of the protein contains the binding domain allowing for 2-GPI to bind

and change conformation.
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B2-GPI normally functions in many systems in vivo. In coagulation, 32-GPI inhibits
coagulation through several mechanisms, including the inhibition of thrombin activation and
inhibition of factor H (126, 127). While B2-GPI has been well investigated as an anticoagulant
(126, 128-130), further research has revealed that it can also function as a procoagulant (131—
133). It also inhibits activated protein C, which reduces anticoagulant production (134). With
both pro- and anticoagulant functions, f2-GPI is complex in its function within coagulation.

B2-GPl is also associated with autoimmune disorders, particularly anti-phospholipid
syndrome (APS). In APS, autoantibodies target proteins associated with phospholipids, resulting
in thrombosis and obstetric morbidity and miscarriages. Anti-B2-GPI antibodies are one of the
criteria for an APS diagnosis (135). The other two antibodies required for diagnosis, anti-
cardiolipin and lupus anticoagulant, are believed to be dependent on $2-GPI as well (136). Anti-
cardiolipin, from APS patients binds to 2-GPI on the surface of cells, and lupus anticoagulant
was shown to increase 32-GPI sensitivity (120, 137, 138).

Though the protein contains several “complement control” domains, the exact function of
B2-GPI in the complement system is unclear. B2-GPI was initially found to be a complement
inhibitor (139). It inhibits C3a generation, and enhances C3b cleavage, further limiting
complement (139). However, evidence also suggests that f2-GPI can perform the opposite
function. In APS, antibodies bound to f2-GPI caused complement activation and deposition
(140, 141), suggesting that B2-GPI can initiate and regulate the complement system.

B2-GPI also functions in ischemia and reperfusion (IR), the deprivation of blood flow
followed by a reperfusion of blood and oxygen. Ischemia and the subsequent reperfusion result
in damage to tissue and further inflammation. However, injury from IR is dependent upon

complement activation (142, 143). This complement activation is initiated by p2-GPI after being
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bound by anti-p2-GPI antibodies and activating the classical pathway of complement. Domain V
of B2-GPI and peptides derived from domain V can prevent complement activation and mitigate
damage (144, 145).

Another example of the contrasting functions occurs with 2-GPI and angiogenesis, the
growth of new blood vessels. 2-GPI produces opposing effects on angiogenesis that change
with both conformation and concentration. In both the native and “nicked” forms, lower (<0.4
uM) concentrations of f2-GPI bind angiostatin, an angiogenesis inhibitor, and allow increased
angiogenesis (146). However, both conformations of p2-GPI at higher concentration (>1 uM)
reduce angiogenesis by disrupting endothelial cell cycles and suppressing VEGF (147-149). B2-
GPI also downregulates KDR expression to limit angiogenesis (150). The contrasting functions
regarding angiogenesis may be due to the differences in concentration, but that is unclear.

Peptides

As B2-GPI functions as a neo-antigen during IR, the peptides were designed to compete
with B2-GPI for binding and attenuate the damage. Several 2-GPI —derived peptides were
derived from the lipid-binding region of Domain V. Multiple peptides, including p296 were
derived from overlapping sequences to cover the positively-charged lipid binding domain and the
“tail” that inserts into the lipid membrane (145). A scrambled peptide p16ss was designed as a
scrambled sequence of amino acids to provide a control for peptide treatments. Peptide p296 (H-
IHFYCKNKEKKCYSTVEAHCRDGTI-OH) covered the CKNKEKKC motif responsible for
binding negatively charged phospholipids as previously discussed (112, 114, 145). The presence
of the motif in the peptide allowed for competition with 2-GPI and resulted in a reduction of IR

damage both before and during ischemic events (145, 151).
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Peptide p296¢-s was derived from the same 26 amino acids as p296c-s, with the cysteines
substituted with serines to prevent the formation of disulfide bonds (H-
IHFY SKNKEKKSSYTVEAHSRDGTI-OH) (145, 152) (Figure 1.5). From within p296c-s a
shorter, more cost-effective peptide p9 (SSYTVEAHS) was designed to provide the same
competition. From p9, the retro-inverso peptide RD-p9 (D-SHAEVTYSS) was created utilizing
the D form of the amino acids (151). These smaller peptides also significantly reduced IR-related

damage when administered before or after the ischemic event (145, 151).

p296 (pink): H-IHFYCKNKEKKCYSTVEAHCRDGTI-OH
p296¢-s: H-IHFYSKNKEKKSSYTVEAHSRDGTI-OH
p9 (teal): SSYTVEAHS

RD-p9: D-SHAEVTYSS

Figure 1.5 Peptides derived from domain V of 32-GPI.

Peptides p296 was derived from domain V of f2-GPI, with p296c-s being the same sequence with each
cysteine replaced with serine. p9 was developed from 9 amino acids within p296¢-s, and RD-p9 was formed
with the D-amino acids of p9 in the reverse order. Protein image made in EZMol
(http://www.sbg.bio.ic.ac.uk/ezmol/)
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Macrophages

Macrophages are white blood cells that function as part of the innate immune system.
Circulating in the blood as monocytes, macrophages phagocytose pathogens, apoptotic cells, and
debris. Macrophages also present antigens that have been phagocytosed and secrete distinct
cytokines depending on stimulus. When determining the effects of treatments on cell behavior, in
vitro assays commonly utilize an immortalized cell line for initial experiments. J774A.1 cells are
a macrophage-like cell line derived from Mus musculus (BALB/cN) generated from fluid-filled
ascites from reticulum cell sarcoma. J774A.1 cells continuously secrete IL-1p, are capable of
antibody dependent phagocytosis, and their growth is halted by LPS (153-155).

A better metric of macrophage behavior can be determined using bone marrow-derived
macrophages (BMDMs). This term includes naive stem cells that have been removed from the
bone marrow of mice that are then differentiated into macrophages in culture. The differentiation
of stem cells into monocytes is done by culturing them in media that contains colony-stimulating
factor 1 (M-CSF or CSF-1). The addition of the M-CSF, a hematopoietic growth factor, will
differentiate the cells into a homogenous population of macrophages (156). These macrophages
can then be polarized to different phenotypes for further experimentation.

Macrophage phenotypes

Macrophages can be categorized into different phenotypes. Though these phenotypes
were established in vitro, they can also be applied in more variable in vivo conditions.
Macrophage phenotypes are based on their secretions and function within the immune response
and can be broadly classified as M1 or M2. There are other smaller subsets of macrophage

classification, and subsets within the broader category of M2 as well (Figure 1.6).
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M1 macrophages

Originally referred to as classically activated macrophages, M1 macrophages are
polarized with LPS and IFNy and express a pro-inflammatory phenotype. In cancer, these
macrophages are associated with tumor cell death and tumor control. Their pro-inflammatory
phenotype also helps control angiogenesis and prevent tumors from metastasizing.

One of the hallmarks of M1 macrophages is the expression of inducible nitric oxide
synthase (iNOS). INOS is an enzyme predominantly expressed by macrophages (Reviewed in
136). iNOS breaks down arginine to produce nitric oxide (NO), which then reacts with
superoxide and is used to kill foreign cells and increase the inflammatory response (158). iINOS
expression and nitric oxide production are associated with M1 pro-inflammatory cytokines (159).
High concentrations (>500 nM) of NO are tumoricidal, and can mitigate tumor growth by
increasing inflammation and damaging tumor cells (160-164). However, maintaining low
(<100nM) concentrations of NO increases angiogenesis and prevents a developed immune
response, allowing for continued cancer growth (165-168). This lower concentration of NO is
maintained by endothelial nitric oxide synthase (eNOS), present on endothelial cells (168, 169).

M1 macrophages are also identified by their pro-inflammatory cytokine secretion. For
instance, IL-1p is an inflammatory cytokine usually associated with autoimmune and
autoinflammatory diseases (Reviewed in 155). IL-1p is well known for its anti-tumor function
(171-173). Treatments utilizing IL-1p reduced tumor growth in mice, but were less successful in
human trials (171, 173, 174). TNFa is a pro-inflammatory cytokine secreted by macrophages.
TNFa is a pyrogen associated with systemic inflammation and is upregulated in inflammatory
diseases (175-179). Initially, TNFa was discovered as a cytotoxin induced by endotoxin that

caused necrosis in tumors (180). Additionally, clinical inhibition of TNFa can lead to
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malignancies, particularly melanoma (181-185). Both IL-1B and TNFa can induce low-level
inflammation to increase tumor growth but are primarily used by the immune system to prevent
tumor growth.

Another cytokine, the interleukin IL-6 is both an anti- and pro-inflammatory cytokine
secreted by macrophages. The interactions of IL-6 with various forms of cancer have been
extensively investigated, and IL-6 was found to increase rather than reduce tumor growth
(Reviewed in 165). IL-6 is highly upregulated in many cancers and has been proven to increase
metastasis, angiogenesis, tumor growth, and aid in treatment resistance (186-189). Patient
prognosis declines with higher IL-6, and treatments targeting IL-6 have been shown to reduce
tumor growth (187, 190-192). IL-6 also polarizes macrophages to an M2, anti-inflammatory
phenotype (193-195). Though it is both pro- and anti-inflammatory, 1L-6 functions as a pro-

tumor cytokine and target for therapeutics.

M1 Macrophages
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Figure 1.6 Macrophages are categorized into multiple in vitro categories.

Macrophages can be arranged into separate categories in vitro based on the behavior and secretions of the
cell. While classically activated M1 macrophages only have one subtype, M2 macrophages have several
subtypes that are all generally anti-inflammatory and perform different functions. Created with
BioRender.com
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M2 macrophages

The other broad phenotype of in vitro macrophages is the M2 macrophage. Split into
M2a, b, c, and d, these macrophages are generally anti-inflammatory but perform functions
ranging from regulating inflammation to promoting wound healing (196-198). M2a
macrophages, characterized by stimulation from IL-4 or IL-13, were initially considered the only
form of “alternatively activated” macrophages. M2a macrophages secrete increased 1L-10 and
TGF-p and promote tissue healing and cell growth. Originally called type 11 macrophages, M2b
macrophages are polarized with LPS or IL-1p, through TLR4 or IL-1R (196). M2b macrophages
produce increased IL-10, but the secretion of increased TNFa, and IL-6, makes them the “least
anti-inflammatory” of the M2 phenotypes (197). M2c macrophages are stimulated by TGFp, and
are sometimes considered “deactivated” macrophages, in that they primarily downregulate
inflammation and clear apoptotic cells (199). The illusive M2d phenotype is a more recent
characterization that expresses a phenotype similar to tumor-associated macrophages (TAMs).
M2d macrophages are polarized with adenosine, and produce IL-10 and VEGF (200).

Overall, TAMs express a primarily anti-inflammatory phenotype to prevent immune
destruction of the tumor and encourage angiogenesis (75, 201-203). An increased number of
TAMs is also associated with increased tumor survival and metastasis along with poor patient
survival prognosis (204-206). The association with patient prognosis allows TAMs to be
assessed clinically as a factor of cancer treatment.

Though a concrete phenotype has yet to be established, there are cell surface markers and
secretions that are commonly associated with TAMS. Arginase 1 (Arg-1) is an enzyme that
breaks down arginine into ornithine and urea, and is one of the primary hallmarks of M2

macrophages (157, 207, 208). Arg-1 prevents the production of pro-inflammatory NO by
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limiting available arginine, and thus is associated with the anti-inflammatory macrophages and
TAMs.

CD163, originally referred to as M130, is a 150 kDa scavenger receptor expressed only
on monocytes and macrophages (209, 210). Though its role in tumor growth and TAM activation
has only recently been investigated (211), the high expression of CD163 on TAMs has made it a
target for cancer analysis and treatment. High numbers of CD163+ macrophages, and thus
TAMS, are associated with poor tumor prognosis in many cancers, including melanoma, bladder
cancer, and breast cancer (212-218).

TAMs are also identified by their cytokines and secretions. Originally discovered to
suppress CD4+ T-cell proliferation (219), IL-10 is an anti-inflammatory cytokine secreted by
monocytes and is considered a hallmark of M2 macrophages (220, 221). It inhibits the secretion
of the pro-inflammatory cytokines usually produced by M1 macrophages, such as IL-1 and
TNFa, (220, 222, 223). 1L-10 secreted by TAMS has been associated with treatment resistance
(224). IL-10 in cancer also promotes tumor angiogenesis and metastasis (225-227). However,
IL-10 in breast cancer and colorectal cancer can reduce tumor growth and metastases and
improve anti-tumor immune response (228-232). Importantly, overexpression of IL-10 in the
B16F10 melanoma cell line resulted in tumor destruction by the immune system (233, 234).
Secretion of this anti-inflammatory cytokine is one of the hallmarks of TAMs and M2
macrophages but can both improve and inhibit tumor growth.

IL-4 is another cytokine associated with M2 macrophages. IL-4 stimulates B- and T- cell
proliferation and decreases production of TH1 cells and macrophages and downregulates IFNy
and IL-12 (Reviewed in 178). It also promotes the differentiation of macrophages into the M2

anti-inflammatory phenotype and prevents the activation of classical M1 macrophages. TGF-p,
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another polarizing cytokine, regulates cell growth and proliferation, and promotes angiogenesis.
Rather than limiting pro-inflammatory cytokines as IL-10 does, TGF- restricts the activation of
immune cells such as B cells, cytotoxic T cells and macrophages (236-239). TGF-p also
polarizes macrophages towards the M2c phenotype, further reducing inflammatory responses.
Altogether, while TAMs can produce cytokines that restrict tumor growth, TAMSs are primarily

M2-like and secrete many cytokines that aid in tumor growth and angiogenesis.
Macrophages and melanoma

Macrophages often make up the largest percentage of immune cells within a tumor (240—
242). Originally identified as “monocytic infiltrates”, high numbers of macrophages were
discovered to aid in tumor progression (240, 243). Early stages of melanomas (Stage | or II)
often have a lower density of infiltrated TAMS in the tumor tissue (244, 245). In contrast, a
higher density of infiltrated TAMS is associated with poor patient survival and increased tumor
thickness (244-246). The importance of TAMSs, however, goes beyond the density of
macrophages within the melanoma.

TAMs were initially found to differ from the “classically activated” phenotype, and
eventually confirmed to be an M2-like, pro-tumor phenotype (247, 248). The resulting anti-
inflammatory TAMSs support tumor growth and survival (75, 201-203, 249). To benefit from the
pro-tumor TAM phenotype, the tumor and endothelial cells secrete cytokines to change
macrophage phenotype. This can occur through cytokines that polarize the macrophage such as
IL-4, or IL-10 (200, 250-252) (Fig. 1.7 A). Macrophage phenotypes can also be altered through
the tumor’s hypoxic microenvironment (59, 159, 203). The tumor microenvironment also attracts
more macrophages to infiltrate the tumor tissue. Attraction of macrophages occurs through

chemokines such as MCP-1 that are secreted by tumor cells (253, 254). More recently, it was
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discovered that hypoxia within the tumor both prevents MCP-1 driven macrophage migration
and causes a shift towards a pro-angiogenic macrophage phenotype (255-259). The tumor
microenvironment utilizes hypoxia, cytokines, and chemokines to attract macrophages and

polarize them towards a phenotype that increases melanoma growth.
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Figure 1.7 TAMs can support melanoma growth through several mechanisms.

TAMs assist in melanoma survival through several mechanisms. This includes the conversion of
macrophages to a pro-tumor M2 phenotype through cytokines such as IL-4 and 1L-10 (A). TAMs also
secrete cytokines such as VEGF-A to increase angiogenesis and tumor cell migration (B). TAMS also
utilize cytokines such as TGF B to stimulate CD4+ T cells to suppress CD8+ T cell anti-tumor immune
response.
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Function of macrophages in melanoma

In melanoma, M2-like macrophages are a key factor in tumor growth and survival (217,
241, 260). Along with an anti-inflammatory phenotype, the macrophages conditioned by
melanoma secretions promote tumor cell migration (261, 262). These conditioned M2-like
macrophages signal for angiogenesis and promote tumor growth (217, 263-265) (Fig 1.7 B).
Thus, a higher number of macrophages in the tumor tissue is clinically associated with increased
angiogenesis and the secretion of pro-angiogenic cytokines (264, 266, 267). The tumor
supporting functions of the macrophages make TAMs an essential component of tumor survival
and tumor progression.

Another essential function of TAMs is the suppression of the anti-tumor immune
response. TAMs were originally categorized by their secretion of anti-inflammatory or immune-
suppressing cytokines (Reviewed in 265). TAMs reduce the anti-tumor CD8+ T cell response
(21, 234, 260, 269, 270). TAMs work in conjunction with CD4+ lymphocytes to suppress the
CD8+ T cell-mediated anti-tumor response and increase tumor survival (271-273) (Fig 1.7 C). A
low CD8+/TAM ratio is associated with reduced patient survival and increased tumor aggression
(213, 244).This immune suppression supported by TAMSs can be resolved by targeting the
macrophages in question, which then reduces tumor growth and survival (269, 274, 275). Thus,
the presence of TAMs benefits the tumor in a myriad of ways that promote and preserve tumor
survival.

Unlike the M2-like phenotype exhibited by TAMs, macrophages with an anti-tumor
phenotype can prevent tumor growth and improve patient recovery. The addition of M1
macrophages to mouse melanoma can prevent metastases (276, 277). Treatments polarizing

TAMs towards an M1 phenotype in melanoma reduce melanoma growth, the growth of
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metastases, and treatment resistance (265, 269, 278-281). Similarly, depletion of macrophages in
the tumor can improve the effectiveness of radiotherapy and reduce tumor growth (269, 273,
282). Furthermore, a higher number of M1 macrophages is associated with better patient
prognosis (213, 283, 284). Altogether, anti-tumor M1 macrophages can combat the tumor-
supporting TAM macrophages.

TAMs benefit tumors by increasing angiogenesis and metastasis, as well as suppression
of the anti-tumor immune response. These benefits are innately tied to the pro-tumor phenotype
that is caused by the tumor microenvironment. Although TAMSs support tumor growth and
survival, treatments inhibiting the pro-tumor phenotype or increasing M1 macrophages can
instead reduce tumor growth. The dual nature of macrophages provides a promising target for
future therapeutics.

Conclusion

Melanoma is a rising concern in the United States, with rates of diagnoses increasing
every year. Angiogenesis and TAMs are only two of the many facets of tumor growth but are
both becoming more evident as possible therapeutic targets. Particularly the interactions between
the two; TAMSs often increase the rate of tumor angiogenesis while in turn angiogenesis in
tumors often leads to hypoxia and signaling that increases the migration of macrophages into the
tumors. The involvement of cytokines between TAMs and angiogenesis are complicated and
sometimes contradictory. Cytokines such as IL-10 and IL-1p both improve tumor growth and at
other times prevent tumor survival altogether. While low concentrations of NO improve
angiogenesis and endothelial growth, the higher concentrations produced by iNOS kill tumor
cells. Less opposing cytokines such as TGFf prevent the anti-tumor immune response and

polarize macrophages to the more anti-inflammatory phenotype characteristic of TAMSs.

24



In addition, there has been an increased focus on both angiogenesis and TAMSs as
therapeutic targets in the treatment of cancer. From limiting the growth of blood vessels to the
“reprogramming” of TAMs to target tumor cells instead, treatments are focusing on turning pro-
tumor functions against cancer in hopes of a more successful treatment. This includes p2-GPI, a
protein which was initially used to target angiogenesis only to reveal its dual nature of promotion
and inhibition of the growth of new blood vessels.

As this thesis will discuss, a possible therapeutic may still exist in the peptides derived
from the binding domain of f2-GPl. We hypothesize that these peptides will compete with 2-
GPI for binding and reduce melanoma growth. As the literature indicates f2-GPI can increase
and decrease angiogenesis, the peptides may reduce tumor growth by regulating angiogenesis.
Furthermore, changes in angiogenesis can also affect TAM phenotype, and the subsequent
change may alter the inflammatory response and reduce melanoma growth. If the peptides are

successful, we will have a new possible therapeutic in the treatment of melanoma.
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1. Introduction

Melanoma is an aggressive cancer that is rapidly becoming one of the most common
cancers in young adults (7). As tumors grow, the microenvironment becomes hypoxic and
requires angiogenesis to provide nutrients. Normal angiogenesis forms well-organized, intact
blood vessels characterized by CD31 expression, regulated growth factors, and limited vascular
permeability (67, 68, 83). However, hypoxia in tumors leads to abnormal vascularization and
tumor progression (47, 57, 63). Vascular abnormality is characterized by increased growth factor
receptors, endosialin expression, and disorganized blood vessels (47, 57, 68). The disorganized
vessels result in increased hypoxia, decreased immune responses, and tumor progression (47, 57,
68). Tumor treatments that reduce hypoxia by normalizing tumor vasculature result in decreased

tumor growth with enhanced immune responses and chemotherapeutic responses (68).
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Vascular endothelial growth factor (VEGF) and its receptors, VEGF receptor 1
(VEGFR1) (FIt1) and VEGFR2 (KDR) are critical to angiogenesis. However, dysregulated, high
concentrations of VEGF and its receptors lead to abnormal angiogenesis (67, 83). VEGF initiates
angiogenesis by binding KDR (VEGFR2) and inducing endothelial migration by binding Flt-1
(VEGFR1). In the process, KDR also decreases the endothelial barrier, thus increasing vascular
permeability (83). Soluble Flt-1 (sFlt-1) regulates angiogenesis by competitively sequestering
VEGF (41), resulting in reduced tumor growth (89, 90). Angiogenic markers that identify the
abnormal tumor blood vessels include endosialin (CD248; TEM1) and endoglin (CD105).
Endosialin is expressed on endothelial and stromal cells associated with tumor angiogenesis and
found only at low levels on normal endothelium (99, 100). Endoglin functions as a co-receptor
for TGF-B (101) and is a diagnostic marker for tumor endothelium (103).

Angiostatin and Beta2-glycoprotein I (32-GPI) are additional serum proteins that regulate
angiogenesis. While angiostatin, a cleavage product of plasminogen (43), was not successful as a
therapeutic (109), a B2-GPI therapeutic has not yet been developed. 2-GPI contains five
complement regulatory domains (285). The 5" domain binds to negatively charged lipid moieties
(123, 286, 287) expressed on apoptotic and hypoxic cells (288, 289). p2-GPI binding to
endothelial cells regulates angiogenesis (146, 150, 290) and induces antibody (Ab)-mediated,
complement activation (145). Upon binding, 32-GPI unfolds (136) and exposes a neoantigen
(116) recognized by naturally-occurring antibodies (118). Compared to other domains, the
binding domain of native 2-GPI contains an additional 20 amino acid (aa) “tail” (147) that
inserts into the lipid bilayer or is cleaved by plasmin resulting in “clipped” p2-GPI (125). With a
short half-life, “clipped” p2-GPlI is difficult to detect in vivo (136). The literature demonstrates

that “clipped” and native f2-GPI can produce opposing angiogenic effects (146, 148, 150, 290).
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Multiple studies suggest that the native form of f2-GPI inhibits VEGF signaling by
downregulating KDR to block angiogenesis (150, 290). However, additional studies indicate that
“clipped” p2-GPlI inhibits or enhances angiogenic activity in a concentration-dependent response
(146, 150, 290). Thus, the angiogenic activity of f2-GPI is complex.

Our previous studies demonstrated that f2-GPI functions as a neo-antigen during acute
ischemia/reperfusion-induced intestinal injury and multiple peptides derived from 2-GPI
attenuate the damage (145, 288). Specifically, a large 26 aa peptide derived from the binding
domain (p296¢-s) and a smaller 9 aa retro-inverso D-amino acid peptide (RD-p9) attenuated
intestinal inflammation when administered during ischemia or early in reperfusion (145, 151).
Importantly, RD-p9 is derived from within the larger peptide p296c-s suggesting it contains a
critical set of amino acids within the larger peptide (151). As $2-GPlI is critical in angiogenesis
and during hypoxia, we hypothesized that the peptides would limit tumor growth by regulating

angiogenesis.

2. Materials and Methods

2.1 Cells

The C57BI/6-derived, mouse endothelial cell line, MS-1, and melanoma tumor cell line,
B16-F10, (American Type Culture Collection, Manassas, VA, USA) were maintained in
Dulbecco’s modified Eagle medium (DMEM) (Gibco, Grand Island, NY, USA) containing 10%
Opti-MEM (Gibco), 5% NuSerum Culture Supplement (Fisher Scientific, Pittsburgh, PA, USA),
5% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA, USA), and 1% Gluta-MAX

(Gibco). All cells were cultured at 37 °C in a humidified 5% CO. incubator.
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2.2 2-GPI peptides

[2-GPI-derived peptides p296¢c-s, RD-p9, and the scrambled control peptide were
generated by solid phase synthesis in the KSU Biochemistry Core Laboratory at Kansas State
University as previously described (151). Peptide p296c-s was derived from 26 amino acids of
the lipid-binding region of Domain V of 2-GPI, (H-IHFYSKNKEKKSSYTVEAHSRDGTI-
OH). RD-p9, a retro-inverso D-amino acid p9 is derived from 9 aa within p296c-s (Retro D-p9:
D-SHAEVTYSS), and scrambled control peptide contains 16 amino acids in a scrambled order
(DEVHYTTSSSKKARGI) (145, 151). The peptides were purified by reversed phase HPLC and
characterized by mass spectroscopy. All peptides were lyophilized and stored at -20°C until time
of use. Peptides were administered at previously determined concentration of 40 uM (145, 151)
unless stated otherwise.
2.3 Cell co-culture

MS-1 mouse endothelial cells (ATCC CRL 2279) were cultured with or without B16-F10
mouse melanoma cells (ATCC CRL 6475). The MS-1 cells were seeded into a 24 well plate at
5x10° cells per well and when co-cultured, B16-F10 cells were seeded into 6.5 mm Transwells
with 0.4 um pores (Sigma Aldrich, Darmstadt, Germany) at 1x10° cells per well in 1 mL of
media. Cells were treated with scrambled control peptide, p296c-s, or RD-p9 at 40 uM. After 48
h of treatment, the supernatants were collected and analyzed for endoglin, endothelin, VEGF-C
and VEGF-A using a MILLIPLEX® Mouse Angiogenesis Magnetic Bead Panel (Millipore
Sigma, Temecula, California). The panel was analyzed according to the manufacturer’s protocol
using the Luminex® 200™ and data processed using MILLIPLEX® Analyst 5.1 software and

data collected as pg/mL of supernatant. Supernatants were also analyzed using a Mouse
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SVEGFR1/FIt-1 DuoSet ELISA kit (#DY471, R&D Systems, Minneapolis, MN). The cells were

collected in TRIzol for transcript analysis.

2.4 MTT assay
MS-1 or B16-F10 cells (5 x 10° cells/mL) were seeded in triplicate in 24 well plates in the
presence (40 uM) or absence of p296¢-s, RD-p9 or scrambled control peptide. Cells were
cultured in hypoxic or normoxic (control) conditions. Hypoxic conditions were simulated by
culturing cells in a sealed chamber with 0.1% oxygen for 6 hours at 37°C. After removal from
hypoxia, all cells were treated with scrambled control peptide, peptides p296c-s, RD-p9 (40uM)
or left untreated for 2 hours prior to incubation for 4 hr with MTT (3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) in PBS (phosphate-buffered saline) at a final concentration of
0.5 mg/mL. The crystals were dissolved, and supernatants read at 550 nm on the spectrometer
(Biorad Model 680 Microplate Reader, Biorad, Hercules, California).
2.5 Transepithelial electrical resistance
MS-1 cells (1 x 10° cells/mL) were seeded in 6.5 mm inserts containing a 0.4 um
polyester membrane. Cells were cultured in hypoxic or normoxic (control) conditions as above.
After 2 h of treatment, transendothelial electrical resistance was determined using an epithelial
volt-ohm meter. Measurements were expressed as units of resistance in ohms (Q) after
subtracting mean values of resistance of cell free inserts.
2.6 Migration assay
MS-1 cells (8x10* total cells) were seeded into silicone culture inserts (Ibidi, Martinsried,

Germany) for 24 h in a humidified 5% CO- incubator at 37°C to create a standardized wound.
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After removal of the silicone inserts and washing, fresh serum-free media was added to each well
to assure that cell proliferation did not skew the migration data (291, 292). The endothelial cells
were then treated with 40 uM of scrambled control peptide or RD-p9, or a dose response of 40,
20, 10, or 4 uM p296¢-s. In some experiments, 0.5 uM anti-sFIt-1 Ab (Fisher Scientific,
Waltham, MA) was added with the peptide. At 0 and 48 h, microphotographs (minimum of 4 per
wound per time point) were acquired along the length of the wound with a Nikon DS-5M camera
using DS-L2 software at 100x magnification. The area of the wound was calculated using

ImageJ and the MRI Wound Healing Tool (http://dev.mri.cnrs.fr/projects/imagej

macros/wiki/Wound_Healing_Tool). The endothelial cell migration quantification was based on
the amount of regrowth across the area of the wound compared to wound size at the 0-time point.
2.7 In vivo tumors
C57BI/6 mice were bred and maintained in the Division of Biology at Kansas State

University. Specific pathogen-free male and female mice were kept in a 12 h light/dark cycle
with constant access to rodent food and water. All procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) and were in compliance with the Animal Welfare
Act. B16-F10 cells (2x10°) in Matrigel (1:1) were subcutaneously injected into mice at 10-18
weeks. Mice (7-10 mice per treatment) were injected intravenously with either saline, scrambled
control peptide, or peptides p296c-s, or RD-p9 (40 uM; 3 - 9 mg/kilogram depending on peptide
size) on days (d) 1, 2, 3, 4, 6, and 8 after tumor injection. Additional peptide treatment regimens
were tested with p296c¢-s injectionsond 1, 3,5,7,and 9,d 3,5, 7,and 9, and d 4, 6, and 8. In the
dose response studies, 40, 10, or 4 uM of peptide p296¢-s was injected intravenously on d 1-4, 6
and 8. In vivo tumor growth was measured and calculated daily (length x width?). Additional

animals were injected with tumor cells and peptide p296c¢-s or scrambled control peptide (40 uM
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on d 1-4, and 6) with or without 0.2 pg anti-sFIt-1 Ab (Fisher Scientific, Waltham, MA) on days
2, 4, and 6. Due to tumor size, these animals were euthanized on day 8, in accordance with
IACUC guidelines which state tumor growth must not exceed 1.5 cm in diameter. Tumors were
removed 8-10 days after injection and ex vivo volume and diameter of the tumors measured by
calipers, with pictures taken before preparation for PCR, immunohistochemistry, and secretion
assays. Tumor secretions were collected by incubating the tumors ex vivo in freshly oxygenated
Tyrode’s solution at 37°C for 20 min and analyzed using a MILLIPLEX® Mouse Angiogenesis
Magnetic Bead Panel (Millipore Sigma, Temecula, California) or a Mouse sVEGFR1/FIt-1
DuoSet ELISA kit (#DY 471, R&D Systems, Minneapolis, MN). Final secretions were calculated
based on pg/mg of total protein determined by BCA assay using a bovine serum albumin
standard.

2.8 Immunohistochemistry (IHC)

Tumors sections flash frozen in OCT embedding compound (Fischer Healthcare,
Waltham, MA) (8 um) were cut, placed on slides, and blocked prior to staining with anti-CD31
antibodies (Clone 390, Isotype Rat 1gG2a, Biolegend, San Diego, CA) or anti-pan-endothelium
antibodies (Clone MECA-32, Isotype Rat IgG2a, BD Pharmingen, San Jose, CA). Additional
sections were incubated with the appropriate Rat 1gG2a isotype control antibodies (Clone
RTK2758, Purified Rat [gG2a « Isotype Control, Biolegend, San Diego, CA). After washing, the
slides were incubated with the appropriate secondary antibodies, washed again, and examined by
fluorescent microscopy using a Nikon 80i microscope equipped with a Photometrics CoolSnap cf
camera and MetaVue software. Microphotographs were taken by blinded observers and

quantified with ImageJ software (https://imagej.nih.gov/ij/docs/examples/index.html).
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2.9 Reverse transcriptase PCR
Total RNA was isolated from TRIzol homogenized tumors or cells and RNA
concentration determined by nanodrop at 260 nm. cDNA was synthesized from 1 ug isolated
RNA using gScript cDNA Synthesis Kit (Quantbio, Beverly, MA) with M-MLV reverse
transcriptase and a combination of oligo and random primers.
Reverse-transcriptase PCR (RT-PCR) was performed using SYBR Green fluorescence.
RNA was incubated with gene specific primers (Supplementary Table 4.1) at 90°C for 2 min,
followed by 50 cycles of 95°C for 10 s, a primer-specific temperature for 20 s (Supplementary
Table 4.1) and 72°C for 10 s, before melt curve analysis from 60°C to 95°C in increments of 0.5
°C. All threshold values were normalized to 18s RNA prior to determining the AACt fold change
of Endoglin, Endosialin, CD31, VEGF-A, KDR, and Flt-1 as compared to scrambled control
peptide treated cells or saline-treated tumors.
2.10 Statistics
Data are presented as mean = SEM and significance (p<0.05) determined by non-
parametric one-way ANOVA with Dunns post analysis to compare all columns, or by Mann

Whitney nonparametric t-test (GraphPad/Instat Software).

3. Results
3.1 Peptides increase sFlt-1 secretion and hypoxia-induced vascular permeability
but not endothelial cell growth.

Initial studies examined direct peptide toxicity or stimulation on mouse B16-F10

melanoma cells and a mouse endothelial cell line, MS-1. Each cell line was incubated with 40

uM B2-GPI-derived peptides p296c¢-s, RD-p9, or a scrambled control peptide (p16ss) for 48 h
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prior to performing an MTT assay to determine metabolic activity with normoxic or hypoxic
conditions. Compared to normoxia, hypoxia significantly decreased proliferation of both cell
lines (Fig. 2.1A, B). However, within either normoxia or hypoxia conditions, the control or 32-
GPI-derived peptides did not change proliferation or cellular metabolic activity on either
melanoma (Fig. 2.1A) or endothelial cells (Fig. 2.1B). To determine if the peptide treatment
affected endothelial barrier function, we evaluated the transendothelial electrical resistance.
Similar to the metabolic activity, peptide treatments did not change the resistance compared to
the scrambled control peptide-treated cells under normoxic conditions. However, compared to
untreated or scrambled control peptide treated hypoxic cells, treatment of hypoxic cells with
peptides p296¢-s and RD-p9 significantly reduced endothelial resistance (Fig. 2.1C). Together,
the peptides do not appear to cause direct toxicity to the tumor or endothelial cells but do reduce

the formation of a tight barrier in the hypoxic endothelial cells within 48 h.
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Figure 2.1 The presence of peptides does not alter cell growth or transendothelial resistance.

B16-F10 (A) and MS-1 (B, C) cells were incubated in hypoxic (white) conditions, or normoxic (gray)
conditions as a control and treated with 40uM peptides p296¢-s, RD-p9, or scrambled control peptide
(scrambled) for 2 h prior to adding MTT to determine cell growth (A, B) or measuring resistance by
TEER (C). Each bar represents the mean £ SEM of n=3-4 experiments performed in duplicate. * p<0.05
compared to p16ss treatment.

To examine the effects of peptide treatment on MS-1 secretion, we determined RNA and
protein secretion of specific angiogenic factors. RNA expression of endoglin, endosialin, CD31,
VEGF-A, and VEGF receptors, KDR and Flt-1, were not significantly different between peptide
treatments (Fig. 2.2A-F). Similarly, secretion of endoglin, endothelin and VEGF-A was not
significantly different between peptide treatments or after co-culture with melanoma cells (Fig.
2.3A-C). VEGF-C was not detectable in supernatants from MS-1 or MS-1 co-cultured with B16-

F10 melanoma cells (data not shown). However, sFlt-1 secretions were significantly lower in
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RD-p9 treated cells and trended lower in p296¢-s treated cells (p=0.11) compared to the
scrambled control peptide (Fig. 2-3D). These data indicate that while peptide treatment did not
affect the secretion of other angiogenic factors, it did alter the secretion of the regulatory protein,

sFIt-1.
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Figure 2.2 Peptides do not affect RNA of angiogenic markers in endothelial cells.

Endothelial cells were cultured with peptides 296c-s, RD-p9, or the scrambled control peptide (40 uM)
for 48 h before the cells lysed with TRIzol. Reverse transcriptase PCR of cellular cONA was normalized
to 18s rRNA and AACt fold change compared to scrambled control peptide-treated cells. MS-1 cells
(n=4-6 experiments) were examined for (A) endoglin, (B) endosialin, (C) CD31, (D) VEGF-A, (E) KDR,
and (F) Flt-1 RNA. Each bar represents the mean £ SEM. No significance between treatments.
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Figure 2.3 Peptides reduce sFlt-1 secretion from endothelial cells.

Endothelial cells were cultured in the presence or absence of B16-F10 melanoma cells and with peptides
296¢-s, RD-p9, or the scrambled control peptide (40 uM) for 48 h. Collected supernatants (n=3-5
experiments) were analyzed via Luminex assay to determine levels of endoglin (A), endothelin (B), or
VEGF-A (C). Secretion of sFlt-1 (pg/mL) (D) was analyzed via ELISA assay (n=4-5 experiments). All

data were standardized to pg/ml supernatant. Each bar represents the mean £ SEM. * p<0.05 compared to
scrambled control treated cells

3.2 Peptide decreases MS-1 endothelial cell migration in a Flt-1 dependent response

Angiogenesis characteristically induces endothelial migration, which was mimicked in a
48 h wound assay with MS-1 endothelial cells. Initial studies determined that the presence of

serum in the assay increased cell replication as well as cell migration (data not shown). Thus, the
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assays were performed under serum deprivation conditions to examine only migration and
prevent cellular replication from confounding the results (291, 292). All treatment groups had
similar wounds sizes at time 0 (Fig. 2.4A). Migration of the scrambled control peptide-treated
cells after 48 h resulted in approximately 75% filling of the wound (74.05 + 2.651 percent
regrowth) (Fig 2.4A, B). In contrast, the p296c-s and RD-p9 treated cells significantly reduced
regrowth compared to the scrambled control peptide treatment with approximately 40% filling of
the wound (p296¢-s: 39.95+3.152 percent regrowth, RD-p9:44.75+4.823 percent regrowth) (Fig.
2.4B). In a peptide dose response, lower doses of 20 uM and 10 uM p296c-s also caused a
significant reduction in regrowth (39.39+2.865 percent regrowth and 54.794+1.290 percent
regrowth, respectively) while 4 uM of p296¢-s (77.94+2.951 percent regrowth) was insufficient
to alter endothelial migration (Fig. 2.4B). Thus, p296¢-s and RD-p9 treatment reduced migration
of MS-1 endothelial cells in a dose dependent response. Because peptide reduced secretion of the
angiogenic inhibitor, sFlt-1, we tested the hypothesis that wound regrowth was dependent on
sFIt-1 secretion. Cells were left untreated or treated with scrambled control peptide or p296¢c-s
(40 uM) with or without 0.5 uM of anti-mouse Flt-1 Ab at 0 h in the wound assay. The presence
of anti-FIt-1 Ab significantly increased regrowth of the p296c-s-treated cells from 39.736+8.05
percent regrowth without Ab to 86.661+2.095 percent regrowth in the presence of Ab (Fig.
2.4C). These data indicate that reduced endothelial cell migration caused by p2-GPI-derived

peptides is sFlt-1 dependent.
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Figure 2.4 Peptides, p296¢-s and RD-p9, reduce endothelial cell migration through Flt-1.

MS-1 cells were incubated for 24 h in a 2-chamber silicone insert to create a consistent wound. Cells were treated with the
scrambled control peptide (scrambled) (40 uM) RD-p9 (40 uM), or p296¢-s (40-4 uM) at time 0. Microphotographs were taken
at 0 and 48 h (A) after removal of the insert to determine the rate of cell migration (regrowth) across the wound (B) (n= 5-8
experiments). * p<0.05 compared to scrambled control peptide -treated cells. In another study (C) untreated, scrambled or
p296¢-s peptides cells were incubated with or without anti-mouse Flt-1 Ab (0.5 pM) at time 0 (n=3). Each bar represents the

mean + SEM. ** p<0.05 compared to the cells treated without antibody. Each microphotograph is representative of 4
photographs per time point of each wound.

3.3 Peptides result in a dose-dependent, clinically-relevant reduction of mouse

melanoma growth.

As B2-GPI can increase angiogenesis and 2-GPl-derived peptides altered the production
of the angiogenesis regulator sFlt-1, we hypothesized that peptides p296¢-s and RD-p9 would
decrease tumor growth in vivo by regulating Flt-1. Tumor growth was measured daily for 10 d
after injecting B16-F10 mouse melanoma cells into syngeneic, immunocompetent C57BI/6 mice.

Based on the in vivo, calculated tumor volume, tumors grew more slowly when treated with
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p296¢-s or RD-p9 treatment than the scrambled control peptide treatment throughout the time

course (Fig. 2.5A) (n=7-10 animals per treatment).
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Figure 2.5 Peptide treatments reduce tumor growth.

(A, B) The daily in vivo volume of the tumors treated with saline (m),scrambled control peptide
(scrambled) (0) p296¢-s (@) or RD-p9 (o) (40 uM) on d1-4, 6, 8 was calculated for 10 days (A.) and
excised tumor volume calculated (B) (h=7-10 animals). (C, D) Peptide p296c-s (40 uM) was also
measured over multiple treatment regimens (® p296¢-s d1-4,6,8; ¢ p296¢-s d4,6,8) (C) (n=6-10 animals),
with excised tumor volume calculated in (D) (n=6-10 animals). The x-axis numbers in (D) indicate the
days of injection. (E,F) A dose response of p296c-s treatment on d1-4,6,8 with 40 uM (e), 10 uM (A), or
4 uM (*) (E) and the excised tumor volume calculated in (F) (n=3-6 animals). Treatment with saline (m)
or scrambled control peptide (scrambled) (0) are consistent throughout the figure. Each bar represents the
mean £ SEM. * p<0.05 compared to saline and scrambled control peptide treated tumors.

Measurements of excised tumors confirmed these data. The p296c-s and RD-p9 peptide
treatment significantly decreased tumor volume ex vivo (Fig. 2.5B). Saline and scrambled
peptide-treated tumor volumes averaged 1366+120.1 mm?® and 1476+128.1 mm?3, respectively. In
contrast, p296¢-s and RD-p9 peptide treated tumors were 66-75% smaller with average volumes

of 370.6+77.04 mm?® and 260.4 + 133.8 mm?, respectively (Fig. 2.5B). Similarly, p296¢-s and
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RD-p9 peptide treatment reduced ex vivo tumor diameter ~25% and 50%, respectively compared
to tumors from control mice. Average diameters were 10.35 +£0.6988 mm and 6.437+£1.306 mm
in p296¢-s and RD-p9 peptide, respectively, compared to 14.06£1.093 mm and 14.77+0.6498
mm, saline and scrambled control peptide, respectively.

To explore more therapeutic treatments, additional treatment regimens were tested with
peptide 296¢-s. Cohorts of animals were treated with peptide p296c-s on days 1,3,5,7, and 9,
days 3,5,7,9 or on days 4,6, and 8 after tumor injection. Importantly, tumor growth slowed across
all treatments (Fig. 2.5C) with average day 10 in vivo tumor volume of 486+95.317 mm? for
treatment on d 1,3,5,7,9, 527+139.470 mm3 d 3,5,7, 9 and 639.144+184.209 mm? for d 4,6,8.
The calculated volume of the excised tumors was significantly reduced by each treatment
regimen analyzed (Fig. 25D). Treatments on d 1,3,5,7,9 (433.9+64.50 mm?®),d 3,5,7,9
(303.9+101.7 mm®), and d 4,6,8 (621.4+163.5 mm?®) were similar to the 75% reduced tumor
volume seen in the d 1-4, 6, and 8 regimen (393+95.65 mm?®). These data suggest the peptide
treatment may be clinically relevant.

To determine the optimal peptide dose, a dose response of 40 uM, 10 uM, and 4 uM
296¢-s peptide treatment was measured using the original treatment regimen of intravenous
injection on d 1-4, 6, and 8 (Fig. 2.5E-F). Treatment with 10 uM p296¢-s (601.5+23.72 mm? on
day 10) reduced tumor growth similar to 40 uM p296¢-s (458+71.4 mm?) and tumor volume
significantly differed compared to control treatments (1396+142.7 mm? for saline and 1488+140
mm? for scrambled control peptide). In contrast, treatment with 4 uM p296¢-s did not reduce
tumor growth or volume (1294+128.3 mm?) (Fig. 2.5E,F). The saline or scrambled control
peptide treated animals developed large, multi-lobed tumors, while the peptide treated tumors

remained small and compact. These significant reductions in tumor volume and diameter
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indicate peptides derived from B2-GPI decreased tumor growth in a dose-dependent response and
across multiple treatment regimens.
3.4 In vivo peptides reduce tumor vessel markers and upregulate sFlt-1 secretion
After identifying a clear reduction in tumor size, we examined tumor RNA and
angiogenic secretions. The tumors from mice treated on days 1-4,6,8 with saline, control peptide,
p296¢-s or RD-p9 peptides (40 uM) were analyzed for RNA expression similar to in vitro studies
above. Tumors from mice treated with p296c-s and RD-p9 resulted in significant increases of
endosialin, endoglin, and VEGF-C RNA compared to the saline control (Fig. 2.6A, B, D). In
addition, CD31 and KDR RNA expression was significantly decreased with RD-p9 treatment. In
contrast, CD31 expression in p296c¢-s treated tumor trended downward (p=0.07) while KDR
expression was not different as compared to the saline treated tumors (Fig. 2.6C, F). Similar to
the in vitro experiments, FIt-1 RNA was not significantly different between treatments (Fig.
2.6E). Thus, B2-GPI-derived peptides p296c-s and RD-p9 significantly changed angiogenic

markers, either up or down but, importantly, Flt-1 RNA was not changed.
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Figure 2.6 Peptide treatments increase VEGF-A, endosialin and endoglin transcription.
Tumors excised from mice treated with or without peptides were homogenized in TRIzol for RNA

isolation. Reverse transcriptase PCR of tumor cDNA was normalized to 18s rRNA and AACt fold change
determined by comparison to saline treated tumors. Tumor RNA (n=4-7) was examined for (A) endoglin,
(B) endosialin, (C) CD31, (D) VEGF-A, (E) Flt-1, and (F) KDR expression. Each bar represents the mean
+ SEM. * p<0.05 compared to saline-treated tumors

After identifying the reduction in tumor growth and vascular markers, we examined
tumor vasculature using immunohistochemistry (IHC). Tumors from mice treated with either
p296¢-s or RD-p9 peptide expressed significantly less CD31 (Fig. 2.7A, B) and pan-endothelium
(Fig. 2.7A, C) compared to saline or scrambled control peptide treated mice. This reduction in
CD31 correlates with the reduced CD31 RNA in Figure 2.6. KDR staining revealed very low
levels on tissue with no changes between treatments (data not shown). These data indicate that

peptides derived from the binding domain of B2-GPI decrease blood vessel markers in B16F10
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melanoma tumors. The decreased tumor blood vessel markers after treatment with f2-GPI-

derived peptides suggests that the peptides change vascularity.
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Figure 2.7 p296¢-s and RD-p9 reduced deposition of CD31 and Pan-endothelium in tumor tissues.

Tumor tissues from mice treated with and without peptide were stained with anti-CD31, Pan Endothelium, or Isotype
control. Slides (8 um) were prepared from tumors excised on d 10. Microphotographs (A) (200X) are representative of
6-8 photographs from at least 5 different animals. Quantitation of anti-CD31 (B), and pan endothelium (C), staining
performed with ImageJ software. Each bar represents the mean £ SEM of 3-6 animals, * p<0.05 compared to saline-
treated tumors

After identifying a clear reduction in tumor size and vascular markers of peptide-treated
mice, we examined tumor angiogenic secretions. Figure 2.8 demonstrates protein secretions
varied by specific peptide treatments. Compared to control treatments, endoglin (Fig. 2.8A)
significantly increased in both p296c¢-s and RD-p9 treated tumors, after 10 days. However,
endothelin secretion only increased in tumors from RD-p9-treated mice (Fig. 2.8B) and VEGF-C
increased only in p296¢-s treated tumors (Fig. 2.8C). Importantly, sFlt-1 secretion significantly
increased in both the p296¢-s and RD-p9 treated mice compared to the control treatments (Fig.

2.8D). These data suggest that peptides change vascularity and regulate sFlt-1 secretion.
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Figure 2.8 Peptide treatments increase VEGF-A, endosialin, endoglin and sFlt-1 protein secretions.

Tumors excised from mice treated with or without peptides were incubated for 20 min in Tyrodes buffer
at 37 °C for protein secretion calculated as pg/mg tissue. Tumor secretions (n=6-10) were analyzed via
LUMINEX assay for (A) endoglin, (B) endothelin, and (C) VEGF-C. Secretion of sFlt-1 (pg/mL) (D) was
analyzed via ELISA assay (n=4-5 tumors). * p<0.05 compared to saline-treated tumors

3.5 Blockade of sFIt-1 increases mouse melanoma growth

Previous studies indicate that sFlt-1 restricts endothelial cell migration and angiogenesis
[9, 10, 11]. To determine if peptide treatment was sFlt-1 dependent, 40 uM peptide p296¢-s or
scrambled control peptide-treated mice were administered 0.2 pg anti-SFlt-1 Ab or control. In
vivo tumor measurements demonstrated that p296c¢-s with anti-sFIt-1 Ab treatment did not differ

from the scrambled control peptide treatment (Fig. 2.9A). Excised tumor volume (Fig. 2.9B)
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indicated that treatment with p296c¢-s and anti-sFlt-1 produced significantly larger tumors
(426.3£59.63 mma3) than treatment with p296c¢-s alone (155£38.79 mm3). The diameter (Fig.
2.9C) of the excised tumor from the p296c-s treated mouse was significantly lower than the
scrambled control (4.495+0.941 mm and 11.68+0.4463 mm, respectively). However, peptide
296¢-s treatment with sFlt-1 antibody (9.254+0.82 mm) was not significantly smaller than the
control treatments. The differences in size are also visible in the photographs of the excised
tumors (Fig. 2.9D). These data indicate p2-GPI-derived peptides are sFlt-1 dependent in limiting

tumor growth and angiogenesis.
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Figure 2.9 Peptide reduction of tumor growth is sFlt-1 dependent.

Tumors were treated on d1-4, 6, 8, with scrambled control peptide (scrambled) (m), scrambled peptide with anti-sFlt-1
antibody (Ab) (0), p296c-s (40 uM) (e), or p296¢-s with the anti-sFlt-1(o). The in vivo volumes of the tumors were
calculated daily for 8 d (A). After excision on day 8, the tumor diameter (B) and volume (C) were calculated for all four
treatments (n=1-4). The scrambled control + sFlt-1 Ab treatment is n=1 as the other tumors had to be harvested earlier
due to their size. Photographs were taken of excised tumors (D). Images are representative of 3-4 pictures per tumor.
Each bar represents the mean £ SEM. * p<0.05 compared to scrambled peptide treated tumors. **p <0.05 compared to
p296¢-s treatment without antibody.
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Discussion

Beta2 Glycoprotein I is a highly complex serum protein with a wide range of functions.
While the protein has angiogenic properties, (146, 148, 150, 290) the mechanism was unclear.
Previous murine studies indicated that f2-GPI-derived peptides, p296c-s and RD-p9, decreased
intestinal damage in response to an acute ischemia/reperfusion injury (151). However, the role of
the peptides in decreasing tumor growth was unknown. This study demonstrates that peptides
p296¢-s and RD-p9 induce sFIt-1 secretion to limit B16F10 melanoma growth. The peptide
effects were dose dependent and crossed multiple, clinically-relevant treatment regimens.

RD-p9 and p296c¢-s peptide treatment increased angiogenic markers, specifically sFlt-1
secretion, suggesting that experimental but not control peptides alter the vasculature to reduce
tumor growth. Previous studies indicate that in response to hypoxia, increased sFlt-1 reduces
angiogenesis by competing with KDR for VEGF binding (41, 293). The increased sFlt-1 also
reduces endothelial cell survival and migration resulting in decreased tumor growth (89, 90).
While sFlt-1 secretion was decreased in the immortalized cell line, MS-1, it is possible that
immortalization or growth conditions may change the cell’s responses compared to in vivo cells.
Anti-sFIt-1 Ab studies indicated that the peptide reduction of endothelial migration (Fig. 2.4C)
and in vivo tumor growth are sFlt-1 dependent (Fig. 2.9 A-C). Thus p296c-s and RD-p9 limited
tumor angiogenesis and growth by increasing sFlt-1 production.

Recent studies demonstrated that f2-GPI alters VEGF to inhibit endothelial cell
migration (148, 149). Our in vitro serum-free data indicate the peptides p296c¢-s and RD-p9
increased sFIt-1 secretion and reduce endothelial cell migration with no change in VEGF-A or

VEGF-C (data not shown). Importantly, sFlt-1 secretion sequesters VEGF to decrease
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endothelial cell migration and survival (41, 88). Importantly, endothelial migration for the
peptide-treated cells was restored completely after the addition of an sFlt-1 antibody, indicating
that the sFIt-1 secretion is responsible for the reduction in cell migration. Serum-free media
prevented complications due to cell proliferation (291, 292) and avoided addition of native serum
B2-GPI. Although addition of serum may skew the results, the lack of growth factors in the
serum may also change cell response and cause differences between studies (291, 294).

Tumor hypoxia forms a feedback loop. Hypoxia induces increased abnormal vasculature
(60, 62, 295). The abnormal growth and maturation of tumor vasculature compresses vessels
resulting in hypoxia within the tumors that assists with tumor immune evasion [3, 6, 43], tumor
malignancy (61), tumor progression (47, 61, 295), and treatment resistance (47, 62). It is likely
that this hypoxic cycle changes the activity of f2-GPI. Previous studies showed 2-GPI binds to
negatively charged moieties expressed on the stressed cell surfaces during hypoxic conditions
(124, 145). Other studies demonstrated that “clipped” p2-GPI decreased angiogenesis using in
vitro studies (146, 149) and in vivo (147) matrigel assays. In addition, larger B16-F10 tumors
developed the absence of f2-GPI in p2-GPI-deficient mice (290). It was hypothesized that
“clipped” B2-GPI may limit or repair the abnormal vasculature, leading to normal vessels for
increased immune responses and subsequently limiting tumor growth (47, 57).

Different concentrations of native B2-GPI and its clipped form resulted in opposing
effects on angiogenesis through a range of mechanisms (146, 149, 150, 290). Normal circulating
levels of B2-GPI are approximately 4 uM (296). Low concentrations (<0.4 uM B2-GPl) of both
native and “clipped” forms of B2-GPI prevent the angiostatin inhibition of angiogenesis (146).
However, at higher concentrations (>1 uM B2-GPI) native f2-GPI reduces angiogenesis via

endothelial cell cycle disruption, plasminogen binding, and VEGF suppression (147-149).
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Importantly, higher concentrations (>1 uM B2-GPI) of the “clipped” form of p2-GPI bound to
annexin Il to mitigate the anti-angiogenic effect (147-149). At 3-10 times the normal B2-GPI
concentration, 40 and 10 uM peptide treatments appear to decrease tumor growth similarly,
suggesting that a lower, more clinically relevant dose may be sufficient. Together these data
suggest 2-GPI concentration differences may induce distinct activity and be responsible for the
apparent conflicting literature.

Previous studies showed a reduction in tumor size when increased 2-GPI and “clipped”
B2-GPI were injected directly to or close to the tumor environment (290). However, 2-GPI is
known to affect a wide range of conditions ranging from pregnancy to stroke and even obesity.
Thus, increasing f2-GPI concentrations may result in other off target effects. The current peptide
allows for enhanced inflammation and immune response to the tumor by regulation of the
vasculature without the addition of increased p2-GPI. Future studies are required to determine
the efficacy of B2-GPI-derived peptides delivery routes, such as intra- or peri-tumor, as well as
delivering intra-peritoneal or subcutaneous rather than intravenously as in the current study.

In conclusion, peptide inhibition of B2-GPI decreased tumor growth by changing
endothelial cell migration and regulating tumor angiogenesis by inducing sFlt-1. Importantly,
treatment with anti-sFIt-1 Ab blocked the peptide activity. Furthermore, the peptides functioned
in a dose response and in a clinically relevant treatment regimen. Further studies will utilize the
B2-GPI-derived peptides to further understand the function of f2-GPI within cancer and the

clinical application of the peptides.
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Chapter 3 - Beta2 Glycoprotein I Derived Peptides Alter Tumor

Associated Macrophages

Introduction

Melanoma is an aggressive cancer that develops from melanocytes in the skin. Over the
past several decades, the rate of melanoma diagnoses has steadily increased (3, 4). However, the
rate of deaths due to melanomahas not risen due to new treatments targeting different aspects of
melanoma survival such as immune evasion (4, 9, 11). Melanoma, like other cancers,
manipulates the host immune system to benefit the tumor. The tumor microenvironment attracts
macrophages to invade the tumor tissue (203, 249, 297). Furthermore, the tumor
microenvironment also manipulates macrophages towards an anti-inflammatory phenotype to
increase tumor growth and metastasis (207, 250, 298).

Macrophages are often categorized into two phenotypes, the pro-inflammatory M1
phenotype and anti-inflammatory M2 phenotypes. Macrophages are polarized towards the M1,
or “classically activated”, phenotype with LPS and IFNy, and express surface markers such as
CD68 (208, 247). The “alternative” activation of macrophages to an M2 phenotype can be
achieved through IL-4, causing the expression of surface markers such as CD206 (200, 299,
300).

The M1, pro-inflammatory phenotype increases inflammation and reduces tumor growth
(200, 298). These macrophages secrete pro-inflammatory cytokines and molecules such as IL-1p,
IL-6, TNFa, and reactive oxygen species such as NO (250, 301). In particular, the breakdown of
arginine leading to NO secretion through the macrophage-specific iNOS is considered a hallmark
of the M1 phenotype (248, 302). Secreted NO is used to Kill target cells (159, 303), and high

(>0.5uM) concentrations of NO are known to be tumoricidal (159, 207, 304). M1 macrophages
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can also secrete soluble Flt-1 (sFlt-1), an angiogenesis inhibitor (33, 93). IL-1p, a potent
pyrogen, is predominently known as an anti-cancer cytokine, and can limit cancer growth and
destroy tumor cells (171, 173). Another pro-inflammatory cytokine, TNFa can polarize
macrophages towards an M1 phenotype and upregulate the inflammatory immune response to
kill tumor cells (177, 305, 306). Increased numbers of pro-inflammatory M1 macrophages in
tumors have been associated with better cancer survival and are reported to be anti-angiogenic
and tumoricidal.

The majority of macrophages in a tumor, however, do not express a pro-inflammatory
phenotype. Tumor-associated macrophages (TAMSs) primarily utilize an M2-like anti-
inflammatory phenotype to reduce inflammation and increase angiogenesis within the tumor
(249, 299, 307, 308). High numbers of anti-inflammatory TAMSs present in tumors are also
associated with increased tumor growth and tumor reoccurence (59, 207, 214, 309).

TAMs secrete a range of anti-inflammatory molecules to assist in tumor survival,
including Transforming Growth Factor Beta (TGF-p), IL-10 and Vascular Endothelial Growth
Factor A (VEGF-A). TGF-B is essential in the growth of new blood vessels (Reviewed in (310))
and restricts the activation and function of the adaptive immune response in cancer (238, 311,
312). IL-10 produced by TAMs increases the growth of cancer cells at low concentrations (299),
but upregulated 1L-10 can reduce cancer growth and improve the anti-tumor immune response
(229, 230). VEGF-A is an endothelial growth factor that, along with its receptors Flt-1 and KDR,
is required for tumor angiogenesis and development (32, 44, 313, 314). Rather than producing
NO from arginine, TAMSs break down arginine to produce urea, allowing the nitrogen to remain
within the biomass of the tumor through arginase-1 (Arg-1) (207). CD163 is a surface marker

heavily associated with TAMs (203, 211, 214) and increased CD163+ macrophages in a patient
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have been used to indicate a poor prognosis (211, 300, 308). Another surface marker, CD206 is
also associated with M2 macrophages and poor patient prognosis (315-317). IL-6, a cytokine
that can polarize macrophages towards an M2 phenotype (193-195), increases angiogenesis,
treatment resistance, and leads to a poor patient prognosis (Reviewed in (186, 190, 192, 318)).An
increase in these anti-inflammatory or TAM-associated secretions allows the tumor to both
prevent the apoptosis of tumor cells and encourage angiogenesis and further tumor growth.

Our previous data indicated a significant reduction in tumor growth after the treatment
with Beta2 Glycoprotein | (32-GPI)-derived peptides p296c-s and RD-p9 (319). The peptides
reduction of tumor growth was marked by a significant increase in soluble Flt-1 (sFlt-1), which
is secreted by M1 macrophages, and a significant increase in NO production in the tumors. These
results suggest that our peptides are reducing tumor growth and vasculature by altering the
macrophage immune response. We hypothesize that the 32-GPI-derived peptides reduce tumor

growth by altering TAM phenotype.

Methods

Cell culture

The C57BI/6-derived, melanoma tumor cell, B16-F10, and the BALB/cN derived mouse
macrophage cell line J774A.1 (American Type Culture Collection, Manassas, VA, USA) were
maintained in Dulbecco’s modified Eagle medium (Gibco, Grand Island, NY, USA) containing
10% Opti-MEM (Gibco), 5% fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA,
USA, 5% NuSerum Culture Supplement (Fisher Scientific, Pittsburgh, PA, USA), and 1% Gluta-
MAX (Gibco). All cells were cultured with 5% CO> at 37 °C in a humidified incubator. Cells

were split three times a week at 1:5 ratios the first two times, and a 1:10 ratio for the third time.
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For experiments, cells were collected from confluent plates rather than splitting the plates. For
polarizing experiments, J774A.1 cell were left unpolarized, treated with IFNy (100 U/mL) and
LPS (100 ng/mL), treated with IL-4 (20 ng/mL), or treated with 10% B16F10 melanoma cell
supernatants.
B2-GPI peptides

2-GPI-derived peptides p296¢c-s, RD-p9 and the scrambled peptide p16ss were produced
by solid phase synthesis as previously described at Kansas State University in the KSU
Biochemistry Core Laboratory. Peptides p296c¢-s (H-IHFYSKNKEKKSSYTVEAHSRDGTI-
OH) was derived from the lipid binding region of Domain V. From within p296c-s, RD-p9 was
created from nine D-amino acids RD-p9 (D-SHAEVTYSS). The scrambled control peptide
pl6ss contains a scrambled 16 amino acids (DEVHYTTSSSKKARGI). All peptides were
purified by reversed phase HPLC and characterized by mass spectroscopy, before lyophilization
and storage at -20°C. Peptides were administered at 40 uM unless otherwise specified.
Bone marrow derived macrophage collection and culture

Femurs were collected from 4-6-month-old male C57BI/6 mice. Bone marrow was then
extracted by flushing the marrow from leg bones with serum free media using a 23 %2 gauge
needle. Collected marrow was flushed into serum free medium, centrifuged, and resuspended in
ACK (ammonium-chloride-potassium) lysing buffer (1.5 M ammonium chloride, 100 mM
potassium bicarbonate, 1 mM EDTA) for five minutes on ice to remove red blood cells. The
remaining cells were centrifuged at 1400 revolutions per minute (rpm) and resuspended in
serum-free medium before counting. Cells (2x10° cells/well) were seeded into a 24 well plate in
1 mL of Complete Macrophage Medium (DMEM/F12 (1:1) (Gibco, Grand Island, NY, USA),

10 mM L-glutamine, 10% FBS, and 20% LM929 supernatant for GM-CSF). After 72 hours, an
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additional 1 mL of Complete Macrophage Medium was added to replenish available nutrients for
the cells. At 5 days after initial cell seeding, the medium was removed and replaced with fresh
media (DMEM, 10% Opti-MEM (Gibco), 5% FBS, 5% NuSerum and 1% Gluta-MAX) and the
bone marrow derived macrophages (BMDMs) were simultaneously treated with polarizing
agents and peptides. BMDMs were left unpolarized, treated with IFNy (100 U/mL) and LPS (100
ng/mL), treated with IL-4 (20 ng/mL), or treated with 10% B16F10 melanoma cell supernatant.
BMDMs with and without polarizing cytokines were also left untreated or treated with 40 yM
peptides p16ss, p296¢-s, or RD-p9. After 24 h, the supernatants were then collected and frozen at
80 °C. The cells were collected in TRIzol for future RNA isolation. Collected supernatants were
analyzed for IL-1B, IL-6, IL-10 and TNFa using a MILLIPLEX® Mouse Cytokine/Chemokine
Magnetic Bead Panel (Millipore Sigma, Temecula, California). Analysis of the panel used the
Luminex® 200™ according to manufacturer’s protocol before processing with MILLIPLEX®
Analyst 5.1 software. The final data was collected as pg/mL of supernatant (2 x 10° BMDM).
Concentration of sFlt-1 (pg/mL) in the supernatant was determined with a Mouse sVEGFR1/FIt-
1 DuoSet ELISA kit (#DY471, R&D Systems, Minneapolis, MN).

In vivo tumors

C57BI/6 mice at 8-12 weeks of age were bred and maintained in the specific pathogen

free Laboratory Animal Care Service (LACS) facility in the Division of Biology at Kansas State
University. All animals had constant access to rodent food and water in a 12 h light/dark cycle
and all procedures were approved by the Institutional Animal Care and Use Committee (IACUC)
and were in compliance with the Animal Welfare Act. Mice were subcutaneously injected with
B10-F10 cells (2x10°) in Matrigel (1:1). Mice were injected intravenously with saline or peptide

(40 uM, 3 — 9 mg/kg dependent on peptide size) on days 1, 2, 3, 4, 6, and 8 after injection.
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Tumor growth in vivo was measured and calculated daily (length x width?) and animals were
euthanized if tumor size surpassed 1.5 cm in diameter. Tumors were removed 10 days after
injection, measured with calipers, and pictures taken before the tumor was prepared for PCR and

TAM isolation.

TAM isolation

Figure 3.1 Extraction of tumor associated macrophages

A. Tumor tissue is extracted from the mouse after 10 days of growth, minced into fine pieces and
collected in serum free media. B. The serum-free medium is pipetted through the minced tissue on 70 um
filters twice, before being incubated with AKC lysis buffer on ice. The cells were then resuspended in
fresh medium and layered on top of Lympholyte-M solution and centrifuged. C. After centrifugation, the
cell layer (blue) is removed from the tube, counted, and seeded for immunocytochemistry, RNA isolation,
or secretions.

Tumor tissue was extracted on day 10 and immediately placed into serum-free media.
After dicing and placing the tissue on a 70 um filter, a single cell suspension was obtained by
flushing the tissue with serum-free media twice. The suspension was then incubated in ACK
lysing buffer for five minutes on ice to remove red blood cells. To isolate monocytes from the

tumor cell suspension, the cells were isolated using Lympholyte-M (CedarLane, Burlington,
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NC). According to manufacturer’s protocol, the cell solution was brought to 2x107 cells/mL, and
pipetted in a layer over an equal volume of Lympholyte-M in a 15 mL tube. The tube was then
centrifuged at 1250xg for 20 mins at room temperature. The TAMs were pipetted out from the
second layer (blue layer in Figure 3.1), centrifuged, and resuspended in DMEM media
containing 5% FBS before being counted for immunocytochemistry, PCR, and secretion assays.
NO assay
Tumor secretions were collected by incubating tumor tissue in oxygenated Tyrode’s

solution at 37 °C for 20 mins. The top well of the first two columns was filled with 25 uM
NaNOg, and a standard curve of 1:2 dilutions was made down the columns. Collected
supernatants (150 uL) and two Tyrode’s solution blanks were added to a 96 well plate. After the
standards and diluted samples were added, an additional 150 pL of Greiss Reagent was added to
all wells and incubated at room temperature for 10 mins. After incubation, plates were read on a
spectrophotometer at 550 nm (Biorad Model 680 Microplate Reader, Biorad, Hercules,
California).

RNA isolation

Total RNA was isolated from TRIzol (Thermofisher, Waltham, MA) homogenized

tumors or cells. Tumor tissue was homogenized in 1 mL and cells were suspended in 0.5 mL
TRIzol and kept in 1.5 mL capped tubes at -80 °C until isolation. After thawing, 0.2X starting
volume of chloroform was added to the tube before shaking for 1 min, followed by 4 mins of
rest. After the tube rested at room temperature, the tubes were centrifuged at 13,500 RPM for 15
mins at 4°C. After centrifugation, the separated aqueous phase was pipetted into a new RNase-
free 1.5mL tube. An additional 0.5X starting volume of isopropanol was added into the tube

before shaking and incubated at room temperature for 10 mins. The mixture was then centrifuged
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at 13,000 RPM for 10 mins at 4°C. After centrifugation, the liquid was carefully pipetted off and
the remaining pellet was washed twice by adding 0.5X starting volume of 75% ethanol, vortexed
briefly, and centrifuged at 10,000 RPM for 5 minutes at 4 °C. After washes, the supernatant was
removed and the remaining pellet was air dried for approximately 15 minutes. The pellet was
then resuspended in nuclease-free water (100 uL for tumor tissue, 20 pL for cells), and frozen at
-80 °C until PCR.
Reverse-Transcriptase PCR

Prior to analysis, RNA concentration and purity was determined by nanodrop at 260 nm.
cDNA was synthesized from 1 pg isolated RNA using qScript cDNA Synthesis Kit (Quantbio,
Beverly, MA) with M-MLYV reverse transcriptase and a combination of oligo and random
primers. Reverse-Transcriptase PCR (RT-PCR) was performed using SYBR Green fluorescence
as previously described. RT-PCR was performed as follows: RNA was incubated with gene
specific primers (Supplementary Table 4.2) at 90°C for 2 min, followed by 50 cycles of 95°C for
10 s, a primer-specific temperature for 20 s (Supplementary Table 4.2) and 72°C for 10 s. The
primer-specific temperature was determined by the melting temperature of the specific primers.
We then determined the AACt of iNOS, Arg-1, VEGF-A, TNFa, IL-10, IL-6, IL-1B, Flt-1, and
CD163 as compared to saline-treatment.

Immunocytochemistry

BMDM cells and isolated tumor cells (1x10* cells in 100pL media) were cytocentrifuged
at room temperature for 5 minutes at 600 rpm onto glass microscope slides, with two sections per
slide. After the centrifugation, the slides were fixed in cold methanol (100%) for 3 minutes,
followed by two 5-minute incubations in PBS to wash off excess methanol. Slides were then

incubated in a PBS blocking solution with 10% serum for 30 minutes in at 37 °C. After
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incubation, slides were placed in PBS to remove excess blocking solution for an additional 5
minutes before removal from PBS and placement in a container with wet paper towels. Primary
antibodies for F4/80 (10 nM Anti-mouse 1gG2a, Alexa Fluor 594, Biolegend) and M1 marker
CD68 (20 nM Anti-mouse IgG2b, FITC, Caltag) or M2 marker CD206 (10 nM Anti-mouse
IgG2b, FITC, CALTAG) and isotypes (Mouse 1gG2a FITC, Mouse 1gG2 Alexa Fluor 594
Biolegend) incubated on the slide overnight at 4 °C. The next day, slides were incubated three
times in PBS for 5 minutes each, before a final incubation in purified water for 3 minutes. After
removal from the water, slides were dried and coverslips affixed with Prolong Gold mounting
reagent with DAPI (Thermofisher, Waltham, MA). Slides were then stored at 4 °C in a dark
container until pictures were taken. Fluorescent microscopy images were taken blinded using a
Nikon 80i microscope equipped with a camera and MetaVue software. Each section had 6-8
photographs taken.
Statistics

Data are presented as mean + SEM and significance (p<0.05) determined by parametric
one-way ANOVA with Dunn’s post analysis to compare all columns, or by parametric t-test
(GraphPad/Instat Software). Experiments counted in n refer to the number of independent

experiments performed separately.

Results

Polarization tests for J774A.1 Cells

We hypothesized that our peptide treatment was affecting the phenotype of macrophages
present in the tumor. Initially, we examined the peptides’ effects in vitro on J774A.1 cells. We
established a protocol to polarize the macrophages towards an M1, M2, or TAM phenotype by

incubating J774A.1 cells with cytokines. The cells were left untreated or polarized to an M1-like
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(with IFNy and LPS), M2-like (with IL-4), or TAM-like (with B16F10 supernatant) phenotype
24 hours prior to collection of supernatants and cells in TRIzol. The J774A.1 cells treated with
IFNy and LPS had significantly higher INOS mRNA than the other treatments (Fig. 3.2 A) and
secreted significantly more NO than the other treatments (Fig. 3.2 B). RT-PCR also
demonstrated that Arg-1 mRNA expression significantly increased with IL-4 treatment compared
to the untreated controls (Fig. 3.2 C). The TNFa mRNA did not change regardless of the
treatment, though TNFa secretion is increased in TAMSs. These data suggest that though our
TAM-like polarization did not produce a distinct phenotype, our M1-like and M2-like treatments

successfully polarized the macrophages towards the desired phenotypes.
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Figure 3.2 M1-like and M2-like phenotypes polarized in J774A.1 cells.

J774A.1 cells were cultured with a treatment of IFNy (100 U/mL) and LPS (100 ng/mL), IL-4 (20ng/mL),
or treated with 10% B16F10 melanoma cell supernatant for 24 h before collecting supernatants and lysing
cells with TRIzol. RT-PCR of cellular cDNA was normalized to 18s rRNA and AACt fold change
determined by comparison to untreated cells. J774A.1 cells (n=2-4 experiments) were examined for (A)
iNOS, (B) NO secretion, and (C) Arg-1 and (D) TNFo RNA. Each bar represents the mean £ SEM. *
p<0.05 compared to untreated cells.

Further tests were performed to determine whether the immunocytochemistry protocol
would work for future experiments. In a preliminary experiment, J774A.1 cells on microscope
slides were stained for the macrophage marker F4/80 (red), the M1 marker CD68 (green), and

nuclei (blue) (Figure 3.3). The J774A.1 cells were polarized as demonstrated above, while
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simultaneously treated with scrambled control peptide p16ss, or peptides p296¢-s or RD-p9 or
untreated. The fluorescence showed consistent F4/80 expression across all treatments, and
slightly increased CDG68 in the M1-like phenotype (Fig. 3.3). These preliminary data indicate that
our immunocytochemistry protocol resulted in adhesion of the cells to the slide as well as intact

markers that could be detected by IHC.
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Figure 3.3 Peptide treatment increases CD68 expression in J774A.1 cells.

J774A.1 cells (37, 1x10*) were polarized to M1- M2- or TAM-like phenotypes (left column) and left
untreated, or treated the scrambled peptide (p16ss), p296c-s, or RD-p9 for 24 hours. Peptides were then
centrifuged down onto microscope slides and stained with anti-F4/80 (Red, Alexa Fluor 594), anti-CD68
(Green, FITC) and DAPI. Microphotographs (A) (200X) are representative of 6-8 pictures per section.

Treatment with peptides alters inflammatory markers in BMDMs.

After we had confirmed our method to polarize macrophages to an M1- or M2-like
phenotype and the immunocytochemistry protocol suggests that the markers could be
successfully examined through immunocytochemistry, we examined the effects of the peptides
p296¢-s and RD-p9 on macrophage phenotype with BMDMSs. We determined mRNA expression
of both pro- and anti-inflammatory markers to see shifts in phenotype after peptide treatment. In

initial studies, BMDMs were treated with a scrambled control peptide (p16ss), p296c-s or RD-p9




before being collected in TRIzol and analyzed with RT-PCR. Treatment of BMDMs with only

RD-p9 reduced RNA expression of all the anti-inflammatory cytokines or TAM-associated

surface marker CD163 (Fig. 3.4 A-F). Treatment with just p296c-s also significantly reduced IL-

10 mRNA expression compared to the control treatments (Fig. 3.4 B). However, treatment with

p296¢-s significantly increased RNA of VEGF and its receptors (Fig. 3.4 D-F). These data

suggest that peptide treatments reduce the mRNA expression of anti-inflammatory cytokines.
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Figure 3.4 Treatment with RD-p9 reduces anti-inflammatory and TAM-like mRNA expression in

unpolarized bone marrow derived macrophages.

BMDMs were left untreated or incubated with 40uM peptides p296c-s, RD-p9 or scrambled control
peptide p16ss for 24 h prior to collection of cells in TRIzol for RT-PCR. RT-PCR of cDNA was
normalized to 18s rRNA and AACt fold change determined by comparison to untreated BMDMs.
Collected RNA was examined for (A) CD163, (B) IL-10, (C) Arg-1, (D) VEGFA, (E) Flt-1, and (F)
KDR. Each bar represents the mean £ SEM of n=4-6 experiments. * p< 0.05 compared to untreated

controls.
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We also examined the effects of the peptides on macrophage phenotype with
macrophages that were co-treated with polarizing cytokines. We performed RT-PCR for
macrophages with or without peptides in addition to IL-4. Treatment with p296¢-s and RD-p9
significantly reduced the mRNA expression of CD163 (Fig. 3.5 A) compared to untreated
controls. p296c¢-s treatment also reduced mRNA expression for IL-10 and Arg-1 compared to
untreated controls (Fig 3.5 B, C). Treatment with either p296c-s or RD-p9 increased mMRNA
expression for VEGF-A compared to untreated cells (Fig. 3.5 D), though peptide treatments had
no effect on Flt-1 or KDR (Fig. 3.5 E, F). These data indicate that co-treating macrophages with

polarizing cytokines and peptides also alters mMRNA expression of the macrophage.
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Figure 3.5 Treatment with peptides alters the anti-inflammatory markers in IL-4 treated bone marrow-

derived macrophages.

BMDM s treated with 1L-4 (20 ng/mL) were left untreated or co-treated with 40uM peptides p296¢-s, RD-
p9 or scrambled control peptide p16ss for 24 h prior to collection of cells in TRIzol for RT-PCR. RT-PCR
of cDNA was normalized to 18s rRNA and AACt fold change determined by comparison to untreated
BMDMs. Collected RNA was examined for (A) CD163, (B) IL-10, (C) Arg-1, (D) VEGFA, (E) FIt-1,
and (F) KDR. Each bar represents the mean + SEM of n=4-6 experiments. * p< 0.05 compared to

untreated controls
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As we determined a shift in the mRNA expression of anti-inflammatory markers, we also
investigated changes in pro-inflammatory markers and secretions. When examining the pro-
inflammatory markers, RNA for iNOS decreased after p296c-s treatment, compared to controls,
but was unchanged with RD-p9 treatment (Fig. 3.6 A). TNFa and IL-6 RNA showed an increase
with p296c-s, and a reduction with RD-p9 treatment (Fig. 3.6 B, D). Treatment with RD-p9 and
p296¢-s both reduced IL-1B expression compared to controls, (Fig. 3.6 C). While mMRNA
expression of IL-6 increased after treatment with p296¢-s, the expression decreased after
treatment with RD-p9 (Fig. 3.6 D) The shift in inflammatory markers with RD-p9 treatment

suggests that the peptides alter the inflammatory response in macrophages.
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Figure 3.6 Treatment with p296¢c-s and RD-p9 alter pro-inflammatory markers in bone marrow derived
macrophages.

BMDMs were left untreated or incubated with 40uM peptides p296c-s, RD-p9 or scrambled control
peptide p16ss for 24 h prior to collection of cells in TRIzol for RT-PCR. RT-PCR of cDNA was
normalized to 18s rRNA and AACt fold change determined by comparison to untreated BMDMs.
Collected RNA was examined for (A) iNOS, (B) TNFa, (C) IL-1p, and (D) IL-6. Each bar represents the
mean £ SEM of n=4-6 experiments. * p< 0.05 compared to untreated controls.

We also determined the changes in mRNA expression of macrophages that had been co-
treated with peptides and M1 polarizing cytokines, IFNy and LPS. RD-p9 reduced mRNA

expression for all of the four M1 genes examined; iINOS, TNFa, IL-1p and IL-6 (Fig. 3.7, A-D).

In contrast, p296c¢-s treatment only reduced mRNA expression of TNFa (Fig. 3.7 B).
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Figure 3.7 Treatment with p296¢c-s and RD-p9 alter pro-inflammatory markers of macrophages treated
with IFNy and LPS.

M1-like BMDMs treated with IFNy (100 U/mL) and LPS (100 ng/mL) were simultaneously left untreated
or incubated with 40uM peptides p296¢-s, RD-p9 or scrambled control peptide p16ss for 24 h prior to
collection of cells in TRIzol for RT-PCR. RT-PCR of cDNA was normalized to 18s rRNA and AACt fold
change determined by comparison to untreated BMDMs. Collected RNA was examined for (A) iNOS,
(B) TNFa, (C) IL-1B, and (D) IL-6. Each bar represents the mean + SEM of n=4-6 experiments. * p< 0.05
compared to untreated controls.

After observing a change in RNA expression of pro- and anti-inflammatory markers, we
determined whether the secreted protein changed as well. Using a LUMINEX assay, we
examined the secretion of IL-1B, IL-6, TNFa and 1L-10 by unpolarized and cytokine-treated
BMDMs treated with peptides. Secretion of IL-1B did not change in the untreated BMDMs but

co-treatment of IFNy and LPS with p296c¢-s significantly increased the secretion of IL-1pB (Fig.
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3.8 A). Both IL-6 and TNFa secretion by unpolarized and IFNy and LPS co-treatment did not
change between treatments (Fig. 3.8 B, C). Secretion of IL-10 increased in the unpolarized
macrophages after treatment with p296¢-s and RD-p9 (Fig. 3.8 D). These data indicate that
treatment of unpolarized BMDMs and co-treatment polarizing cytokines with p296c-s and RD-
p9 alters the secretion of pro- and anti-inflammatory cytokines.

As we had previously determined that peptides controlled tumor growth in an sFlt-1
dependent manner (320), we examined sFIt-1 secretion by macrophages treated with the
peptides. After leaving macrophages untreated or co-treating with I1L-4 and the control peptide,
p296¢-s or RD-p9, we determined the concentration of sFlt-1 in the cell supernatants with an
ELISA. Though the concentration of sFlt-1 did not change between treatments of the unpolarized
macrophages, the concentration of sFlt-1 in the supernatant was significantly higher in the
p296¢-s and RD-p9 treatment of macrophages with added IL-4 (Fig. 3.8 E). These data indicate
that treatment of BMDMs with IL-4 in addition to peptides results in an increase of sFlt-1

secretion by macrophages.
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Figure 3.8 Peptide treatment alters secretion of pro- and anti- inflammatory cytokines in BMDMs.

Unpolarized BMDMs or BMDMs with added IL-4 (20n g/mL) were left untreated or incubated with
40uM peptides p296¢-s, RD-p9 or scrambled control peptide p16ss for 24 h prior to collection
supernatants. Collected supernatants (n=4 experiments) were analyzed via Luminex assay to determine
levels of IL-1P (A), IL-6 (B), TNFa (C), or IL-10 (D). Secretion of sFlt-1 (pg/mL) (E) was analyzed via
ELISA assay (n=4-5 experiments). All data were standardized to pg/ml supernatant. Each bar represents
the mean = SEM. * p<0.05 compared to untreated cells

Peptide treatment reduces tumor growth and alters inflammatory response

Mice were injected with B16F10 melanoma cells and measured daily for 10 days. During

the course of tumor growth, mice were left untreated, treated with p16ss, or p296c-s (40 uM) on

days 1-4, 6 and 8. On day 10, excised tumors were measured with calipers, and tumor tissue was

incubated in Tyrode’s solution to collect secretions or in TRIzol for RNA isolation. Previously

collected and frozen tumors treated with RD-p9 were also analyzed for their secretions and

RNA. The daily and excised tumor volumes (Fig. 3.9 A, B) of p296¢-s treated mice were
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significantly lower than the volumes of saline-treated mice. NO secretion was significantly

higher in the p296c¢-s and previously harvested RD-p9 treated tumors compared to the saline

treated mice (Fig. 3.9 C).
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Figure 3.9 Peptide treatment reduces tumor growth and increases NO production in tumors.

The daily in vivo volume of the tumors treated with saline, scrambled control peptide p16ss (p16ss), or
p296¢-s, (40 uM) on d1-4, 6, 8 was calculated for 10 days (n=4-5 animals) (A) and excised tumor volume
calculated (B) (n=5-7 animals). Excised tumors were incubated for 20 min in Tyrodes buffer at 37 °C.
Collected secretions were analyzed for NO concentration(C). Each bar represents the mean £ SEM. *
p<0.05 compared to saline treated tumors

After noting the increase in NO production by the tumors, we examined the changes in
RNA for other pro- and anti-inflammatory cytokines. RT-PCR for CD163 and F4/80 showed a
significant decrease in the RD-p9 treated tumors compared to controls, but no change in p296c-s
treated tumors (Fig 3.10 A, B). In contrast, TNFa and IL-10 RNA significantly increased in the
p296¢-s and RD-p9 treated tumors compared to the control treatments (Fig 3.10 C, D). IL-6 was
significantly reduced in the p296c-s and RD-p9 treated tumors compared to the control. (Fig 3.10

E). RNA of IL-1p significantly increased in the RD-p9 treated tumors compared the control but
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did not change in the p296¢c-s treated tumors (Fig 3.10 F). These data indicate that peptide

treatment alters the inflammatory response in tumors.
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Figure 3.10 Treatment with p296¢-s and RD-p9 alters inflammatory response in tumors.

Tumors excised from mice treated with or without peptides were either homogenized in TRIzol for RNA
isolation. RT-PCR of tumor cDNA was normalized to 18s rRNA and AACt fold change determined by
comparison to saline treated tumors. Tumor RNA (n = 3-6) was examined for (A) CD163, (B) F4/80, (C)
TNFa, (D) IL-10, (E) IL-6, and (F) IL-1p. Each bar represents the mean = SEM. * p<0.05 compared to
saline-treated tumors

Tumor associated macrophage isolation

With the changes in inflammatory cytokines in the overall tumor, we planned to examine

the changes in TAMs. To do this, we isolated cells from the tumor and examined them with Diff-

Quik cell staining reagent. The morphological appearance of the cells indicated that

macrophages had been isolated from the tumor tissue (Fig. 3.11 A). Isolated cells fixed onto
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microscope slides were also examined with anti-F4/80 (red) antibodies to identify macrophages
and CD206 (green) antibodies to identify M2 macrophages. The red fluoresent staining suggests
that several F4/80+ cells, likely macrophages, were isolated from the tumor tissue (Fig. 3.11 B).
However, the fluoresence also indicates that the only a minority of isolated cells were
macrophages (Fig. 3.11 B). These data indicate that while our method of TAM isolation
produced macrophages in the p16ss and p296c¢-s treated tumors, many of the isolated cells are
not TAMs. This could be due in part to the collection of the cells from the Lympholyte,
indicating that each withdrawal of collected cells for their respective assays does not collect an

equal number of macrophages.

Saline p16ss p296¢-s Isotype

E7ER

Figure 3.11 Macrophages isolated from mouse tumors.

Cells isolated from excised tumors were spun down onto microscope slides. Cells were stained with Diff-Quik
for morphology (A) (n=4). Cells were also stained for anti-F4/80(Alexa Fluor 594) and anti-CD206 (FITC)
fluorescent antibodies or an isotype control (B) (n=6). Microphotographs (40X) are representative of 6-8
photographs per section.
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Discussion

Tumor survival in vivo relies in part on the immune response to the tumors, including
TAMs. The phenotype and number of TAMs in a tumor influence the growth of the tumor and
survival of the patient (203, 212, 215-218, 321). Our previous study with the 2-GPI-derived
peptides discovered an sFlt-1-dependent reduction of tumor growth after treatment with peptides
p296¢-s and RD-p9 (319). As sFIt-1 can be secreted by M1 macrophages, we examined the
effects of our peptide on macrophage phenotype. Though further experiments must be
conducted, our initial data suggests that the peptide treatment polarizes TAMs towards an anti-
tumor phenotype.

The initial experiments in this chapter focused on establishing protocols and methods to
test changes in macrophage phenotype. Initial testing experiments for the immunocytochemistry
method resulted in cells clearly adhered to the slides and possessing intact surface markers
identifiable through IHC. While M1 and M2 macrophages produce a multitude of cytokines and
markers, NO and Arg-1 are often used as a standard of pro- versus anti-inflammatory
macrophage phenotype (159, 198, 208, 247). Initial studies using J774A.1 cells focused on the
changes in iINOS and Arg-1, as well as NO production. However, our preliminary
immunocytochemistry of J774A.1 cells did not indicate a phenotypic change. As this could be
due to the low numbers of cells and that this was only one preliminary experiment, future
experiments must confirm changes in phenotypic surface markers. With the shifts in iNOS and
Arg-1 RNA and NO secretion, our polarization of the J774A.1 cells produced distinct
phenotypes similar to M1 and M2. These results confirmed the methods used for further

experiments.
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The p296¢-s and RD-p9 treatment of the tumors resulted in a reduction of tumor size and
volume, as previously discussed. The shift in macrophage phenotype is less clear. The in vitro
BMDM data did not produce consistent results between treatments. The mRNA expression after
RD-p9 treatment was lower than the untreated control in most of the examined cytokines. In
contrast, MRNA expression of examined cytokines after treatment with p296¢-s was often
unchanged or significantly higher than the untreated control. This may be due to in vitro
conditions lacking hypoxic microenvironment and cell signaling present in the tumor.

Treatment with p296¢-s and RD-p9 also altered mRNA expression of macrophages when
co-treated with polarizing cytokines. RD-p9 treatment reduced mRNA expression of all of the
pro-inflammatory cytokines examined in macrophages co-treated with IFNy and LPS. The
macrophages treated with p296c¢-s in addition to IL-4 resulted in reduced mRNA expression of
CD163, IL-10 and Arg-1, though RD-p9 only caused a reduction in CD163 expression.
Examination of protein secretion through Luminex assay also indicated a shift in pro- and anti-
inflammatory cytokines. The increase of IL-10 secretion in untreated BMDMSs was opposite of
what the mRNA data would suggest. This could imply that after 24 h had passed, enough 1L-10
had been secreted that further 1L-10 was not necessary to produce. Similarly, the increased 1L-1p
secretion in macrophages co-treated with IFNy and LPS along with p296¢-s may not need
increased mMRNA expression. Importantly, while sFlt-1 secretion did not change in the
unpolarized macrophages, treatment with p296c-s and RD-p9 in addition to IL-4 significantly
increased sFIt-1 secretion. Together, these data indicate that the peptides can alter the
inflammatory response of both unpolarized macrophages and macrophages co-treated with

polarizing cytokines.
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In contrast, the in vivo data was more consistent between peptide treatments but did not
align exclusively with M1 or M2 phenotypes. This was expected, as in vivo phenotypes often
express aspects of both pro- and anti-inflammatory phenotypes (Reviewed in 251, 253). While
the mRNA expression for many pro-inflammatory markers increased with peptide treatment,
many anti-inflammatory markers also showed a significant increase compared to the controls.
Looking beyond the broad M1 and M2 categories for the cytokines, however, the peptide
treatment still results in an anti-tumor shift in inflammation.

The increase in NO secretion by the tumors indicates a shift towards an anti-tumor
inflammatory response. NO can promote tumor progression as well as inhibit tumor growth
(Reviewed in 163). These two functions rely on the concentration of NO present. A low (<0.1
uM) concentration of NO sustained by endothelial nitric oxide synthase (eNOS) is beneficial to
cancer, increasing angiogenesis, tumor growth, and metastasis (169, 306, 322-325). NO
concentrations are slightly elevated in several forms of cancer, including cervical and lung
cancer (326, 327). However, “high” (>0.5uM) concentrations of NO prevent angiogenesis,
improve the anti-cancer immune response, treatment response, and induce apoptosis of tumor
cells (159, 328-330). The significant increase in NO secretion with p296c-s and RD-p9
treatment by the tumors may reach “high” NO concentrations, indicating an anti-tumor effect.

Similar to NO, low concentrations of TNFa and IL-10 have been shown to increase
tumorigenesis, angiogenesis, and tumor resistance (62, 224, 305, 331-333). However, high
concentrations of TNFa destabilize blood vessel formation, kill tumor cells, and increase
immune cell invasion into the tumor (334-336). In colorectal cancer, breast cancer, and B16F10
melanoma, overexpression of IL-10 improves the anti-tumor immune response to kill tumor cells

(228-230, 232, 233) possibly due to the inhibition of regulatory CD4+ T cells (311, 337). The
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significantly higher expression of IL-10 and TNFa in the p296c¢-s and RD-p9 treated tumors
indicates that peptide treatment may upregulate these cytokines to reduce tumor growth.

However, other markers and cytokines do not have both pro- and anti-tumor functions.
Pro-inflammatory cytokines IL-1p and IL-6 function as opposites within tumors. Increased IL-6
promotes tumor growth and treatment resistance (186, 189, 191, 192), while IL-1p kills tumor
cells, increases anti-tumor immune response, and reduces tumor growth (171, 172, 338). The
peptide treatment resulted in significantly lower IL-6 and significantly higher IL-1p mMRNA
expression compared to the controls, which could contribute to the reduction in tumor growth.
The treatment with RD-p9 also resulted in a reduction of CD163 and F4/80 expression in tumors.
CD163 is a clinical TAM marker, and increased numbers of CD163+ macrophages in tumors can
indicate poor patient prognosis (213, 218, 283, 300). The peptides also reduced expression of
F4/80, and though the marker is not specific to TAMSs, a reduction of macrophages in tumor
tissue leads to improved treatment response and a reduction of tumor growth (241, 339-341).
Altogether, though both pro- and anti- inflammatory markers shifted after treatment with the
peptides, they could all contribute to the inhibition of tumor growth.

Though initial tests with TAMs indicate that the protocol successfully isolated
macrophages, there are many experiments to perform. The percent yield of TAMs with the
protocol must be verified in each single cell suspension. While this can be done by examining
morphology as in this experiment, mouse TAM verification often examines surface markers such
as CD11b+, F4/80+, or Ly6G/C+ cells through IHC or flow cytometry (342-344). Similarly,
using a density gradient for the isolation of TAMSs can be replaced with cell sorting and flow

cytometry for the same target surface markers or antibody-based macrophage sorting kits (342—
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344). While this would change the processing of the tumor tissue, these methods would produce
a higher percentage of collected TAMs.

After verifying the number of macrophages collected from the tumor, further experiments
will be conducted with the TAMs. RT-PCR for the TAMs will examine the same pro- and anti-
inflammatory cytokines previously examined in whole tumor tissue. Importantly, a LUMINEX
assay will examine the pro- and anti-inflammatory cytokines secreted from tumor tissue and
extracted TAMs. These will confirm that the changes in RNA caused by the peptides also result
in changed protein secretion. Immunohistochemistry for the tumor tissue will also examine the
distribution of TAMSs within the tumor as well as the phenotype they expressed. The IHC will
not only confirm the changes in the inflammatory response but also examine whether the
peptides changed the infiltration of the macrophages into the tumor tissue.

While the data collected in this chapter provides insight into the changes in inflammatory
response, further investigation is needed. RT-PCR of both BMDMs and tumor tissue revealed a
shift towards an anti-tumor inflammatory response after p296c-s and RD-p9 treatment. If the
shift towards an anti-tumor immune response is confirmed with LUMINEX or IHC, it could be
another mechanism of tumor control caused by these peptides. Future research could confirm our
data, which suggests that our peptide treatments result in a change of the inflammatory

phenotype of the tumor.
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Chapter 4 - Concluding Remarks

The overarching purpose of these studies was to examine the mechanism behind the p2-
GPI-derived peptides’ reduction of tumor growth. While the protein itself can promote and
reduce angiogenesis, the function of f2-GPI appears dependent on both concentration and
conformation of the protein (146-149). The reported mechanisms of 2-GPI regulation of
angiogenesis involved the control of endothelial cell growth, cleavage of angiostatin, and
prevention of VEGF signaling. However, in our experiments, the 32-GPI-derived peptides
regulated angiogenesis through sFlt-1, a mechanism not previously associated with f2-GPI.

The literature examining the involvement of f2-GPI with angiogenesis has produced
conflicting results. It is possible that the peptides high concentrations may be the cause of
reduced angiogenesis and tumor growth, which is then mimicked with our peptides. The
established disruption of VEGF signaling through 2-GPI addressed changes in KDR rather than
FIt-1. Regardless, the sFlt-1 dependent reduction of tumor growth is very clear. The increase in
sFIt-1 secretion could be related to the previously mentioned VEGF signaling or through the
cells that secrete sFIt-1 such as macrophages. In addition, through this regulation of angiogenesis
other factors may arise to assist in tumor control as well.

Few publications have focused on the interaction of p2-GPI and macrophages. This
interaction could be worthwhile, considering the involvement of macrophages in pre-eclampsia,
angiogenesis, and autoimmune disorders. However, our research must investigate further
regarding TAMs and the $2-GPI-derived peptides. Our PCR data indicated a reduction in M2
markers after treatment with p296c¢-s and RD-p9. This could be due to VEGF, as it is reported to
increase M2 macrophage polarization, and treatments targeting VEGF reduced M2 polarization.

Given that chapter 2 indicates a control of angiogenesis in an sFlt-1 dependent manner, the
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peptides may be preventing the polarization of TAMSs to M2. This may not mean that blockage
of M2 macrophage polarization immediately increases the M1 macrophage population. However,
the RT-PCR data of the whole tumor tissue clearly indicates a shift promoting the production of
anti-tumor cytokines.

The growth of new blood vessels in the tumor can directly alter the tumor immune
response. As previously mentioned, factors secreted during angiogenesis such as VEGF can
polarize existing macrophages to an anti-inflammatory, pro-tumor M2 phenotype. In addition,
VEGF can promote macrophage invasion into the tumor tissue. Limiting the growth of abnormal
vasculature allows for further immune response to the tumor, which may be responsible for the
shift in the tumor inflammatory markers that did not occur in the in vitro studies. The tumor
microenvironment that influences macrophage phenotype and invasion is in turn influenced by

the angiogenesis that occurs during tumor growth.

Future Directions

Questions on the 2-GPI-derived peptide of tumor control still remain. Though
our data suggests a shift in TAM phenotype with peptide treatment, this needs to be confirmed
through further studies. The immune response to tumor growth is multifaceted and complex,
leaving many questions to be addressed. In addition to TAM manipulation of the tumor
microenvironment, other cells such as tumor-associated neutrophils can alter inflammation.
Beyond the immune response, tumor studies should examine the other consequences of the
peptides’ regulation of angiogenesis. Studies on the route of injection or more efficient ways to
treat melanoma will allow for a better understanding of the limits of the peptide treatment.

Longer studies also must be performed to examine the effects of the peptide beyond the 10 days
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examined in this study. These studies will determine the long-term effectiveness of the peptide,
whether the peptide will continue to reduce tumor growth or the tumor response to the peptide
will change. Additional experiments will also examine changes in the formation of metastases
after treatment with peptides. The p2-GPI-derived peptides may offer a possible therapeutic to
combat the growth of melanoma. While the treatments do not kill the existing tumors, they
prevent further growth and allow for other interventions to eliminate the tumor. Further studies
can go beyond melanoma to study other forms of cancer such as breast cancer to establish a new

cancer therapeutic.
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Appendix A - Supplementary Figures and Tables

Supplementary Table 4.1 The melting temperatures and sequences for primers used in RT-
PCR.

RT-PCR Primer Sequences

Melting
Protein Primers Temperature  Sequence
18S 18S FWD? 56 °C GGTTGATCCTGCCAGTAGC
18S REV 56 °C GCGACCAAAGGAACCATAAC
Endoglin Endoglin FWD 55°C CTTCCAAGGACAGCCAAGAG
Endoglin REV 55°C GTGGTTGCCATTCAAGTGTG
VEGFavariantl VEGF-A FWD 55.6 °C AGAGCAACATCACCATGCAG
VEGF-A REV 55.6 °C TTTCTTGCGCTTTCGTTTTT
Endosialin Endosialin FWD 56.7 °C CCCCTCTTCCTACCAACTCC
Endosialin REV 56.7 °C CCTTCCCTTGGGACTAGAGG
KDR (VEGFR2) KDR FWD 57.1°C GGCGGTGGTGACAGTATCTT
KDR REV 57.1°C GTCACTGACAGAGGCGATGA
FIt-1 (VEGFR1)  FIt-1 FWD 56.3 °C TATAAGGCAGCGGATTGACC
Flt-1 REV 56.3 °C TCATACACATGCACGGAGGT
CD31 (PECAM-1) CD31 FWD 56 °C TGCTCTCGAAGCCCAGTATT
CD31 REV 56 °C TGTGAATGTTGCTGGGTCAT

8FWD is forward primer, REV is reverse primer
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Supplementary Table 4.2 The melting temperatures and sequences for primers used in RT-

PCR.
RT-PCR Primer Sequences
Melting
Protein Primers Temperature  Sequence
18S 18S FWD? 56 °C GGTTGATCCTGCCAGTAGC
18S REV 56 °C GCGACCAAAGGAACCATAAC
Arg-1 Arg-1 FWD 52.7 CGATTCACCTGAGTTGAT
Arg-1 REV 54.8 AAGCCAAGGTTAAAGCCACT
CAC CTT GGA GTT CAC CCA
INOS iINOS Fwd 57.1 GT
ACC ACT CGT ACT TGG GAT
INOS Rev 57.1 GC
CCA AGC CTT ATC GGA AAT
IL-10 IL-10 Fwd 52.5 GA
TTT TCA CAG GGG AGA AAT
IL-10 Rev 52.7 CG
IL-1beta IL-1b FWD 51.1 TCTATACCTGTCCTGTGTAATG
IL-1b REV 54.6 GCTTGTGCTCTGCTTGTG
IL-6 IL-6 Fwd 56.3 AGT TGC CTT GGG ACT GA
TCC ACG ATT TCC CAG AGA
IL-6 Rev 54.4 AC
TAT GGC TCA GGG TCC AAC
TNFa TNFalpha Fwd 56.4 TC
CTCCCTTTG CAG AACTCA
TNFalpha Rev 55.6 GG
VEGF avariant1 VEGFa FWD 55.6 AGAGCAACATCACCATGCAG
VEGFa REV 51.8 TTTCTTGCGCTTTCGTTTTT
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Appendix B - Copyright Permissions and Outside Software

Figures in Chapter 1 (excluding Figures 1-4 and 1-5), were created with BioRender.com.

Figure 1-5 was created using EzMol. EzMol is a software wizard on top of 3Dmol.js,

incorporating jQuery Ul and Spectrum. EzMol is funded by Imperial College London and the

BBSRC.
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