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ABSTRACT 

 
NOVEL ANIMAL MODEL AND IN VIVO IMAGING SYSTEM TO STUDY INFLAMMATORY 

RESPONSES-MEDIATED CANCER METASTASIS 

 

Cheng-Yu Ko, PhD 

 

The University of Texas at Arlington, 2010 

 

Supervising Professor: Liping Tang 

 Cancer metastasis is the leading cause of death in cancer patients. A vast majority of 

cancer-related mortality is attributed to this rather than the primary tumor itself, making the 

understanding of cancer metastasis critically important. Inflammatory responses have been 

implicated to play an important role in cancer metastasis. However, the investigation of the 

relationship between inflammation and cancer cell migration is limited by the lack of a 

reproducible cancer metastasis animal model. To fill the gap, we have recently developed an 

animal model. This model is composed of a two-step procedure. First, poly-L lactic acid (PLA) 

microspheres were implanted subcutaneously on the back of mice to induce localized 

inflammatory responses. Second, after PLA microsphere implantation for 24 hours, melanoma 

B16F10 cancer cells were transplanted in the peritoneal cavity. After cell implantation for 

different periods of time, animals were sacrificed and all tissues/organs were isolated for 

assessing the distribution of metastatic cancer cells. In addition, an imaging model was 

established to visualize and also quantify the cancer cell migration in vivo. For that, cancer cells 

were labeled with X-Sight fluorescence agent. Following transplantation, the distributions of the 

X-Sight labeled cells could be monitored using Kodak In-Vivo Imaging System. A relationship 
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between fluorescence intensity and cell numbers was established to quantify the numbers of 

recruited cancer cells.  

Our studies have shown that inflammatory responses are one of the critical 

determinants of cancer cell metastasis. First, by implanting materials with varying pro-

inflammatory properties, we found that there was a good relationship between the degree of 

biomaterial-mediated inflammatory responses and the numbers of immigrated cancer cells in 

vivo. Inflammatory responses exert similar migration responses of various cancer cells, 

including B16F10 melanoma cells, Lewis lung carcinoma cell line (LLC), rat prostate cancer cell 

line (JHU-31), human prostate adenocarcinoma (PC-3), and human breast cancer cell line 

(MDA-MB231).   

Studies were carried out to decipher the mechanisms governing inflammatory 

responses-mediated cancer metastasis. Our results have uncovered that cancer cells migrated 

out of the primary transplantation site – peritoneal cavity – via lymphatic system and 

CCR7/CCL21 pathways. Upon entering the circulation, cancer cells navigated to the 

inflammatory tissue via CXCR4/CXCL12 pathway. Rather surprisingly, we found that 

lymphocytes play an important role in cancer cell migration to inflamed tissue. Such 

lymphocyte-associated cancer cell migration is mediated, at least partially, by RANTES.  

Based on the results obtained from previous work, we have been working on the 

development of two novel strategies to reduce cancer metastasis. First, using scaffolds to 

release different chemokines, we tested the influence of chemokine release on cancer cell 

recruitment. Interestingly, we found that erythropoietin (EPO) -releasing scaffold not only 

attracts more cancer cells immigrating to the implant area but also prolongs the animal survival 

duration. On the other hand, the stromal cell-derived factor-1 alpha (SDF-1α) releasing 

scaffolds had no significant influence on cancer cell migration. The second approach was aimed 

to study the potential effect of vascular permeability on cancer cell migration. The feasibility of 

this approach is supported by the fact that localized release of histamine significantly increases 
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the numbers of recruited cancer cell to the implantation sites. Since mast cells are the main 

source of histamine, we further tested the influence of mast cell inactivator/stabilizer (cromolyn) 

on cancer cell recruitment. Indeed, cromolyn substantially reduced the cancer cell recruitment to 

the subcutaneous implants. It is our belief that this novel inflammation-induced cancer 

metastasis model along with in vivo imaging systems using either exogenous or endogenous 

labeling methods should be able to perform high throughput screening of different categories 

anti-inflammatory drugs for cancer therapy. 
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CHAPTER 1 

INTRODUCTION 

1.1 Cancer metastasis  

            Cancer metastasis is the major cause of lethality in cancer patients. Cancer develops 

when abnormal cells divide without appropriate control and further progress to invade other 

tissues. These cells can sometimes spread out from the primary site to distal organs through 

lymphatic systems and/or blood circulation. They frequently spread to regional lymph nodes 

near the primary tumor. This phenomenon of spreading to certain parts of the body is a 

characteristic feature of malignant cancers. For instance, breast cancer commonly spreads to 

the bones, lungs, liver, or brain while lung cancer tends to metastasize to the brain or bones (1-

3). Current treatments include chemotherapy, radiation therapy, biological therapy, hormone 

therapy, surgery or a combination of those listed above. The treatment usually depends on the 

type and size of cancer, metastasis condition, related age and the types of treatments the 

patient has had in the past (4-6). 

 

1.1.1. Mechanisms of cancer metastasis 

Since the majority of cancer mortality is attributed to the cancer metastasis rather than 

the primary tumor, the understanding of cancer metastasis is critically important for clinical 

management of cancer (7-11). Despite intensive research efforts, the detailed mechanism of 

cancer metastasis is not totally understood. According to National Cancer Institute, metastasis 

is defined as the spread of cancer from one area of the body to another. Cancer metastasis is 

considered deadly, mainly because it leaves almost no chance for surgical interception of 

cancer progression and very commonly multiple organ are involved (12). Many factors including 

inflammation, reactive oxygen species, angiogenesis and even genes have shown to be related 
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to cancer metastasis (9, 13-15). Metastasis is a sequence of the events which can be roughly 

divided into five consecutive steps: local invasion, intravasation, survival in the circulation, 

extravasation and colonization in distal tissue/organs (9, 16, 17) (Figure 1.1). 

 

Figure 1.1 Five basic steps involved in cancer metastasis. After primary tumor formation, cancer 
could progress via invasion, intravasation, survival in blood circulation, extravasation to the 
distal tumor site and finally colonize to form the secondary tumor.  In our animal model, the 
research is focused on intravasation, circulation, and extravasation 

After infiltrating into distal organs, surviving cancer cells will form an aggressive colony 

and then damage the physiological function of organ. Thus, primary tumor cells must 

accomplish infiltration and colonization so as to metastasize to distant organs. The composition 

of each organ and the barriers against infiltration are unique. This is the reason why different 

tumor types may cause various organ metastases since infiltration and colonization functions 
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are acquired over variable periods of time (9). In light of cancer metastasis studies, the sentinel 

lymph node, also known as the first lymph node(s), is responsible for collecting lymphatic 

drainage from the site of the primary tumor. It is also the place where immunoreactive 

lymphocytes come in contact with cancer antigens and develop anti-cancer immunity. A growing 

body of evidence has supported the correlation of sentinel lymph node micrometastasis with a 

variety of solid tumors. Recent studies have shown that cancers not only induce 

lymphangiogenesis but also promote sentinel lymph node metastasis (18). The immune 

suppression of the sentinel lymph node may cause failure to prevent or eradicate tumor 

metastasis (18), since immunosuppression of a subset of T cells: regulatory T cells (Tregs) may 

impair their anti-tumor immunity (19). 

1.1.2. Roles of inflammatory responses on cancer metastasis 

It has been recognized for decades that there are strong associations between chronic 

inflammatory conditions and tumorigenesis (20, 21). Many recent works also implicate 

inflammatory products in the promotion of cellular changes leading to the uncontrolled growth of 

cancer cells (21-23). In addition, inflammatory stimuli have been shown to facilitate the escape 

of metastatic cells from the original tumor and aid in the spread to new tissue sites (21- 23). 

These implications are supported by many recent observations that infiltration with inflammatory 

cells and macrophages promotes both the development of breast cancers and their eventual 

spread to other sites in the body (24). Furthermore, an increasing body of evidence suggests 

that inflammatory responses play an important role in tumor development and progression (11, 

21, 22, 25-27). For example, inflammatory chemokines, such as CXCR4/CXCL12, 

CCR7/CCL21, MIP-1α/CCL3, IL-8/CXCL8 and RANTES/CCL5, have been associated with 

metastasis of breast cancer, melanoma, myeloma, colorectal carcinoma, ovarian carcinoma and 

non small cell lung cancer (28-33). Human and murine tumors are also found to secrete various 

inflammatory cytokines, CXC chemokines and their receptors (32, 34-37). Expression of 

inflammatory chemokine receptors such as CXCR4 and CCR7 are commonly found in human 
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breast cancer (38). CCR7 has also been demonstrated to dramatically increase metastasis of 

B16 murine melanoma to regional lymph nodes (39). Colorectal cancer cells are found to 

express chemokine receptor/ ligand such as CCR6/CCL20 and respond to chemokine gradients 

similar to leukocyte and monocytes inflammatory cells (40). Interestingly, many chemokine 

ligands, such as CXCL12 for SDF-1 and CCL21 for SLC (secondary lymphoid tissue 

chemokine), are highly expressed in the target organs of breast cancer metastasis (31, 38, 41, 

42). Furthermore, recent studies have demonstrated that lymphocytes may play contradictory 

roles in tumor progression. Tumor-specific cytotoxic T cells may eliminate tumor cells by direct 

or antibody-dependent cell killing. On the other hand, the recruited regulatory T cells have been 

shown to mitigate the cytolytic ability of cytotoxic T cells so as to blunt the immune response 

(43, 44). During the development of breast cancer, increased leukocytes in neoplastic stroma 

were associated with tumor progression. It was demonstrated that IL-4-expressing CD4+ T 

lymphocytes promote mammary adenocarcinoma invasion and metastasis (45). However, the 

effect of T lymphocyte on the inflammation-induced cancer migration is still not clear. Part of this 

research effort is to determine the potential role of T lymphocytes on cancer metastasis. In 

addition, non-steroidal anti-inflammatory drugs were demonstrated to reduce both the chance of 

cancer development and mortality (46). Hence, the interplay of the inflammatory response on 

cancer metastasis is critically important. 

 
1.1.3 Animal models of human cancer metastasis 

Several in vitro and in vivo models have been used to assess human cancer 

metastasis. Animal tests are the gold standard for examining tumor progression due to the 

simplicity and ineffectiveness of in vitro model in studying the entire metastatic process. The 

majority of metastasis studies have been carried out in rodents with tumor xenograft (47-50). 

Typically, a tumor cell line known to metastasize in vivo is manipulated to change the 

expression or mutation status of a single gene. This in turn determines the manipulated gene 

function in the process of metastasis (51-53). Various animal models, such as 
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intravenous/intracardiac models, subcutaneous models and orthotopic implantation models are 

commonly used for these studies. Intravenous/ intracardiac routes were used to directly 

introduce cancer cells to tested animals. Subsequent metastasis evaluation was then conducted 

by quantifying tumor growth in vital organs following the injection of tumor cells into the 

bloodstream (54-56).  However, the first three steps of metastasis could not be examined in 

these methods. In addition, intravenous/intracardiac administration of a large amount of cancer 

cells all at once is not similar to the flow of the metastatic cancer cells disseminating slightly but 

continually (57). On the contrary, subcutaneous and orthotopic models are more accurate at 

imitating all the five processes of cancer metastasis. Although these assays measure the whole 

metastatic processes, the methods are usually qualitative and time consuming (58, 59). Apart 

from the methods described above, it should also be noted that several transgenic mouse 

strains have been used to study primary tumorigenesis and spontaneous metastases (59-62). A 

significant disadvantage of these systems, however, is the time, cost, and lack of versatility. 

Therefore, a new animal model is needed to quantitatively analyze the migration/metastasis of 

cancer cells in vivo. Another goal of this project is to develop a precise, accurate and 

quantitative method portraying the steps of cancer metastasis. 

 

1.2 Biomaterials-triggered inflammatory responses 

Shortly after implantation, medical devices are often surrounded with substantial 

numbers of phagocytes. The interaction between phagocytes and biomaterials activate 

adherent phagocytes and may lead to chronic inflammation and fibrotic reactions (63-65). 

Before the arrival of inflammatory cells, biomaterial implants very quickly acquire a layer of host 

proteins.  Thus, it is widely accepted that phagocytes interact with the spontaneously adsorbed 

proteins (63, 65, 66). Studies have shown that adsorbed fibrinogen is primarily responsible for 

the accumulation of phagocytes on implant surfaces (66). In fact, later studies have revealed 

that adsorbed fibrinogen resembles fibrin and phagocytes recognize the biomaterial implant as 
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a fibrin clot (63). In the process of foreign body reactions, many pro-inflammatory cytokines and 

chemokines, including TNF-α, IL-6, IL-1, MIP-1 α, and MCP-1β, are secreted (63, 67). The 

release of these chemokines/cytokines may modulate phagocyte and other cellular responses. 

 

1.2.1 Mechanisms 

Biomaterials implanted into the body elicit a sequence of localized inflammatory and 

immune responses surrounding the implant. Within a few hours after implantation, most 

biomaterials cause accumulation of leukocytes on implant surfaces. Various leukocytes, such 

as monocyte, macrophages, polymorphonuclear leukocytes (PMN), and lymphocytes participate 

in host inflammatory and immune responses (68). Activated macrophages could produce a 

variety of inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin 1β (IL-

1β), macrophage inflammatory protein-1α (MIP-1α), monocyte chemattractant protein 1 (MCP-

1), interleukin-6 (IL-6), and interleukin-8 (IL-8) (69). These inflammatory factors prompt the 

recruitment of inflammatory cells which are critical to the long term reactions of biomaterial 

implants (63, 67). The mechanisms of biomaterial-mediated inflammatory responses were 

divided into three events including: (i) phagocyte transmigration through the endothelial barrier, 

(ii) chemotaxis toward the implant, and (iii) phagocyte adherence to implant surfaces (70). 

Earlier results have shown that interaction between the phagocyte integrin, Mac-1, and surface 

fibrinogen is critical for phagocyte adherence to implants. Adsorbed fibrinogen on the 

biomaterial surface is primarily responsible for the accumulation of phagocytes surrounding the 

implant. Phagocytes may recognize fibrinogen adherent to medical implants as fibrin and 

respond by launching a series of inflammatory and wound healing responses commonly 

initiated by fibrin clot formation (71). In addition, mast cells and released histamine are also 

shown to be important to the recruitment of inflammatory cells during biomaterial-mediated 

inflammatory responses (70). In many circumstances, adhesion molecule receptors in 

circulating leukocytes up-regulated during inflammatory responses allow leukocyte binding to 
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endothelial adhesion molecules. Ligands such as the integrin Mac-1 (CD11b/CD18) which 

recognize intercellular adhesion molecule-1 (ICAM-1) on the endothelial surface are exposed at 

the surface of phagocytes (68). 

 

1.2.2 Property of biomaterials affects inflammatory responses 

Early studies have indicated that surface chemistry, topography and even the 

degradation products released from biomaterials affect tissue responses (72-74). Increasing 

efforts have been made to modify material surfaces for better biocompatibility.  Techniques 

such as physical/chemical modifications and radiation have been developed to modify material 

surface properties (74). Surface wettability is one of the important parameters affecting protein- 

surface interactions. It is well established that hydrophobic surfaces tend to increase protein 

adsorption and denaturation. In turn surface wettability mediates adsorption kinetics and binding 

strengths, as well as subsequent protein activity (75-78). Denatured proteins (especially 

fibrinogen) subsequently trigger inflammatory cell adhesion and activation (71, 79, 80). It is 

generally believed that the hydrophobic properties of polymers are responsible for protein 

denaturation and subsequent cellular responses (71, 81). To increase surface hydrophilicity, 

polyethylene glycol (PEG), poly (2-hydroxyethyl methacrylate), poly (N-isopropyl acrylamide), 

poly (acrylamide), and phosphoryl choline-based polymers were thus invented and shown to 

resist protein adsorption.  Despite the intensive studies on the effects of wettability exerted on 

biocompatibility, the development of hydrophilic surface coating techniques has not led to 

production of biocompatible medical implants (80, 82, 83). Other parameters such as surface 

topography have similarly been shown to affect implant performance. Surface topography is 

known as one of the major determinants that influence cell behavior in various ways including 

cell adhesion, selection, mechanical interlocking, topographic guidance, tissue organization and 

production of growth factors and cytokines (84, 85). In addition, wear fragments or degraded 

products released from biodegradable polymers also affect the tissue reaction to the implant. 
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For example, the number of poly-L-lactic acid (PLA) microspheres and monomers degraded 

from a biomaterial in vivo correlate with the degree of the inflammatory response. Both soluble 

and insoluble material fragments were indicated to influence subsequent adverse cellular 

reactions (73).   

   

1.3 In vivo tracking of cancer cell migration  

Many imaging methods have been developed recently to study cancer growth and 

metastasis in animals and humans. Imaging tools such as magnetic resonance imaging (MRI), 

ultrasonography, nuclear imaging, microtomography and optical imaging using fluorescence 

and bioluminescence can be used for tumor related studies (86). Among these methods, optical 

imaging draws particular attention to the cancer metastasis field. This method allows for 

effective detection of endogenously produced fluorescence and bioluminiscence from animals in 

vivo, as well as being cost-effective and time-efficient (87). It also allows longitudinal monitoring 

in a single animal and thus reduces the number of experimental animals without compromising 

statistical significance (88). With the advances in cancer imaging, part of this research effort 

was devoted to develop an imaging method to quantitatively monitor cancer migration under 

inflammatory induction.  

  

1.3.1 Overview of in vivo imaging 

Several conventional imaging utilities such as magnetic resonance imaging (MRI), 

computed tomography (CT), and photon emission tomography (PET) were designed and fully 

developed for clinical application (89).  In cancer research, it is necessary to combine different 

technologies from both molecular and optical imaging to determine the effects of newly found 

genes or developed intervention on cancer progression. Methods such as flat-panel volumetric 

computed tomography (fpVCT) are utilized in preclinical cancer research for the noninvasive 

study of tumor growth, vascularization, and metastasis screening. Using this technology, targets 
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tagged by molecular probes can be observed on the cellular and subcellular level and analyzed 

using near infrared laser based total body scanners. However, the resolution of these 

established methods are not high enough to visualize very small vessels, supplying the tumor. 

Other complementary near infrared based techniques and related fluorochromes/ dyes are now 

available to study molecular pathways or pharmacological treatments on cancer study (90, 91). 

Near infrared based animal imaging detection relies on nonionizing radiation (typically a low- 

intensity laser) which causes the tissue to emit a signal captured by a high-sensitivity photon 

detector in combination with a CCD camera-based setup. The advantage of this imaging system 

is a more accurate measurement of the effect of intervention, disease progression, and 

outcomes in vivo (91). For the purpose of cell tracking in vivo, optical imaging is also an 

appealing system with minimal fluorescence background in the near-infrared (NIR) range 

yielding excellent signal-to-noise ratios compared to other fluorescence based imaging.  With 

advancing developments in optical imaging techniques now range from fluorescence 

reflectance imaging to fluorescence-mediated tomography approaches (92). Compared to NIR 

fluorescence, bioluminescence imaging eliminates background signal from the animal tissues 

and exhibits very specific signals originated from the targets.  Recently, a new generation of 

firefly (Photinus pyralis) luciferase was engineered to deliver more than a four-fold increase in 

light emission (93, 95). Cancer cells genetically engineered with this type of luciferase reporter 

can be effectively used to screen for agents against metastasis in orthotopic tumor models. For 

quantification purposes, tumor growth has been assessed traditionally by calipers for 

subcutaneous tumors growth in animals (94, 95). However, this measurement method is only 

for palpable tumors found subcutaneously in the animals. Other tumor masses tested in 

different locations are not amenable to direct physical measurements. Therefore, application of 

the bioluminescence reporter approach for tumor growth detection in real-time may be a simple 

and effective solution to the problem addressed above. Overall, the rapid development of optical 

imaging technologies is likely to greatly facilitate both cancer research and therapy (95). 
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1.3.2 Limitation of monitoring cancer cell migration 

There are many limitations associated with in vivo cancer imaging. First, some imaging 

technologies (such as flat-panel volumetric computed tomography, MRI) cannot be used for 

long term cancer monitoring due to the toxicity of contrast media used in those analyses (91). 

Second, despite of recent progress, little has been done to create an in vivo imaging system to 

monitor and quantify cancer metastasis. To fill this gap, one of the research goals is to establish 

a systemic analysis to mend the unresolved issues in evaluation of cancer migration in vivo. 

Based on the knowledge gained from these research results, we were able to develop novel 

anti-cancer treatments so as to enhance the survival rate in metastasized cancer patients. 

   

1.4 Overview of research project 

Based on the results of recent studies, we have hypothesized that localized 

inflammatory responses may prompt the recruitment of cancer cells to the implantation site. To 

test this hypothesis, we carried out three series of studies. Specifically, 

Study 1 - Influence of localized inflammatory responses on cancer recruitment. Using 

biomaterials that prompt different extents of inflammatory responses, the influence of implant-

associated inflammatory responses was studied. The migration of various cancer cells, 

including B16F10 melanoma cells, Lewis lung carcinoma cell line (LLC), rat prostate cancer cell 

line (JHU-31), human prostate adenocarcinoma (PC-3), and human breast cancer cell line 

(MDA-MB231) were determined. Using various cell-labeling agents, luciferase gene-tranduced 

cells, and whole body imaging system, studies were designed to visualize the sequence of 

events during cancer cell migration in response to subcutaneous foreign body reactions.  

Study 2 - Role of cytokines/chemokines on cancer metastasis. Using various biomaterials, 

drugs, antagonists, antibodies, cancer cell lines and animal breeds with different immunity 

status, studies were carried out to identify the possible candidate molecules and cell types 

involved in cancer metastasis. 
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Study 3 - Development of novel strategies for reducing cancer metastasis. Based on the results 

from above studies, different strategies and agents were tested to reduce cancer metastasis. 

 

1.4.1 Innovative aspects 

There are several novel methods developed in this project. The first novel achievement 

is the development of an animal model for inflammation-related metastasis study by biomaterial 

application. The second innovation is the establishment of an optical detection method to 

monitor cancer cell migration. The third innovative aspect is the discovery of chemokine-related 

pathways in our animal model through establishment of inflammatory chemokine expression 

profiles. The fourth novel aspect is the application of factor -releasing scaffolds for the treatment 

of cancer metastasis. These novel aspects provide a new window for both basic cancer 

research and pharmaceutical screening.    

 

1.4.2 Successful outcome of the project 

A successful outcome of the project is to provide a new method to study inflammatory 

vs. immunity balance on cancer progression. Imaging detection systems based on this project 

could be used for other disease models. Results from chemokine-releasing scaffolds may lead 

to the development of novel cancer treatment(s). 
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CHAPTER 2 

INFLUENCE OF LOCALIZED INFLAMMATORY RESPONSES  

ON CANCER CELL MIGRATION  

2.1 Rationale 

 Previous results have indicated that inflammatory responses promote cancer cell 

migration (96). Our preliminary results support this statement showing that biomaterial-mediated 

inflammatory responses prompt cancer cell migration similar to cancer metastasis. However, 

whether cancer cells preferentially migrate to the implant area and the possible pathways 

involved in the process were not clear. For the further investigation, three series of studies were 

proposed. First, we tested the influence of inflammatory products on the recruitment of B16F10 

cancer cells. Second, using materials with different proinflammatory properties, we examined 

the influence of inflammatory responses on the degree of cancer cell immigration. Finally, 

different types of cancer cells were used to test whether this metastasis model can be used to 

study the metastasis of different cancers. With application of in vivo imaging technology, cancer 

cell migration was also monitored to illustrate a general blueprint of cancer cell migration under 

inflammation stimulation. 

 

2.2 Materials and preparation 

2.2.1 Materials 

Dulbecco’s modified Eagle’s media (DMEM), bovine serum albumin, dexamethasone 

(Dex) and diaminobenzidine (DAB) enhanced liquid substrate system were purchased from 

Sigma Aldrich (St. Louis, MO). Fetal calf serum (FCS) was purchased from Atlanta Biologicals 

(Lawrenceville, GA). Mouse monoclonal antibodies against melanoma HMB45 was purchased
 

from Abcam (Cambridge, MA). Rat anti-mouse CD11b antibody was obtained from Serotec Inc. 
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(Raleigh, NC). Secondary antibodies goat-anti-mouse
 
(HRP-conjugate) was obtained from 

Jackson ImmunoResearch Laboratories (West Grove, PA). Kodak X-Sight 761 Nanosphere was 

purchased from Carestream Health Inc. (New Haven, CT). PoIy (D, L-lactic-co-glycolic acid) 

(75:25) with a moIecular weight of 113 kDa was purchased from Medisorb (Lakeshore 

Biomaterials, Birrningham, AL). The solvent dichloromethane was purchased from EMD 

Chemicals Inc. (Gibbstown, NJ). The surfactant poly vinyl alcohol was purchased from Sigma 

Aldrich (St. Louis, MO). Aluminum hydroxide (Alhydrogel 85), acquired from the Superfos 

Biosector A/S Corporation, with an average diameter of 10 micrometers. Glasperlen glass 

beads with an average diameter of 0.45-0.50 mm were purchased from the B. Braun Melsungen 

Corporation (Melsungen, Germany). 

 

2.2.2 PLA microsphere preparation 

To prompt various degrees of foreign body reactions, microspheres were used in the 

study. Aluminum hydroxide (Alhydrogel 85, average size: 10µm in diameter, Superfos Biosector 

A/S Corporation, Kvistgaard, Denmark) and glass beads (Glasperlen®, average size: 450-500 

µm in diameter, B. Braun Melsungen Corporation, Melsungen, Germany) were commercially 

available whereas PLA microspheres were synthesized according to a modified precipitation 

method (97, 98). In brief, 0.45 g of PLA was dissolved in 3 mL of dichloromethane to which 0.3 

ml deionized water was added. The solution was vortexed for about 15 minutes to form the 

primary emulsion. Then, the primary emulsion was poured in to 6 ml of 2 % poly vinyl alcohol 

solution and vortexed to form the secondary emulsion. This secondary emulsion was then 

poured into a beaker containing 150 ml deionized water and stirred at room temperature. The 

PLA microspheres (average size: 6.07± 2.12 µm in diameter) were formed after solvent 

evaporation and washed twice by centrifugation. Finally, microspheres were freeze-dried and 

stored in dry form refrigerated (4 °C) until implantation. All microspheres were sterilized with 

70% ethanol and then transferred to phosphate buffered saline (PBS, 100 mM, pH 7.4) prior to 
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experiments. For the dexamethasone treatment, PLA microspheres were soaked with the anti-

inflammatory agent, dexamethasone (0.1 mg drug/0.5 ml microsphere suspension) prior to 

administration. 

 

2.2.3 Cancer cell types and culture condition 

B16F10 melanoma cells, Lewis Lung carcinoma (LLC) cells, rat prostate cancer cell line 

(JHU-31), human prostate adenocarcinoma (PC-3), and human breast cancer cell line (MDA-

MB231) used in this investigation were purchased from American Type Culture Collection 

(ATCC) (Manassas, Virginia, USA). B16F10 melanoma cells are skin melanoma cell lines 

isolated from C57BL/6J mice. LLC cells isolated from C57BL/6J mice are widely used as a 

model for cancer metastasis. JHU-31 are derived from rat and exhibit a high rate of metastasis 

to the lung and lymph nodes (>75%). PC-3 cells originate from a 62-year-old male Caucasian 

with bone metastatic prostate adenocarcinoma. MDA-MB231 are derived from breast 

adenocarcinoma metastasized pleural effusion. All cell types were maintained in DMEM 

supplemented with 10% heat inactivated fetal bovine serum at 37°C, 5% CO2 humidified 

environment.  

 

2.2.4 Animal implantation 

As an in vivo model to assess biomaterial-mediated inflammation and cancer 

metastasis (Figure 2.1), subcutaneous microsphere implants (75 mg/0.5 mL/animal) were 

injected in C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME) via 18 gauge needle 

under inhalation anesthesia with isoflurane (Abbott Laboratories, North Chicago, IL) (1-3%). To 

trigger varying extent of biomaterial-mediated inflammatory responses, animals were implanted 

with PLA microspheres for different periods of time (6 hours, 12 hours, 24 hours, 2 days, 1 

week, and 2 weeks).  Animals were intraperitoneally transplanted with cancer cells (5 x 10
6
/ 0.2 
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ml/animal) under anesthesia with isoflurane inhalation. At the end of the studies, animals were 

sacrificed, followed by isolation of implant and surrounding tissues for histological evaluation. 

 

 
 
Figure 2.1 Schematic procedure of induced subcutaneous inflammation in triggering migration 
of intraperitoneal transplanted cancer cells in C57BL/6J mice. 
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2.2.5 Histological evaluation 

To examine the recruitment of cancer cells and inflammatory cells to the implant area, 

tissues harvested from experiments were immediately embedded and sectioned for histological 

evaluation (H&E and immunohistochemistry staining). H&E staining was used for observing the 

biomaterial-mediated inflammation process. Immunohistological analyses for inflammatory cells 

and melanoma cells were carried out to assess the degree of implant-mediated inflammatory 

responses and cancer cell migration, respectively. Briefly, tissue sections were fixed in ice cold 

acetone (5 minutes), washed in PBS three times, and then dipped for 30 minutes in 0.3% 

hydrogen peroxide in phosphate-buffered saline (PBS) to quench endogenous peroxidase 

activity, washed twice for 5 minutes with PBS and incubated in 10% goat serum for 1 hour at 

room temperature. The sectioned tissues were then incubated with
 
the primary anti-melanoma 

antibody (HMB45, 1:50 dilution, Abcam, Cambridge, MA, USA) or anti-mouse CD11b antibody 

(1:1000 dilution, Serotec Inc., Raleigh, NC, USA) for 1 hour at 37°C. After being washed thrice 

with
 
PBS 5 minutes each, the slides were then incubated with HRP-conjugated secondary 

antibody (1:500 dilution ratios, Jackson ImmunoResearch Laboratories, West Grove, 

Pennsylvania, USA) for 1 hour at 37°C. HRP-conjugated antibody incubated sections were
 

developed with a DAB liquid Substrate System (Sigma-Aldrich Inc., St. Louis, MO, USA). 

Counterstaining was performed with Mayer’s
 
hematoxylin. Control staining was performed by 

omission of the primary antibody
 
and substitution with nonspecific serum at the same dilution.  

To quantify cell recruitment, tissue section images were taken using a Leica 

fluorescence microscope (Leica Microsystems Wetzlar GmbH, Wetzlar, Germany) equipped 

with a QImaging Retiga-EXi CCD camera (QImaging, Surrey, BC, Canada). The tissue section 

images at a magnification of 400X (viewing area 0.24 mm
2
) were then used to quantify the cell 

numbers per view field by cell counter plugin of ImageJ processing program. 
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2.2.6 Cancer cell labeling for cell tracking 

Three different bioluminescence or fluorescence-labeled cells were used in this 

investigation. For fluorescence detection method, cancer cells were labeled with Qtracker® 800 

quantum dots (Invitrogen Corporation, Carlsbad, CA) or X-Sight 761 Nanospheres (Carestream 

Health Inc, New Haven, CT) according to the user manual and protocol listed in previous 

literature (67). Specifically, to label cells with Qtracker® 800, 10 nM labeling solution was made 

by pre-mixing 5 µL each of Qtracker® Component A and Component B and incubating the 

solution for 5 minutes at room temperature. Immediately, 1 mL of fresh complete medium was 

added to the labeling solution and vortexed for 30 seconds. 5 × 10
6
 cells were then added to the 

labeling solution and incubated at 37ºC for 45-60 minutes. After labeling, cells were washed 

twice with complete growth medium before imaging (excitation wavelength at 470 nm, emission 

wavelength at 790 nm, f-stop: 2.5, 120 mm field of view). In a separate study, cancer cells were 

labeled with Kodak X-Sight 761 Nanospheres according to the manufacture instructions (67). In 

brief, cancer cells at a state of ~60% confluence were incubated with complete medium with 5 

µM of Kodak X-Sight 761 Nanospheres at 37 °C for 24 hours. Cells are then trypsinized and 

washed twice with PBS to remove excess nanospheres. Subsequently, cells at density of 5 x 

10
6
 cells/ 0.2 mL were detected at 760 nm excitation, 830 nm emission, 30 seconds exposure, 

f-stop 2.5, 120 mm field of view) to ensure cell labeling was successful for cell transplantation.  

 

2.2.7 Cancer cell migration imaging  

Before imaging detection, C57BL/6J black mice were depilated with hair removal lotion. 

Animals were placed in supine or prone position under anesthesia with isoflurane (1-3 %) 

inhalation. To demonstrate cell tracking using Qtracker® 800, in vivo imaging was configured at 

470 nm excitation, 790 nm emission, exposure time 60 secconds,  f-stop 2.5 and field of view 

(FOV) 120 mm by using Kodak In-Vivo Imaging System FX Pro (Carestream Health Inc, New 

Haven, CT). When imaging animal transplanted with X-Sight labeled cancer cells, the detection 
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was configured at 760 nm excitation, 830 nm emission, 60 seconds exposure, 4 × 4 binning, f-

stop 2.5, and 120 mm FOV.  

 

2.2.8 Statistical analyses 

Statistical comparisons between different groups were carried out using Student t- test 

or one-way ANOVA. Differences were considered statistically significant when p < 0.05. 

 

2.3 Results 

2.3.1 Reduced inflammation decreases tumor cell immigration  

To verify the importance of inflammatory responses in triggering cancer cell 

immigration, subcutaneous PLA microsphere implantations were carried out in the presence or 

absence of anti-inflammatory agent, dexamethasone. As expected, dexamethasone-incubated 

microspheres prompt substantially less inflammatory cell (CD11b+) recruitment than saline-

incubated microsphere controls (Figure 2.2a, b). Coincidentally, the recruitment of B16F10 

melanoma cells was also diminished with the treatment of dexamethasone (Figure 2.2c, d). The 

effects of locally released dexamethasone on the reduction of inflammatory cells and B16F10 

melanoma cells are statistically significant (Figure 2.3). These results demonstrate and support 

the claim that inflammatory reactions are essential to initiating the cancer cell migration from the 

peritoneal cavity to the subcutaneous microsphere implantation sites.  
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Figure 2.2 Immunohistochemical staining of subcutaneous tissues surrounding the PLA 
microspheres with or without the treatment of dexamethasone (Dex). The accumulation of 
inflammatory cell (CD11b+) in tissue implanted with (a) PLA microspheres or (b) PLA 
microspheres soaked with dexamethasone can be observed (200X). The recruitment of 
melanoma cells (HMB45+) was also observed in tissues placed with (c) PLA microspheres or 
(d) dexamethasone soaked PLA microspheres (400X). 
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Figure 2.3 Quantification of the numbers of inflammatory cells and melanoma cells in the 
subcutaneous tissues with/or without Dex treatments. 
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2.3.2 Material tissue reactivity dictates the degree of cancer cell recruitment  

Since biomaterial-mediated inflammatory responses affect cancer cell migration and 

various materials prompt different degrees of inflammatory reactions, it is likely that 

microspheres with different tissue biocompatibility will greatly influence melanoma cell 

recruitment. To test this hypothesis, microspheres made of poly L-lactide (PLA), aluminum 

hydroxide, and glass were tested. After implantation of the different microspheres for 24 hours, 

B16F10 cells were transplanted in the peritonea. Twenty four hours later, the microsphere 

implant and surrounding tissues were isolated and analyzed. As expected, these implanted 

microspheres trigger a different extent of inflammatory response and melanoma cell recruitment 

(Figure 2.4a, b, c). PLA microspheres were found to trigger more inflammatory cell and 

melanoma cell accumulation than microspheres made of aluminum hydroxide and glass 

materials (Figure 2.4d, e, f). By comparing the numbers of both cell types, our results show that 

there is a good correlation (R
2
=0.9197) between the extent of inflammatory reactions (reflected 

by the accumulation of CD11b+ cells) and melanoma cell recruitment (Figure 2.5). These 

results lent strong support to our hypothesis that inflammatory responses play an important role 

in melanoma cell migration and, perhaps, metastasis. 
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Figure 2.4 Extent of foreign body responses and melanoma cell recruitment to different 
implants. (a, b, c) The degree of foreign body reactions and the accumulation of CD11b+ 
inflammatory cells and (d, e, f) HMB45+ melanoma cells surround the implant were quantified 
by immunohistochemistry. Materials tested are PLA, aluminum hydroxide and glass beads 
illustrated in the panels from top to the bottom. 
 

 

 

 

 



 

23 

 

y = 2.5611x - 3.6558
R² = 0.9197

0

20

40

60

80

100

120

140

160

180

0 20 40 60 80

C
D

1
1

b
 p

o
s
it
iv

e
 c

e
ll 

n
u

m
b

e
r

HMB45 positive cell number

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Recruited melanoma cell number and CD11b positive cell number in surrounding 
tissue of implanted microspheres has a good linear correlation (R

2
=0.9197). 

 

 

 

 

 

 

 

 

 

 



 

24 

 

(a)                  (b)                  (c) 

2.3.3. Tumor cells preferentially accumulated in the inflamed tissue  

Although our histological results support the claim that localized inflammatory 

responses attract melanoma cell migration from the peritoneal cavity to the subcutaneous 

implantation site, it is not clear whether the inflamed tissue/microsphere implantation site is the 

only target for the immigrating melanoma cells. To confirm our previous results, we carried out 

two sets of studies, including whole body imaging and cancer cell biodistribution. Two near 

infrared agents, Kodak X-Sight 761 Nanospheres and Qtracker 800 were used to label cancer 

cells. Our studies have found that both agents are equally effective in labeling cells under 

Kodak In-Vivo Imaging System FX Pro detection (Figure 2.6). In addition, there is a linear 

relationship between cell numbers and fluorescence intensity in vitro (Figure 2.7). Furthermore, 

the relationship between fluorescence intensity and cell number was determined in vivo. For 

that, different numbers of cells were injected into the subcutaneous space of mice and then 

imaged to determine the fluorescence intensities. As expected, we found that there is an 

excellent linear relationship between cell numbers (1x 10
4
 - 1 x 10

5
 cells) and fluorescence 

intensities (Figure 2.8). These results suggested that this in vivo imaging system can be used to 

quantify the number of recruited cancer cells in mice.  

 

 

 

 

 

 

 

 

Figure 2.6 Fluorescence labeling of B16F10 cells with (a) X-Sight 761 Nanospheres, (b) 
Qtracker® 800 quantum dot or (c) nothing as negative control. Exposure condition based on 
manufacturer recommended condition. 
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Figure 2.7 In vitro detection of X-Sight 761 Nanospheres-loaded B16F10 melanoma cells. 
Quantified fluorescence intensity values versus number of NlR probe labeled-cells per well. 
Error bars represent standard deviation for triplicate measurement. 
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Figure 2.8 In vivo detection of X
of subcutaneously injected cells at four different concentrations
detected from each injection spot versus cell number. 
for measurements made in three mice.
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for measurements made in three mice. 
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Our previous studies revealed that 1-day implants are often accompanied with maximal 

inflammatory cell recruitment while 7-day implants often associated with substantially 

diminished inflammatory responses. To study the degree of inflammatory responses on cancer 

cell migration, subsequent studies were carried out to transplant X-Sight labeled B16F10 

melanoma cells in mice bearing 1-day and 7-day PLA microsphere implants. After cell 

transplantation for 24 hours, the distribution of melanoma cells was determined using Kodak In-

Vivo Imaging Systems. In support of our previous observations, we find that the majority of the 

fluorescence signal appears in the area of the 1-day implant, but not in the area of the 7-day 

implant (Figure 2.9a). Based on ex vivo intensity measurements, we estimated that the number 

of melanoma cells surrounding 1–day implant is 4-fold more than those surrounding 7-day 

implant (Figure 2.9c). Implant tissue collected from the study were sectioned for 

immunohistochemistry evaluation (Figure 2.9b). There was 2-fold of HMB45 positive cell 

recruitment in acute treatment (1-day implantation) (Figure 2.9d). The biodistribution in each 

organ is easily observed over the varying degree of inflammatory responses by performing ex 

vivo imaging (Figure 2.10) (Figure 2.11). B16F10 melanomal cells tended to spread out to each 

organ under acute inflammatory stimulus. Specifically, higher signals were detected in liver, and 

spleen areas while cells in response to chronic inflammation tended to accumulated in 

pancreas/mesenteric membrane and body cavity. 
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Figure 2.9 (a) In vivo imaging detection on X
implanted with PLA microspheres for different implantation duration (1 day , 7days). (b)
Confirmation of in vivo imaging detected X
microspheres implant for different duration by immunohistochemistry staining. 
of in vivo imaging signal intensity det
(left). HMB45 + cell quantification was illustrated (right). (n=1)
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2.3.4 In vivo biodistribution of different types of cancer cells

Although our results so far support the hypothesis that inflammatory stimulation would 

cause B16F10 melanoma cell migration to the inflamed area, 

inflammatory responses also influence the migration of other types of cancer cells. By labeling 

several cancer cells (B16F10 melanoma, Lewis lung cancer, human MDA

cancer, human PC-3 prostate cancer, rat and JHU

species with a near infrared (NIR) probe, the same animal model (Figure 2.1) was tested. 

Interestingly, we find that all cancer cells migrated to the subcutaneous implantation sites, 

although the extent of cancer cel

(Figure 2.12-2.15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12 Lewis lung cancer cell (LLC) recruitment to the PLA implant area. Animal bearing 
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Figure 2.13 Human prostate cancer cell (PC-3) recruitment to the PLA implant area. Animal 
bearing PLA implant transplanted with non-labeling PC-3 cells served as control.  

Figure 2.14 Rat prostate cancer cell (JHU-31) recruitment to the PLA implant area. Animal 
bearing PLA implant transplanted with non-labeling JHU-31 cells served as control. 
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Figure 2.15 Human breast cancer cell (MDA
Animal bearing PLA implant transplanted with non
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peritoneal cavity areas while the liver tends to be one organ populated with much more cancer 
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control                    MDA-MB231 

Figure 2.15 Human breast cancer cell (MDA-MB231) recruitment to the PLA implant area. 
Animal bearing PLA implant transplanted with non-labeling MDA-MB231 cells served as control. 

Many recent results suggest that different types of cancer cells respond to inflammatory 

stimuli differently (99, 100). Subsequent studies were carried out to determine the biodistribution 

of transplanted cells. Following transplantation for 24 hours, animals were sacrificed and all 

internal organs were recovered for ex vivo imaging. Percentage of biodistribution was 

determined by dividing the fluorescence intensity measured from each organ with the sum 

intensity resulted from internal organs and body cavity. As anticipated, we found a significantly 

different distribution of cancer cells, with all types tested, in the target organs. Specifically, rat 

showed a higher tendency to accumulate in testis over PC-3 cell line

staying in body cavity region, some population of B16F10 cell accumulated in testis region.

However, most of the cancer cell lines tend to stay in the mesenteric membrane/pancreas and 

peritoneal cavity areas while the liver tends to be one organ populated with much more cancer 
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cells. These cell lines did not show any preference to populate in other particular organs (Figure 

2.16).  
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2.4 Discussion 

The majority of the work proposed is based on a new animal model. The creation of this 

new animal model was intended to study the mechanism(s) governing cancer metastasis in 

vivo. Biomaterial particles have been found to trigger various degrees of inflammatory reactions. 

We are aware that many other proinflammatory agents are available for triggering different 

inflammatory diseases, such as cytosine-phosphorothioate-guanine (CpG), and 

lipopolysaccharide (LPS) (101, 102). These agents tend to prompt broad area or even systemic 

inflammatory reactions. In order to limit the area of inflamed tissue, we used microsphere 

implants that were found to perfectly suite this purpose. The reason for including additional four 

cancer cell lines in the study is to discuss if the phenomena observed in B16F10 migration can 

be applied and generalized to other cancer cells under inflammation induction. It is our belief 

that the inflammatory response attracts the cancer cell migration because cancer cells generally 

share similar inflammatory chemokine receptors with leukocytes. However, the characteristics 

of cancer cell migration with cancer cell lines originating from various species may need to be 

further confirmed by using a spontaneous metastasis model. SCID or nude mice may also be 

considered as the host to verify tumor xenograft metastasis. Different implantation sites may be 

needed to simulate cancer migration directly from tumors. Since mice have been used to study 

the metastasis processes of these cancer cells, we believe that our new imaging system should 

improve our current understanding of cancer metastasis. Our animal model holds several 

advantages compared with other existing models. First, our animal model is set to include a 

start point (peritoneal cavity) and a targeted destination (inflamed area) to evaluate cancer cell 

migration in a controllable time frame. Second, is the idea of isolating two different body cavities 

to investigate both the routes of blood circulation and lymphatic system as they are involved in 

cancer cell migration. Third, rather than traditional immunohistochemistry quantification, our 

newly established in vivo imaging detection provides useful and quick evaluation for cell 

recruitment quantification in the implant area and even the biodistribution in each organ. This 
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method provides more general and complete information on the cell migration. Finally, 

promising results demonstrated by several cancer cell lines showed the capability of our model 

to investigate the general phenomenon of inflammation-related cancer metastasis. An additional 

beneficial aspect of our model is to figure out possible mechanisms used by various cancer cell 

types within 24- 48 hours. This is not only time saving but also allows us to discuss the 

phenomenon obtained from the cell lines with different species origins with less consideration of 

the immune rejection issue. In addition to the advantages mentioned above, our in vivo imaging 

detection methods provide specific signal detection in the inflamed area for cancer cell tracking. 

Further, the fluorescence system established here may be beneficial for additional research into 

the fields of study such as stem cell recruitment, which is also investigated in our laboratory. We 

look forward to determining additional applications in combining both our in vivo imaging 

methods and metastasis model towards the development of clinical relevant treatments for 

cancer.   

 

2.5 Conclusion 

A novel animal model for studying inflammation-mediated cancer metastasis was developed by 

the application of biomaterial-induced foreign body reaction. By a newly established in vivo 

imaging system, further evaluation of the pharmaceutical effects on the cancer cell migration in 

response to inflammatory stimulation is feasible to achieve. Through in depth understanding of 

the metastasis process our model may be able to provide a new research direction to 

manipulating the balance between inflammation and immune responses for more effective 

cancer therapies. 
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CHAPTER 3 

ROLE OF CYTOKINES/CHEMOKINES ON CANCER METASTASIS 
 

3.1. Rationale 

 
Intensive research efforts have been done in the past to uncover the factor(s) 

responsible for cancer metastasis. Based on recent observations, we believe that several 

factors participate in cancer cell migration in vivo. Specifically, CXCR4/CXCL12 and 

CCR7/CCL21 pathways have been shown to participate in many types of cancer metastasis 

including human breast cancer and murine melanoma (28-31). Studies have indicated that 

lymph nodes are very important in mediating cancer progression (103). Interestingly, the role of 

lymphocytes on cancer migration and growth is rather controversial.  Although many studies 

indicate that lymphocytes could suppress cancer invasion (104-106), some recent studies have 

uncovered that subtypes of lymphocytes may assist cancer metastasis (19, 105, 107). The 

overall goal of this proposal is to test the potential role of these chemokines and lymphocytes in 

inflammatory responses-mediated cancer metastasis. 

 

3.2 Materials and methods 

3.2.1 Materials 

Dulbecco’s modified Eagle’s media (DMEM), bovine serum albumin, and AMD3100 

were purchased from Sigma Aldrich (St. Louis, MO). Fetal calf serum (FCS) was purchased 

from Atlanta Biologicals (Lawrenceville, GA). Mouse monoclonal antibodies against melanoma 

HMB45 was purchased
 
from Abcam (Cambridge, MA). Rat anti-mouse CD11b antibody was 

obtained from Serotec Inc. (Raleigh, NC). Rat anti- mouse CD3 antibody was purchased from 

BD Sciences (Franklin Lakes, NJ). CCL21 neutralizing antibody and recombinant mouse 

RANTES was purchased from R&D Systems Inc (Minneapolis, MN). Diaminobenzine (DAB) 
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enhanced liquid Substrate system was purchased from Sigma (St Louis, MO). Secondary 

antibodies goat-anti-mouse
 
(HRP-conjugate) was obtained from Jackson ImmunoResearch 

Laboratories (West Grove, PA). B16F10 melanoma cell line was purchased from American 

Type Culture Collection (ATCC) (Manassas, Virginia, USA). Kodak X-Sight 761 Nanosphere 

was purchased from Carestream Health Inc. (New Haven, CT). PoIy (D, L-lactic-co-glycolic 

acid) (75:25) with a moIecular weight of 113 kDa was purchased from Medisorb (Lakeshore 

Biomaterials, Birrningham, AL) and high-molecular weight poly (L-lactic acid) (PLLA, 137 kDa), 

was purchased from Birmingham Polymers (Birmingham, AL, USA). The solvent 

dichloromethane was purchased from EMD Chemicals Inc. (Gibbstown, NJ). The surfactant 

Poly vinyl alcohol was purchased from Sigma Aldrich (St. Louis, MO). 

 

3.2.2 Fabrication of PLA microspheres 

The PLA microspheres were manufactured using identical procedure as listed in 2.2.2. 

 

3.2.3 Cancer cell type and culture 

B16F10 melanoma cells were maintained following the same procedure as described in 

2.2.3. 

 

3.2.4 Neutralizing antibody treatment  

To trigger localized inflammatory responses, PLA microspheres were implanted in 

animal subcutaneously as described in 2.3.3. After implantation for 24 hours, B16F10 

melanoma cells were transplanted in the peritonea. To determine the mechanism(s) underlying 

cancer cell migration in vivo, AMD3100 and CCL21 neutralizing antibody were used to block 

CXCR4/CXCL12 and CCR7/CCL21 pathways, respectively. Specifically, PLA microspheres-

implanted animals were administered intraperitoneally with either AMD3100 (250 µg/0.1 

ml/mouse) or CCL21 neutralizing antibody (10 µg/0.1 ml/mouse) 1 hour prior to and 12 hours 
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post cancer cell transplantation. PLA microspheres-implanted animals administered with PBS 

serve as controls. Twenty-four hours following cell transplantation, the PLA microsphere 

implants and surrounding tissue were isolated for histological analyses as described in 2.2.5.  

 

3.2.5 Histological evaluation  

To examine the effect of blocking CXCR4/CXCL12 or CCR7/CCL21 pathways on the 

recruitments of cancer cells to the implant area, tissues harvested from experiments were 

immediately embedded and sectioned for histological evaluation (H&E and 

immunohistochemistry staining) as listed in 2.2.5.  

 

3.2.6 Cell imaging and quantification  

All tissue section images were captured using a Leica fluorescence microscope (Leica 

Microsystems Wetzlar GmbH, Wetzlar, Germany) equipped with a QImaging Retiga-EXi CCD 

camera (QImaging, Surrey, BC, Canada). The images at a magnification of 400X (viewing area 

0.24 mm
2
) were then used to quantify the cell numbers per field of view.  

 

3.2.7 Protein extraction from tissue sections 

Tissue samples harvested from implant area were sectioned at 10 µm thickness and 30 

slices were collected for protein extraction. Samples were subjected to 3 cycles of freezing and 

thawing after adding 100µl of protein extraction buffer with proteinase inhibitor (Sigma-Aldrich, 

St, Louis, MO). Protein extracts were collected by 14,000 rpm centrifugation for 10 minutes to 

discard suspension. The final volume of protein extracts were then reconstituted in 100 µl PBS 

with proteinase inhibitor added. 

Total protein concentration of samples extracted from implant tissues were evaluated 

by using Pierce® BCA Protein Assay kit (Thermo Fisher Scientific Inc., Waltham, MA). The 

measurement was performed according to manufacturer’s instruction. Briefly, three replications 
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of diluted albumin (BSA) standards were prepared. Series of BSA dilution, 0 µg/ml, 5 µg/ml, 25 

µg/ml, 50 µg/ml, 125 µg/ml, 250 µg/ml, 500 µg/ml, 1000 µg/ml were made. Protein samples 

were then 10X diluted in PBS for later measurement. In this method, BCA working reagent was 

used for the colorimetric detection and quantification of total protein. Basically, 50 parts of BCA 

Reagent A were mixed with 1 part of BCA Reagent B (50:1). 25 µl of each standard or sample 

replicate were added to microplate well which contains 200 µl of the BCA working reagent. After 

thoroughly mixing, microplate was incubated at 37°C for 30 minutes. Once temperature of the 

plate goes back to room temperature, the absorbance was measured at or near 562 nm on a 

plate reader. Unknown protein sample concentration could be estimated according to the BSA 

standard. 

 

3.2.8 Protein array analysis 

Mouse cytokine antibody array III (Raybiotech, Norcros, GA) was used. The analysis 

was according to the manufacturer’s instructions. In general, array slides were blocked for 30 

minutes and incubated with 100 µL of mouse skin homogenate for 2 hours at room temperature. 

Samples were then decanted from each chamber, and the slides were washed 3 times with 1× 

wash buffer I, followed by two washes with of 1 x wash buffer II at room temperature with gentle 

shaking. Glass slides were then incubated in biotin-conjugated anti-cytokines antibodies at 

room temperature for 2 hours and washed as described above before incubation in fluorescent-

dye conjugated streptavidin. After incubation in fluorescent-dye conjugated streptavidin for 60 

minutes, slides were washed thoroughly and extra buffer droplets were removed by 

centrifugation at 1,000 rpm for 3 minutes. The slides were then dried completely in air at least 

20 minutes (protect from light) for image analysis by Axon GenePix 4000B microarray scanner 

(Molecular Devices, Sunnyvale, CA) using Cy3 channel. The fluorescence intensity readout 

collected from the protein array analyses was processed by calculating the ratio of relative 
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expression after subtraction of the background intensity and comparison with the internal 

positive controls. 

 

3.2.9 Cancer cell migration imaging  

Following the same procedure described in 2.3.6, X-Sight labeled cells were 

transplanted in the animals. At the end of the study, animals were placed in supine or prone 

position under anesthesia with Isoflurane (1-3 %) inhalation. In vivo imaging system was 

configured at 760 nm excitation, 830 nm emission, 60 seconds exposure, 4 × 4 binning, f-stop 

2.5, and 120 mm FOV by using Kodak In-Vivo Imaging System FX Pro (Carestream Health Inc, 

New Haven, CT). X-ray imaging was captured for anatomical identification. The numbers of 

recruited cells were then quantified based on standard curves established in 2.3.3. 

 

3.2.10 Statistical analyses  

Statistical comparison between different groups will be carried out using Student t- test 

or one-way ANOVA. Differences will be considered statistically significant when p < 0.05. 

 

3.3 Results 

3.3.1 Molecular pathway associated with inflammation-mediated cancer migration  

Our recent studies have uncovered that a large number of cancer cells was recruited to 

microsphere implantation sites. However, the molecular processes governing the foreign body 

reactions-mediated cancer cell migration is mostly undetermined. Since both CXCR4/CXCL12 

and CCR7/CCL21 pathways have been shown to play an important role in cancer metastasis, 

the potential role of both pathways in foreign body reaction-mediated cancer migration was 

assessed.  

We first investigate the potential role of CXCR4/CXCL12 axis in the migration of 

melanoma cells to the inflamed area. We find that the treatment of AMD3100, antagonist of 
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SDF-1α receptor - CXCR4, drastically reduced the recruitment of both melanoma cells and 

inflammatory cells to the subcutaneous microsphere implantation sites (Figure 3.1). On the 

other hand, AMD3100 treatment exerted no effect on the accumulation of melanoma cells in 

lymph node (Figure 3.2). These results confirmed that SDF-1α/CXCR4 pathway may participate 

in the migration of melanoma cells into inflamed tissue. Since our recent in vivo studies have 

shown that microsphere-mediated acute inflammatory responses triggered the production of 

SDF-1α in tissue, it is possible that subcutaneous SDF-1α gradient in the inflamed tissue is 

essential for cancer cell immigration to the implantation sites.  

Further studies were done to assess the importance of CCR7/CCL21 pathway in 

B16F10 melanoma cell accumulation in the inflamed sites. For that, microsphere-bearing mice 

were treated with either CCL21 neutralizing antibody or phosphate buffered saline (as control) 

prior to B16F10 melanoma cell transplantation. As expected, CCL21 neutralizing antibody 

treatment dramatically diminished the presence of B16F10 melanoma cells in the lymph node 

(Figure 3.3). However, the number of tumor cells migrating to microsphere implantation site was 

not affected by the treatment of CCL21 neutralizing antibody (Figure 3.4). These results have 

shown that CCR7/CCL21 pathway is critical to melanoma migration through lymphatic system, 

but not responsible for cell immigration into the subcutaneous implantation site.   
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Figure 3.1 Treatment of AMD3100, antagonist of SDF-1α receptor- CXCR4 treatment drastically 
reduced the recruitment of both melanoma cells and inflammatory cells to the subcutaneous 
PLA microsphere implantation sites. (n=4, *p<0.05, t-test) 
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Figure 3.2 Treatment of AMD3100 exerted no effect on the accumulation of melanoma cells in 
axillary lymph nodes.  
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Figure 3.3 Treatment of CCL21 neutralizing antibody to block CCR7/CCL21 pathway drastically 
reduce the presence of B16F10 melanoma in axillary lymph nodes. (n=4, *p<0.05, t-test) 
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Figure 3.4 Treatment of CCL21 neutralizing antibody had no effect on the number of tumor cells 
migration to microsphere implantation site. 
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3.3.2 Involvement of inflammatory cytokines in inflammation-associated cancer migration 

Our previous studies have shown that some of the proinflammatory 

cytokine/chemokines play an important role in cancer cell migration. To determine the profile of 

inflammatory cytokines in implant-surrounding tissue, proteins were extracted from tissue 

sections and then assayed for a panel of inflammatory cytokines. Our results show that many 

proinflammatory cytokines are up-regulated during inflammatory responses as compared with 

protein expression profile of implant tissues harvested from severe combined immunodeficient 

(SCID) mice (Table 1.1) (The competed data is attached in Appendix A). These cytokines 

include RANTES, MIP-1α, Eotaxin, IL-17, IL-12 p40/p70, and MCP-5.  

 

Table 1.1 Relative inflammatory cytokine expression in biomaterial-mediated inflammation 
  

Cytokine Balb/c mice SCID mice 
Fold Change 
(Balb/c/SCID) 

 IL-1α  15057.50 17417.34 0.86 

 IL-6   405.00 502.79 0.81 

 IL-10   257.00 230.11 1.12 

 IL-2   245.00 157.63 1.55 

 IL-4   265.50 180.73 1.47 

 SDF-1α  118.00 106.90 1.10 

 TNFα  232.00 289.44 0.80 

 P-Selectin   2730.00 2626.28 1.04 

 VCAM-1   5843.00 5501.69 1.06 

 IL-17   291.50 124.11 2.35 

 IL-12 p40/p70   1016.00 449.34 2.26 

 Eotaxin   814.50 327.04 2.49 

 MCP-5   292.00 142.68 2.05 

 MIP-1α  4435.50 1178.61 3.76 

 RANTES   1406.00 343.35 4.09 
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These cytokines have different potential functions in mediating immune responses. 

RANTES and MIP-1α are known to attract monocytes/ macrophages to the biomaterial surface 

during foreign body formation process (63, 69). Eotaxin is thought to be a very selective and 

potent chemokine for eosinophils (108), and it has been demonstrated later that Eotaxin 

together with Th2 type cytokines (IL-13 and IL-4) is important for inflammatory response, cell 

recruitment and tissue damage (109). IL-17 is mainly secreted from CD4 +T cells and other T 

cell subpopulations such as CD8+ T cells, natural killer (NK) T cells and γδ T cells (110-112). 

IL-17 is quite proinflammatory in character. It increases the production of other chemokines 

such as IL-8 (113,114), monocyte chemoattractant protein-1 (MCP-1), and Growth regulated 

oncogene-alpha (Groα) to promote monocytes and neutrophils recruitments (115). Further, it 

stimulates IL-6 and PGE2 production to enhance the local inflammatory environment (116). In 

addition, IL-17 also mediates T-cell responses (117). IL12 p40/p70 is expressed by activated 

macrophages that serve as an essential inducer of Th1 cells development (118). MCP-5 can be 

induced in macrophages. It specifically attracts eosinophils, monocytes and lymphocytes (119). 

Though the functions of these screened cytokines on the inflammation-associated cancer 

metastasis is not clear, it is intriguing that protein array analyses provide us directions for further 

investigate the potential roles of those cytokine candidates played in relation to the lymphocyte 

functions exerted in our model.    

 

3.3.3 Discovery of the role of RANTES in inflammation-mediated B16F10 melanoma migration   

RANTES was selected as a potential culprit based on the published results (120-125). 

Specifically, it is linked to systemic malignancies with different diseases. It has been shown that 

RANTES expression in biopsy specimens is correlated with tumor progression in breast cancer 

(120). Recently, it was reported that gastric cancer patients in stage IV have significantly higher 

RANTES concentration in serum compared to patients at earlier stages (121). Gastric cancer 

cells could stimulate secretion of RANTES from CD4+ lymphocytes and also induce Fas-FasL-
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mediated apoptosis of CD8+ lymphocytes by RANTES (122). Further, a previous study has 

indicated that RANTES+ activated cytotoxic T cells play important roles in the active 

inflammatory process of chronic gastritis (123).  It is also believed that altered RANTES 

expression of T lymphocytes infected with human T-cell leukemia viruses may be involved in 

the pathogenesis of adult T-cell leukemia (124, 125). These findings support our hypothesis that 

RANTES expression is associated with lymphocyte to assist cancer cell migration in response 

to biomaterial-induced inflammation. To test this hypothesis, neutralizing antibody against 

RANTES was used to determine its role in cancer cell migration. As expected, treatment with 

RANTES neutralizing antibody treatment substantially reduced the recruitment of cancer cells to 

the microsphere implantation site as depicted by the in vivo imaging system (Figure 3.5a). 

Based on the fluorescence intensity measurement, it was estimated that the numbers of 

recruited cells are reduced for about 2-fold (Figure 3.5b). Such cell reduction effect is also 

confirmed with immunohistochemistry analyses in which the cell accumulation surround the 

implant area also decreased by about 2-fold of change (Figure 3.6). Further, we also detected 

CD3 + cell recruitment in response to RANTES neutralizing antibody treatment by 

immunohistochemical staining. It is interesting that CD3+ lymphocyte recruitment to the PLA 

microsphere implant reduced by 2-fold in RANTES neutralizing antibody treated animals (Figure 

3.7).   
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Figure 3.5 (a) Effect of RANTES neutralizing antibody treatments on the recruitment of B16F10 
melanoma to the microsphere implantation site by in vivo imaging. (b) The quantified intensity 
signals detected in RANTES neutralizing antibody treated animals are reduced by 2-fold. (n=2) 
 

(b) 
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Figure 3.6 Quantification of HMB45+ B16F10 melanoma cells accumulated surround PLA 
implant area using immunohistochemistry staining. Blockage of RANTES expression diminished 
cancer cell recruitment to the inflamed area by 2- fold. (n=2) 
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Figure 3.7 Quantification of CD3+ lymphocytes recruited to PLA implant area using 
immunohistochemistry staining. Blockage of RANTES expression diminished lymphocyte 
accumulation to the inflamed area by 2-fold. (n=2) 
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3.4 Discussion 

Tumorigenesis, tumor metastasis and immune response are complex processes and 

interactions between tumor cells and immune cells. Both SDF-1α /CXCR4 and CCR7/CCL21 

pathways were tested for their participation in inflammation-associated cancer metastasis, since 

both pathways have been shown in previous studies to be critical to the migration of cancer 

cells, especially B16F10 cells (31, 39). It is possible that different metastasis pathways may be 

responsible for the migration of different cancer cells. Specifically, colorectal cancer cells are 

also found to express chemokine receptor/ ligand such as CCR6/CCL20 and respond to 

chemokine gradients similar to leukocyte and monocytes inflammatory cells (40). CXCR2 is 

important in regulating the IL-8-mediated invasion and migration of human melanoma (126). 

Other chemokine axis, such as CXCR3 with its ligands is responsible for metastases of 

melanoma and colon cancer into lymph nodes, as well as breast cancer metastasis to lungs 

where the CXCR3 ligands, CXCL9, CXCL10 or CXCL11, are expressed (127, 128).The primary 

focus of this investigation is to uncover the mechanism critical to B16F10 cell migration. Based 

on the results from many previous works including those from our laboratory (129-132), the 

migration of cancer cells from peritoneal transplantation sites to the subcutaneous microsphere 

implantation sites can be categorized into at least three consecutive steps: cancer cell invasion 

into capillary possibly via lymph node, cancer cell migration via circulation, and extravasation of 

cancer cells into the subcutaneous implantation sites (129). The components/factors 

participating in different steps of the cell migration are discussed in the following paragraphs.  

Since cancer cells such as breast cancer, ovarian cancer, melanoma and prostate 

cancer are found to highly express CXCR4 and metastatic organs (such as lymph nodes, lungs, 

liver and bones) release a high concentration of SDF-1α, CXCR4/ SDF-1α (CXCL12) pathway 

is believed to participate in cancer metastasis (31). Interestingly, the treatment with CXCR4 

antagonist AMD3100 substantially reduces the accumulation of cancer cells in the 

subcutaneous PLA microsphere implantation sites. These results are in good agreement with 
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recent observations that CXCR4/CXCL12 axis is essential to some types of cancer cells with 

different organ metastases (133,134). It should be noted that CXCR4/CXCL12 axis may also 

play a role in mediating cancer cell migration through blood circulation. A recent study had 

demonstrated that CXCR4/CXCL12 interactions promote early extravasation in liver metastatic 

epithelial cancer cells (135).  Transendothelial/stromal cell migration affected by impairing 

CXCR4 suggests a pivotal role of the CXCR4-CXCL12/SDF-1α in tumor extra- and 

intravasation (136). Therefore further studies are needed to examine the relationship between 

CXCR4/SDF-1α axis, cancer migration and inflammatory responses in our model.  

For cancer cell invasion into capillary possibly via lymph node, our study also showed 

that CCR7 expression is essential to B16F10 melanoma cells accumulation in lymph node. 

Neutralization of CCL21 reduced the accumulation of melanoma cells in lymph node.  These 

findings are in agreement with many recent observations that CCR7/CCL21 pathway is 

important for cancer cell trafficking through lymph node. First, many study results have 

demonstrated that lymph nodes play an important role in metastasis of many tumor cells, 

including melanoma, breast cancer, prostate, colon, and gastric cancer (137). Second, lymph 

node metastasis is associated strongly with clinically poor prognosis in many tumors, such as 

melanoma, breast cancer and colon cancer etc. (138-141). Third, the enhanced CCR7 

expression may promote B16 melanoma cells metastasis to draining lymph nodes (142). 

Finally, CCL21 induces CCR7 expression and associated Ca
2+

 flux in lymphatic endothelial 

cells (143). However, the reduction of B16F10 congregation in lymph node has insignificant 

influence on cancer cell accumulation in subcutaneous implantation site. These results suggest 

that, during cancer metastasis, cancer cells may enter blood circulation through the invasion of 

either capillary directly or lymphatic system/capillary combination as suggested earlier (129, 

144-146). Since lymphatic pathway is critical to our model and some of our preliminary data 

(data is not shown in our study) have also shown that the same animal model carried out in 

severe combined immunodeficiency mice (SCID) did not support the hypothesis that less 
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immune response enhances cancer cell migration in response to inflammatory response. On 

the contrary, less extent of cancer cell recruitment was observed in SCID animals carried out by 

metastasis study. These pieces of evidences suggest a new hypothesis that lymphocytes 

somehow play a role in mediating cancer cell migration. To find the answer, protein array 

analyses were performed by collecting implant samples from both Balb/c and SCID with similar 

genetic background. Interestingly, several inflammatory cytokines expression such as RANTES, 

MIP-1α, eotaxin, IL-17, IL- 12 p40/p70, and MCP-5 are higher in normal animals. In the 

progression of foreign body reaction, monocytes/macrophages are recruited to the implant site 

by extravasation and migration. Once monocytes/macrophages are attracted to the inflamed 

area by blood-material interaction and under effect of mast cell degranulation, macrophage 

production of cytokines may lead more cells to the implant area (79). Chemokines such as 

CCL2 (Monocyte chemotactic protein, MCP-1) along with RANTES (CCL5), CCL3 (macrophage 

inflammatory protein, MIP- 1α), CCL4 (MIP-1β), CCL7 (MCP-3), CCL8 (MCP-2), and CCL13 

(MCP-4) are known to attract monocytes/ macrophages to the implant area (63, 69). As for 

eotaxin, IL-17, IL-12p40/p70, and MCP-5, their roles in foreign body reaction are still not 

studied.  

It is possible that these biomaterial-mediated inflammatory signals also participate in 

cancer cell migration. To test the hypothesis, we determine the role of various chemokines in 

prompting cancer cell migration. We first hypothesized that RANTES is involved in lymphocyte-

mediated cancer cell migration. First, many studies demonstrated the potential role of tumor-

infiltrating lymphocytes in relation to favorable outcome in cancers. (147-149). Second, 

chemokines are known to direct specific T cells toward the tumor and induce tumor cell 

proliferation, angiogenesis, or matrix metalloproteinase expression (150,151). Third, it has been 

reported that CCL5/RANTES plays an important role in inflammatory diseases and cancers 

(120). Finally, study has shown that gastric cancer cells stimulate CD4+ lymphocytes to secrete 

RANTES and Fas-FasL-induced apoptosis of CD8+ lymphocytes may also be mediated by 
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RANTES (122). To test the potential of RANTES on inflammation-mediated cancer cell 

migration, we used RANTES neutralizing antibody. We found that the treatment of RANTES 

neutralizing antibody significantly reduced the recruitment of B16F10 melanoma cells to the 

implant area. Further, by examining CD3+ lymphocyte recruitment to PLA microsphere implant, 

it was surprising that CD+3 lymphocytes accumulation was reduced in RANTES neutralizing 

antibody treated group. Our findings support that RANTES plays a pivotal role in mediating 

B16F10 cancer cell and lymphocyte migration in response to distal inflammatory stimulation. 

However, it is not clear how RANTES pathway affect cancer cell interaction with lymphocytes.  

 

3.5 Conclusion 

Using biomaterial-induced inflammation as an application is our idea to establish such a 

quick and controllable method for studying inflammation-mediated cancer metastasis. Our 

studies determined that, in inflammation-mediated cancer migration model, B16F10 melanoma 

cell migration to the inflamed area is mediated through CXCR4/CXCL12 axis while 

CCR7/CCL21 axis is important to mediate lymphatic pathway for B16F10 melanoma cell 

migration. Our results also revealed that lymphocytes play an important role in cancer cell 

migration. To search for the potential link between lymphocyte responses and cancer cell 

migration, we found that RANTES is highly produced in the inflamed tissue and the 

neutralization of RANTES substantially reduces the recruitment of melanoma cells and 

lymphocytes to the PLA microsphere implantation site. Our preliminary results also 

demonstrated that RANTES neutralizing antibody treatment reduced HMB45+ cell accumulation 

in the axillary lymph nodes. Furthermore, the effect of silencing lymphocyte derived chemokines 

on the balance of immunity and inflammation in response to external stimuli will be an 

interesting direction for metastasis study by using our model. 
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CHAPTER 4 

 
STRATEGIES TO REDUCE CANCER PROGRESSION 

4.1 Rationale 

Our results have shown that biomaterial-induced inflammation trigger cancer cell 

recruitment. It is possible that, by varying inflammatory stimuli, the recruitment of cancer cells 

can be hindered or diverted to reduce cancer metastasis. To test this general hypothesis, three 

strategies were carried out to test their ability to affect cancer metastasis.  

First, it is well established that cytokines such as stromal cell-derived factor-1 alpha 

(SDF-1α) and erythropoietin (EPO) have been shown to promote cancer cell migration 

(152,153). It is possible that, by recruiting cancer cells to the subcutaneous space with locally 

release of chemokines may reduce the number of circulating cancer cells in the blood 

circulation and thus reduce the potential cancer cell spreading.  

Mast cell activation and associated histamine release have been found to be critical to 

triggering inflammatory responses (154, 155). Since inflammatory responses promote cancer 

cell migration, the extent of cancer cell recruitment may be diminished by reducing mast cell 

activation or blocking histamine-associated cellular responses. The second strategy involves 

the use of mast cell stabilizer and histamine receptor antagonists to reduce cancer intravasation 

from the cell transplantation site to the blood stream. 

Since inflammatory responses have been shown to influence cancer cell migration, we 

have thus assumed that degree of inflammatory responses may affect tumor growth. By 

triggering different extent of distal inflammatory responses, the third approach investigates the 

influence of distal inflammatory responses on tumor growth.  
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4.2 Materials and preparation 

4.2.1 Materials 

PoIy (D, L-lactic-co-glycolic acid) (75:25) with a moIecular weight of 113 kDa was 

purchased from Medisorb (Lakeshore Biomaterials, Birrningham, AL). The solvent 1, 4-dioxane 

was obtained from Aldrich (Milwaukee, WI). BSA, histamine, pyrilamine, famotidine, and 

cromolyn were bought from Sigma (St Louis, MO). SDF-1α, and Erythropoietin was obtained 

from ProSpec (Rehovot, Israel) and Cell Sciences (Canton, MA) respectively. Dulbecco’s 

modified Eagle’s media (DMEM), RPMI1640, bovine serum albumin, and AMD3100 were 

purchased from Sigma Aldrich (St. Louis, MO). Fetal calf serum (FCS) was purchased from 

Atlanta Biologicals (Lawrenceville, GA). Mouse monoclonal antibodies against melanoma 

HMB45 was purchased
 
from Abcam (Cambridge, MA). Rat anti-mouse CD11b antibody was 

obtained from Serotec Inc. (Raleigh, NC). CCL21 neutralizing antibody and recombinant mouse 

RANTES was purchased from R&D Systems Inc (Minneapolis, MN). DAB enhanced liquid 

Substrate system was purchased from Sigma (St Louis, MO). Secondary antibodies goat-anti-

mouse
 
(HRP-conjugate) was obtained from Jackson ImmunoResearch Laboratories (West 

Grove, PA). Kodak X-Sight 761 Nanosphere was purchased from Carestream Health Inc. (New 

Haven, CT).   

 

4.2.2 Preparation of chemokine-releasing PLGA scaffolds 

BSA microbubble PLGA scaffolds were used in the study based on our published 

procedure (156). This scaffold fabrication method, invented by our laboratory, provides a 

versatile tool to create cytokines/chemokine -releasing scaffolds for a period of 7-10 days (156). 

For this work, SDF-1α (1 µg/mL), erythropoietin (EPO) (100 IU/mL), histamine (20 mg/ mL) 

releasing scaffolds were produced based on published procedure (156) (Briefly, drug-loaded 

microbubbles (500 ng/mL) solution was mixed with BSA solution before sonication under 

nitrogen gas at 20 kHz for 10 seconds. 5% w/v of BSA microbubbles were then be added into 



 

60 

 

7.5% w/v PLGA polymer solution (1:1 ratio). After gentle agitation for 3 min at room 

temperature, the polymer solution mixture in glass Petri dishes (5 cm diameter) was quenched 

in liquid nitrogen to induce phase separation. The solidified scaffolds were lyophilized for 72 

hours at 0.03 mbar vacuum in a Freezone 12 lyophilizer (Labconco, Kansas City, MO). The 

scaffolds were fabricated in a sterilized environment and all components were pyrogen-free. 

 

4.2.3 Cancer cell type and culture condition 

B16F10 melanoma cells were used for transplantation in this study. The specific cell 

culture condition and procedure are listed in 2.2.3. 

 

4.2.4 Scaffold implantation  

For implantation, mice were anesthetized with isoflurane inhalation, a 1 cm mid-dorsal 

longitudinal incision was made and drug- releasing scaffolds implanted subcutaneously. The 

incision was closed with 4-0 black braded suture to eliminate nonspecific signal detection by in 

vivo imaging system. Two days after scaffold implantation, animals were intraperitoneally 

transplanted with cancer cells (5 x 10
6
/ 0.2 ml/animal) under anesthesia with isoflurane 

inhalation (1-3%). At the end of the studies, animals were sacrificed and implant along with 

surrounding tissues isolated for histological evaluation. 

 

4.2.5 Pharmaceutical treatment 

Mast cell stabilizer- cromolyn (50 mg/kg) were administered to animal by intraperitoneal 

injection one hour prior to PLA microparticles implantation and boosted with this agent every 6 

hours to maintain the efficacy. 
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4.2.6 Histological evaluation  

To examine the effect of pharmaceutical treatments on the recruitments of cancer cells 

to the implant area, and animal survival, tissues harvested from experiments were immediately 

embedded and sectioned for histological evaluation (H&E and immunohistochemistry staining). 

The detailed procedure is listed in 2.2.5. 

 

4.2.7 Cell imaging and quantification 

All tissue sections were imaged following the procedures listed in 2.2.5. 

 

4.2.8 Cancer cell migration imaging 

Cancer cells with exogenous X-Sight 761 labeling could be detected by methods listed 

in 2.2.7. 

  

4.2.9 Statistical analyses  

Statistical comparison between different groups was carried out using Student t- test or 

one-way ANOVA. Differences were considered statistically significant when p < 0.05. 

  

4.3 Results 

4.3.1 Cancer cell recruitment to chemokine-releasing scaffolds 

Animals implanted with either SDF-1α-releasing or EPO-releasing PLGA scaffolds were 

detected by in vivo imaging while animals implanted with PLGA scaffold alone served as control 

group to evaluate the cancer cell recruitment. Among these groups, localized release of EPO 

prompted the most cancer cell recruitment to the implant area as compared to the signal 

detected from animals implanted with SDF-1α-releasing scaffolds and PLGA control scaffold 

(Figure 4.1). On the other hand, there was no apparent difference in implant-associated 

fluorescence intensity between SDF-1α-releasing scaffolds and control scaffolds. The 
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SDF-1α EPO control 

fluorescence intensities were quantified by using Image J software to compare the gray value of 

region of interest (ROI) (Figure 4.2).  

Our assumption was that, by increasing localized recruitment of cancer cells, the 

circulating stem cells would be reduced and the life span of the cancer cell-bearing mice would 

be extended. To test the hypothesis, the survival duration of scaffold-bearing animals were also 

evaluated after completion of the in vivo imaging detection. Since the cell number of melanoma 

transplantation was high at 5 x 10
6
 cells/ mouse, all the animals were developed massive 

tumors in the peritoneal cavity and died from the tumor development. Endpoint assessment of 

animal was determined based on the clinical signs observed from animals including unkempt 

haircoat, abdominal distention that impedes movement, labored breathing, abnormal posture, 

dehydration, and weight loss. From the survival observation, animals that received EPO scaffold 

implantation seemed to have longer survival while mice implanted with SDF-1α scaffold stayed 

with shorter period of survival (Figure 4.3).   

 
Figure 4.1 Effect of localized release of SDF-1α and EPO on cancer cell recruitment. Following 
transplantation for 24 hours, the distribution of X-Sight-labeled B16F10 cells was then 
monitored using whole-body imaging system. B16F10 cells were recruited to the variously 
treated scaffolds. (n=2) 
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Figure 4.2 Effect of localized release of SDF-1α and EPO on cancer cell recruitment. Following 
transplantation for 24 hours, the distribution of X-Sight-labeled B16F10 cells was then 
monitored using whole-body imaging system. B16F10 cells were recruited to the variously 
treated scaffolds. The implant-associated fluorescence intensities were then quantified using by 
ImageJ software. (n=2) 
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Figure 4.3 The survival duration of animals implanted with EPO-releasing, SDF-1α-releasing, or 
control scaffolds. EPO group not only attract more cancer cell recruitment but also maintain the 
survival days and even last slightly longer than the control group.  On the other hand, SDF-1α 
group had shorter period of survival days.  (n=3) 
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4.3.2 Substantial release of histamine from scaffold implants enhance cancer cell accumulation 

A previous study had shown that biomaterial-mediated acute inflammatory responses 

are both histamine and mast cell dependent (70). Direct administration of histamine led to 

vasodilation, increased vascular permeability, and localized edema. Since cancer cells are 

recruited by inflammatory responses, it is possible that mast cell activation and histamine 

release are responsible to cancer cell recruitment. In this study, we implanted histamine-

releasing scaffolds to create localized histaminic responses. Interestingly, this approach 

tremendously enhanced cell recruitment to the implant area. In vivo imaging detection showed 

very intense signal as compared with control animals implanted with PLGA scaffold (Figure 4.4). 

The signals were quantified by ImageJ image processing program (Figure 4.5). Moreover, in 

comparison of the survival period between both histamine group and control group, animals 

treated with histamine scaffold implantation had a trend of shorter survival period (Figure 4.6). 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.4 Histamine-releasing scaffolds significantly enhanced the recruitment of B16F10 
melanoma cells to the implant area at different time points as shown in images. 
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Figure 4.5 Histamine-releasing scaffolds significantly enhanced the recruitment of B16F10 
melanoma cells to the implant area at different time points as shown in images. The signals 
were quantified to express the magnitude of recruitment as compare to control group. (n=2) 
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Figure 4.6 Localized release of histamine slightly reduces the survival of cancer cell bearing 
mice by compared with mice implanted with control PLGA scaffold. (n=3) 
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4.3.3 Effectiveness of mast cell stabilizer on cancer cell extravasation 

Since mast cells are the major source of tissue histamine during inflammatory 

responses, it is likely that mast cell activation is responsible for histamine release and the 

inflammation-mediated cancer cell recruitment. To test this hypothesis, mast cell stabilizer- 

Cromolyn was tested to evaluate its pharmaceutical effects of reducing B16F10 melanoma cell 

recruitment. To maintain the therapeutic efficacies of cromolyn, animals were administered the 

drug one hour before cell transplantation and boosted with these agents every 6 hours. 

Cromolyn treatment exerted only mild effect on reducing B16F10 melanoma recruitment by in 

vivo imaging detection (Figure 4.7).  

        

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Cromolyn treatment reduces about 30% of B16F10 meanoma recruitment to the 
implant site. In vivo imaging was detected and the images were quantified by ImageJ image 
processing program.  
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4.4 Discussion 

EPO scaffold was shown to induce more melanoma recruitment to the implant site while 

SDF-1α did not exert influence on cancer cell migration as compared to the control signal. It is 

interesting that EPO scaffold not only prompts more cell migration but also extended the 

lifespan of animals beyond the controls. In vivo, EPO is naturally produced by the kidney and is 

regulated under hypoxia conditions. It is known to elicit proliferation, maturation, and 

differentiation of red blood cells. Recent studies demonstrated that high levels of EPO and EPO 

receptor expression are found in many different cell types, including cancer cells such as 

breast, head-and-neck tumors, colon, lung, prostate and melanoma (157-159). EPO/EPO 

receptors are known to induce proliferation, chemotaxis, and angiogenesis, and inhibit 

apoptosis (160, 161). Pretreating some cancer cell lines with EPO causes them less responsive 

to the chemotherapy drug, cisplatin (162). However, the degree of influence of EPO pathway in 

different cancer types is highly variable. The biological influence of EPO on cancers is still not 

clear. Based on what we have found here, EPO may play a role in immunomodulation (163). 

EPO have shown to antagonize proinflammatory cytokines and promotes wound healing 

following injury (164).  On the other hand, it was demonstrated in murine model that EPO 

mediates an augmented B cell response. These studies along with our findings point to potential 

therapeutic applications of EPO scaffold for possible cancer vaccine deign (165). 

Though the result of applying SDF-1α-releasing scaffold for distracting cancer cells from 

circulation to localized inflammation site was not as we expected, the survival duration of SDF-1 

α treated group provide useful information. Our results indicated B16F10 melanoma may 

require CXCR4/SDF-1α axis for recruitment. However, continuous release of SDF-1α at higher 

concentration may repel T lymphocytes migration and cause impaired immune reaction to the 

animals (166-168). This may explain why SDF-1α group had shorter survival period due to 

impaired immunity induced from animals to loss protection from massive tumor growth. In 

addition, the cell recruitment to the SDF-1α releasing scaffold without enhancement may due to 
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localized release of SDF-1α causing reduced inflammatory responses and cytokines which are 

required for triggering cancer cell migration (169-171). 

We are surprised to find that localized delivery of histamine showed intense signal 

detection by in vivo imaging system. Although it is well established that mast cells are required 

for inflammatory responses to biomaterial implants, the potential role of histamine and mast 

cells in cancer cell migrations has not been determined yet. However, there are several piece of 

information to support this observation. First, it has been shown that mast cell accumulation 

surrounding the tumor contributes to a permissive microenvironment for carcinogenesis and 

metastasis (172-174). Second, mast cells recruited by tumor-derived chemoattractants 

selectively secrete factors such as histamine, heparin, VEGF as well as proteases that facilitate 

new blood vessel formation and metastases. In addition, mast cell mediators could also 

promote brain metastases by regulating the permeability of the blood-brain-barrier (173, 175, 

176). Further, histamine was demonstrated to have influence on the invasive and metastatic 

phenotype of colorectal cancer cells (177).  

Our results showed that the release of histamine not only promotes cancer cell 

migration but also reduce the lifespan of the cancer cell-transplanted animals. It may be due to 

the continuous release of histamine which alters Th1/Th2 balance which then promotes tumor 

progression in the animals (178). However, this study still offer a new direction for us to explore 

potential application of using appropriate amount of histamine for develop advance cancer trap. 

To determined how mast cell activation affect cancer cell migration, mast cell function-related 

pharmaceutical agents, such as mast cell stabilizer- cromolyn was tested. Cromolyn treatment 

seemed to slightly reduce melanoma migration to the inflamed area. This drug is known as a 

mast cell stabilizer that prevents the release of inflammatory chemicals such as histamine from 

mast cells (179). The mechanism of cromolyn action is not fully understood. It is shown to inhibit 

chloride channels and may thus inhibit the exaggerated neuronal reflexes triggered by irritant 

receptors that are stimulated on sensory nerve endings. This causes the release of preformed 
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cytokines from T cells, and eosinophils in allergen-induced asthma (181). The possible 

mechanisms of our treatment of cromolyn in the inflammation-mediated cancer migration are: (i) 

dose frequency issue, (ii) mast cell activation was not fully antagonized or (iii) the influence of 

mast cells in assisting melanoma cell migration in our model is not high. Further studies are 

needed to determine the potential mechanisms.  

 

4.5 Conclusion 

It is intriguing that biomaterial-induced cancer metastasis model could be used not only 

for the exploration of inflammation-mediated migration mechanism but also to the discovery of 

pharmaceutical effects of drug screened for inflammation-induced cancer migration and tumor 

progression. EPO-releasing scaffold draws our attention to further apply its immunomodulation 

and chemoattractant characteristics to the possibility of cancer vaccine development. The 

strategy of releasing chemokines for cancer therapy under metastasis condition should be taken 

into serious consideration. Incorrect usage of this strategy could worsen cancer cell 

dissemination and thus enhance the mortality rate. Further, localized release of histamine is 

potent enough to enhance B16F10 melanoma cell immigration to the implant site. Increased 

vasculature permeability at the inflamed area did correlate with enhanced cancer cell 

accumulation. However, the substantial delivery of histamine at the implant site also shortens 

the survival periods of animals. We are still optimistic of further manipulating the release profile 

of histamine for the purpose of designing implantable cancer traps. Since mast cell is indicated 

to play a role in biomaterial-mediated inflammatory response and cancer progression (70, 175), 

mast cell-related pharmaceutical agent- mast stabilizer (cromolyn) was tested. Cromolyn 

showed a trend in reducing melanoma cell migration. It was recently shown using cromolyn, and 

mast cell deficient mice that mast cells are required for the development of pancreatic islet 

tumors (181). Our novel inflammation-induced cancer metastasis model along with in vivo 

imaging systems using either exogenous or endogenous labeling methods should be able to 
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provide platforms to perform high through output of list of different categorized anti-inflammatory 

drugs for the treatment of cancer therapy. 
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CHAPTER 5 

SUMMARY AND FUTURE WORK 

The potential role of inflammatory responses in cancer metastasis has not yet been fully 

determined mostly due to the lack of quantifiable animal models. Taking advantage of the 

nature of localized foreign body reactions, we have established an animal mode in which cancer 

cells migrated from the intraperitioneal transplantation sites to the subcutaneous biomaterial 

microsphere implantation area. This animal model allows us to study the potential cellular and 

molecular mechanism of cancer cell migrations. We have also incorporated this animal model 

with whole body imaging technique. The combination systems can be used to monitor cancer 

migration in real time.  

We further investigated the mechanism governing the inflammation-mediated cancer 

metastasis (Figure 5.1). Our results support that B16F10 melanoma cell migration to the 

inflamed area was mediated through CXCR4/CXCL12 axis while CCR7/CCL21 is important to 

mediate lymphatic pathway for B16F10 melanoma cell migration. Surprisingly, we find that T-

lymphocytes play a critical role in cancer cell migration. Although the interaction between T-

lymphocytes and cancer cell migration has yet to be determined, further study has revealed that 

lymphocyte-associated RANTES release is essential to  cancer cell trafficking.  

In an effort to develop novel treatments to combat cancer metastasis, several lines of studies 

were carried out and many interesting results were obtained from these works. First, EPO-

releasing scaffolds were found to prolong lifespan of animals. However, the strategy of 

releasing chemokines for cancer therapy under metastasis condition should be taken into 

serious consideration. Incorrect condition could worsen cancer cell dissemination and thus 

increase the mortality rate. Second, we find that localized release of histamine is powerful to 

enhance B16F10 melanoma cell immigration to the implant site. However, the substantial 
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delivery of histamine at the implant site also shortens the survival periods of animals. Advanced 

manipulation of histamine releasing profile for the purpose of implantable cancer trap design is 

still possible. Third, mast cell-related pharmaceutical agent, mast stabilizer (cromolyn) was 

tested. Cromolyn showed a trend in reducing melanoma cell migration. The evaluation of over-

the-counter drugs, including Aspirin, Tylenol Severe Allergy and Claritin, on the tumor 

progression under inflammatory stimuli could be also tested in the future. Finally, it is also our 

interests to establish a 3D image model and cell multi-labeling system which would allow us to 

illustrate cancer cell migration and the cell-cell interaction in real-time manner so as to further 

investigate the mechanisms involved inflammation-mediated cancer metastasis.   
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APPENDIX A 

RELATIVE CYTOKINE LEVELS 
IN BIOMATERIALS-MEDIATED INFLAMMATORY RESPONSES 
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Cytokine Balb/c mice SCID mice 

Fold Change 
(Balb/c/SCID) 

 Axl   1041.00 1047.25 0.99 

 BLC   370.50 232.37 1.59 

 CD30 220.50 140.87 1.57 

 CD30 L   155.50 130.00 1.20 

 CD40   4209.50 3974.30 1.06 

 CRG-2   150.00 107.81 1.39 

 CTACK   451.50 519.10 0.87 

 CXCL16   1752.00 1657.39 1.06 

 Eotaxin   814.50 327.04 2.49 

 Eotaxin-2   971.50 890.53 1.09 

 Fas Ligand   107.00 64.32 1.66 

 Fractalkine   358.00 645.93 0.55 

 GCSF   135.00 272.23 0.50 

 GM-CSF   339.00 540.39 0.63 

 IFN γ  173.50 446.17 0.39 

 IGFBP-3   509.00 346.52 1.47 

 IGFBP-5   1327.00 1040.00 1.28 

 IGFBP-6   268.00 158.08 1.70 

 IL-1 beta   164.50 1.00 N/A 

 IL-10   257.00 230.11 1.12 

 IL-12 p40/p70   1016.00 449.34 2.26 

 IL-12 p70   252.50 230.56 1.10 

 IL-13   102.50 67.94 1.51 

 IL-17   291.50 124.11 2.35 

 IL-1α  15057.50 17417.34 0.86 

 IL-2   245.00 157.63 1.55 

 IL-3   1.00 1.00 N/A 

 IL-3 Rβ  216.00 214.25 1.01 

 IL-4   265.50 180.73 1.47 

 IL-5   276.00 228.75 1.21 

 IL-6   405.00 502.79 0.81 
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Cytokine Balb/c mice SCID mice 
Fold Change 
(Balb/c/SCID) 

 IL-9   1026.00 896.87 1.14 

 KC   258.00 369.17 0.70 

 Leptin   123.00 103.73 1.19 

 Leptin R   126.00 91.05 1.38 

 LIX   259.50 219.69 1.18 

 L-Selectin   181.50 128.64 1.41 

Lymphotactin   381.50 288.99 1.32 

 MCP1   22038.50 12724.19 1.73 

 MCP-5   292.00 142.68 2.05 

 M-CSF   1728.50 966.62 1.79 

 MIG   121.50 211.53 0.57 

 MIP-1α  4435.50 1178.61 3.76 

 MIP-1γ  19518.50 19548.99 1.00 

 MIP-2   16345.00 9269.44 1.76 

 MIP-3 β  116.50 85.16 1.37 

 MIP-3α  186.00 147.67 1.26 

 PF-4   2825.00 2901.68 0.97 

 P-Selectin   2730.00 2626.28 1.04 

 RANTES   1406.00 343.35 4.09 

 SCF   222.50 254.57 0.87 

 SDF-1α  118.00 106.90 1.10 

 sTNF RI   13673.50 11681.47 1.17 

 sTNF RII   9142.50 6171.63 1.48 

 TARC   181.00 155.37 1.16 

 TCA-3   210.00 126.38 1.66 

 TECK   237.50 269.06 0.88 

 TIMP-1   3558.00 2422.90 1.47 

 TNFα  232.00 289.44 0.80 

 TPO   172.00 120.94 1.42 

 VCAM-1   5843.00 5501.69 1.06 

 VEGF   477.00 307.11 1.55 
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