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ABSTRACT

Hematopoietic cells are recruited to and co-opted by the growing tumor making
expansive tumor growth possible. Although several cell types become associated with the
growing tumor, macrophages play a fundamental role. The movement of macrophages
across the basement membrane and through the extracellular matrix to the tumor site
requires the activation of proteases, such as plasmin, at their cell surface. The proteolytic
aspect of macrophage recruitment may represent an exploitable aspect of tumor growth in
terms of therapeutic strategies.  Here I show that the S100A10 protein facilitates the
infiltration of macrophages into the site of tumor growth by stimulating the generation of
the protease plasmin at their surface. Using a mouse model in which wild-type (WT) and
S100A10-null mice are inoculated with tumor cells, a decrease in tumor-associated
macrophages (TAMs) and greatly diminished tumor growth in tumors grown in
S100A10-null mice was observed. Although tumor growth in S100A10-null mice could
be restored by intraperitoneal injection of WT macrophages, S100A10-null macrophages
only restored tumor growth when directly injected into the tumor. Lastly, selective
depletion of macrophages from a WT mouse by liposome encapsulated clodronate
treatment resulted in similar tumor growth deficits as in the S100A10-null mouse. These
results highlight a new role for the S100A10 protein in the recruitment of TAMs to the
tumor site and demonstrate a potential therapeutic strategy in which the tumor associated
cells may be targeted.
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CHAPTER 1

INTRODUCTION

1.1 Mononuclear phagocyte system

Leukocytes, or white blood cells, are considered to be the primary cells of the

immune system. The mononuclear phagocytes are a subgroup of leukocytes whose

lineage originates in the bone marrow as hematopoietic stem cells (HSCs). HSCs

differentiate into committed myeloid progenitor cells, which give rise to monoblasts

which become monocytes and enter circulation (Figure 1). Under steady state conditions

approximately half of the monocytes exit circulation each day to differentiate into

macrophages1,2. The majority of cell proliferation in the mononuclear phagocyte system

occurs at the monoblast level with proliferating mature macrophages making a small

contribution to maintaining tissue macrophage levels3.

Relatively recently it has been established that there are functionally different

subsets of monocytes. Monocytes expressing low levels of the fractalkine receptor

(CX3CR1) become recruited to inflammatory sites, whereas monocytes expressing high

levels become resident tissue macrophages4. Additionally, Ly6C (GR-1) granulocyte

surface antigen has also been reported as a monocyte subtype marker. Ly6C expression

status has been used to identify monocytes along a differentiation continuum, the Ly6C

(high) cells being less mature5.

There are numerous subtypes of mononuclear phagocytes along the continuum

from stem cell to terminally differentiated macrophage, representing the extreme

versatility of this system6. Like the monocyte, the macrophage becomes further

specialized into subtypes, being the M1 or M2 polarized phenotype differing on their

means of activation. M1 and M2 polarized macrophages generally differ in their high
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expression of either IL-12 or IL-10 respectively, however other differences include

receptor expression, cytokine production and effector molecule type and function7,8. It

should be noted that the M1/M2 concept is a functionally simplified framework to

facilitate macrophage discussion. In the in vivo setting, macrophages exist in a continuum

of functional states as they are subjected to a plethora of opposing signals. The M1/M2

phenotypes describe the extreme poles of the continuum6. With this caveat, the accepted

role of the M1 macrophage, considered to be the classical activated form, is that of an

effector cell which kills microorganisms and tumor cells and stimulates inflammation

through the production of pro-inflammatory cytokines. The M2 designation refers to a

macrophage activated by any means other than the classical M1 schema and are generally

associated with tissue repair, inflammation suppression and phagocytosis.

Macrophage polarization to the M1 phenotype can occur in response to selected

cytokines from activated helper T-cells (Figure 2). Type 1 dendritic cells (DC-1),

following the engulfment and breakdown of a microorganism, present a corresponding

antigen to the T-cell receptor (TCR) on a pre-helper T-cell9. Along with the secretion of

interleukin-12 (IL-12), this association allows the DC-1 cell to activate the pre-helper T-

cell to the mature type 1 helper T-cell (Th-1). Mature Th-1 cells produce IFN- and

tumor necrosis factor-F-, stimulating the M1-macrophage polarization.

M1 macrophage polarization can also occur through a more direct route via

macrophage interaction with microbial signals (Figure 2). A major membrane component

of Gram-negative bacteria is lipopolysaccharides (LPS), which becomes released after

cell lysis10. Free LPS can become bound to the circulating LPS binding protein (LBP),

which forms a complex with the CD14 receptor on the macrophage cell surface11. The
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M1 macrophage kills target cells through two classes of effector molecules; reactive

oxygen intermediates (ROI), primarily H2O2 and reactive nitrogen intermediates (RNI),

primarily nitric oxide (NO). In M1 macrophages, NO is primarily produced from L-

arginine by inducible nitric oxide synthase (iNOS)12. M1 macrophages also release

several pro-inflammatory cytokines such as tumor necrosis factor- α (TNF-α), IL-1, IL-6,

and IL-2313.
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Figure 1. Hematopoietic stem cell differentiation. Lineage map of hematopoietic stem
cell differentiation highlighting the formation of the leukocyte lineage14.
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Figure 2. Classical M1 macrophage activation. Activation to the M1 macrophage
phenotype is initiated by type 1 dendritic cells (DC-1) presenting an antigen to the pre-
helper T-cell (pre-Th) and the release of co-stimulatory cytokines to create a mature T-
cell (Th-1). The activated mature Th-1 cell is now able to stimulate the M1-macrophage
polarization. Alternatively, M1 polarization can occur through LPS, a major membrane
component of Gram-negative bacteria. M1 macrophages kill target cells through reactive
oxygen intermediates (ROI) and reactive nitrogen intermediate (RNI) and release several
pro-inflammatory cytokines.



7



8

1.1.2 Alternatively activated macrophages

The M2, or ‘alternate’, macrophage phenotype is a generic designation for

macrophages which are not activated to the classical M1 phenotype. Several means of

activation exist, thus there exists a large heterogeneity in M2 macrophages (Figure 3).

Traditionally, the M2 phenotype has been subdivided into three distinct subtypes; M2a,

M2b and M2c, representing distinct activation pathways and functions. M2a macrophage

differentiation is induced by IL-4 and IL-13, M2b macrophage differentiation is driven

by the interaction with a variety of immune complexes, toll-like receptor (TLR)

stimulation, or by IL-1 receptor antagonist (IL-1ra). The M2c phenotype is produced by

exposure to the immunosuppressive IL-1015.

The M2 sub-phenotypes display a variety of functional differences relative to the

M1 phenotype, broadly they suppress inflammation, enhance phagocytosis and promote

tissue repair. Like the M1 macrophage, the M2 cells express iNOS, however the cell

killing NO production is modulated by an overexpression of arginase. Arginase, like

iNOS, utilizes arginine as a substrate but produces L-ornithine and urea instead of NO

and citrulline, thus increased arginase expression decreases availability of substrate for

iNOS16,17. Additionally, it has been reported that the enhanced L-ornithine production by

M2 macrophages promotes tumor cell proliferation in vitro as cancer cells have a

heightened rate of DNA synthesis and L-ornithine may be used to create adenine17.
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Figure 3. Alternative M2 macrophage activation. All macrophage activation which is
not to the classical M1 phenotype is considered to be the M2 phenotype. M2
macrophages may be subdivided into four distinct subtypes M2a-d induced by varying
signals, depicted below. Broadly, M2 macrophages suppress inflammation, enhance
phagocytosis, stimulate angiogenesis and promote tissue repair.
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1.2 Tumor associated macrophage recruitment

Tumors recruit and co-opt macrophages for their growth and dissemination7.

Thus, there exists an increasingly large body of evidence correlating tumor associated

macrophage (TAM) density with poor prognosis in a varied number of cancers such as

breast cancer, hepatocellular carcinoma, cholangiocarcinoma, lung adenocarcinoma,

follicular lymphoma, thyroid and endometrial carcinomas18-23. Additionally, the

metastatic incidence in the spontaneous tumor forming, polyoma middle T (PyMT) mice

is reduced upon TAM depletion24. The TAM population therefore plays an integral role

in tumor progression. The TAM closely resembles an M2 macrophage in terms of

function and transcriptome expression15. Until recently, TAMs were considered a

heterogeneous group of M2a, M2b and M2c macrophages, however in 2007, Duluc et. al.

reported an M2 TAM which promoted tumor growth and displayed characteristics

distinct from M2a-c25-27. M2d macrophages contribute to immuno suppression by a

constitutive expression of B7-H4, a potent immunosuppressive molecule and express a

low level of CD86, a costimulatory molecule for T-cell activation25. M2d macrophages

produce much lower levels of the antiangiogenic molecule pentraxin-related protein

(PTX3) relative to M2a-c phenotypes. M2d macrophages have an increased expression of

TNF and transforming growth factor (TGF) both of which promote tumor growth, as well

as increased expression of vascular endothelial growth factor (VEGF) and matrix

metalloprotease-9 (MMP-9) which promote angiogenesis25. These observations indicate

that M2d macrophages may be both pro-tumorigenic and immumnosuppressive.

TAM density is directly dependent upon the recruitment of monocytes from

circulation in response to chemotactic signals from the tumor28. For example, hypoxic
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tumor regions cause the release of the chemoattractant lysophosphatidylcholine from

apoptotic cancer cells29. Cancer cells release chemotactic factors which mimic the wound

healing response such as; chemokine ligand-2 (CCL-2) also known as monocyte

chemotactic protein-1 (MCP-1), CCL-5 and GM-CSF30-32. The macrophage colony

stimulating factor (M-CSF or CSF-1) chemokine is also released by cancer cells and is

the main growth factor for survival, proliferation, differentiation and chemotaxis of

mononuclear phagocytes7. Cancer cell released soluble M-CSF blocks tumoricidal action

of the immune system by inhibiting dendritic cell maturation, which blocks T-cell antigen

presentation and therefore M1 macrophage activation 7(Figure 2). Interestingly, it has

been reported that the form that M-CSF takes alters the immune response. Cell surface

M-CSF causes macrophages to ‘lock on’ and kill the cancer cell7. In addition to

recruitment of macrophages by cancer cells, TAMs also release MCP-1 and CCL-5,

further recruiting macrophages to the tumo8,33.

Taken together, the centralized force driving macrophage recruitment and

coercion by the tumor is the inappropriate identification of the tumor as a site requiring

tissue repair.

1.3 Tumor associated macrophage function

TAMs promote tumor growth through a variety of mechanisms including the

downregulation of the tumoricidal immune response, direct tumor cell growth promotion

and the orchestration of tumor angiogenesis.
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1.3.1 TAM immunomodulation

The M2 macrophage has an increased ability to inhibit immune function, which is

very divergent from the M1 macrophage phenotype. The M1 macrophage has been

reported to be proficient in lysing tumor cells, presenting tumor associated antigens to T-

cells and producing stimulatory cytokines to promote the anti-tumor functions of T-cells

and natural killer cells34.

TAMs express low levels of MHC II receptors and are therefore poor antigen

presenting cells, effectively suppressing T-cell activation8,35. TAMs also bind highly

glycosylated proteins, called mucins, secreted by cancer cells via the manose receptor

(MR)36. The MR is typically over-expressed on TAMs, binding of mucin to the MR

stimulates the release of the immunosuppressant IL-10 from the macrophage. As

mentioned above, IL-10 plays a causative role in the polarization of macrophages from

M1 to M232. Transforming growth factor- (TGF-β) and prostaglandin E2 (PGE2)

released by TAMs and by cancer cells also have an immunosuppressant effect thereby

impeding anti-tumor immunity37. PGE2 mediated immunosuppression functions through

the inhibition of IL-12 and TNF- production, whereas TGF-immunosuppression

functions through blocking IL-2 inflammatory signals38,39. Transcription factor activity

from NF-B is essential for several pro-inflammatory genes to be expressed. TAMs have

a defective NF-B response when exposed to M1 polarizing stimuli such as LPS and

tumor necrosis factor alpha (TNF-.

In addition to TAMs functioning to protect cancer cells from being targeted by the

immune system, they may also inhibit cancer cell apoptosis directly. A wide variety of

tumor cells have been shown to be sensitive to TNF-related apoptosis inducing ligand
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(TRAIL), a potent initiator of apoptosis40. It has been recently shown that tumor cells and

TAMs form a feedback loop which functions through the transcription factor Snail to

confer cancer cell resistance to apoptosis41.

1.3.2 TAM promotion of tumor growth

TAM density has been shown to correlate with increased tumor cell proliferation

rates in both endometrial tumors and in renal cell carcinomas42,43. Several studies have

found that TAMs release factors which increase tumor cell growth and survival rates

including epidermal growth factor (EGF), platelet-derived growth factor (PDGF), TGF-

β1, hepatocyte growth factor and basic fibroblast growth factor (bFGF)34,44,45. However,

polyoma-middle T (PyMT) induced tumors in the CSF-1 knock-out mouse (deficient in

macrophage recruitment) displayed no difference in primary tumor incidence or growth

rates24. It is likely that TAM influence on tumor growth rate is tumor type specific.

Cancer cells exist as a heterogeneous population of cells and contain a number of

different activated pathways. Conceptually, if a certain growth pathway is constitutively

activated intracellularly, then external stimuli for that pathway would have no effect.

Thus, it serves to assume that the dependency of extracellular growth promotion would

vary.

1.3.3 TAM induced angiogenesis

Angiogenesis, the formation of a vascular network, is essential for tumor

progression. It has been reported that a tumor lacking angiogenesis remains constrained

to 1-2 mm in diameter due to a lack of oxygen and nutrients; first described by Dr. Judah

Folkman in 1971. TAM density has long been associated with tumor angiogenesis46,47.
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TAMs have been reported to accumulate in hypoxic regions of the tumor where they

initiate a pro-angiogenic cascade. The low oxygen tension in hypoxic tumor

environments causes the stabilization and activity of transcription factor hypoxia

inducible factor-1 (HIF-1, resulting in the release of vascular endothelial growth factor

(VEGF) as well as other angiogenic stimuli such as TNF-α, bFGF and IL-8 from the

macrophage28,35. Additionally, HIF-1 activity causes decreased expression of angiogenic

inhibitors such as platelet factor-4, thrombospondin and angiostatin28,35. The shift in the

chemical balance towards angiogenic stimulatory factors causes the migration of

endothelial cells from neighboring blood vessels48.

TAMs are also able to stimulate angiogenesis independent of hypoxia via the IL-

1 cytokine which is primarily released by monocytes and macrophages and is typically

found in the tumor microenvironment46. IL-1 has been shown to mimic hypoxia by

specifically stabilizing the HIF-1 transcription factor, allowing for the release of VEGF

as well as the release of pro-angiogenic TNF and angiogenin49.

Although much is known about the macrophage recruitment in terms of tumor

originating chemotactic stimuli and the ways in which TAMs promote tumor growth, the

mechanism by which TAMs infiltrate into the tumor microenvironment is poorly

understood.

1.4 Plasmin and plasminogen

In order for leukocytes to reach the growing tumor they must exit circulation by a

process known as exocytosis, this occurs in post capillary venules as the hydrodynamic

shear force is lessened. Leukocytes recognize cytokine-induced cell adhesion molecules
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(CAMs) expressed by endothelial cells in response to inflammatory signals50. A class of

CAMs, known as selectins, serves to slow down the monocyte by adhering, with

marginal affinity, to carbohydrate ligands on the monocyte50. These interactions are made

and broken under the shear force of blood flow and serve to form a “rolling adhesion”. A

secondary, “tight adhesion”, is formed by leukocyte integrins and their endothelial

counterparts. The integrins bind with higher affinity and serve to anchor the leukocyte

against the blood flow. A rearrangement of the leukocyte cytoskeleton allows for the

extension of pseudopodia through the gaps between endothelial cells. Transmigration

occurs as platelet endothelial cell adhesion molecule-1(PECAM-1) proteins on the

endothelial cell and the leukocyte interact and pull the leukocyte through the endothelial

cell junction. The leukocyte must then cross the underlying basement membrane, a

process known as diapedesis, and transit through the extracellular matrix (ECM) to

finally enter the tumor stroma. These migratory events rely heavily upon the ability of

proteolytic enzymes to remodel the various environments. The broad spectrum serine

protease plasmin (pm) has long been implicated in pericellular proteolysis associated

with the invasive cellular phenotype51. Pm is a broad spectrum serine protease capable of

degrading glycoproteins, proteoglycans and ECM components such as fibrin, fibronectin,

laminin, thrombospondin and vitronectin52-56. In addition to direct substrate degradation,

plasmin is able to activate other proteases such as MMP-1, MMP-3 and MMP-9 which

degrade a wide variety of ECM components57,58. Pm activity also liberates latent growth

factors from within the ECM such as TGF-, bFGF and VEGF. There are however other

hypotheses for TAM accumulation which do not rely upon protease activation.

Hashizume et. al. has proposed that TAMs may accumulate through a passive process
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mediated by leaky tumor vasculature59. It is also possible that these hypotheses are not

mutually exclusive, that is that both protease mediated and passive accumulation of

macrophages may occur, however we will be focusing on the protease mediated

mechanism.

The native form of Pm exists in circulation as glu-plasminogen (glu-Pg), a single-

chain zymogen containing 791 amino acids at a concentration of 1.5 - 2.0 M60. Glu-Pg

contains an N-terminal PAN (plasminogen apple nematode) domain, five kringle repeats

and a trypsin like serine protease domain61 (Figure 4). The substrate binding pocket for

the protease domain remains unaccessible, rendering Pg non-functional with respect to

protease activity. Single-chain Pg requires proteolytic activation to two-chain Pm through

a specific cleavage at Arg561-Val562 by specific Pg activators (PA); the urokinase-type and

tissue-type PAs (uPA and tPA)62. This cleavage forms a two chain molecule, the heavy

chain containing the kringle repeats and the light chain containing the protease domain.

The kringle repeats are specialized lysine binding pockets that stabilize lysine R-groups

through hydrophobic, salt-bridging and charge-charge interactions (Figure 5). The five

kringles have differing lysine affinities, the highest being in kringle 1 (K1) and K4,

whereas K5 displays moderate binding and K2 has the lowest affinity63. Kringle binding

allows the protein to associate with PAs and with substrates, such as partially degraded

fibrin which contains an exposed C-terminal lysine61. Additionally, intramolecular

kringle binding to lysine residues maintains the Pg in the closed, inactive conformation

(discussed below).
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Figure 4. Structure of plasminogen. The structure of plasminogen represented by the 1-
letter amino acid code. Kringle domains are identified as K1-5. Disulfide bonds are
shown as black connecting lines and the PAN and protease domains are labeled. A single
black arrow indicates the cleavage site for activation to Pm. Adapted from Rejante et al.
(1994)64.
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Figure 5. Lysine interaction with kringle domain. Multiple interactions of the lysine
R-group with the kringle domain facilitate binding such as hydrophobic interactions, the
formation of salt bridges and charge-charge interactions.
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1.4.1 Plasminogen activation

Pg is synthesized in the liver and exists in two states: glu-Pg and lys-Pg with

respective half-lives of 50 hr and 20 hr. Glu-Pg, the native form, is named for its N-

terminal glutamic-acid residue and remains in a closed conformation due to

intramolecular interactions between lysine50 and or lysine62 of the PAN domain with

kringle 5 (Figure 6)61. As mentioned above, activation of Pg requires a specific cleavage

event between arginine561- valine562, which creates a new N-terminal, non-polar valene 562

residue which interacts with aspartate740. This cleavage and re-association causes a

conformational shift which stabilizes the protease oxyanion hole and substrate binding

pocket around the catalytic triad, composed of histidine603, aspartate646 and serine741

forming fully Pm65.

The closed conformation of native glu-Pg effectively buries the arginine561-

valine562 activation site within the molecule, making it relatively unreceptive to activation

by PAs (Figure 6). Lys-Pg is formed when a second plasmin protease creates a cleavage

between lysine76 and lysine77, causing the removal of the PAN domain and a significant

opening of the molecule, allowing PAs to gain access to the activation site66. Conversely

glu-Pg may also bind the lysine residues of either a cell-surface Pg receptor or Pm

substrates such as partially degraded fibrin and enter a more relaxed conformation. This

relaxation is thought to be due to external lysine residues competing with the PAN

domain lysine for binding at K561. This release of the intramolecular lysine binding

allows for PAs to access and cleave the activation site, forming glu-Pm. Glu-Pm is able

to autocatalytically cleave lysine76 and lysine77 removing the PAN domain and
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spontaneously become lys-Pm. Interestingly, the cleavage between lysine76 and lysine77

in glu-Pg, forming lys-Pg, may be accomplished by either lys-Pm or glu-Pm.
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Figure 6. Plasminogen activation. Lys-Pg is formed from glu-Pg by a Pm dependent
cleavage between lysine76 and lysine77 causing the removal of the PAN domain and a
significant opening of the molecule. The open conformation allows Pg activators to
cleave Arg561-Val562 activating the lys-Pg to lys-Pm. Conversely binding glu-Pg to either
fibrin or cell surface receptors allow the molecule to adopt a more relaxed conformation
which facilitates cleavage by Pg activators forming glu-Pm. Glu-Pm is able to
autocatalytically cleave lysine76 and lysine77, removing the PAN domain and becoming
lys-Pm.
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1.4.2 Plasminogen activators

Urokinase-type plasminogen activator (uPA) is secreted by various cell types in a

precursor form as a 411 amino acid, single-chain urokinase-type plasminogen activator

(scuPA)67. The scuPA binds to its cell surface receptor (uPAR) where it is cleaved at

lysine158- isoleucine159 by Pm to form the active two chain form (tcuPA). This dual

activation event in which Pm activates its own activator, is known as reciprocal zymogen

activation and represents a critical step in the self-amplification of active Pm68. UPA

contains three domains, the growth factor domain used for association with uPAR, a

kringle domain and the active protease domain69.

Tissue-type plasminogen activator (tPA) is structurally related to uPA and like

uPA is synthesized as a single chain (sctPA) precursor which becomes cleaved by Pm to

form the active two-chain tPA (tctPA)70. tPA is released by endothelial cells into

circulation in response to a number of stimuli71. tPA contains two kringle domains which

allow it to preferentially bind fibrin, which increases the proteolytic activity of tPA for Pg

by 1,000-fold72. Fibrin binding of tPA and plasmin reduces susceptibility to inhibition by

plasminogen activator inhibitor-1 (PAI-1) and 2-antiplasmin (discussed below).

Interestingly, the function of the uPA kringle domain has yet to be identified, the

uPA/uPAR complex is able to co-localize with A2T through the association of both

complexes with glycosphingolipid-enriched microdomains or “lipid rafts”73,74. Pm

activated by tPA is thought to be associated with vascular response to injury in concert

with endothelial cell annexin-A2 heterotetramer acting as the binding partner for both

tPA and Pg75. Alternatively, tPA activated Pm occurs upon fibrin clot dissolution with
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fibrin acting as the binding partner for both tPA and 76. Plasmin activated by uPa is more

commonly associated with cellular movement and tissue remodelling67.

1.4.3 Inhibitors of plasminogen activation

In addition to the closed, unresponsive conformation adopted by glu-Pg,

inhibition of Pm activation is tightly controlled at two levels. The Pg activator inhibitors

(PAIs) are a subgroup of serine protease inhibitors (serpins), whose members include

PAI-1, PAI-2, PAI-3 and protease nexin 1 (PN-1). PAIs inhibit tPA, both sctPA and

tctPA, as well as tcuPA. All serpins utilize the same mechanism of inhibition, in which a

reactive center loop mimics a specific substrate and allows the formation of an inactive

complex with the target protease in a 1:1 stoichiometry77,78. Disassociation of the inactive

complex occurs at differing rates depending on the protease-serpin pair and results in the

release of a cleaved serpin peptide. Serpins have particularly high target protease

specificity; however the specificity is not absolute, allowing some serpins to act as

backup-inhibitors79.

Like the PAs, Pm activity is also controlled by serpins. These serpins include 2-

antiplasmin, 2-macroglobulin and 1-antichymotrypsin80. The presence of a lysine

analogue reduces binding of Pm and 2-antiplasmin by 100-fold however the exact 2-

antiplasmin residues partaking in Pm binding have not yet been defined79. Both lysine436

and lysine452 have been reported to be the key residues responsible for Pm binding in the

C-terminus of 2-antiplasmin; however it was also noted that several internal lysine

residues participated in kringle tethering79. Therefore, it is likely that several lysine-

kringle interactions occur between Pm and 2-antiplasmin.
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1.5 Plasminogen receptors

Although glu-Pg may be activated in solution, much more effective activation is

achieved upon cell surface localization with PAs, allowing for a 11-60 fold reduction in

the Michaelis constant Km81. Receptor binding confers many benefits to the proteolytic

system. Active Pm remaining associated with the cell surface is available to convert

receptor bound glu-Pg to lys-Pg. Additionally cell-surface Pm allows for a localization of

proteolysis to the pericellular area. Furthermore, Pm bound to cell surface receptors

confers protection from inhibitors81.

Pg receptors (Pg-Rs) are a heterogeneous group with a nearly ubiquitous

distribution in vivo and an extremely high density, between 105 – 107 receptors per cell82.

Pg-Rs are present on most cell types including monocytes, macrophages, endothelial

cells, fibroblasts, platelets, adrenal medullary cells and carcinoma cells. Thus far, the

only cell types identified without Pg receptors are red blood cells and a lineage of

monocytic progenitor cells81. For the most part, Pg-Rs are moonlighting proteins with

various other cellular functions81. The vast majority of Pg-Rs (>95%) contain either

exposed C-terminal terminal lysine residues or may be proteolysed in such a way that one

becomes exposed83 (Table 1). This common binding feature gives all Pg-Rs a similar

affinity for Pg (KD ~1M) and renders most Pg-Rs susceptible to inhibition by carboxy-

peptidases or by lysine analogues such as -aminocaproic acid84. Pg-Rs may be split into

two groups; tailed Pg-Rs have a transmembrane domain and/or a cytoplasmic tail

whereas tail-less Pg-Rs lack a transmembrane domain and tail. Both tailless and tailed

Pg-Rs participate in activating Pm however they may do so in different biological

settings58. The most abundant tailed Pg-Rs on leukocytes are integrin adhesion molecules
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such as αVβ3, α5β1 and αMβ258. The αMβ2 Pg-R functions in transmitting “outside-in”

signals which culminate in the activation of kinases ERK1/2 and Akt, as well as other

signals for adhesion and migration85. Additionally, αMβ2 has been reported to enhance

Pg binding to uPA/uPAR58.

Antibody blocking studies have shown the following tailless Pg-Rs; -enolase,

annexin 2, S100A10 and histone 2b (H2B) to be responsible for the majority of plasmin

activation in monocytic cells58. The C-terminal lysine residue containing -enolase was

first identified on monocytes and is widely expressed on most eukaryotic cells,

transformed cells and some prokaryotic cells86. H2B, like the other histones, contains a

C-terminal lysine residue and has been identified on the cell surface87,87,88. Annexin 2,

first identified as a Pg-R on endothelial cells and more recently found on monocytic cells

has been proposed to bind Pg after a cleavage event exposes a C-terminal lysine residue,

however, the protease responsible for this modification has yet to be identified58,82. Other

studies have suggested that Pg binding to annexin 2 is facilitated through S100A10,

which exists at the cell-surface in a heterotetrameric complex with annexin 2 and

contains C-terminal89-91.
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Table 1. Plasminogen receptors. List of cell surface plasminogen receptors and C-
terminal lysine status.
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Receptor C-terminal Lys status Reference
Tailess PgRs
-enolase Present 92

S100A10 Present 93

Annexin 2 Absent 94

H2B Present 87

Amphoterin Present 95

Cytokeratin 8 Present 96

S100A4 Present 97

HPRG Present 98

Tailed PgRs
Actin Absent 99

II1 Absent 100

V1 Absent 101
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1.6 S100A10 structure and function

The S100 family describes a group of low-molecular weight, calcium binding

proteins, whose family name is derived from the observation that they are 100% soluble

in ammonium sulfate at neutral pH. S100 family members share at least 50% sequence

identity and possess two EF-hand calcium binding domains separated by a hinge

region102. The calcium binding domains are arranged with a calcium binding loop flanked

by two helices in a helix–loop–helix configuration103. Upon calcium binding, a

conformational shift functions to expose surface hydrophobic residues which mediate the

binding of specific target proteins. The S100 family members typically form

homodimers, which occur through non-covalent interactions of the dimerization interface

created by helices I and IV and residues of the C-terminal extension102. The dimer

arrangement and calcium dependent association with target proteins allows the S100

members to bridge homologous or heterologous proteins in response to calcium. S100

proteins are found in the cytoplasm, nucleus and on the plasma membrane, and partake in

a wide variety of cellular functions including cell-cell communication, cell growth, cell

shape, energy metabolism, cellular contraction and signal transduction104.

S100A10, also known as p11, is an unusual family member in that its bridging is

calcium independent due to two mutations which constitutively lock the protein into the

active form103. S100A10 is an asymmetric protein composed of four alpha-helices.

Antiparallel homo-dimerization occurs through the stacking of helices I and IV and

through the interaction of hydrophobic residues within the protein core105. The S100A10

protein may be found as a homodimer or a heterotetramer with two annexin II monomers.
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1.6.1. Annexin 2 structure and function

Annexin family members contain a core domain containing four or eight

homologous segments of 70-amino acid residues and a variable N-terminal domain. The

homologous segments function to bind negatively charged phospholipids through a

glycosylphosphatidylinositol (GPI) anchor in a calcium dependent manner, while the N-

terminal region allows for binding partner association106,107. The twelve N-terminal

residues of annexin A2 contains an amphipathic helix which interacts with several

regions of the S100A10 protein, including helix III, the C-terminal calcium binding loop

and in the C-terminal extension106-108. The complex formed when a central S100A10

dimer bridges two annexin A2 monomers is known as the annexin A2 heterotetramer

(A2T) (Figure 7). The A2T accounts for 90% of total annexin A2 in the cell and is

localized to the cell surface, cytoplasm and nucleus91. In addition to maintaining

S100A10 on the cell surface, several other functions have been ascribed to annexin A2

including endocytosis, exocytosis, vesicular transport, adhesion molecule interaction,

translocation and ion channel stabilization, lipid raft organization and interfacing between

cytoskeletal elements and certain membranes through F-actin binding74,109-114.

1.6.2 The annexin-A2 heterotetramer

The A2T is composed of an antiparallel S100A10 dimer bound to two annexin 2

monomers (Figure 7). Previous findings from our laboratory and others have found A2T

to be a key Pg receptor and S100A10 to be the functional unit therein51,82,115. As

discussed in section 1.4.1, a requisite to plasmin activation is free lysine residues.

S100A10 contains two C-terminal lysine residues, which have been shown to mediate Pg
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and PA binding. When tethered to the cell surface with annexin 2, S100A10 fulfills the

C-terminal lysine requirement for Pg binding, allowing for a suitable microenvironment

for Pg activation (Figure 8). Our laboratory has shown that the loss of the C-terminal

residues of S100A10 abolished Pg activation by tPA and annexin A2116,117.  We have also

utilized surface plasmon resonance to study S100A10 and A2T association with Pg and

PAs on a phospholipid layer93. We observed that immobilized S100A10 bound tPA (Kd

= 0.45 M), Pg (Kd = 1.81 M) and Pm (Kd = 75 nM), whereas the removal of the C-

terminal S100A10 residues abolished all binding. Additionally, immobilized annexin A2

monomer did not bind either tPA or Pg but did bind Pm (Kd = 0.78 M). Immobilized

A2T bound tPA (Kd = 0.68 M), Pg (Kd = 0.11 M) and Pm (Kd = 75 nM) however this

binding was abolished upon treatment with carboxypeptidase B, which cleaves C-

terminal lysine residues. These studies served to clarify that PA and Pg binding by the

A2T is mediated through the C-terminal lysines of the S100A10 dimer. Our laboratory

has also reported that RNA mediated knockdown of S100A10 in cancer cells inhibits

plasmin generation by 75%-90%, whereas macrophage S100A10 accounts for 45% of

plasmin generation51,118,119. It has been reported that annexin II depletion reduces plasmin

activation, however, this reduction may be due to the loss of cell surface S100A1082,89,120.
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Figure 7. Annexin A2 heterotetramer. (A2T) is composed of an antiparallel S100A10
dimer bound to two annexin 2 monomers. Annexin 2 is able to bind negatively charged
phospholipids in a calcium dependent manner and associates with S100A10 through an
N-terminal, amphipathic helix which stabilizes multiple polar residues in S100A10
protein. The C-terminal region of S100A10 contains two lysine residues which allow the
complex to sequester plasminogen.
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Figure 8. 3D model of plasminogen binding. Pg becomes sequestered to the cell surface
through kringle binding to the C-terminal lysine of S100A10. This binding brings the
zymogen into close proximity with PAs, facilitating the activating cleavage of Pg at
Arg561-Val562. Pm may degrade fibrin, ECM components, basement membrane proteins
directly or may promote proteolysis through MMP activation. This model depicts the
complex formation leading to Pg activation. For clarity glu and lys-Pg, the PAN domain
and PA zymogen activation have been excluded.
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1.7 Conceptual framework

Tumors require TAMs for growth progression. In order for a macrophage to

respond to tumor stimuli it must exit the blood vessel through diapedesis which relies

heavily on proteolysis. Our laboratory has shown that Pg-R S100A10 is responsible for

Pg activation by the A2T complex and that S100A10-/- (S100A10-null) macrophages

have a 50% reduction in their plasmin-dependent cellular invasive capability compared to

wild type (WT), S100A10 expressing, macrophages119. Additionally, S100A10-null

macrophages have a 53% inhibition in in vivo response to peritoneal inflammation119.

The inability of these macrophages to respond to this inflammatory stimulus was

found to be due to a reduced capability to activate plasmin and downstream proteases,

such as the MMPs. We hypothesize that S100A10 expression would be a requisite for

macrophage colonization of the tumor site. That is, that S100A10 facilitates the tumor

promoting association of macrophages with tumor cells through the activation of plasmin

and other downstream proteases (Figure 9).
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Figure 9. Macrophage utilization of S100A10 for transition to the tumor site.
Macrophages utilize S100A10 to activate circulating Pg to Pm and subsequently activate
pro-MMP to active MMP creating a proteolytic hub. This localized proteolysis enables
the macrophage to exit from the blood vessel and perform dissolution of the basement
membrane, extracellular matrix and tumor stroma to reach the tumor site.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Cell lines and reagents

Human HT1080 fibrosarcoma and murine Lewis lung carcinoma (LLC) cell lines

were obtained from ATCC in 2006. The murine T241 fibrosarcoma cell line was obtained

from Dr. Y. Cao (Karolinska Instiute). All cell lines were maintained in DMEM (Gibco)

supplemented with 10% FCS (Hyclone) and penicillin/streptomycin (Hyclone) at 37oC in

5% CO2.

2.2 Plasmids

Plasmids for RNA mediated knock down of S100A10 were constructed by

cloning a 64-nucleotide double stranded DNA oligomer containing two restriction site

overhangs, two 19-nucleotide reverse complementary sequences, homologous to a

portion of the S100A10 gene and separated by a hairpin spacer sequence into the BglII

and HindIII site of the pSUPERretro-puro plasmid (Oligoengine) (Table 2). The human

and murine S100A10 and respective scramble control sequences are listed in Table 2.
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Table 2. Target sequences for RNAi knockdown. The 19-nucleotide target sequences
analogous to segments of the respective murine and human S100A10 genes are listed
below with the associated scramble control sequences. Also depicted is the full double
stranded 64-nucleotide oligomer in which the target sequences are inserted within the
p.super plasmid.
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2.3 Transfection and infection

The plasmids described above were transfected into Phoenix cells, HEK293-T

cells modified for viral packaging, using Lipofectamine 2000 transfection reagent

(Invitrogen) as per the manufacturer’s protocol. Following a 48 hr incubation period the

Phoenix cell media was collected, cleared of cells by centrifugation and 0.45 M

filtration, and introduced to the LLC and HT1080 target cells. Selection for the LLC and

HT1080 cells expressing the puromycin resistance cassette of the plasmid was initiated

by the addition of 2 g/mL puromycin 72 hr after the addition of the Phoenix infection

media. The cells were maintained at 2 g/mL puromycin while in tissue-culture.

2.4 Western blot analysis

Western blot analysis was initiated by the collection of target cells through

trypsinization and subsequent cell lysing using a buffer containing 1% NP-40, 20mM

Tris-HCl pH 8.0, 150 mM NaCl, 1mM EDTA, 1 mM EGTA and a protease inhibitor

cocktail (Sigma-Aldrich). Samples of 20 g were resolved by electrophoresis on 15%

SDS-polyacrylamide gels and transferred via electroblotting onto nitrocellulose

membranes. Following transfer, membranes were incubated with respective human and

murine antibodies directed against S100A10 (R&D Biosystems, BD Biosciences).

Immune complexes were formed by the addition of secondary 800nm near infrared red

emitting antibodies (LI-COR Biosciences) and visualized on the Odyssey infrared

imaging system (LI-COR Biosciences).
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2.5 Plasminogen activation assay

1x105 cells per well were seeded in 96-well plates and allowed 12 hr to acclimate

in FBS free DMEM. Cells were then incubated with or without uPA (50 nM) for 10 min

at RT followed by 2 washes in PBS. The chromogenic plasmin substrate S2251 (100 M)

(Chromogenix Diapharma Group) was added to the cells in phenol red free DMEM

followed by Pg (0.5 M) which initiated the reaction. A spectrophotomer was utilized to

follow the appearance of S2251 derived para-nitro-analine at 405 nm, taking readings

every min for 2 hr.

2.6 Invasion assay

2.6.1 Cancer cells

Cancer cells (1x105 cells/well) were added to the upper reservoir of Boyden

invasion chambers (BD 8 m pore) with Matrigel (MTG) coated transwell membranes or

to chambers with non-coated membranes for migratory control. The invasion assay was

carried out in the presence or absence of 0.5 M Pg (American Diagnostica) in FBS free

DMEM. Cells were allowed to invade through the transmembrane insert, towards the

lower reservoir containing DMEM supplemented with 10% FBS (Pg depleted) for 48 hr.

Cells invading through to the underside of the insert were stained with haematoxylin and

eosin (Sigma-Aldrich) and counted.

2.6.2 Macrophages

Thioglycolate-elicited macrophages (1x105 cells / well) were either added to the

upper reservoir of Matrigel (MTG) coated invasion chambers (BD 8 m pore) or to non-

coated migration control chambers in the presence or absence of 0.5 M Pg (American
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Diagnostica), 100mM -aminocaproic acid (ACA; Sigma-Aldrich), or 25M MMP

inhibitor GM6001 (Millipore) in DMEM supplemented with 10% FBS. Macrophages

were allowed a 48 hr period to invade through the insert, towards the lower reservoir

which contained a monolayer of LLC cells (1x105 cells seeded for 24 hr) in 10% FBS

supplemented DMEM. Macrophages on the underside of the insert were stained with

haematoxylin and eosin (Sigma-Aldrich) and counted.

2.7 Mice

The S100A10-/- (S100A10-null) mice were generously donated by Dr. P.

Swenningson (Karolinska Institute, Stockholm, Sweden). Mice were created by replacing

exon 1 of the S100A10 gene, by homologous recombination, with an antibiotic resistance

gene cassette introduced via microinjection into S129sv mouse oocytes. The S100A10-

null S129sv mice were subsequently crossbred onto a C57BL/6 mouse background. WT

control mice were also created through crossing S129sv mice to C57BL/6 mice. Further

crossing experiments were performed in which the S100A10-null genotype was crossed

with a polyoma middle T (PyMT) expressing C57BL/6 mouse.

Experimental mice were 6-8 week old females and experiments were performed

in accordance with protocols approved by the University Committee on Laboratory

Animals (UCLA) at Dalhousie University.

2.8 Macrophage collection

Macrophages from S100A10-null and WT mice were collected by peritoneal

lavage with 5 mL RPMI (Gibco) 4 days after intraperitoneal injection of 2.5 ml of 4%

brewers thioglycolate (Sigma). The lavage fluid was centrifuged and the cell pellet was
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resuspended in red blood cell (RBC) lysis buffer containing 150 mM NH4Cl, 10 mM

KHCO3, and 0.1 mM Na2EDTA at pH 7.4 for 5 min at 4oC before centrifugation at

counting on a hemocytometer. Macrophages were further purified by adherence for 4 hrs

in 100 mm dishes at 37oC, at which point non-adherent (non-macrophage) cells were

eliminated by aspiration. Cells were maintained in RPMI media.

2.9 In vivo tumor growth

Tumors were established by subcutaneous injection of 2x106 cells, suspended in

100L DMEM (Gibco), containing 10% FBS (Hyclone), into the shaved right flank of

female 6-8 week old mice under 2% isoflurane anesthetization. All cell lines were found

negative for mycoplasma as well as negative for a panel of murine pathogens (Charles

River Comprehensive Mouse Panel 1). Tumor volume calculated as (length x width2)/2.

2.10 Immunofluorescence and immunohistochemistry

Tumors, established as in Section 2.9, were harvested after 18 days of growth and

cryo-protected by an incubation in 1:1 30% sucrose and optimal cutting temperature

compound for 30 min (OCT; TissueTek) prior to liquid nitrogen freezing and cryostat

sectioning. Tissue sections (10m) were incubated with Rodent Block M (Biocare

Medical) blocking buffer for 45 min prior to treatment with either an antibody against

F4/80 (Abcam; 1:100) for macrophage identification or an antibody against CD31

(Abcam; 1:100) for 2 hr at RT. Positive F4/80 staining cells were visualized by treatment

with an alkaline phosphatase secondary system (Biocare Medical) and counterstained

with Mayers haematoxylin (Sigma-Aldrich). Positive CD31 staining cells were visualized

by fluorescence after treatment with an Alexa-488 secondary antibody (BD Pharmingen)
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and counterstained with 4',6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) on a

Zeiss Axioplan 2 microscope with a filter set of BP450-490 (excitation) and BP515-565

(emission).

For anti-fibrin and proliferative cell nuclear antigen (PCNA) immunostaining,

harvested 18 day old tumors, established as in Section 2.9, were fixed in 10% formalin

and paraffin embedded before sectioning on a microtome to 8 m. Sections were blocked

by incubation with Rodent Block M (Biocare Medical) for 45 min at RT prior to

treatment with either an antibody against fibrin (American Diagnostica Inc.; 1:20) or

against PCNA (Abcam 1:500) for 2 hr at RT. Fibrin deposits and positively staining

PCNA cells were visualized through horse radish peroxidase (HRP) secondary staining.

Anti-PCNA treatment was counterstained with Mayers haematoxylin (Sigma-Aldrich)

whereas the anti-fibrin reaction was not. Autofluorescent fibrin deposits were visualized

on a Zeiss Axioplan 2 microscope with a filter set of BP450-490 (excitation) and BP515-

565 (emission).

2.11 Cytokine array

A multiple sandwich ELISA, called Quantibody array, was performed by

RayBiotech Inc. (Norcross G.A.) on subcutaneous LLC tumors after 14 days of growth.

Briefly, tumor lysates were prepared by applying fresh tumors in lysis buffer containing

1% NP-40, 20mM Tris-HCl pH 8.0, 150 mM NaCl, 1mM EDTA, 1 mM EGTA and a

protease inhibitor cocktail (Sigma-Aldrich) to a tissue homogenizer. Tumor lysates were

applied to an array of cytokine-specific ‘capture’ antibodies bound to a glass slide.

Following the capture of the target cytokine, a second biotin-labeled detection antibody,
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which recognizes a different epitope on the target cytokine was added. The cytokine-

antibody-biotin complex can then be detected by a laser scanner following the addition of

a streptavidin-labeled fluorescent dye. Quantification of the target cytokines was carried

out through comparisons to a standard curve created by five standards for each cytokine.

2.12 Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

TUNEL was performed on snap frozen, cryosectioned tumors as per the

manufacturer’s instructions with an alkaline phosphatase converter (In situ cell death

detection Roche). Briefly, treatment of tumor sections with the terminal deoxynucleotidyl

transferase enzyme allowed for the addition of fluorescein-dUTP to the free 3'-ends of

DNA made available by the single and double stranded breaks occurring during

apoptosis. An anti-fluorescein antibody coupled to an alkaline-phosphatase enzyme

allowed for the amplification of the signal and subsequent visualization with a

haematoxylin counterstain.

2.13 Clodrolip preparation and mouse dosing

Clodronate encapsulate liposomes were created as in Zeisberger et al. 2006.

Briefly, 10mLs of clodrolip was created from a dry lipid mixture of 1.0 g soy

phosphatidylcholine (Avanti Polar Lipids), 0.15 g ovine wool cholesterol (Avanti Polar

Lipids) and 5.21L D,L-a-tocopherol (Sigma-Aldrich), corresponding to 1 : 0.3 : 0.01

mol parts, and solubilised with 2.64 g clodronate (Sigma-Aldrich) in PBS supplemented

with 230mM mannitol. The resulting multilamellar liposomes were freeze-thawed in

three cycles of liquid nitrogen and 40oC water bath to facilitate clodronate entrapment.
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Unilamellar liposomes were created by repetitive (5-10x) filter extrusion through 400 nm

membranes. Nonencapsulated clodronate was removed by overnight dialysis (12-1400

mol. Wt. cutoff; Spectrum Laboratories) against PBS-mannitol. Control liposomes (PBS-

Lip) were created as above without the addition of clodronate.

An initial dose of 200 L, corresponding to ~4 mg clodrolip per mouse, of the

resultant mixture was injected into the peritoneum of mice, 4-days prior to tumor cell

inoculation on day 0. Following the initial dose, mice received an additional 100 L,

corresponding to ~2 mg clodrolip per mouse, every 4 days of the tumor growth period.

Injections were carried out on the following days; -4, 0, 4, 8 and 12, the tumors were

harvested on day 16. Tumor volume calculated as (length x width2)/2.

2.14 Tumor dissociation

Harvested tumors were cut into 1mm x 1mm cubes and incubated with a

disassociation buffer containing 0.5mg/mL type I collagenase, 0.05mg/mL type IV

collagenase, 30 U/ml DNAse and 0.1 mg/mL hyaluronidase (all from Sigma-Aldrich) in

Hanks Balances Salt Solution (HBSS; Gibco) at 37oC for 30 min. The resultant tumor

slurry was flushed through a 70 M cell strainer with excess PBS and the cells were

collected by centrifugation at 500xg for 3 min. The cellular pellet was then resuspended

in RBC lysis buffer containing 150 mM NH4Cl, 10 mM KHCO3, and 0.1 mM Na2EDTA

for 5 min at 4oC before the cells were once again collected by centrifugation at 500xg for

3 min.
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2.15 Flow cytometry

1-2x106 cells, prepared from disassociated tumors as described above, were

suspended in 100 L PBS and blocked for 30 min at 4oC with antibodies against

CD16/CD32 (Abcam) in order to block the FC receptors. Following blocking, cells were

incubated for 30 min at 4oC with antibodies against the F4/80 and CD11B macrophage

markers (Abcam). The antibodies were tethered to phycoerythrin (PE) and fluorescein

isothiocyanate (FITC) respectively and therefore secondary antibodies were not required.

Cells were washed with PBS and resuspended in a running buffer containing 1% bovine

serum albumin (BSA), 0.1% Na-Azide and 2 mM EDTA at pH 7.4 before analysis by

fluorescence assisted cell sorting (FACS) on a BD FACSCalibur flow cytometer.

2.16 Clodrolip cytotoxicity assay

1x105 macrophages and 0.2x105LLC cells plated for 24 hr, in 96 well plates, prior

to a 4-hr incubation with varying levels of clodrolip. Following a 24 hr recovery period,

cells were subjected to an MTT assay (CellTiter 96 Promega) to assess viability, which

was measured at 570 nm on a spectrophotometer.

2.17 MTT assay

An MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay

was performed on macrophages and LLC cells as per the manufacturer’s instructions

(CellTiter 96 Promega). Briefly, 1x105 macrophages and 0.2x105 LLC cells treated with

clodrolip or a vehicle control, as described in Section 2.16, were incubated with the MTT

reagent, a yellow tetrazole, in 120 L phenol red free DMEM (LLC cells) or phenol red
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free RPMI (macrophages) supplemented with 10% FBS. After 1 hr the appearance of the

purple farmazan, indicating mitochondrial succinate dehydrogenase activity, was

quantified spectrophotometrically at 570 nm.

2.18 Adoptive transfer of splenocytes and macrophages

2.18.1 Splenocyte

A single cell splenocyte population was prepared by applying harvested and diced

spleens to a 100 m cell strainer. Cells were collected by centrifugation and RBC lysis

was performed as described in Section 2.14. Splenocyte adoptive transfer was performed

by intraperitoneal injection of 9x106 cells, in 0.5 mL RPMI, into mice 1 day prior to

subcutaneous LLC cell inoculation as described in Section 2.9.

2.18.2 Macrophage

Macrophages from S100A10-null and WT mice were collected by peritoneal

lavage with 5 mL RPMI (Gibco) 4 days after intraperitoneal injection of 2.5 ml of 4%

brewers thioglycolate (Sigma). The lavage fluid was centrifuged and the cell pellet was

resuspended in red blood cell (RBC) lysis buffer containing 150 mM NH4Cl, 10 mM

KHCO3, and 0.1 mM Na2EDTA at pH 7.4 for 5 min at 4oC before centrifugation at

counting on a hemocytometer. Macrophages were further purified by adherence for 4 hrs

in 100 mm dishes at 37oC, at which point non-adherent (non-macrophage) cells were

eliminated by aspiration. Cells were maintained in RPMI media.

An intraperitoneal adoptive transfer of 9x106 macrophages in 0.5 mL RPMI was

performed 1 day prior to the subcutaneous implantation of 2x106 LLC cells.
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An intratumoral adoptive transfer of 0.25x106 macrophages in 0.1 mL RPMI was

performed 4-days after the subcutaneous implantation of 2x106 LLC cells.

2.19 Statistical analyses

All statistical calculations were performed in Prism (GraphPad Prism version 5.0).

All error expressed as standard error of the mean (s.e.m.) and all Student t-tests

performed were two-tailed, unpaired. Analysis of variance (Anova) was used to calculate

the statistical significance between more than two groups.
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CHAPTER 3

S100A10 DEFICIENT MICE DISPLAY IMPAIRED MACROPHAGE INVASION,
IMPAIRED TUMOR GROWTH AND DECREASED TAM DENSITY

3.1 S100A10 deficiency impairs macrophage invasion

Thioglycolate elicited peritoneal macrophages were collected from both

S100A10-null mice and WT mice and added to the upper reservoir of the Boyden

transwell invasion chambers. The macrophages were given 48 hr to invade through a

matrigel (MTG) coated membrane towards a murine Lewis lung carcinoma (LLC)

monolayer in the lower chamber, after which the macrophages on the under-side of the

insert were stained and counted. We observed that 40% fewer S100A10-null

macrophages infiltrated through the membranes compared to WT derived macrophages

(68 ± 6.7 S100A10-null and 112±11 WT macrophages per-field) (Figure 10A). The

invasion was Pg dependent and migration was not affected by the loss of S100A10

(Figure 10B). In the absence of Pg, the number of invading cells decreased to

approximately the same as in the S100A10-null cells with Pg. Treatment with the lys

analog -aminocaproic acid (ACA) decreased the number of invading S100A10-null and

WT macrophages to 36.9±4.6 and 29.3±4 cells per field respectively, which is below the

Pg free control level. In the absence of an LLC monolayer there were very few invading

macrophages (16.9±2.5 and 13.8±1.5 cells per field for S100A10-null and WT

macrophages respectively). Treatment of cells with GM6001, a pan-MMP inhibitor,

decreased invading S100A10-null and WT macrophages to 26.7±5.1 and 32.1±7.9

respectively. Migration was not affected for the most part, with the exception of the

removal of the LLC monolayer; thereby removing the chemotactic gradient. Additionally
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the ACA treatment caused a 30% decrease in cellular migration. These data show that

S100A10 is utilized for Pg dependent invasion of macrophages.
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Figure 10. S100A10 is required for plasminogen dependent macrophage invasion.
S100A10-null and WT macrophages were added to the upper reservoir of Boyden
invasion chambers with (A) Matrigel (MTG) coated transwell inserts or (B) non-coated
inserts in the presence or absence of 0.5 M plasminogen (Pg), lysine analog -
aminocaproic acid (ACA) or a pan-MMP inhibitor (GM6001) in DMEM supplemented
with 10% FBS. Cells were allowed to invade through the insert, towards the lower
reservoir which contained a monolayer of LLC cells (1x105 cells seeded for 24 hr) in
10% FBS supplemented DMEM. Macrophages on the underside of the insert were
stained with haematoxylin and eosin and counted. The data expressed as the means of 10
fields, representative of two independent experiments ± s.e.m and statistical significance
of p=0.0019 was determined by unpaired Student’s t test.
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3.2 Tumor growth in S100A10 deficient mice is severely impaired

Recruitment of macrophages to the peritoneal cavity in response to inflammatory

stimuli is severely compromised in S100A10-null mice119. Since the tumor site is also a

site of inflammation we sought to quantify the tumor-infiltrating macrophages in the

S100A10-null mice. Tumors were initiated by an injection of 2x106 LLC cells into the

subcutaneous flank region. Surprisingly, LLC tumors in the S100A10-null mice entered

growth arrest at 7 days of growth while the tumors in the WT mice grew exponentially

(Figure 11A). After an 18 day growth period, the tumors grown in the S100A10-null

mice were less than 10% the volume and the wet weight of tumors grown in WT mice

(Figure 11B, C). In order to ensure this effect was reproducible in other tumor cell

models, T241 fibrosarcoma tumors were created by an injection of 2x106 T241cells into

the subcutaneous flank region. Like the LLC model, the T241 tumors arrested at

approximately 7 days of growth (Figure 12).
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Figure 11. LLC tumor growth is impaired in S100A10-null mice. (A) Tumor growth
kinetics, measured as volume, of subcutaneously established LLC tumors in both
S100A10-null and WT mice. Tumor volume calculated as (length x width2)/2. The
representative data from 1 of 3 independent experiments are expressed as means of 7
tumors ± s.e.m. (B) Terminal wet weight of LLC tumors at 18 days of growth is
expressed as the means of 7 tumors ± s.e.m and statistical significance of p= 0.0003 by
two-tailed Student’s t test. (C) Representative images of LLC tumors at 18 days of tumor
growth in S100A10-null and WT mice.
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Figure 12. T241 tumor growth is impaired in S100A10-null mice. Tumor growth
kinetics, measured as volume of T241 tumors initiated by the subcutaneous implantation
of 2x106 T241 cells in 100 L DMEM in both S100A10-null and WT mice. Tumor
volume calculated as (length x width2)/2. The representative data of two independent
experiments are expressed as means of 7 tumors ± s.e.m.
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3.3 S100A10-null mice display drastically reduced tumor associated macrophage
density

Tumors grown in the S100A10-null mice displayed a distinct inability to thrive.

In order to investigate this further, an immunohistochemical detection of the F4/80

antigen was used to identify tumor infiltrating macrophages. LLC tumors grown in the

S100A10-null mice displayed 12.2 ± 1.7 macrophages per 40x field whereas the tumors

from the WT mice had 56.0 ± 5, representing a decrease of 78% in TAM density (Figure

13). S100A10-null macrophages could be observed in the LLC tumors along the absolute

tumor tissue border whereas the WT macrophages were abundant throughout the tumor

(Figure 13B).

The number of T241 tumor infiltrating macrophages in the S100A10-null mice

was determined as above and found to be 21.6 ± 1.6 whereas the tumor macrophages in

the WT mice was 35.1 ±1.8, representing a decrease of 39% (Figure 14).

3.3.1 Tumor cytokine level

When viewed together, these results show that the loss of S100A10 protein causes

an inhibition of macrophage infiltration in vitro, (Section 3.1), which correlates with a

decreased TAM density and a tumor growth deficiency in vivo (Section 3.2). In order to

address whether the loss of macrophage S100A10 is responsible for the lack of TAM

infiltration, we had to rule out the possibility that this TAM discrepancy could also be

caused by differing levels of cytokines emanating from the tumors. A cytokine array was

performed on the LLC tumors harvested from S100A10-null and WT mice and the levels

of CCL-5, M-CSF, GM-CSF and MCP-1, tumor released cytokines which are associated
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with macrophage recruitment and differentiation were measured37,121,122 . The levels of

tumor chemokine CCL-5 and M-CSF were significantly elevated in S100A10-null mice

whereas the MCP-1 and GM-CSF levels were not significantly different (Figure 15).

These results indicated that tumors grown in WT and S100A10-null mice were equally or

more capable of stimulating macrophage recruitment and maturation in the tumor site

compared to WT mice.
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Figure 13. Reduced LLC tumor macrophage density in S100A10 deficient mice. (A)
Immunohistochemical detection of F4/80 status in LLC tumors reveals the density of
infiltrated tumor-associated macrophages. Tumors were harvested 18 days after the
subcutaneous implantation of 2x106 LLC cells in DMEM and treated to formalin fixation,
OCT sucrose cryoprotection, flash frozen in liquid nitrogen and cryosectioned to 10 M.
The data expressed as the means of positive cells counted in 10 fields from 4 tumors ±
s.e.m and statistical significance of p<0.0001 was determined by unpaired, two-tailed
Student’s t-test. (B) Representative tumor sections, also depicted is the increased
macrophage density in the absolute tumor tissue border of a S100A10-null mouse.
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Figure 14. Reduced T241 tumor macrophage density in S100A10 deficient mice.
Immunohistochemical detection of F4/80 status in T241 tumors reveals the density of
infiltrated tumor-associated macrophages. Tumors were harvested 18 days after the
subcutaneous implantation of 2x106 LLC cells in DMEM and treated to formalin fixation,
OCT sucrose cryoprotection, flash frozen in liquid nitrogen and cryosectioned to 10 M.
The data expressed as the means of positive cells counted in 10 fields from 4 tumors ±
s.e.m and statistical significance of p<0.0001 was determined by unpaired, two-tailed
Student’s t-test. Representative tumor sections shown.
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Figure 15. LLC tumor cytokine profile from S100A10-null mice. Quantibody
Cytokine array of LLC tumor showing the levels of CCL-5, M-CSF, GM-CSF and MCP-
1 per tumor wet weight. CCL-5 and M-CSF levels are elevated in S100A10-null mice
compared to WT, p values of 0.0353 and 0.011 respectively calculated as unpaired, two-
tailed Student’s t test. Levels of GM-CSF and MCP-1 in the LLC tumors are not found to
be significantly different in S100A10-null mice compared to WT mice. The data
expressed as the mean of cytokine levels from 8 tumors ± s.e.m and statistical
significance of p<0.0001 was determined by unpaired, two-tailed Student’s t-test.
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3.4 Quantification of the proliferative and apoptotic cells within tumors grown in
the S100A10-null mice

Macrophages are known to infiltrate and support tumor growth by a number of

mechanisms including the stimulation of tumor cell proliferation, immunomodulation and

the stimulation of angiogenesis (see Section 1.3).

In order to address the drastic growth difference between tumors grown in

S100A10-null mice and their WT counterparts, an immunohistochemical detection of the

proliferating tumor cells in either mouse model was utilized. LLC tumor sections were

treated with an antibody against the proliferative cell nuclear antigen (PCNA), a clamp

protein expressed during DNA replication which functions to confer high processivity123.

Quantification of the PCNA status indicated that there was an average of 808±42 cells

undergoing DNA synthesis in the LLC tumors from the S100A10-null mice whereas

there were 805 ±65 cells undergoing DNA synthesis in the tumors from the WT mice

(Figure 16). These data, being not significantly different, indicated that there was no

proliferative difference in these tumors and thus proliferating tumor cells were not the

cause of the growth discrepancy.

In order to ascertain whether the tumor growth discrepancy between S100A10-

null and WT mouse environments was due to unbalanced apoptosis, a TUNEL assay was

performed to identify apoptotic cells within tumor sections (Figure 17). Quantification of

the TUNEL positive (red) cells revealed that there was an average of 39±2 apoptotic cells

per field in the S100A10-null mice and 25±2 in the WT mice, representing a 56%

increase in apoptotic cells within the tumors from S100A10-null mice. As mentioned

above (Section 1.3.1), TAMs have been shown to play a role in the protection of tumor

cells from apoptosis induced by certain ligands. Thus, the decreased macrophage density
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may be causing the increased apoptotic rate in the tumors grown in the S100A10-null

mice. However in this case, the exact mechanism underlying this apoptosis is unclear.
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Figure 16. Identification of proliferative cells in LLC tumors from S100A10-null
and WT mice. Representative images of sections of LLC tumors, grown in S100A10-
null or WT mice, treated with an antibody against the proliferative cell nuclear antigen
(Brown). Tumors harvested 18 days after the subcutaneous implantation of 2x106 LLC
cells in DMEM and treated to formalin fixation, paraffin embedded and sectioned to 8
M. Data from 10 fields taken across 4 tumors in two independent experiments are
expressed as means ± s.e.m..These data were determined to be not significant, p=0.9683,
by an unpaired, two-tailed Student’s t-test
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Figure 17. Identification of apoptotic cells in LLC tumors of S100A10-null mice.
Representative images of LLC tumor sections, grown in S100A10-null or WT mice,
treated to terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL).
Tumors harvested 18 days after the subcutaneous implantation of 2x106 LLC cells in
DMEM were treated to formalin fixation, paraffin embedded and sectioned to 8 M.
Sections were treated to a TUNEL assay in which double stranded DNA breaks were
detected by the enzymatic addition of a fluorescein tagged dUTP residue. The fluorescein
signal was amplified through the addition of an anti-fluorescein linked alkaline
phosphatase enzyme. Data expressed as mean positive cells from 10 fields taken across 4
tumors in two independent experiments. Significance determined p<0.0001 by unpaired,
two-tailed Student’s t-test.
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3.5 Transient macrophage depletion reduces tumor growth in WT mice.

3.5.1 Clodrolip treatment reduces TAM density

In the S100A10-null mouse, all cells lack S100A10 therefore it is difficult to

attribute the tumor growth arrest to macrophages alone. A multitude of cell types

participate in cancer progression including neutrophils, fibroblasts and endothelial cells8.

These cells may also require S100A10 to enable tumor promoting activity as S100A10 is

a protein with multiple functions107(Section 1.6). We therefore sought to address whether

selective depletion of macrophages alone would inhibit tumor growth. It has been shown

that macrophages may be selectively depleted in mice using liposome encapsulated

clodronate124.

LLC tumor-bearing WT mice were treated with intraperitoneal inoculations of 4

mg clodrolip/20 g mouse weight or with a liposome vehicle control (PBS-Lip) 4 days

prior to subcutaneous tumor inoculation with 2x106 LLC cells and 2 mg clodrolip/20 g

mouse weight at day 0 and every 4 days thereafter. Fluorescence assisted cell sorting

(FACS) of lysates from LLC tumors was used to quantify the extent of TAM depletion

following clodrolip treatment. Typically, clodrolip treatment resulted in the depletion of

approximately 75% of the F4/80 and CD11B positive TAM population, from 9% to 2%,

compared to the control treated tumors (Figure 18).

3.5.2 Clodrolip treatment inhibits tumor growth

We observed that clodrolip-mediated reduction of TAMs caused a dramatic

reduction in tumor growth and produced a strikingly similar tumor growth profile to that

in the S100A10-null mouse (Figure 19A). The terminal wet weight of tumors grown in

clodrolip treated WT mice was 0.39 ±0.09 g whereas the PBS-Lip control treated WT



79

mice grew tumors to 0.72 ±0.16 g, representing a 46% mass reduction (Figure 19B). The

LLC tumors grown in S100A10-null mice congruently had an average wet weight of 0.3

±0.06 g whereas the tumors in the WT mice weighed 0.9±0.2 g, representing a 67%

reduction in tumor mass (Figure 19B).

In order to rule out that the reduction in tumor growth was not due to clodrolip

having a cytotoxic effect on tumor cells, LLC cells and macrophages were incubated with

varying concentrations of clodrolip for 4 hr and viability was assessed following a 24 hr

recovery period through an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) assay. Macrophages demonstrated a significant decrease in survival upon

clodrolip treatment, with a mere 13.6% surviving relative to the PBS-Lip control at the

highest clodrolip dose of 5mg/mL (Figure 20). The LLC cells however remained

unaffected by highest dose of clodrolip, 5 mg/mL, surviving at 98% of the control treated

cells.

These experiments have been undertaken to address the fact that all cells in the

S100A10-null mouse lack S100A10 and it is difficult to isolate the specific tumor

promoting role of macrophage S100A10. Taken together, these clodrolip experiments

indicate that specifically targeting macrophages creates similar tumor results compared to

those grown in the S100A10-null mouse.
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Figure 18. FACS analysis of macrophage density in clodrolip treated LLC tumors
Tumors from mice treated with clodrolip or vehicle control (PBS-Lip) were harvested 16
days after the subcutaneous implantation of 2x106 LLC cells in DMEM and cut into 1
mm x 1 mm cubes prior to incubation in disassociation buffer containing collagenase,
DNAse and hyaluronidase. The resultant tumor slurry was applied to a cell strainer and
single cells were recovered by centrifugation. Cells were incubated with antibodies
against F4/80 and CD11B which were tethered to their respective secondary antibodies,
phycoerythrin (PE) and fluorescein isothiocyanate (FITC). Detection of antibody binding
was performed by fluorescence assisted cell sorting (FACS) on a BD FACSCalibur flow
cytometer. Also depicted (below) is the isotype Igg control treated cells indicating no
signal.
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Figure 19. Clodrolip treatment reduces LLC tumor growth in WT mice to S100A10-
null mouse levels. (A) Tumor growth kinetics, measured as volume, of subcutaneously
established LLC tumors in WT mice receiving intraperitoneal injections of either
clodrolip or empty liposomes (PBS-Lip) at various points during tumor progression. Also
depicted for comparison are the growth kinetics tumors in untreated WT and S100A10-
null mice. (B) Terminal LLC tumor masses after 16 days of growth in a WT mouse with
clodrolip or PBS-Lip treatment or no treatment (WT) or in a S100A10-null mouse.
Significance values indicate two-tailed, unpaired Student’s t-test and are identified as
follows: *P<0.05, **P<0.01. Error bars indicate s.e.m., data shown is representative of
two independent experiments, n=7.
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Figure 20. Cytotoxicity of clodrolip on macrophages and cancer cells. MTT assay of
macrophage and LLC cells incubated with increasing concentrations of clodrolip for 4
hrs, followed by a 24 hr recovery period. Data expressed as mean absorbance ± s.e.m
from 9 wells of clodrolip treated cells relative to treatment with an equal volume of PBS-
encapsulated liposomes (PBS-Lip). Statistical significance of p= 0.0003 determined by
two-tailed Student’s t test
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3.6 Tumor vascularity is impaired in S100A10-null mice.

3.6.1 Impaired angiogenesis

TAMs have long been implicated in the orchestration of angiogenesis (discussed

in Section 1.3.3) and TAM density has been correlated with tumor vascularization and

vascular hot spots within the tumor125-128. Therefore, we sought to quantify the vessel

density within the tumors grown in the S100A10-null mouse, expecting the decreased

TAM density to correlate with a decreased vessel density. LLC tumors were grown

subcutaneously in mice for 18 days prior to harvesting, freezing in liquid nitrogen and

subjecting the frozen tumor sections to Alexa-488 mediated CD31 immunofluorescence.

As expected, the LLC tumors from the S100A10-null mouse had a decreased vessel

density of 26±3 vessels per field whereas the WT grown tumors had 61±5 vessels per

field. Thus a 58% reduction in vessel density was observed in associated with the

S100A10-null environment (Figure 21A, B, C).

As mentioned above, this observation alone does not implicate the reduced

macrophage density as the cause of the reduced angiogenesis in the S100A10-null mouse

as the endothelial cells comprising the vessels are also lacking S100A10 and this might

affect their angiogenic capabilities. Therefore we introduced WT macrophages,

expressing normal S100A10 levels, into S100A10-null mice. The adoptive transfer of

9x106 macrophages, into peritoneum of recipient mice occurred 1 day prior to

subcutaneous LLC tumor cell inoculation (Adoptive transfer discussed in Section 4.6).

Following an 18 day growth period, the tumors were harvested, processed and treated to

immunohistochemistry, as described above. Surprisingly, the tumor vessel density in the

S100A10-null mice receiving transferred WT macrophages was equivalent to the WT
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vessel density; 62±5 and 61±5 respective vessels per field (Figure 21A, D). This

observation indicated that the S100A10-null endothelial cells had retained the ability to

vascularize the tumor; however they required the presence of S100A10 expressing

macrophages. In order to ensure that this increase in tumor vascularization was specific to

S100A10 expression and not a general effect of macrophage addition, WT macrophages

were also adoptively transferred into WT mice bearing LLC tumors. The vessel density

observed in these tumors was no different from the tumors grown in WT mice without

the macrophage addition, suggesting that endogenous macrophage recruitment was

sufficient to support angiogenesis to the full extent in WT mice (Figure 21A, E).

3.6.2 Impaired fibrin clearance

Multiple autofluorescent occlusions were identified within CD31 positive blood

vessels in the tumors from the S100A10-null mice (Figure 22A, B), whereas the tumors

from the WT mice had none (Figure 22C). Since fibrin is the main substrate of Pm, we

used HRP mediated fibrin immunohistochemistry to identify the autofluorescent

occlusions as fibrin depositions within the S100A10-null vessels (Figure 22E). Similarly,

fibrin immunohistochemistry was used to quantify the fibrin depositions within LLC

tumor sections. Tumors grown in S100A10-null mice had an average of 30±3 fibrin

deposits whereas tumors from WT mice had 16±2 deposits, representing an increase of

nearly 200% (Figure 23).

It is well known that tumors have an increased ability to activate fibrinogen to

fibrin, forming clots which accumulate in blood vessels129. Vessels in the WT mice

express S100A10 and can produce Pm to clear the fibrin accumulation, whereas the
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S100A10-null endothelial cells do not (Figure 24). Alkaline phosphatase mediated anti-

S100A10 immunohistochemistry of tumor sections was used to identify that while cancer

cells express S100A10, the tumor associated endothelial cells in the S100A10-null mice

do not (Figure 24). It is also of interest to note the cells circulating within the vessels,

most likely lymphocytes, stain positively for S100A10 expression in the WT mice and

not in the S100A10-null mice (Figure 24).

The S100A10-null endothelial cells have a reduced fibrinolytic activity, thereby

causing the accumulation of fibrin in the tumor vasculature. Thus, the loss of tumor

growth in the S100A10-null mice could be explained, in part, by the loss in TAM

recruitment, which in turn impairs tumor angiogenesis and an inability of the existing

vasculature to maintain vascular fluidity.
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Figure 21. Tumor vascularization impaired in S100A10-null mice. (A) Tumors
harvested 18 days after the subcutaneous implantation of 2x106 LLC cells in DMEM and
treated to formalin fixation, paraffin embedded and sectioned to 8 M. Tumor sections
were treated to anti-CD31 immunofluorescence, representative data from two
independent experiments expressed as mean LLC tumor vessels per field ± s.e.m. from
10 fields taken across 4 tumors. Statistical significance of p<0.0001 was determined by
one-way Anova with Tukey post-test analysis. Representative images of (B) S100A10-
null mice, (C) WT mice, (D) S100A10-null mice receiving an adoptive transfer of WT
macrophages or (E) WT mice receiving the same transfer are shown.
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Figure 22. Autofluorescent vessel occlusions in tumors from S100A10-null mice are
comprised of fibrin. Tumors harvested 18 days after the subcutaneous implantation of
2x106 LLC cells in DMEM and treated to formalin fixation, paraffin embedded, sectioned
to 8 M and treated to anti-CD31 immunofluorescence. Representative images of
autofluorescent fibrin occlusions (yellow) (A, B) in CD31 positive staining vessels
(green). Also depicted (C) are CD31 positive tumor vessels in tumors from WT mice.
HRP mediated anti-fibrin immunohistochemistry (E) identifying a fibrin occlusion (left)
within an LLC tumor from an S100A10-null mouse being associated with
autofluorescence (right).
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Figure 23. Increased fibrin deposition and fibrin occluded vessels in tumors from
S100A10-null mice. Tumors harvested 18 days after the subcutaneous implantation of
2x106 LLC cells in DMEM and treated to formalin fixation, paraffin embedded, sectioned
to 8 M and treated to horse radish peroxidase based anti-fibrin immunohistochemistry.
Positive staining fibrin deposits were counted, data expressed as mean fibrin depositions
per 10 fields ± s.e.m. taken across 4 tumors in two independent experiments.
Representative images are shown and statistical significance of p=0.009 was determined
by Student’s two tailed, unpaired t-test.
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Figure 24. Endothelial cells forming tumor vessels express S100A10. Tumors
harvested 18 days after the subcutaneous implantation of 2x106 LLC cells in DMEM and
treated to formalin fixation, paraffin embedded, sectioned to 8 M. Sections were treated
to anti-S100A10 immunohistochemistry linked to an alkaline phosphatase secondary
antibody system. Haematoxylin counterstain allows for the histological identification of
endothelial cells (arrows) lining blood vessels. Micrographs were acquired under oil-
immersion at 63x magnification.
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3.7 Adoptive transfer of macrophages alters tumor growth

3.7.1 Intraperitoneal addition of macrophages

Thus far, we have established that tumors grown in the S100A10-null mice

experience growth arrest and those tumors have low macrophage density. Additionally

we have shown that transiently depleting macrophages creates a similar growth arrest

phenotype in WT mice. To further this line of investigation, we tested whether the

addition of S100A10 expressing macrophages could reverse the tumor growth arrest

occurring in the S100A10-null mice via an adoptive transfer.

The initial proof of principle experiments were carried out using spleens

harvested from WT mice and processed into a single cell splenocytes mixture. A murine

spleen contains 8-9x107 cells, approximately 10% of which are macrophages, the

remaining portion is mostly B and T cells and various other blood cells including

neutrophils. The intraperitoneal injection of 9x106 splenocytes occurred 1 day prior to

LLC implantation. We observed a significant boost in tumor growth to approximately

half the rate of tumor growth in the WT mouse (Figure 25).  These data indicating that

transferred WT cells were indeed capable of altering the arrested tumor growth in the

S100A10-null mice.

Macrophages, collected by thioglycolate elicitation from WT mice, were injected

into the peritoneum of S100A10-null mice 1 day prior to subcutaneous tumor cell

injection. We observed that after 18 days of tumor growth, the transfer of WT

macrophages caused an increase in tumor volume in the S100A10-null mice by 2.5 fold,

being equal to 73% of the volume of WT tumors at 18 days (Figure 26). Tumors in the

S100A10-null mice not receiving the WT macrophage transfer were only 28% the
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volume of WT grown tumors at day 18 (Figure 26). The intraperitoneal addition of WT

macrophages to WT mice did not alter the tumor growth profile (Figure 26). Similarly,

the addition of S100A10-null macrophages to S100A10-null mice via the peritoneum

also had no effect on tumor growth.

3.7.2 Intratumoral addition of macrophages

We have established that S100A10-null macrophages have a deficit in proteolysis

and therefore have a decreased ability to reach the tumor site, causing diminished tumor

growth. However, we have yet to address whether or not S100A10-null macrophages

retain tumor promoting functionality, had they the ability to reach the tumor site. To this

end, S100A10-null macrophages were directly injected intratumorally into LLC-bearing

S100A10-null mice at 4 days after tumor cell inoculation. In contrast to the

intraperitoneal injection, we observed that the direct tumor injection of S100A10-null

macrophages stimulated tumor growth in the S100A10-null mice to similar levels to that

in WT mice (Figure 27).

These results indicate that the tumor growth deficit in the S100A10-null mouse

could be overcome by S100A10 expressing WT macrophages infiltrating into the tumor

from the peritoneum, or by the direct intratumoral delivery of S100A10-null

macrophages. Thus, macrophages lacking S100A10 are capable of stimulating tumor

growth; but lack the ability to transit into the tumor. Additionally, the transfer of WT

macrophages by either route had no effect on tumor growth in the WT mice, suggesting

that endogenous macrophage recruitment was sufficient to support tumor growth in WT

mice.



99

Figure 25. Intraperitoneal adoptive transfer of WT splenocytes effects tumor
growth in S100A10-null mice. S100A10-null mice receiving an intraperitoneal injection
of of 9x106 WT splenocytes were subcutaneously injected with 2x106 LLC cells on the
following day. The growth kinetics of the resultant LLC tumors are represented as mean
tumor volume ± s.e.m. relative to time of 5 tumors. Also depicted for comparison are the
typical LLC growth profiles of tumors grown in WT and S100A10-null mice. Volumes
calculated as (length x width2)/2. Data expressed as mean volume ± s.e.m. of 7 tumors
from two independent experiments.
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Figure 26. Intraperitoneal adoptive transfer of macrophages effects tumor growth
in S100A10-null mice. (A) S100A10-null or WT mice receiving an intraperitoneal
injection of 9x106 S100A10-null or WT macrophages were subcutaneously injected with
2x106 LLC cells on the following day. The growth kinetics of the resultant LLC tumors
are represented as mean tumor volume ± s.e.m. relative to time of 7 tumors per treatment.
Volumes calculated as (length x width2)/2. (B) The corresponding terminal LLC tumor
masses after 18 days of tumor growth are expressed as mean ± s.e.m. of 7 tumors.
Statistical significance calculated by two-tailed, unpaired Student’s t-test relative to
S100A10-/- identified as follows: *P<0.05, **P<0.01, ***P<0.001, NS= Not significant.
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Figure 27. Intratumoral adoptive transfer of macrophages effects tumor growth in
S100A10-null mice. (A) S100A10-null or WT mice subcutaneously injected with 2x106

LLC cells were intratumorally injected with 0.25x106 WT or S100A10-null macrophages
after 4 days of tumor growth. The growth kinetics of the LLC tumors are represented as
mean tumor volume ± s.e.m. relative to time of 7 tumors per treatment. Volumes
calculated as (length x width2)/2. (B) The corresponding terminal LLC tumor masses
after 18 days of tumor growth are expressed as mean ± s.e.m. of 7 tumors. Statistical
significance calculated by two-tailed, unpaired Student’s t-test relative to S100A10-/-,
identified as follows: *P<0.05, **P<0.01.
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CHAPTER 4

ROLE OF S100A10 IN PLASMIN GENERATION AND CELLULAR INVASION

4.1 RNAi mediated depletion of cellular S100A10 levels

We have shown that macrophages mediated tumor promotion is facilitated by

S100A10 expression which enables Pg activation and cellular invasion. In order to

establish the role of S100A10 in Pg dependent cellular invasion in cancer cells, we

utilized RNAi constructs to deplete S100A10 levels in human HT1080 and murine LLC

cancer cells. Following the application of the RNAi constructs and antibiotic selection,

Western blot analysis was used to confirm diminished levels of the S100A10 protein in

HT1080 (Figure 28A) and LLC (Figure 28B) cells, using the respective human and

murine targeted plasmid constructs. Infrared signal was utilized for quantification on a

Licor Odyssey (Licor Biosciences) and the depletion was found to be greater than 90% in

both cases. We also observed that the annexin 2 levels were affected by the S100A10

depletion in the HT1080 cells but not in the LLC cells.
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Figure 28. RNAi mediated depletion of S100A10. Human HT1080 fibrosarcoma cells
(A) and murine LLC cells (B) were transduced with a retroviral delivery system
(pSUPER.retro.puro) causing the expression of RNAi constructs which caused the
specific depletion of S100A10 levels; RNAi1 and RNAiD respectively. The unaltered
levels of S100A10 are demonstrated by the treatment with RNAi scramble constructs
(RNAi1 Sc and RNAiD Sc) and the level of the S100A10 binding partner, annexin A2, is
also depicted. The recombinant annexin A2 is depicted as a size standard (Std) and actin
is shown as a load control.
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4.2 S100A10 is required for plasminogen activation

The rate of Pg activation was determined in the S100A10 depleted cells as the

ability to cleave S2251, a chromogenic plasmin substrate. Cleavage of the colorless

S2251 reagent results in the release of a yellow para-nitro-analine (pNA) product, whose

appearance is quantifiable on a spectrophotometer at 405 nm. The rate of pNA formation

is proportional to the enzymatic activity.

In the presence of Pg we observed that RNAi1 treatment of HT1080 cells caused

a 53% reduction in the rate of Pg activation from 20x10-5405 nm/min2 in RNAi1 Sc

treated cells to 9.33 ± 0.33 x10-5405 nm/min2 in RNAi1 treated cells (Figure 29). The

addition of uPA to the system resulted in a similar rate reduction of 56% from

20x10-5405 nm/min2 in RNAiSc treated cells to 8.83 ± 0.54x10-5405 nm/min2 in

RNAi1 treated cells (Figure 29).

A strikingly similar reduction in the rate of Pg activation was observed in

S100A10 depleted murine cancer cells. In the presence of Pg we observed that RNAiD

treatment of LLC cells caused a 56% reduction in the rate of Pg activation from 3.2 ± 0.2

x10-5405 nm/min2 in RNAiD Sc treated cells to 1.4 ± 0.24 x10-5405 nm/min2 in

RNAi1 treated cells (Figure 30). The addition of uPA to the system also resulted in a

similar rate reduction of 41% from 3.4 ± 0.24 x10-5405 nm/min2 in RNAiD Sc treated

cells to 2 x10-5405 nm/min2 in RNAiD treated cells (Figure 30).
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Figure 29. Depletion of S100A10 in human HT1080 cells decreases plasminogen
activation. 1x105 human HT1080 fibrosarcoma cells were seeded in 96 well plates and
allowed 12 hr to acclimate in FBS free DMEM. Cells incubated with or without uPA (50
nM) for 10 min at RT were washed twice in PBS before the addition of the S2251 (100
M) plasmin substrate. The reaction was initiated by the addition of Pg (0.5 M) and
followed by the appearance of the S2251 cleavage product at 405 nm by a
spectrophotometer, reading every min for 2 hr. The representative data from two
independent experiments are expressed as the means ± s.e.m., n=4 and statistical
significance of p<0.0001 was determined by one-way anova with Tukey post-test
analysis.
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Figure 30. Depletion of S100A10 in murine LLC cells decreases plasminogen
activation. 1x105 murine LLC cells were seeded in 96 well plates and allowed 12 hr to
acclimate in FBS free DMEM. Cells incubated with or without uPA (50 nM) for 10 mins
at RT were washed twice in PBS before the addition of the S2251 (100 M) plasmin
substrate. The reaction was initiated by the addition of plasminogen (0.5 M) and
followed by the appearance of the S2251 cleavage product at 405 nm by a
spectrophotometer, reading every min for 2 hr. The representative data from two
independent experiments are expressed as the means ± s.e.m, n=4 and statistical
significance of p<0.0001 was determined by one-way anova with Tukey post-test
analysis.
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4.3 S100A10 is required for plasminogen dependent cancer cell invasion

The conversion of Pg to Pm is thought to confer proteolytic ability, which is the

basis for an invasive cellular phenotype. We tested whether the deficiency in the ability

to activate Pm, observed in the S100A10 depleted cancer cells, would translate into a

deficiency in cellular invasiveness. Human HT1080 cells were given a 24 hr period to

invade through a Matrigel (MTG) coated trans-well barrier, after which an average of 279

±32 cells treated with RNAi1 and 650±41 cells treated with the scramble control per

field, had invaded to the underside of the barrier (Figure 31). Thus a 56% reduction in

invading cells was observed in association with S100A10 depletion.

Similarly, LLC cells were given a 48 hr period to infiltrate through a MTG coated

barrier, after which 138 ± 12 LLC cells treated with RNAiD had invaded through as

compared to 239 ± 9 LLC cells treated with the RNAiD Sc control construct (Figure 32).

Thus the S100A10 depleted LLCs correlated with a 48% decrease in infiltrating cells

relative to the RNAiD Sc control treated cells (Figure 32). This disparity of invading cells

was abolished when cells were added to the non-MTG coated control membranes,

indicating that cellular motility was unaffected. Additionally, when Pg was not added to

the system, the number of invading cells dropped off significantly. These data indicate

that S100A10 contributes to Pg dependent cellular invasion of cancer cells.
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Figure 31. S100A10 is required for human plasminogen dependent cellular invasion.
5x105 HT1080 cells with or without S100A10 RNAi mediated depletion (RNAi1 and
RNAi1 Sc respectively), were added to the upper reservoir of Boyden invasion chambers
with Matrigel (MTG) coated transwell inserts or to non-coated migration chambers in the
presence of 0.5 M plasminogen (Pg) in serum free DMEM. Cells were allowed to
invade through the insert, towards the lower reservoir containing DMEM supplemented
with 10% FBS (Pg depleted) for 24 hr. Cells invading through to the underside of the
insert were stained with haematoxylin and eosin and counted. The data expressed as the
means of 10 fields from 1 of 3 independent experiments ± s.e.m and statistical
significance of p<0.0001 was determined by one-way Anova with Tukey post-test
analysis.
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Figure 32. S100A10 is required for murine plasminogen dependent cellular
invasion. 1x105 LLC cells with or without S100A10 RNAi mediated depletion (RNAiD
and RNAiD Sc respectively), were added to the upper reservoir of Boyden invasion
chambers with Matrigel (MTG) coated transwell inserts or to non-coated migration
chambers in the presence or absence of 0.5 M plasminogen (Pg) in serum free DMEM.
Cells were allowed to invade through the insert, towards the lower reservoir containing
DMEM supplemented with 10% FBS (Pg depleted) for 48 hr. Cells invading through to
the underside of the insert were stained with haematoxylin and eosin and counted. The
data are expressed as the means of 10 fields from two independent experiments ± s.e.m
and statistical significance of p<0.0001 was determined by one-way anova with Tukey
post-test analysis.
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CHAPTER 5

DISCUSSION

5.1 S100A10 regulates plasmin mediated macrophage invasion

The concept on macrophage co-option by tumor cells is only now becoming an

accepted view, it is however a very old idea, first proposed in 1863 by Rudolf

Virchow130. Recent works have addressed the fundamental and varied roles macrophages

play in tumor promotion. Despite this new fervor in the field, the mechanism by which

macrophages reach the tumor site has yet to be identified and characterized.

Previous work on the Pg-deficient mouse has shown that Pm generation and

subsequent MMP-9 activation is a requirement for macrophage recruitment131. Thus, Pm

facilitates invasion by both direct degradation of ECM components and by the Pm-

activated MMP-9 mediated ECM degradation. Several Pg receptors may be responsible

for the activation of Pm at the macrophage cell surface. Previous work in our laboratory

has established S100A10 as a key Pg receptor in cancer cells and most recently in

macrophages51,82,119. Additionally, work by our laboratory with the S100A10-null mouse

has shown S100A10 to be responsible for 50% of macrophage generated plasmin and

53% of peritoneal infiltrating macrophages in response to a thioglycolate stimulus as well

as more than 85% of macrophages infiltrating into a subcutaneously implanted matrigel

(MTG) plug119. The objective of the current study is to address whether macrophages

utilize S100A10 to transit to the tumor site.

Macrophages collected from S100A10-null mice also displayed a 40% decrease in

their ability to invade through MTG, towards a cancer cell monolayer. In the absence of

Pg, the number of invading macrophages drops to approximately the same number as in
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the S100A10-null cells with Pg, indicating that S100A10 is used to activate all the Pg to

Pm and to allow subsequent invasion. As previously reported by our laboratory, the

invasion was inhibited by the addition of the lysine analog -aminocaproic acid

(ACA)74,75, 76.  It is of interest to note that the ACA treatment, which functions to

competitively inhibit Pg through competitive binding of kringle domains, decreased the

number of invading cells below the Pg-free control. This may be due to ACA inhibiting

other proteases, as it has been shown to inhibit trypsin77. Additionally, the same

mechanism of inhibition allows ACA to inhibit uPA, which plays a role in anchoring the

plasma membrane to the cytoskeletal network and Jak/Stat signal transduction, associated

with the cytoskeleton remodeling occurring during cellular motility77-79. Cellular invasion

is dependent upon both proteolysis and cellular motility. Supporting the possibility that

impaired cellular motility was occurring is the observation that ACA was the only

treatment to effect cellular migration and did so by ~30% inhibition (Figure 10B). The

pericellular proteolytic ability conferred upon plasmin activation is through both direct

substrate degradation and through activation of latent MMPs. Treatment of cells with

GM6001, a pan-MMP inhibitor also caused a drastic decrease in invasion, indicating that

plasmin is most likely functioning through MMP activation and subsequent MTG

proteolysis. Recent work from our laboratory with antibody-blocking has identified

MMP-9 as the major contributor to this Pg dependent proteolysis119. Thus, we have

shown that macrophages require S100A10 to facilitate invasion through synthetic ECM

membranes in a Pg dependent manner, which may be facilitated through MMP activation.
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5.2 S100A10 facilitates TAM infiltration and subsequent tumor growth

We have, for the first time, reported that tumor growth in mice lacking S100A10

is severely compromised. This inability to sustain tumor growth may be attributable to

multiple causes as all cells of these mice lack S100A10 and S100A10 has multiple

functions. We have identified that the tumor growth inhibition is correlated with

diminished TAM infiltration. We have hypothesized that the lack of S100A10 impedes

the association of TAMs with tumor cells by curtailing the TAM invasive capability and

thus, their ability to transit to the tumor site. In order to ensure that both macrophages

from WT and S100A10-null mice were receiving a comparable level of cytokine

stimulation from the tumor, a cytokine array was performed and found that the levels of

macrophage specific cytokine per tumor wet weight were either the same or elevated in

the S100A10-null mice. Although the cytokine levels were measured per tumor wet

weight, the tumors grown in the S100A10-null mice are significantly smaller at 14 days

of tumor growth. Therefore, the level of chemokine with respect to the entire mouse may

be less in the S100A10-null environment as compared to the WT counterparts. However,

the tumors from both environments were initially the same size and remained comparable

until ~7 days of tumor growth. Therefore, the initial release of macrophage specific

chemokines during the first 7 days of growth would be expected to be the same in both

WT and S100A10-null mice, with respect to both the tumor and entire mouse.

There are several cell types which become co-opted by tumors to further tumor

progression. We employed two strategies to identify macrophages as the cause of the

observed tumor growth deficiency in the S100A10-null mouse. First, macrophages were

transiently depleted using liposome encapsulated clodronate. Clodronate, a
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bisphosphonate, is a cytotoxic compound which becomes metabolized intracellularly to

an analog of ATP, which inhibits the mitochondrial ADP/ATP translocase124,132.

Clodronate has been approved as an osteoporosis treatment in Canada (marketed as

Bonefos) as free clodronate will bind hydroxyapatite and kill osteoclasts, thereby

inhibiting bone resorption. This mechanism of action also makes clodronate useful in

targeting bone metastases.

Clodronate encapsulated within a liposome (termed clodrolip) becomes a target

for circulating phagocytotic monocytes, as their function is to remove debris from

circulation. Upon engulfment, the liposome is degraded and the released clodronate

causes monocyte cell death. As discussed in Section 1.4, monocytes exit circulation in

response to the tumor chemotactic signals which causes differentiation into the

macrophage. Depleting a monocyte population has the effect of depleting the macrophage

population available to enter the tumor site.

An intraperitoneal clodrolip injection is well tolerated by mice and is able to

decrease circulating macrophages/monocytes for 4 days124.  FACS analysis was used to

confirm the clodrolip mediated reduction in TAMs. Interestingly, the clodrolip mediated

macrophage depletion caused a similar tumor growth reduction as that observed in the

S100A10-null mice. This may be due to similar mechanisms of action, being that tumors

from both environments have decreased TAM infiltrate. As it is possible that the

clodrolip injections were having a cytotoxic effect on the tumors themselves,

macrophages and cancer cells were subjected to incubations with increasing

concentrations of clodrolip in vitro, which caused significant decreases in macrophage

survival and left the cancer cells unaffected.
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Secondly, to establish that macrophages were the lacking component in the

S100A10-null growth arrested tumors, we employed a macrophage transfer to tumor

bearing mice. Initial experiments proved promising as a peritoneal transfer of WT

splenocytes, of which 10% of cells are macrophages, caused an intermediate increase in

tumor growth. Similarly, the tumor growth arrest could be reversed by adding WT

macrophages to the S100A10-null mice, also via the peritoneal route.

The intraperitoneal addition of WT macrophages to WT mice did not alter the

tumor growth profile, indicating that there are sufficient endogenous macrophages

present at the WT tumor site. Similarly, the addition of S100A10-null macrophages to

S100A10-null mice via the peritoneum also had no effect on tumor growth, suggesting

that S100A10 expression is a requisite for the increased tumor growth observed upon

addition of WT macrophages. Presumably, transferred WT macrophages are able to

transit from the peritoneum to the S100A10-null tumor site, whereas S100A10-null

macrophages are not.

Most unexpectedly, we observed that the addition of WT macrophages via the

peritoneum of S100A10-null mice increased the impaired tumor vascular density to the

normal levels observed in tumors from WT mice. These observations, along with the

increases in tumor growth indicate that WT macrophages were capable of stimulating

both angiogenesis and subsequent tumor growth in the S100A10-null mice, whereas

S100A10-null macrophages were not.

We have also found that the addition of S100A10-null macrophages directly to a

growth arrested tumor on a S100A10-null mouse is able to initiate tumor growth. This

finding indicates that although the S100A10-null macrophages are unable to transit to the
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tumor site, they retain the ability to promote tumor growth and will do so when

artificially placed in the tumor environment. As in the intraperitoneal experiment, the

intratumoral addition of WT macrophages to the tumors on the WT mice did not cause an

alteration in tumor growth. Presumably the tumors from the WT mice have sufficient

TAM density and a macrophage increase, either systematically through peritoneal

transfer, or at the tumor site, does not alter tumor growth.

Macrophages have been reported to promote several aspects of tumor growth,

including direct stimulation of tumor cell proliferation, inhibition of tumor cell apoptosis,

immunomodulation which allows tumor cells to evade the immune system and the

orchestration of angiogenesis. As the macrophage/tumor relationship is so diverse and

complex, a TAM deficiency may inhibit several facets of tumor growth. Of these we have

observed two such mechanisms. We have found TAM deficiency to be correlated with

increased apoptosis within the tumor. The mechanism for this apoptosis was not

identified, however previous studies have reported that macrophages are able to block

TRAIL induced apoptosis though IL-1 stabilization of the Snail transcription factor.

mechanisms of cancer cell apoptosis41. Although the density of proliferating cells within

the tumors grown in S100A10-null mice appeared to be no different than in tumors

grown in WT mice, the altered apoptotic rate may contribute to tumor growth arrest.

We have found that TAM deficiency correlates with a substantial decrease in

tumor vascular density. This vascular deficiency may be due to the lack of macrophages,

causing a lack of angiogenic stimuli or conversely, by the S100A10-null endothelial cells

lacking the ability to form tumor vasculature. The cause of decreased vascular density

was elucidated through the observation that tumors within the S100A10-null environment
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experienced a vascular increase to WT levels upon receiving transferred WT

macrophages; thereby indicating that S100A10-null endothelial cells retained the ability

to vascularize the tumor upon stimulation by S100A10-expressing TAMs.

Interestingly, the tumor blood vessels within the S100A10-null mice were often

occluded by an autofluorescent material. A side by side immunofluorescent and anti-

fibrin immunohistochemistry allowed for the identification of the deposits as fibrin. This

observation may be explained by the fact that tumor endothelium in the S100A10-null

mice lack S100A10 and thus lack the ability to activate plasmin to clear fibrin deposits.

This observation supports recent findings from our laboratory of fibrin accumulation in

several tissues from the S100A10-null mouse including; lung, liver, kidney and spleen

(Surette et. al. Blood. 2011 in press). Additionally, Surette has identified deficiencies in

Pg binding and Pm activation by S100A10 depleted endothelial cells.

Thus, the loss of tumor growth in the S100A10-null mice could be explained, in

part, by the loss in TAM recruitment causing decreased angiogenesis and increased

apoptotic rates or by an inability of the tumor vasculature to maintain vascular fluidity.

Tumor growth requires an intimate relationship between macrophages and cancer

cells, the current study demonstrates that the recruitment of macrophages to the tumor

site is mediated, in part, by the S100A10 dependent generation of plasmin by the

macrophage.



125

CHAPTER 6

CONCLUSION

6.1 S100A10 facilitates the association of macrophages with tumor cells.

The work presented herein demonstrates that the S100A10 protein enables the

plasmin mediated infiltration of macrophages to the tumor site. We report that the

S100A10-null mouse is incapable of sustaining tumor growth due to a decrease in TAM

infiltrate leading to both inadequate tumor vascularization and an increased tumor

apoptotic rate. We also report that a selective, drug mediated depletion of WT

macrophages caused a similar reduction in tumor growth. Tumor growth in S100A10-null

mice could be restored by intraperitoneal injection of WT macrophages; S100A10-null

macrophages only restored tumor growth when directly injected into the tumor.

Together, these results highlight the absolute requirement of S100A10 in the

association of macrophages with tumors and demonstrate a potential therapeutic strategy

in which the tumor associated cells may be targeted. If S100A10 were to be used as a

therapeutic target, the intervention could occur after tumor identification and prior to

surgical removal in order to curtail further tumor development. Additionally, an anti

S100A10 therapy may be a beneficial adjacent approach, limiting macrophage

association while chemotherapy is applied.

6.2 Future Directions

The present body of work establishes the role of S100A10 in enabling

macrophage transit to the primary tumor site. Secondary tumors, or metastatic tumors, are

the cause of the majority of cancer related deaths and have been recently reported to rely
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upon macrophage recruitment. Pollard and colleagues have compared the macrophage

populations in primary tumors to those in metastatic tumors and found a distinct sub-

population of macrophages of CD11b+ Gr1− macrophages associated with metastatic

tumors133. It would be interesting to investigate if these metastatic associated TAMs

require S100A10 expression. Currently, we are attempting to address this through a

spontaneously metastatic tumor cell line, and by creating a new mouse model which

exhibits a high incidence of metastasis (discussed below).

We have observed that S100A10 enables macrophage transition through

physiological barriers. S100A10 may also play a role facilitating the escape of

disseminated cancer cells from the primary tumor and their establishment at a secondary

site. Several steps in the metastatic cascade require the dissolution of the ECM and other

barriers, most notably extravasation and intravasation. Thus an overexpression of

S100A10 and annexin 2 would enable increased plasmin activation and proteolysis.

Supporting this is the observation that invasive MDA-MB-435 human melanoma cells

overexpress S100A10 and annexin 2134. Investigating the manner in which cancer cells

utilize S100A10 is best done by removing the protein. However RNA mediated depletion

of S100A10 within in vivo tumor systems is problematic. Introducing RNA depleted cells

to novel cellular environments or allowing them prolonged periods without antibiotic

selection, as they would be subjected to in mice, is likely to cause protein expression to

return to normal levels. Therefore, a knock-out system is desirable in which S100A10

expression cannot occur regardless of external stress. To this end we have set about

creating a polyoma middle T (PyMT) spontaneous breast tumor mouse model on a

S100A10-null environment. The goal is to create spontaneous tumors which arise in the
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total absence of S100A10. The PyMT protein activates the Src tyrosine kinase which

results in the activation of multiple signaling cascades such as phosphoinositide 3-kinase,

phospholipase C and the Ras–Raf–MAP kinase pathway89. The activation of one or more

of these cascades is thought to contribute to the oncogenic properties of PyMT135. The

PyMT expression remains localized to the mammary fat pad due to the mammary tumor

virus (MMTV) promoter. The MMTV-PyMT mouse is an excellent model as all mice

develop mammary tumors with a short latency period, independent of pregnancy and

express a high incidence of lung metastasis. Within 20 weeks multiple large palpable

tumors are present in the MMTV-PyMT mice (Figure 33). This model will allow us to

better investigate the role of the S100A10 protein in the progression from transformed

cell to occult primary tumor to the metastatic form of the disease. This work will most

likely take be approached through immunohistochemical analyses to identify tumor

progression, invasion into surrounding tissue and the association of host cells, such as

leukocytes and endothelial cells.

Additionally, this mouse model will allow for the study of the role of S100A10 in

early events in cancer progression, a draw-back in our current model. Currently, tumors

are established through the injection of millions of transformed cells. This does not

accurately model the natural initiation of cancer, originating from defective cell cycle

control. The MMTV-PyMT mouse will allow us to follow cancer progression from

inappropriate genetic signals to primary tumor growth to metastasis in the complete

absence of S100A10.

Additionally the MMTV-PyMT S100A10-null model will allow us to again

examine macrophages, but with regard to secondary tumors. The Pollard group has
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created an MMTV-PyMT mouse which lacks CSF1 (CSF1op/op) thereby disabling a key

factor involved in macrophage recruitment24,136. Unlike our observations with the LLC

and T241 tumors, the primary breast tumor incidence and tumor growth rate was reported

to be unaffected by the lack of CSF1 and TAMs. Interestingly, the occurrence of

metastatic tumors is greatly decreased in the MMTV-PyMT CSF1op/op mice. Therefore

the PyMT-MMTV S100A10-null mouse will allow us to identify if this sub-population of

macrophages also requires S100A10.
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Figure 33. Multiple spontaneous mammary tumors in the MMTV-PyMT mouse.
Several large tumors localized to the mammary fat pad were identified in a 20 week old
female MMTV-PyMT mouse.
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APPENDIX A: UTILIZATION OF THE KATUSHKA PROTEIN FOR NON-
INVASIVE IN VIVO TUMOR IMAGING

This appendix contains work on the adaptation of the Katushka protein for non-invasive
in vivo tumor imaging.
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ABSTRACT

Non-invasive in vivo imaging is a powerful tool which promises to provide much to
the field of cancer research. I report the adaptation of the newly discovered
Katushka protein to a lentiviral expression system for use in tumor imaging.
Katushka has much potential for in vivo imaging as it is the brightest, farthest red-
shifted protein discovered thus far. I show that Katushka expression is ideal for
labeling cells in vitro and that it is bright enough for tumor monitoring in vivo.
Unfortunately, Katushka expression severely limits tumor growth in
immunocompetant but not immunocompromised mice. This finding suggests that
Katushka may be immunogenic, however more work is required to ascertain the
exact effect Katushka is having on tumor growth.
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CHAPTER A1

NON-INVASIVE IN VIVO TUMOR IMAGING

INTRODUCTION

A1.1 Katushka and in vivo tumor imaging

In vivo tumor imaging is a powerful tool in the field of cancer research, however a

strategy for deep tissue penetrating imaging has yet to be developed. Deep tissue imaging

requires a high wavelength optical window such as the far-red shifted spectra. Far-red

wavelengths are able to penetrate animal tissues due to a relative low absorption by

biological molecules. Melanin and hemoglobin scatter light of lower wavelengths as they

absorb in both ultraviolet (UV;330–400 nm) and in the visible (400–600 nm) ranges of

the spectrum137. Far-red and near infrared wavelengths are therefore better for deep tissue

penetration. A far-red fluorescent protein, named Katushka, derived from the brilliant red

sea anemone (Entacmaea quadricolo), was reported by Shcherbo and colleagues, in

2007138. Katushka is a pH stable, dimeric protein which emits light at 635nm when

excited at 588nm. It was reported to be seven to tenfold brighter than any fluorescent

protein known to date138. We therefore sought to adapt this technology to tumor tracking

within mice, with the ultimate goal of identifying specifics about the growth arrested

tumors in the S100A10-null mice.
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METHODS

A2.1 Katushka cloning

A DNA fragment containing the Katushka coding sequence, the preceding Kozak

consensus sequence and tata-box region was amplified by PCR from the pTurboFP635

plasmid (Evrogen) and inserted into the pLenti6⁄V5-D-TOPO plasmid (Invitrogen)

through a topoisomerase mediated reaction as per the manufacturer’s instructions. The

plasmid produced, termed p.lenti topo katushka, allows for Katushka expression to be

tethered to a lentiviral expression system.

A2.2 Katushka transfection and infection

The plasmids described above were transfected into Phoenix cells, HEK293-T

cells modified for viral packaging, using Lipofectamine 2000 transfection reagent

(Invitrogen) as per the manufacturer’s protocol. The expression of Katushka in the

Phoenix cells was confirmed with an MVX10 stereoscope (Olympus) using an

ex560/em585lp filter set. Following a 48 hr incubation period the Phoenix cell media was

collected, cleared of cells through centrifugation and 0.45 M filtration and introduced to

the LLC and HT1080 target cells. Selection for the LLC and HT1080 cells expressing the

blasticidin resistance cassette of the plasmid was initiated by the addition of 2 g/mL

blasticidin 72 hr after the addition of the Phoenix infection media.

A2.3 Katushka expressing tumor imaging

Tumor micrographs were acquired on a MVX10 stereoscope (Olympus) using an

ex560/em585lp filter set, a Retiga Exi monochromatic digital camera and Q-capture pro-

imaging software. Removal of all hair down to the epidermis was essential for clear
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imaging and was accomplished by a single treatment with hair removal cream (Nair;

Church & Dwight Co., Inc).



136

RESULTS

A3.1 Adaptation of Katushka to a lentiviral expression system

A new plasmid construct, called p.lenti topo katushka, was created to incorporate

the Katushka sequence into a lentiviral expression system (Figure 34). The p.lenti topo

Katushka plasmid contained a blasticidin resistance gene for cell selection, a strong

cytomegalovirus (CMV) promoter driving Katushka expression and a  sequence, which

identifies the plasmid as a target for packaging into viral particles by the Phoenix cell

(described in Section 2.3). It was found that the Phoenix cells packaging the lentiviral

Katushka also expressed the protein. This was not entirely unexpected, as plasmids

awaiting packaging within the Phoenix cell would have operational promoters. This

effect allowed for simple quantification of transfection, by imaging the Phoenix cells

using a far-red filter set (Figure 35). It should be noted that the red observed in these

photomicrographs is pseudo color, as the camera used is monochromatic.

As described in Section 3.1, the Phoenix cell media, containing the viral particles,

was applied to the target LLC cell lines. The rate of infection was determined to be >90%

through observation of Katushka expression in the far-red optical window (Figure 36).

The Katushka expressing LLC cells (LLCKat) were kept under antibiotic selection while

in tissue culture.
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Figure 34. Plasmid map of p.lenti topo Katushka. A representative map of the p.lenti
topo Katushka plasmid which was produced from combining elements of the
p.TurboFP635 plasmid into the p.Lenti6⁄V5-D-TOPO plasmid. Key features are depicted
including restriction sites.
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Figure 35. Phoenix packaging cells express Katushka. Transfection of Phoenix viral
packaging cells with the p.lenti topo Katushka plasmid causes Katushka expression and
signal in the far-red optical window, observed through use of a 585lp filter set.
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Figure 36. LLC cells express Katushka. Katushka expression confirmed through far-
red signal observation in LLC cells incubated with lentiviral Katushka infection media.
The infection media was produced by p.lenti topo Katushka transfected Phoenix cells.
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A3.2 Katushka mediated imaging in vivo

Katushka expression status in the LLCKat cells was reconfirmed immediately prior

to injection into mice and had remained stable (Figure 37). Tumors were initiated by a

subcutaneous flank injection of 2x106 LLCKat cells into WT and S100A10-null mice.

Tumors were palpable after 4 days of growth and could be imaged in the far-red window

(Figure 38). It is interesting to note that at day 4, LLCKat cells can be observed, in far-red,

migrating away from the lower border of the tumor mass, perhaps draining into a

lymphatic vessel (Figure 38). Tumor micrographs could be acquired throughout the

tumor growth period without any notable drop in signal.

Surprisingly, LLCKat tumors failed to thrive in both S100A10-null and WT mice

(Figure 39). After an 18 day growth period in WT mice, the LLCKat were less than 30%

of the volume of LLC cells without Katushka expression. In order to ascertain if

Katushka affected tumor growth in general, HT1080 human fibrosarcoma were made to

express Katushka, as described with the LLC cells. Tumors were initiated by the injection

of 2x106 HT1080Kat cells into the subcutaneous flank region of immunocompromised

C57BL/6 RAG1−/− (C57BL/6 129-RAG1tm1 Mom/j) mice. The HT1080Kat tumors

displayed exponential growth and maintained a strong Katushka signal up to day 16 at

which point the experiment was terminated (Figure 40). The ability of Katushka to

penetrate tissue is demonstrated through a comparison of the signal with (Figure 40A)

and without (Figure 40B) the dermal layer.
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Figure 37. Confirmation of Katushka signal prior to mouse injection. Final
confirmation of Katushka expression was accomplished by the observation of the far-red
signal of a droplet at the tip of a needle prior to injection (Right). LLC cells not
expressing Katushka (Left) do not display a signal under the far red filter conditions.
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Figure 38. In vivo tumor imaging of LLCKat. Tumors, imaged 4-days after a
subcutaneous flank injection of 2x106 LLCKat cells, display a robust signal in the far-red
range.
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Figure 39. Katushka expression reduces LLC tumor growth in mice. Tumor growth
kinetics, represented as mean volume ± s.e.m. of 7 tumors from subcutaneously
established LLC and LLCKat tumors in WT mice. Tumor volume calculated as (length x
width2)/2.
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Figure 40. In vivo tumor imaging of HT1080Kat. (A)Tumors, imaged 16-days after a
subcutaneous flank injection of 2x106 HT1080Kat cells, display a robust signal in the far-
red range. (B) A demonstration of the tissue penetration of Katushka produced light was
carried out through the removal of the dermal layer. A comparable far-red signal is
observed upon direct visualization of the uncovered tumor relative to the tumor beneath
the dermal layer.
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DISCUSSION

A4.1 Katushka; a milestone for in vivo imaging

The discovery and development of GFP from the Aequorea victoria jellyfish in

the 1960s began a revolution in cellular biology research. The far-reaching impacts of

GFP discovery is in the enormous breadth of research it has fostered and it is because of

this that its discoverers earned the Nobel Prize in Chemistry in 2008139,140.  While GFP is

ideal for observations within the in vitro realm of cellular biology, its emission peak at

509nm is not high enough to allow for the tissue penetration required for animal imaging.

The discovery and use of higher wavelength proteins began with the purification of

DsRed from the Discosoma sp coral in 1999141. DsRed was reported to have emission

maxima of 583 nm142. It was later reported in 2004 that mutagenesis of DsRed produced

a series of higher wavelength proteins which were termed mCherry, mRasberry, mPlum

and mTomato some of which displayed emission spectra as long as 649nm143. Although

these wavelengths are suitably red-shifted, the DsRed based mutant proteins displayed

relatively low quantum yields, being the ratio of emitted photons to absorbed photons,

and were therefore not adequately bright for in vivo144.

The extraction of Katushka from the sea anemone Entacmaea quadricolor was

first described in Nature Methods, in 2007 by Shcherbo et al138. Katushka displayed a far-

red shifted emission spectra of 635 nm, as well as other useful traits including a rapid 20

min maturation time, no observed cellular toxicity, a high extinction coefficient of 65 000

M-1cm-1 and a sufficient quantum yield of 0.34138. Shcherbo and colleagues created

transgenic Xenopus laevis frogs in which Katushka expression was driven by the cardiac

actin promoter. Non-invasive imaging of the Katushka transgenic frogs revealed that the
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heart rudiment was easily observed whereas no heart-signal was found in frogs

expressing DSRed or mPlum transgenes from the cardiac promoter138.  Thus in 2007,

Katushka appeared to be the next revolution in the field of non-invasive animal imaging

and therefore we set out to adapt the technology to our S100A10-null mouse tumor

model.

We, for the first time, have reported adapting Katushka to a lentiviral expression

system for use in tumor cell tracking in vivo. Our observation that Katushka expression

greatly diminishes tumor growth in immunocompetant but not immunocompromised

animals was unexpected and suggests that the protein may be immunogenic.

It has been reported that GFP is minimally immunogenic, however several studies

utilize the protein for in vivo studies145,146,93,94. A recent observation by Hojman in 2009

has identified that Katushka has a lower in vivo stability and therefore brightness

compared to GFP. This is unexpected as the in vitro results show Katushka to be far

brighter with better tissue penetrance than GFP. Hojman and colleagues suggest the

reason for this discrepancy between in vitro and in vivo observations may be due to either

some intrinsic protein features, the types of which they do not speculate, or due to an

immunogenic response147. Our results support Hojman’s later hypothesis rather than the

former. If there were some intrinsic features which kept Katuhska expressing tumor cells

from thriving in immunocompetant mice, then they would also reduce growth in the

immunocompromised model. Our results are explained easily by a Katushka mediated

immune response. If this were the case then the initial characterization of the transgenic

Katushka expressing frogs would have not identified immunogenicity, as the Katushka

gene presence in the frog germ-line would ensure the encoded protein was recognized as
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“self”. The exact mechanism by which the presence of an intracellular sea anemone

protein would trigger immune response is unclear. However, cancer cells do exist in an

environment in which the availability of nutrients and oxygen is quite transient, therefore

tumors exhibit a higher degree of cell turn-over. If lysed tumor cells release the foreign

protein into the tumor microenvironment it would cause a shift of the recruited

macrophages towards an M1 tumoricidal phenotype, or cause a xenograph rejection

response148. In either case, T-cells would identify the foreign antigen and would recruit

macrophages by MCP-1 and other chemokines and release stimulatory factors such as

IFN- to promote M1 macrophage infiltration and tumor destruction. Alternatively graph

rejection has been shown to occur in a T-cell independent manner by macrophages

alone148. The T-cell independent model is unlikely to be the mechanism at play in this

case as Katushka expressing tumors thrive in Rag1 deficient mice, which lack mature B

and T cells but have macrophages. There is also the possibility that the macrophages

from the C57BL/6 RAG1−/− immunodeficient mice are altered in some way, however

that has yet to be reported.

Despite these observations, one report by Nunez-Cruz et al. has utilized Katushka

for imaging orthotopic ovarian cancer149. In this study, an ovarian Katushka expressing

tumor is made from a lentiviral Katushka infected cell line (called MOV1Kat), which

originated from a spontaneous ovarian tumor forming mouse. Although tumor growth is

readily observed in the recipient mouse, the authors do not compare tumor growth with

tumors not expressing Katushka149. Therefore it is unclear whether or not the tumor

growth is reduced by Katushka expression in this case.
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CONCLUSION

A5.1 The use of Katushka for in vivo tumor imaging studies

We had set out to utilize the far-red Katushka protein to image tumors thereby

complementing the previously described work with tumors grown in the S100A10-null

mouse model. Although cellular labeling and in vivo detection functioned as expected, an

unfortunate effect of Katushka expression was hampered tumor growth in

immunocompetant mice. These findings suggest that Katushka may be immunogenic,

however further studies are required for such a determination.

A5.2 Future directions

In light of Katushka’s short comings in our experimental model we next sought to

employ magnetic resonance imaging (MRI) as a means of non-invasive, deep tissue

animal imaging. MRI functions by creating a powerful magnetic field (Bo), aligning the

atomic nuclei within the animal, and systematically altering that alignment by a second

radio frequency (RF) field operating in pulses150. The RF field is oriented at 90o from the

Bo field causing an alteration in the alignment of the nuclei from the Bo field to the RF

field until the pulse is stopped and the nuclei re-align with the Bo field151. The system

causes the nuclei to produce a rotating magnetism which is detectable by a scanner. MRI

produces images with high contrast between different soft tissues on the body at

resolution of tens of microns151. We have used MRI to create an image of a spontaneous

MMTV-PyMT breast tumor in a mouse (Figure 41). This technique ideal for longitudinal

tumor tracking studies of the MMTV-PyMT/S100A10-null mice allowing us to better

investigate the growth inhibition occurring in the absence of S100A10. Additionally,
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MRI is useful in tracking tagged cells. We plan to repeat the macrophage adoptive

transfer studies with macrophages that have engulfed 0.9 m polymer beads containing

iron oxide. The iron oxide will show up as dark points on the MRI, allowing for the

confirmation that transferred WT macrophages are indeed infiltrating into the tumor site.
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Figure 41. MRI image of a MMTV-PyMT breast tumor. 150μm3 isotropic images of
transverse (left) and axial (right) slices of a mouse showing unilateral MMTV-PyMT
breast tumor formation. Green arrow indicates tumor mass whereas blue arrow indicates
tumor free tissue mammary fat pad. All MRI scans were performed at 3.0 T. In vivo
images were obtained using a 3D true-FISP (balanced steady-state free precession, b-
SSFP) imaging sequence (T2/T1 weighting).  Repetition time (TR), echo time (TE), flip
angle and bandwidth (BW) were optimized for best image quality.  The sequence
consisted of TR/TE = 8/4 ms, flip angle = 30° and BW = 50 kHz.  A field of view (FOV)
of 38.4 × 25.5 × 25.5 with matrix dimensions 256 × 170 × 170 was used to acquire (150-
μm)3 isotropic spatial resolution images with 6 signal averages (~48 minutes per MRI
scan).
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APPENDIX B: MANUSCIPT IN REVISION

The following appendix contains the first manuscript in revision featuring some of the
work presented in this thesis. The references have not been included with the manuscript.
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ABSTRACT

Macrophages play a fundamental role as mediators of tumor growth, invasion and
metastasis. The movement of macrophages across the basement membrane and
through the extracellular matrix to the tumor site requires the activation of
proteases, such as plasmin, at their cell surface. In the present study we report that
the growth of murine Lewis lung carcinoma or T241 fibrosarcoma is dramatically
reduced in S100A10-/- (S100A10-null) mice compared to WT mice. The tumor
growth deficit corresponded with a decrease in macrophage density, suggesting that
macrophages required S100A10 to migrate to the tumor site. Although the tumor
growth deficit observed in S100A10-null mice was restored by intraperitoneal
injection of WT macrophages, S100A10-null macrophages only restored tumor
growth when directly injected into the tumor, suggesting a loss in migratory
capability by S100A10-null macrophages. Lastly, selective depletion of macrophages
from a WT mouse resulted in similar tumor growth deficits to that in the S100A10-
null mouse. These results show that S100A10-dependent plasmin generation is
required for macrophage migration to the tumor site and that this represents a rate
limiting step in tumor progression. Our results highlight a new role for the S100A10
protein in the recruitment of macrophages to the tumor site.
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B1 INTRODUCTION

There is an increasingly large body of evidence correlating tumor-associated

macrophage (TAM) density with poor prognosis in a varied number of solid tumors (1,

2). TAM density is directly dependent upon the recruitment of monocytic precursor cells

from circulation in response to varied chemotactic signals from the tumor (3). The tumor

cytokine milieu, including M-CSF, IL-4, IL-13 and IL-10, causes the recruited

monocytes/macrophages to differentiate into the alternatively activated, M2 macrophage

phenotype rather than the tumoricidal M1 phenotype (4-6). The M2 TAMs promote

tumor growth by mediating inflammation, stimulating angiogenesis, suppressing anti-

tumor immunity and by matrix remodeling (6-8). Little is known however about the

mechanism by which monocytes/macrophages move through tissue barriers in order to

arrive at the tumor site. Plow et al. hypothesized that upon activation, circulating

monocytes mobilize cell surface plasminogen receptors to generate plasmin, facilitating

their movement out of the vessel, through the basement membrane and interstitial space

and into the tumor site (9-11). Several activators have been proposed to mediate cellular

plasmin generation, most recently the plasminogen receptor S100A10 has been shown to

mediate the recruitment of macrophages to an inflammatory stimulus (12).

S100A10, also known as p11, is a member of the S100 family of small, EF hand

containing, dimeric proteins. It is present on the cell surface in a heterotetrameric form in

which two annexin A2 monomers secure the S100A10 dimer to the cell surface.

S100A10 binds both plasminogen and tissue plasminogen activator, facilitating the

conversion of plasminogen to plasmin (13). Active plasmin both degrades fibrin directly

and activates members of the matrix metalloproteases family, creating a localized
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proteolytic hub (14, 15). Recent work by our laboratory has shown that S100A10 is

responsible for the conversion of plasminogen to plasmin by many transformed and

normal cells, including macrophages (12, 16, 17). Here, we show that compared to WT

mice, tumor cells injected into S100A10-null mice fail to thrive because of a loss of

macrophage recruitment to the tumor site. Thus, we demonstrate for the first time that

macrophages utilize S100A10 to migrate to the tumor site and that this recruitment is the

rate limiting step in tumor growth.

B2 MATERIALS AND METHODS

B2.1 Cell lines and reagents. The LLC cell line was obtained from and authenticated by

ATCC in 2006. The T241 cell line was obtained from Dr. Y. Cao (Karolinska Instiute).

Both LLC and T241 have been found negative for mycoplasma as well as negative for a

panel of murine pathogens (Charles River Comprehensive Mouse Panel 1).  Cell lines

were maintained in complete DMEM (Gibco) with 10% FCS (Hyclone) and

penicillin/streptomycin (Hyclone).

B2.2 In vivo tumor growth and macrophage addback. Mouse experiments were

performed under the approval of the Dalhousie University Carlton Animal Care Facility

and mice were maintained in pathogen-free facilities. Tumors were established by

subcutaneous injection of 2x106 cells in the right flank of female 6-8week old mice.

Volume calculated as (length x width2)/2. Intraperitoneal transfer of 9x106 macrophages

was performed 1-day prior to tumor cell inoculation while intratumoral transfer of

0.25x106 macrophages was performed 4-days after tumor cell inoculation.
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B2.3 Macrophage collection. Macrophages were collected by peritoneal lavage with

RPMI (Gibco) 4-days after intraperitoneal injection of 2.5 ml of 4% brewers

thioglycolate (Sigma).

B2.4 Immunofluorescence and immunohistochemistry. Tumors were snap-frozen for

immunostaining with  F4/80 (Abcam), alkaline phosphatase secondary (Biocare

Medical); CD31 (Abcam), Alexa-488 secondary;  anti-Fibrin (ADI), horseradish

peroxidase secondary (HRP). Tumors were fixed in 10% formalin and paraffin embedded

for PCNA (Abcam) immunostaining with HRP secondary.

B2.5 Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)

assay. TUNEL was performed on snap frozen, cryosectioned tumors as per the

manufacturer’s instructions with an alkaline phosphatase converter (In situ cell death

detection Roche).

B2.6 Liposomes. Clodronate (Sigma) was encapsulated in liposomes as in Zeisberger et

al. 2006.

B2.7 Cytokine array. Array performed by RayBiotech inc. (Norcross G.A.)

B2.8 Invasion assay. 1x105 WT and S100A10-null peritoneal macrophages were added

to the upper reservoir of Matrigel (MTG) coated invasion chambers (BD 8 m pore) in

the presence or absence of 0.5 M plasminogen (PG). Macrophages were allowed to

invade towards 1x105 LLC cells in the lower reservoir for 48 hrs.
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B2.9 Survival assay. 1x105 Macrophages and 0.2x105LLC cells plated for 24hr prior to a

4-hr incubation with varying levels of clodrolip.  Following a 24-hr recovery period, cells

were subjected to an MTT assay (CellTiter 96 Promega) to assess viability.

B2.10 MTT assay. MTT was performed on macrophages and LLC cells as per the

manufacturer’s instructions (CellTiter 96 Promega).

B2.11 Statistical analyses. All statistical calculations were performed in Prism

(GraphPad Prism version 3.0 Software). All error expressed as standard error of the mean

and all Student t-tests performed were two-tailed. ANOVA with Tukey post analysis was

used to calculate the statistical significance between more than two groups.

B3 RESULTS AND DISCUSSION

Our previous studies had shown that macrophage migration in response to

thioglycollate-induced peritonitis was dramatically diminished in S100A10-null mice.

The inability of these macrophages to respond to this inflammatory stimulus was due to

the reduced capability of the S100A10-null macrophages to convert plasminogen to

plasmin. Since the site of tumor growth is also a site of inflammation, we tested the

possibility that S100A10 might be required for the recruitment of macrophages to the

tumor site. Therefore, we inoculated WT and S100A10-null mice with Lewis lung

carcinoma (LLC) cells and measured the kinetics of tumor growth. Surprisingly, we

found that S100A10-null tumor growth ceased at approximately 7-days, whereas tumors

in the WT controls displayed nearly exponential growth (Fig. 1A). Eighteen days after

the initiation of tumor growth we observed LLC tumors in WT mice were greater than

10-fold the weight of those in the S100A10-null mice (Fig. 1A). To rule out the
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possibility that the tumor growth deficit was limited to LLC, we examined another tumor

model system and observed that the tumor growth rate from T241 murine fibrosarcoma

cells was also dramatically reduced in the S100A10-null mice (Fig. 1A).

Imunohistochemical assessment of the proliferative cell nuclear antigen status indicated

that there was no difference in the proliferative rates of the tumor cells in either mouse

type (Fig. 1B). There was however, a moderate increase in apoptotic cells in the tumors

on S100A10-null mice, identified by terminal deoxynucleotidyl transferase dUTP nick

end labeling (Fig. 1C). Taken together these observations suggest that apoptosis

contributes to the tumor growth inhibition in the S100A10-null environment, although the

apoptotic mechanism is unclear.

Immunohistochemical analysis indicated that the tumors grown in the S100A10-

null mice contained much fewer macrophages than the WT tumors, suggesting that the

S100A10-null macrophages failed to colonize the LLC and T241 tumors (Fig. 1D).

S100A10-null macrophages could only be observed along the absolute tumor tissue

border whereas the WT macrophages were abundant throughout the tumor (Fig. 1D).

Macrophages are known to infiltrate and support tumor growth (13). Therefore, these

results suggested that S100A10 plays a key role in the recruitment of macrophages to the

tumor site and that the inability of S100A10-null macrophages to reach the tumor site

might result in a tumor growth deficit, although we could not rule out the possibility that

S100A10 played a role in the function of other tumor-associated cells.

We had also considered the possibility that the difference in macrophage density

could also result from lower levels of the cytokines emanating from the tumor cells in the

S100A10-null mice. However, the MCP-1, CCL5, GM-CSF and M-CSF levels were
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either the same or elevated in the S100A10-null environment, indicating that tumors

grown in WT and S100A10-null mice were equally capable of stimulating macrophage

recruitment to the tumor site (Supplementary Fig. 1).

To test the possibility that the tumor growth deficit observed in the S100A10-null

mice was due to an inability of the macrophages to enter the tumor stroma, we performed

an invasion assay in which macrophages invaded through a synthetic basement

membrane (Matrigel) towards a LLC monolayer in the presence of plasminogen.

Macrophages isolated from S100A10-null mice displayed an impaired ability to invade

through the Matrigel coated membrane compared to the WT macrophages

(Supplementary Fig. 2), suggesting that the difference in invasion was due to an inability

to stimulate protease activity to cleave and penetrate the Matrigel barrier (6).

Angiogenesis, the formation of new blood vessels from pre-existing vessels, is

commonly associated with TAM function (4, 18). We observed that, compared to tumors

grown in the WT mice, tumors from the S100A10-null mice had a 58% decrease in vessel

density (Fig. 2A). Additionally, multiple fibrin occluded vessels were identified in the

vasculature of the tumors grown in the S100A10-null mice (Fig. 2B, C). Tumors have an

increased ability to activate fibrinogen to fibrin, forming clots which accumulate in blood

vessels (19). Vessels in the WT mice express S100A10 and can produce plasmin to clear

the fibrin accumulation (Supplementary Fig. 3). The S100A10-null endothelial cells have

a reduced fibrinolytic activity, thereby causing the accumulation of fibrin in the tumor

vasculature. Thus, the loss of tumor growth in the S100A10-null mice could be

explained, in part, by the loss in TAM recruitment, the loss in tumor angiogenesis and an

inability of the existing vasculature to maintain vascular fluidity.
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In order to directly access the role that macrophages played in our tumor model

system, we tested the effect of injecting macrophages, collected from WT mice, into the

peritoneum of S100A10-null mice prior to subcutaneous tumor implantation. We

observed that the WT macrophages stimulated tumor growth (Fig. 3A,C) and produced

an increase in tumor vascular density to that observed in tumors grown in WT mice (Fig.

2A). However, WT macrophages injected into the peritoneum of WT mice had no effect

on tumor vascular density (Fig. 2A) or tumor growth in these WT mice (Fig. 3A,C).

Importantly, an intraperitoneal injection of macrophages isolated from S100A10-null

mice had no effect on tumor growth in S100A10-null mice (Fig. 3A, C). These results

indicate that the WT macrophages but not S100A10-null macrophages were capable of

stimulating both angiogenesis and subsequent tumor growth in the S100A10-null mice. In

contrast we observed that the direct injection of either WT or S100A10-null macrophages

into the tumors growing in S100A10-null mice stimulated tumor growth to similar levels

to that of WT mice (Fig. 3B,D). These results indicate that the tumor growth deficit could

be overcome by S100A10 expressing, WT macrophages infiltrating into the tumor from

the peritoneum, or by the direct intratumoral delivery of S100A10-null macrophages.

Thus, macrophages lacking S100A10 are capable of stimulating tumor growth, but lack

the ability to transit into the tumor. Additionally, the transfer of WT macrophages by

either route had no effect on tumor growth in the WT mice, suggesting that endogenous

macrophage recruitment was sufficient to support tumor growth in WT mice.

Tumor growth is promoted by macrophages as well as by other cells including

neutrophils and fibroblasts, all of which lack S100A10 in our model (6). We therefore

sought to address whether selective depletion of macrophages would also inhibit tumor
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growth. It has been shown that macrophages may be selectively depleted in mice using

liposome encapsulated clodronate (20). We treated LLC tumor bearing WT mice with

intraperitoneal inoculations of clodrolip or with an empty liposome control at various

points throughout tumor progression. Typically, this approach resulted in the depletion of

approximately 75% of the tumor macrophage population compared to the control treated

tumors (Fig. 4C). We observed that clodrolip-mediated reduction of TAMs also caused a

dramatic reduction in tumor growth and produced a strikingly similar tumor growth

profile to that in the S100A10-null mouse (Fig. 4A,B). To rule out that the reduction in

tumor growth was not due to clodrolip having a cytotoxic effect on tumor cells, we

incubated LLC cells and macrophages with varying concentrations of clodrolip.

Macrophages demonstrated a significant decrease in survival relative to clodrolip

concentration while LLC survivability remained unaffected (Supplementary Fig. 4).

Tumor growth and metastasis require an intimate relationship between

macrophages and cancer cells, the current study demonstrates that the recruitment of

macrophages to the tumor site is mediated, in part, by the S100A10 dependent generation

of plasmin at the macrophage cell surface. These findings highlight a new therapeutic

modality in which tumor progression may be controlled by targeting tumor-associated

macrophages.
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B5 FIGURE LEGENDS

Figure 1. Primary tumor growth is impaired in S100A10-null mice. (A), Tumor
growth kinetics, terminal weight and representative images of LLC tumors, 18-days after
subcutaneous injection of 2x106 LLC cells. Three independent experiments were
performed with n=7 mice. Also depicted (lower left) is the tumor growth kinetics of
2x106 subcutaneously injected T241 fibrosarcoma cells. Two independent experiments
were performed with n=7 mice.  (B) LLC tumor proliferative cell nuclear antigen
(PCNA) status shown by horse radish peroxidase staining positive staining. Positive cells
per 20x s field shown in histogram. (C) LLC tumor apoptotic index shown as positive
staining terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) cells
per field. Staining identified by positive alkaline phosphatase signal and counted per 20x
field.  (D) LLC tumor (upper) and T241 (lower) tumor macrophage density, determined
as positive F4/80 staining cells per field by positive alkaline phosphatase staining. (Far
right) F4/80 staining cells along the LLC tumor border in a S100A10-null mouse.
Histograms display counts of positive cells per 40x field. All error bars signify standard
error of the mean and p values are indicative of Student’s two tailed, unpaired t-test.

Figure 2. Tumor vascularization impaired in S100A10-null mice. (A) Vascular
density quantified by Alexa-488 mediated CD31 immunofluorescence of LLC tumors
from WT or S100A10-null mice or on mice receiving adoptive transfer of WT
macrophages. Histogram displays positive staining vessels per 20x field. (B) Fibrin
depositions in LLC tumors depicted by anti-fibrin horse-radish peroxidase
immunohistochemistry. Histogram displays positive fibrin plaques per 20x field. (C)
Representative images of autofluorescent (yellow) fibrin occlusions in CD31 positive
staining vessels (green) at 40x. Error bars signify standard error of the mean and p values
are indicative of (A) single variable ANOVA with Tukey post-test analysis or (B)
Student’s two tailed, unpaired t-test.

Figure 3. Adoptive transfer of macrophages effects tumor growth in S100A10-null
mice. LLC tumor growth kinetics of mice receiving either (A) intraperitoneal or (B)
intratumoral transfer of WT or S100A10-null macrophages. Terminal LLC tumor masses
after (C) intraperitoneal or (D) intratumoral transfer of WT or S100A10-null
macrophages. Volumes calculated as (length x width2)/2.  Error bars represent standard
error of the mean, p values indicate two-tailed, unpaired Student’s t-test and are identified
as follows: *P<0.05, **P<0.01, ***P<0.001, NS= Not significant. Experiment was
performed three times with n=7 mice.
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Figure 4. Macrophage depletion reduces tumor growth. (A) LLC tumor growth
kinetics of mice receiving intraperitoneal injections of either clodrolip or empty
liposomes (PBS-Lip) at various points during tumor progression. Also depicted for
comparison are tumor growth kinetics of WT and S100A10-null mice. Experiment was
performed twice with n=8 mice. (B) Terminal LLC tumor masses after 16 days of growth
in a WT mouse with clodrolip or PBS-Lip treatment or no treatment (WT) or on a
S100A10-null (S100A10-/-) background. (C) FACS analysis of F4/80 and CD11B
macrophage markers in LLC tumors treated with PBS-Lip or with clodrolip.
Macrophages appear in the upper right quadrant. Error bars represent standard error of
the mean, p values indicate two-tailed, unpaired Student’s t-test and are identified as
follows: *P<0.05, **P<0.01, ***P<0.001.

Supplementary Figure 1. Cytokine array of LLC tumors. Chemokine levels of CCL-
5, M-CSF, GM-CSF and MCP-1 as Pg/g tumor wet weight from WT and S100A10-null
tumors at 14 days after initiation by subcutaneous injection of 2x106 LLC cells. Error
bars represent standard error of the mean, p values indicate two-tailed, unpaired Student’s
t-test.

Supplementary Figure 2. S100A10 mediates macrophage invasion. WT and
S100A10-null macrophages which had invaded through Matrigel coated membranes
towards LLC cells were stained and counted per 20x field.

Supplementary Figure 3. S100A10 expression on tumor vessels.  Alkaline
phosphatase mediated anti-S100A10 (R&D Systems) immunohistochemistry used to
identify S100A10 expression on endothelial cells lining vessels within snap-frozen LLC
tumor sections. Arrows indicate endothelial cells lining vessels. Micrographs were
acquired under oil-immersion at 63x magnification.

Supplementary Figure 4. Effect of clodrolip on macrophages and tumor cells. MTT
assay of macrophages and LLC cells subjected to increasing concentrations of clodrolip.
Results are displayed relative to incubation with an equal volume of PBS-encapsulated
liposomes (PBS-Lip). Error bars represent standard error of the mean.
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