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Abstract 
 

Enhancing intratumoral perfusion using orally active 

heparin to augment the efficacy of anti-cancer therapy 

 

Limited tumor perfusion results in restricted drug delivery and accelerates 

hypoxia, which is detrimental to overall antitumor immunity. Here, we 

demonstrated that cancer associated thrombosis (CAT) could be one of the 

major factors, which significantly limits tumor perfusion while facilitates 

hypoxia by partially or completely blocking the tumor blood vessels. Reversely, 

we also verified that prevention of CAT by administering orally available low 

molecular weight heparin (STP3725) substantially improved tumor perfusion 

and alleviated hypoxia. We confirmed that treating STP3725 significantly 

potentiated the efficacy of oxaliplatin and gemcitabine by enhancing the drug 

delivery and distribution in the tumor tissue in B16F10 and Aspc-1 tumor 

models. Furthermore, we identified that administering STP3725 altered tumor 

microenvironment into immuno-supportive one by augmenting effector 

lymphocytes population, decreasing hypoxia related immunosuppressive 

cytokines and myeloid derived suppressor cells (MDSCs) in B16F10 and CT26 

xenograft tumor models. By treating STP3725 together with anti-PD-1 

antibody in the same models, we discovered that these favorable changes 

markedly benefited the anti-tumor efficacy of anti-PD-1 antibody by both 

promoting the population of tumor infiltrated effector lymphocytes and 

ameliorating the function of cytotoxic T lymphocytes. Collectively, our 

findings establish the rationale for a new potential combination strategy, which 

could be broaden to a combination of anticoagulation therapy with other 

chemotherapeutic and immunotherapeutic agents. 
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fraction in CD45+ cells. (C) Flow cytometry analysis of CD8+Ki67+ T cells in 

CD45+ cells in B16F10 whole tumors in each group. (D) Quantification of 

CD8+Ki67+ T cell fraction in CD45+ cells. Data were represented as 

mean±s.e.m. with n=12-21. Significant differences are presented as asterisk 

marks in the figurers using student t-test (* p<0.05, ** p<0.01). 

 

Figure 3.14 Flow cytometry analysis of cytokine secreting T cells. (A) Flow 

cytometry analysis of CD8+IFNγ + activated T cells in CD45+ cells in B16F10 

whole tumors in each group. (B) Quantification of CD8+IFNγ + activated T cell 

fraction in CD45+ cells. (C) Flow cytometry analysis of CD8+TNFα + activated 

T cells in CD45+ cells in B16F10 whole tumors in each group. (D) 

Quantification of CD8+TNFα + activated T cell fraction in CD45+ cells. (E) 

Flow cytometry analysis of IFNγ +TNFα + activated T cells in CD45+ CD8+ cells 

in B16F10 whole tumors in each group. (F) Quantification of IFNγ +TNFα + 

activated T cell fraction in CD45+ CD8+ cells. Data were represented as 

mean±s.e.m. with n=12-21. Significant differences are presented as asterisk 

marks in the figurers using student t-test (* p<0.05, ** p<0.01). 

 

Figure 3.15 Evaluation of antigen specific memory response using 

splenocytes. (A) Schematic figure of work flow for evaluating antigen specific 

systemic immune activation. (B) Quantification of INF-γ in the supernatant 

of each group using INF-γ ELSIA assay. Data were represented as 

mean±s.e.m. with n=12-21. Significant differences are presented as asterisk 

marks in the figurers using student t-test (* p<0.05). 

 

Figure 4.1 Schematic figure of strategy: Administration of STP3725 will 

prevent CAT and augment the efficacy of anti-cancer drugs by enhancing 

perfusion and drug delivery. 
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Figure 4.2 Schematic figure of the strategy: STP3725 alters tumor 

microenvironment into immunosupportive one, which synergizes the 

efficacy of αPD-1 antibody 

 

Figure 5.1 Synthetic scheme of LHbisD4: bis-DOCA was synthesized by 

conjugating two molecules of deoxycholates through L-lysine linker. 

Subsequently amine group on L-lysine linker was introduced by adding 

ethylenediamine. LHbisD4 was synthesized by conjugating 4 molecules of 

amino-bis-DOCA to enoxaparin.   

 

Figure 5.2 Evaluation of inhibition effect of LHbisD4 in VEGF-C induced 

phosphorylation of VEGFR-3. (A) Sensor gram of surface plasmon 

resonance(SPR) for evaluating the binding affinity between LMWH and 

VEGF-C (Left) or LHbisD4 and VEGF-C (Right). (B) The inhibition effects of 

LHbisD4 and LMWH against the phosphorylation of VEGFR-3 stimulated by 

VEGF-C (500 ng/ml) are shown by immunoblotting. 

 

Figure 5.3 In vitro cell migration, tubular formation and proliferation 

assay for the evaluation of inhibitory effect of LHbisD4 on 

lymphangiogenesis. (A) In vitro cell migration assay for evaluating the 

inhibitory effects of LMWH (100 µg/ml) or LHbisD4 (100 µg/ml) against 

Human dermal lymphatic endothelial cells (HDLECs) migration stimulated by 

VEGF-C (500 ng/ml). n=5, Scale bar, 20 µm. (B) In vitro 2D tubular formation 

assay with the same condition in (A). (C) Quantification of migrated cells in 

the cell migration assay in circled area. n=5 (D) Quantitative analysis in 2D 

tubular formation assay was carried out by counting the branch numbers per 

field. (E) Proliferation assay of HDLEC using the BrdU assay. n=5, Data were 

represented as mean±s.e.m. with n=5. Significant differences are presented as 

asterisk marks in the figurers using student t-test (** p<0.05, *** p<0.01). 
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Figure 5.4 3D tubular sprouting assay using HDLEC spheroid. (A) HDLEC 

spheroids were cultured without VEGF-C (left), with VEGF-C (500 ng/ml) 

(middle), with VEGF-C (500 ng/ml) and LHbisD4 (100 µg/ml) (right). n=7, 

Scale bar, 100 µm. (B) SCID mice implanted with HDLECs spheroids with 

VEGF-C (2.5 µg/ml) were administered orally with LHbisD4 (10mg/kg) or 

saline. Sprouting vessels in each group were visualized under confocal 

microscope by staining Lyve-1. Saline(left), LHbisD4 (right). n=5, Scale bar, 

200 µm. (C) In vitro spheroids based 3D tubular sprouting assay was quantified 

by counting the branch numbers per spheroid (D) Quantitative analysis in in 

vivo spheroids sprouting was carried out by calculating the mean fluorescence 

intensity of sectioned images. Data were represented as mean±s.e.m. with n=5-

7. Significant differences are presented as asterisk marks in the figurers using 

student t-test (** p<0.05, *** p<0.01). 

 

Figure 5.5 The anti-metastatic efficacy of LHbisD4 against orthotopic 4T1 

breast cancer model. (A) Bioluminescence images of each organ are shown to 

visualize the metastasized cancer cells. (Red color represents highest 

luminescence intensity while purple represents lowest) (B) The amount of 

metastasized cancer cells was quantified by counting the maximum intensity of 

luminescence signal in each organ using IVIS Xenogen 100 software. Saline 

(white bar), LHbisD4 (Black bar). (C) The optical images of axillary lymph 

nodes in each group were taken (Scale bar, 5 mm) and (D) the volume of each 

nodes was measured to correlate with the incidence of lymph node metastasis. 

(E) Lymphatic vessels in primary tumor tissue were visualized under confocal 

microscope by staining the tumor mass with anti-mLyve-1. Data were 

represented as mean±s.e.m. with n=3-4. Significant differences are presented 

as asterisk marks in the figurers using student t-test (*** p<0.001). 
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Figure 5.6 The anti-metastatic efficacy of LHbisD4 against orthotopic 

MDA-MB-231 breast cancer model. (A) Metastasized cancer cells are 

visualized by bioluminescence signals in each organ. (B) Pictures of axillary 

lymph nodes in each group (both axillary lymph nodes in each mouse) were 

taken (Scale bar, 5 mm) and (C) their volumes were measured to evaluate the 

incidence of lymph node metastasis. Data were represented as mean±s.e.m. 

with n=3-4. Significant differences are presented as asterisk marks in the 

figurers using student t-test (** p<0.01). 

 

Figure 5.7 Tissue analysis of MDA-MB-231 after treating LHbisD4. (A) 

Lymphatic vessel density in the primary tumor of MDA-MB-231 was evaluated 

by staining mLyve-1. (B) Quantification of the density was carried out by 

calculating the mean intensity. n=5 (C)Phosphorylated VEGFR3 in primary 

tumor tissue was stained by immunofluorescence method using anti-

phosphoVEGFR3 antibody. (D) Quantification of phosphorylation level of 

VEGFR3 was quantified by calculating mean fluorescent area. n=5 (E) 

Metastasized tumor cells in axillary lymph nodes were visualized by H&E 

staining. Large tumor necrotic area (depicted with arrow) and many cancer cells 

were observed in control group. Data were represented as mean±s.e.m. with 

n=3-4. Significant differences are presented as asterisk marks in the figurers 

using student t-test (** p<0.01, *** p<0.001). 
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A  
APC Antigen Presenting Cells 
ATP Adenosine triphosphate 
ASCO American Society of Clinical Oncology 
ACCP American College of Chest Physicians 
B  
BA Bioavailability 
β-gal β-galactosidase 
C  
CAT Cancer-Associated Thrombosis 
CAF Cancer-Associated Fibroblast 
CTLA4 Cytotoxic T-Lymphocyte-Associated protein 4 
CD Cluster of differentiation 
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COX-2 Cyclooxygenase-2 
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HSP Heat Shock Protein 
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Chapter 1 

Introduction 
 

1.1 Tumor transport barriers 
 

Effectiveness of anti-cancer drugs is determined by the serial steps of perfusion, 

diffusion, target recognition and potency of the drugs. Perfusion regulates total 

extents of drugs, which access to tumor tissue through blood vessels and these 

perfused molecules are subsequently diffused into tissue to reach tumor cells. 

Diffused drug molecules must recognize targets to exert their anti-tumor 

efficacy and drugs that have higher potency can present higher efficacy. Since 

these processes are connected serially, the amounts of drugs, which actually 

affect targets can be calculated as multiplication of drug extents in each step 

(Fig. 1.1).  

Since there are several known or unknown transport barriers in each 

step, which limit the delivery of drugs, combining strategies that overcoming 

those barriers with potent anti-cancer therapies would be one of the most 

effective ways to treat cancer. 

   

1.1.1. Physical transport barriers 

Enhancing drug delivery to tumor is one of the most important issues for the 

effective treatment of cancer patients. However, due to the abnormal 

physiological features of tumor, there are many transport barriers, which 

reduces not only total amount of drug delivery but also homogenous 

distribution of drugs.  
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Figure 1.1 Barriers for determining the effects of anti-cancer drugs 
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Chauhan et al. suggested that there are four main transport barriers arise from 

abnormal characteristics of cancer: high solid stress, impaired vasculature, 

increased interstitial fluid pressure and a dense extracellular structure [1].  

 Solid stress is attributable to the rapid and abnormal proliferation of 

cancer cells, which impairs tumor vasculature and hampers drug access to 

tumor tissue [2, 3] Tumor vasculature usually presents abnormal features such 

as high permeability and tortuous pathways, which results in fluid loss and 

heterogeneous blood flow [4, 5]. Due to the heavy solid stresses resulted from 

cancer cell proliferation, usually tumor lymphatics become destroyed and non-

functional.  

Concerted features of high permeable blood vessels and non-functional 

lymphatic vessels, fluid and various plasma molecules become accumulated in 

the tumor tissue without drainage, which contributes to elevate the interstitial 

fluid pressure [6-10]. Cancer cells also constitute abnormal microenvironments, 

which presents high density of matrix molecules such as collagen, 

glycoproteins, epithelial cells, etc. This matrix usually become denser toward 

the core of the tumor tissue, which makes other molecules more difficult to 

diffuse inside [1, 4]. Thus, in order to deliver drug molecules to their target 

efficiently, proper strategies, which can overcome those transport barriers must 

be considered.   

 

1.1.2. Current strategies to overcome the transport barriers 

Developing strategies, which can help drug molecules overcome the transport 

barriers are one of the most effective ways to augment the efficacy of anti-

cancer drugs. Main issues arise from the transport barrier is that they limit 

perfusion and drug diffusion in the tumor tissue. Thus, the main purpose of 

various strategies is to increase the total extent of drug molecules, which 

actually reach targets. Some of those strategies are summarized in Table 1.1. 
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 Anti-angiogenic therapies prevent the formation of excess production 

of blood vessels, thereby block the supply of oxygen and nutrition to tumor. 

However, using many of anti-angiogenic drugs alone in clinical stages was 

determined to be not effective or adversely promoted tumor growth or 

metastasis. Later, these results were found to be attributable to excessive 

hypoxia in tumor tissue induced by low density of blood vessels, which 

increases drug resistance, metastasis, production of immunosuppressive 

cytokines and etc. [11-15]. But many anti-angiogenic drugs were proved to be 

effective in clinical tests when they are combined with chemotherapy [11].  

Jain et al. proposed for the first time that enhanced efficacy of 

chemotherapy when combined with anti-angiogenic therapy is due to the 

vascular normalization effects [16]. They proved that certain dose of anti-

angiogenic drugs alters the abnormal features of tumor vasculature such as 

leaky and functionally impaired into normal one, which is also one of the anti-

angiogenic processes [16]. Furthermore, vascular normalization was found to 

enhance perfusion and drug delivery, while alleviate interstitial pressure and 

hypoxia [11]. Enhanced perfusion achieved by vessel normalization elevates 

drug delivery and alters tumor microenvironment into immuno-supportive one 

[12, 17]. However, vascular normalization was found to be observed transiently 

and eventually accelerated hypoxia after long time treatment [18]. Therefore, 

new strategies, which can overcome those limitations in vascular normalization 

therapy are desired to be utilized in clinical test. 

 Vascular promotion therapy uses opposite approach from anti-

angiogenic therapy that promoting angiogenesis to supply more blood and 

elevate perfusion because anti-angiogenic therapy eventually removes blood 

vessels and will limits drug access to tumor [19]. Vascular stimulating agents 

such as calcium blockers and low-dose Cilengitide were used to promote 

angiogenesis. They found that by promoting angiogenesis, delivery of 

chemotherapeutics to tumor was highly increased while non-specific toxicity to 
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other organs was decreased [19, 20]. However, for the vascular promotion 

therapy, there are still many concerns that it could elevate the risk of metastasis 

by providing more conduits to tumor cells. To eradicate these concerns, further 

studies are required to potentiate this approach.  

 Alleviating interstitial pressure by reducing dense ECM components 

could be another approach to overcome the transport barrier [21]. Chauhan et 

al. showed that inhibition of angiotensin signaling using angiotensin receptor 

blocker could reduce cancer-associated fibroblasts (CAFs) density. Reduction 

of CAF density resulted in decompression of vessels, which subsequently 

brought enhanced perfusion and potentiated chemotherapy [22]. There were 

also other trials to reduce the interstitial pressure such as treating collagenase, 

hyaluronidase, etc. However, these approaches are also hard to be free from the 

issues of tumor metastasis and relapse because decompressed vessels could be 

more appropriate for tumor cell invasion. For the strategies, which utilize 

enzyme treatment, proper delivery method must be considered.  

 Using hyperthermia could be another way to overcome the transport 

barrier and potentiate other anti-cancer therapy [23]. Many studies have shown 

that fever range of mild temperature increase in whole body or local tumor 

could significantly increase tumor perfusion and oxygenation, while alleviate 

interstitial fluid pressure and hypoxia [24-29]. They found that these favorable 

changes can contribute to enhanced efficacy of chemotherapy, radiotherapy and 

immunotherapy. However, elevating body temperature could induce serious 

problems in some patients and the perfusion increases only during the 

hyperthermia, which can be pointed as main limitations of this strategy.  
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Table 1.1 Various strategies to enhance intratumoral perfusion 

 

 

 

 

 

Strategy Method Limitation References 
Vessel normalization 

therapy 

Treating optimal 

doses of anti-

angiogenic drugs 

Narrow 

therapeutic 

window of drugs, 

transiently appear   

Jain RK. J Clin Oncol. 2013;31: 

2205-2218 

Blood vessel 

promotion therapy 

Treating 

proangiogenic 

drugs 

May elevate the 

risk of metastasis 

and relapse 

Bridges E, Cancer cell. 

2015;27: 7-9 

ECM degradation 

therapy 

Treating enzymes 

such as 

collagenase, 

trypsin to degrade 

ECM 

difficult to deliver 

in target site  

Chauhan VP, Nat commun. 

2013;4: 2516 

Softening vessels and 

ECM therapy 

Treating anti-

hypertensive drugs 

May increase the 
risk of 
hypotension, 
kidney failure 

Diop-Frimpong B, Proc Natl 

Acad Sci. 2011;108:2909-2914 

 

Hyperthermia 

therapy 

Increase body 

temperature to 

reduce tumor fluid 

pressure and 

hypoxia 

 

Not suitable for 

long term 

therapy, increase 

the risk of 

hyperthermia 

Sen A, Cancer Res. 2011;71-

3872-3880 

 

Ultrasound therapy Applying ultra 

sound to tumor 

tissue to increase 

tumor perfusion 

Efficacy is not 

clear and 

clinically not 

suitable 

Watson KD, Cancer Res. 

2012;72:1485-1493 
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1.1.3. Tumor perfusion and anti-cancer therapy 

Traditional anti-angiogenic therapies mostly target VEGF-A and VEGFR2 axis 

to limit the blood and nutrition supply to tumor [11, 30]. However, most of the 

anti-angiogenic therapies were clinically determined to be effective to only 

certain types of cancer and provide marginal survival benefits [11]. 

Furthermore, some tumors were found be resistant to anti-angiogenic therapies 

and even sometimes they get relapse or more aggressively metastasize [13, 14, 

31-36].  

 Multiple mechanism for the resistance have been studied. One of those 

mechanisms is that tumors can withstand the hypoxic condition by altering their 

metabolic pattern. In fact, other studies have shown that hypoxic condition 

contributes to developing protumorigenic microenvironment, while 

suppressing normal immunity. Furthermore, tumor hypoxia is known to induce 

tumor acidosis, augment genomic instability, recruit more cancer stem cells, 

maintain inflammatory microenvironment and facilitate resistance to 

chemotherapy, radiotherapy, and immunotherapy [37-46]. In that aspect, 

strategies, which can alleviate tumor hypoxia have been studied, which is quite 

opposite direction of the initial purpose of anti-angiogenic therapy. However, 

in order to alleviate hypoxia, increasing tumor perfusion is inevitable, which 

also can draw many concerns such as providing tumor with more oxygens and 

nutrition may promote tumor growth.  

 Some clinical data for the glioblastoma patients who received anti-

angiogenic drugs demonstrated that patients who survived longer showed 

increased tumor perfusion compared to whom with shorter survival rate [47-

51]. They also discovered that patients who showed increased perfusion also 

presented vascular normalization effect. Based on those results, they concluded 

that enhancing tumor perfusion can provide survival benefits by alleviating 

tumor hypoxia. However, even though reducing hypoxia is proven to be one of 

the most effective ways to augment the anti-tumor efficacy of various anti-
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cancer drugs, enhancing perfusion to achieve those purposes is still remain 

controversial. 

 

1.2. Cancer associated thrombosis as a new transport 

barrier 
 
Cancer associated thrombosis(CAT) is well reported phenomenon, which is 

commonly observed in solid cancers. Once fibrinogen clots were formed in 

tumor vessels, they could be detached from the vessels and circulate through 

blood vessels. Ultimately, these clots can be deposited to the veins or block 

lung capillaries, which are referred as venous thromboembolism (VTE) and 

pulmonary embolism (PE).  

 As the occurrence of DVT and PE significantly lowers the quality of 

cancer patients and threatens their lives, prevention and treatment of the disease 

are imperative processes to enhance the overall survival rate. Although 

consensus guidelines for the treatment of CAT is well established with the use 

of low molecular weight heparin (LMWH), they are needed to be ameliorated 

for enhancing the efficacy and safety of patients as the administration of 

LMWH is only available by injection. For that, various novel oral 

anticoagulants (NOACs) are being developed. However, demonstration of their 

safety and efficacy must be performed thoroughly for the replacement of the 

use of LMWH.  

   

1.2.1. Epidemiology of CAT 

Historically, French physician Jeaon-Baptiste Bouillaud reported for the first 

time that the occurrence of CAT is associated with cancer [164]. After that 

report, many studies have been performed and now it is well known that the 

development of CAT and VTE is highly associated with various types of 

malignancies. CAT is one of the highest risk factors for the cancer patients 
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which takes the second leading cause of death in cancer patients [165, 166].

 Occurrence of venous thromboembolism (VTE) in cancer patients 

may also induce significant complications such as thrombotic endocarditis, 

hepatic vaso-occlusive disease, PE, arterial thrombosis and etc., which leads to 

poor prognosis of patients [167-169]. Cancer patients are exposed to 4-7 times 

more elevated risk of VTE compared to those without cancer [170, 171]. It is 

evaluated that 4-20% of total cancer patients may experience CAT and 15-20% 

of total cancer patients is estimated to develop VTE [165, 172, 173]. Several 

studies revealed that VTE is the most frequently found in the initial stage of 

diagnosis and the fatality of patients recorded highest within 1 year of first 

diagnosis [174-176].  

The incidence of VTE in cancer patients is reported to keep increasing 

as numerous anti-cancer therapies are being used [177]. Several therapeutic 

interventions such as surgery, inserting catheter, patient immobilization, anti-

angiogenic therapy and chemotherapy are known to elevate the risk of VTE in 

cancer patients [178-180]. Among them, particularly several anti-angiogenic 

and chemotherapies are known to significantly promote the incidence of VTE 

in cancer patients. Anti-angiogenic drugs are reported to increase annual 

incidence of recurrent VTE by 21% and bleeding complication by 12% [181, 

182]. Chemotherapy is reported to elevates the risk of VTE and recurrent VTE 

about 6 and 2 folds respectively in cancer patients compared to non-treated 

cancer patients. Overall incidence of VTE in cancer patients who received 

chemotherapy is considered about 10.9% [168, 181-183].  

Incidence of VTE in cancer patients is also highly dependent on types 

and progresses of cancer [171]. Extensive studies regarding the correlation 

between the incidence of VTE and types or stage of cancers have been 

published. Overall, it is considered that pancreas, ovarian, lung and brane 

cancer can be classified as the highest risk group in inducing VTE [184, 185]. 

Lymphomas, stomach, myeloma, kidney and bone cancers also categorized as 
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high risk group, while breast and prostate cancers belongs to relatively low risk 

group [177, 185-187].  

It is also well reported that regardless of cancer types, the incidence of 

VTE become increased as tumor grade progresses and from local to regional, 

remote cancer [186, 188]. Collectively, the occurrence of VTE in cancer 

patients is considerably high compared to non-cancer patients and the risk of 

VTE is even more increased with the therapeutic interventions such as surgery, 

inserting catheter, anti-angiogenic therapy and chemotherapy. Accordingly, 

safe and effective thromboprophylatic therapies must be combined together 

with various therapeutic interventions.  

 

1.2.2. Pathophysiology of CAT 

The pathophysiology of CAT is not fully understood up to date. However, it is 

considered that several factors in tumor microenvironment are suitable to 

frequently induce thrombosis. According to Virchow’s triad, which is 

developed by German physician Rudolf Virchow, there are three main factors 

that contribute to the formation of CAT: Hypercoagulability, stasis and vascular 

injury [189]. According to extensive studies, cancer cells and tumor 

microenvironment generally satisfy each factor of Virchow’s triad. Massive 

tumor tissue presses tumor blood vessels, which induces low perfusion and 

blood stasis. Cancer cells usually invade through vessels to locally or remotely 

metastasize where vascular damages are concomitantly followed. Tumor cells 

are also able to activate coagulation system through producing plethora of 

coagulation factors such as tissue factors, inflammatory cytokines and 

angiogenic cytokines, which constitute a hypercoagulable state [190-193].

 Collectively, these factors are sufficient to meet all the categories of 

Virchow’s triad, that can be the reason why cancer patients present high risk of 

VTE. Further mechanisms that are involved in the formation of CAT is still 

needed to be studied.  
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1.2.3. Treatment guideline of CAT 

As the occurrence of VTE is directly associated with the mortality and quality 

of life in cancer patients, prevention and management of VTE is very important 

issue. The most important and influential consensus guidelines for treating VTE 

in cancer patients are made by the American Society of Clinical Oncology 

(ASCO), the American College of Chest Physicians (ACCP), the National 

Cancer comprehensive and the European Society of Medical Oncology (ESMO) 

as shown in Table 1.2 [194, 195].  

Following the guidelines, LMWH (delteparin) is preferred to any other 

anti-coagulants for both initial and even long-term treatment of VTE in cancer 

patients [196, 197]. Vitamin K antagonist (VKA) can be used for long term 

treatment only when LMWH is not available for the patients. However, 

generally VKA is not recommended to oncology patients because unlike VTE 

in non-cancer patients, its efficacy is lower and the rate of recurrent VTE is 

relatively high [198]. Furthermore, in CLOT trials, it was determined that oral 

anticoagulant presented 17% rate of recurrent VTE while LMWH showed 9% 

for six months without significant differences in bleeding complication rate 

between two groups [199]. This result indicates that use of VKA for the 

treatment of VTE in cancer patients provides less benefits compared to that in 

LMWH. In addition to this lower efficacy, treating VKA possesses more 

demerits such as it needs to be monitored more thoroughly, efficacy could be 

affected by food consumption and it has long half-life [164].  

Although LMWH is being considered as a golden standard for the 

management of VTE in oncology patients, more convenient drugs with less 

complication are required. For that purpose, recently various novel oral 

anticoagulants (NOACs) are being developed which specifically inhibit factor 

Xa or thrombin. NOACs have more advantages over LMWH or VKA in terms 

of side effects because they directly inhibit factor Xa or thrombin and they do  
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Table 1.2 Treatment guidelines of VTE for the cancer patients 

 

 

 

 NCCN2011 ACCP 2012 ASCO 2013 

Initial/acute 

treatment 

LMWH 

Dalteparin 200 U/kg 

O.D., Enoxaparin 1 

mg/kg B.I.D, 

Tinzaparin 175 U/kg 

O.D. Fondaparinux 5 

mg (<50kg), 7.5 mg 

(50~100kg), 

10mg(>1000kg) APTT-

adjusted UFH infusion. 

Not addressed in cancer 

patients 

LMWH is preferred for 

initial 5-10 days of 

treatment in patients with 

a Crcl > 30 mL/min 

Long-term 

treatment 

LMWH 

Dalteparin 200 U/kg 

OD 

Enoxaparin 1 mg/kg 

BID 

Tinzaparin 175 U/kg 

OD 

Fondaparinux 5 mg 

(<50kg), 7.5mg 

(50~100kg), 10mg 

(>100kg) 

APTT-adjusted UFH 

infusion 

LMWH preferred to 

VKA, 

In patients not treated 

with LMWH, VKA 

therapy is preferred to 

dabigatran or 

rivaroxaban. Patients 

receiving extended 

therapy should continue 

with the same agent 

used for the first 3 

months of treatment. 

 

LMWH is preferred for 

long-term therapy. 

VKAs (target INR, 2-3) 

are acceptable for long-

term therapy if LMWH 

is not available. Use of 

NOACs is not 

recommended 

Duration of 

treatment 

Minimum 3 months. 

Indefinite anticoagulant 

if active cancer or 

persistent risk factors. 

Extended anticoagulant 

therapy is preferred to 3 

months of treatment 

At least 6 months 

duration. 

Extended anticoagulation 

with LMWH or VKA 

may be considered 

beyond 6 months for 

patients with metastatic 

disease or patients who 

are receiving 

chemotherapy 
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not require monitoring process [195, 200, 201]. However, the paucity of 

specific antidotes for NOACs is pointed out as one of the main limitations for 

applying them to cancer patients. Also, clinical outcomes of NOACs for the 

cancer patients are not sufficient yet. Furthermore, ASCO guidelines still does 

not recommend to use NOACs for the management of VTE in cancer patients 

[195, 200]. 

 

1.2.4. Biomarkers for the prediction of VTE in cancer patients 

In spite of the high risk of VTE in cancer patients, short and long-term 

prophylactic therapy must be treated prudently as most of the anticoagulants 

possess the potential of side effects such as bleeding. There is one report that 

about 75% of total cancer patients could not receive proper anticoagulants [202]. 

Indeed, thromboprophylaxis must be given to patients when the benefits of 

treating anticoagulants outweigh the potential risk of bleeding. In that aspect, 

determining the treatment is very complicated as cancer patients also generally 

present increased potential of bleeding [203]. Accordingly, establishing 

biomarkers which can predict the risk of VTE in cancer patients will help to 

determine whether prophylaxis must be used or not.  

 There are multiple biologic risk factors found to be associated with the 

occurrence of VTE. Based on these risk factors, Khorana et al. developed a new 

scoring system, which can indirectly determine the risk of VTE in cancer 

patients called “Khorana score” [204]. This risk model confers different risk 

points according to types of cancer and various biomarkers. Pancreatic and 

stomach cancers are at very high risk factor, which corresponds to point 2 and 

lung, bladder, testicular, gynecologic cancer and lymphoma are at high risk 

factor, which correspond to point 1. When platelets and leukocytes counts are 

more than 350 × 109/L and 11 × 109/L, 1 risk point is given respectively. 

Less than 10 g/dL of hemoglobin level or use of erythropoiesis stimulating 
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agents also classified as risk point 1 and more than 35 kg/m2 of body mass index 

also gives risk point 1 [204].  

 In further examination of Vienna Cancer and Thrombosis Study 

(CATS), primary glioblastoma was added to very high risk group and multiple 

myeloma and kidney cancer were added to high risk group. Furthermore, D-

dimer and soluble P-selectin (sP-selectin) were added to biomarkers. Relatively 

high level of D-dimer and sP-selectin that is more than 1.44 µg/mL and 53.1 

mg/mL respectively corresponds to elevated risk of VTE and gives risk point 1 

[205-207].  

 The PROTECT score added the use of chemotherapy (Gemcitabine, 

cisplatin and carboplatin) to the Khorana score and gives point 1 [208]. These 

scores made easier to predict the risk of VTE in cancer patients and are 

demonstrated in several clinical tests [205, 212, 213]. Collectively, developing 

a reliable prediction model of DVT and novel anticoagulants with minimized 

side effects will improve the overall survival rate as well as enhance the quality 

of life of cancer patients. 

 
1.2.5. CAT as a new transport barrier 

Although the occurrence of VTE in cancer patients is highly associated with 

the elevated mortality, the relationship between the CAT and intratumoral 

perfusion is not clearly elucidated yet. As fibrin clots are deposited in blood 

capillaries of cancer, they could partially or completely occlude the vessels, 

which could limit the perfusion. As the CAT is frequently occurred in most of 

the solid tumors, the effects of CAT on perfusion could be substantial, which 

could be another major transport barrier (Fig 1.2). Reversely, the use of proper 

thromboprophylaxis can prevent the formation of CAT and enhance the 

perfusion and drug delivery, which in turn, will potentiate the efficacy of anti-

cancer efficacy.  

 This concept was firstly proposed by Wang et al [214]. They suggested 

that formation of CAT could be a major transport barrier, which can limit the 
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drug delivery. They also insist that the combination of anti-coagulants and anti-

angiogenic drugs could synergistically enhance the perfusion by preventing 

CAT and normalizing vessels [214]. However, further verification of their 

hypothesis has not been carried out in preclinical models yet.  

 There are also some clinical evidences that can support this hypothesis. 

These reports found that CAT is observed in 90% of the total blood vessels and 

50% of them were turned out to be associated with tumor hypoxia by 

investigating human glioblastoma section slides [222,223]. Their findings are 

very meaningful in terms of discovering the relationship between the CAT and 

hypoxia for the first time in clinical samples. 

 Collectively, it is still elusive whether CAT serves as a major transport 

barrier or not. However, there were some indirect clinical evidences that 

indicate the high correlation between hypoxia and CAT. Based upon these 

results, there could be high chances that the formation of CAT plays a 

considerable role in limiting tumor perfusion. Reversely, the use of 

anticoagulants could be effective in enhancing perfusion and reducing hypoxia 

by preventing CAT. However, this perspective must be demonstrated with 

further studies. 
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Figure 1.2 CAT as a new transport barrier 
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1.3. Cancer immunotherapy 
 

Cancer immunotherapy is rapidly becoming one of the most prominent anti-

cancer therapy as its therapeutic potential is considerably high compared to 

other types of therapies. Currently, cancer immunotherapy is being referred as 

a fifth pillar of anti-cancer therapy together with surgery, chemotherapy, 

radiotherapy and targeted therapy. Even though there has been a long history 

of immunotherapy, it has not been focused until the success of immune 

checkpoint blockade. In spite that the development of immune checkpoint 

blocker has brought unprecedented success in certain types of tumors to date, 

it still remains to be ameliorated as its application is limited to only few cancer 

types and response rate is relatively low. In order to maximize the efficacy of 

immunotherapy and elevate overall response rate, many strategies are being 

developed and tried such as improving tumor microenvironment, dose and 

schedule optimization and combining with other types of therapies.    

 

1.3.1. The role of immune system in eliminating cancer cells 

Basically, our immune system is classified as innate immune system and 

adaptive immune system. These two systems mainly fight against invasion of 

external organisms, materials and even abnormal cells such as cancer. The 

innate immune system includes natural killer (NK) cells, macrophages, 

neutrophils, eosinophils, mast cells and basophils. They firstly fight with the 

foreign antigens and provide their information to adaptive cells such as CD8+ 

cytotoxic T cells and CD4+ helper T cells. Those information is transferred 

through antigen presenting cells (APCs) by forming immunological synapse 

with CD8+ or CD4+ T cells [52].  

 For eliminating tumor cells, innate cells must kill the tumor cells and 

produce various neoantigens to activate T cells more efficiently [53-55]. 

However, the interaction between antigen-MHC complex and T-cell antigen 
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receptor (TCR) is not sufficient to priming antigen specific T cells. In this 

process, co-stimulatory signals, which engage between T cells and APCs when 

immunological synapse is formed are also imperative. CD28 is the 

representative co-stimulatory molecule expressed on T cells, which interacts 

with B7 ligands on the APCs. Besides these stimulatory molecules, there are 

also inhibitory molecules such as PD-1/PD-L1 and CTLA-4/B7, which regulate 

the T cell activation to prevent autoimmune disease [56-59].  

 Cancer cells usually exploit various strategies to evade from immune 

surveillance, which is recently proposed as the eighth hallmark of cancer [60]. 

Cancer cells manipulate normal immune cells to defend themselves by altering 

tumor microenvironment. They secret various range of immunosuppressive 

cytokines and recruit regulatory immune cells to protect themselves from being 

destroyed by normal immune cells [61]. Also, the loss of MHC class I 

molecules by cancer cells are another major challenge of immunotherapies 

because it interferes with the activation of antigen specific T cells [62]. As 

immune system plays a key role in presenting anti-tumor effects, improving the 

population and function of normal lymphocytes while ameliorating tumor 

microenvironment will be the key for the success of immunotherapies. 

 

1.3.2. Types of immunotherapies 

There are numerous types of cancer immunotherapy developed for a long 

history. After the success of immune checkpoint blockade, area of 

immunotherapy is becoming rapidly expanded. Currently, immunotherapy can 

be categorized as cytokine therapy, vaccine, oncolytic virus, adoptive cell 

therapy, immune check point blockade and etc. Each therapy has been 

progressed and studied both in preclinical and clinical stages.  
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1.3.2.1. Cytokine therapies 

Cytokines plays a pivotal role in regulating the function, survival and 

proliferation of innate and adaptive immune cells [63]. Many cytokines such as 

IL-2, IL-15, IL-12, IL-21, granulocyte macrophage colony-stimulating factor 

(GM-CSF), INF-α and etc. have been demonstrated to be effective in preclinical 

tumor models [64-68]and now they are in clinical phases. In 1986, INF-α was 

firstly approved to be used as a cytokine therapy for treating hairy cell leukemia 

and in 1992, IL-2 was approved for treating metastatic renal cancer and 

advanced melanoma. However, they failed to elicit satisfactory anti-tumor 

effects in clinical studies. Normally, soluble cytokines exert their effects over 

short distance in autocrine and paracrine manner [69]. Accordingly, cytokines, 

which are injected through parenteral route cannot reach tumor region with 

effective concentration and are rapidly cleared out. Rather, large quantity of 

cytokines can affect normal cells and induce severe side effects such as fever, 

hypotension, fatigue and even capillary leak syndrome [70].  

 In order to promote the efficacy of cytokines while reducing side 

effects, many strategies have been designed. Enhancing targeting efficiency 

and circulation time was achieved by preparing cytokine fusion antibody and 

conjugating polyethylene glycol respectively [71]. Another method to augment 

the efficacy of cytokines is to combine with other therapies such as immune 

checkpoint blockers, cytokine associated monoclonal antibodies and anti-

cancer vaccines [72-79]. As cytokines can be act as a potent adjuvant for other 

immunotherapy, developing proper delivery methods would be another 

effective way to augment the efficacy of cytokines while reducing side effects.   

 

1.3.2.2. Cancer vaccine 

Traditional vaccines are designed to be injected for the prevention of infectious 

agents by boosting humoral immune response. However, therapeutic cancer 

vaccines are designed to promote more antigen specific T cells, which will 
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potently eliminate cancer cells. Cancer vaccines are constituted with antigens 

and adjuvants. Antigens are classified as non-specific antigens such as derived 

from viruses and cancer specific antigen. Non-specific antigens possess a 

potential to boost the immunity with non-specific manner, which makes it less 

effective to selectively eliminate the cancer cells. In order to enhance the 

antigen specific immunity with high efficiency, personalized vaccines are being 

considered. As neoantigens are generally unique to every patient, the 

identification process of these antigens is essential to prepare personalized 

vaccines [80].  

 Identification of antigen can be performed using next generation 

sequencing (NGS), which help to effectively sequence RNA and DNA of 

cancer cells [80]. Based on this sequencing process, novel peptides that can 

bind to MHC class I and II can be predicted [80]. This peptide must bind to 

MHC class I and II with high binding affinity so that it can be presented on T 

cell receptors and also the mutated peptide could be recognized [80]. Recently, 

based on this process, personalized peptide and RNA vaccines were tested on 

clinical phases. Ott et al. tested the efficacy of personalized peptide vaccine to 

stage IIIB/C or IVM1a/b melanoma patients [81]. In these trials, 6 of highly 

mutated patients were given peptide vaccine with 15-30 amino acids together 

with the adjuvant, poly-ICLC 18 weeks after tumor resection. They found that 

20-32 months after vaccination, stage III patients underwent recurrence free 

and two with metastases in lung got recurrence after vaccination. However, 

those who got recurrences could experience complete response after treating 

αPD-1 antibody. Sahin et al. prepared personalized RNA vaccines of stage III 

or IV melanoma patients. 8 of 13 patients got disease free for 12-23 months 

later and 5 got recurrences. One of the patients who got relapsed tumor received 

αPD-1 antibody and achieved complete response [82]. Even though traditional 

vaccine failed to elicit satisfactory anti-tumor effects, currently personalized 

vaccines were proved to possess a potential to exhibit strong anti-cancer effects. 
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By combining with other immunotherapies such as immune checkpoint 

blockers, the effects could be even more enhanced.  

 

1.3.2.3. Oncolytic viruses 

Oncolytic viruses are a newly emerging therapy, that exploits the characteristics 

of viruses. In general, cancer cells are more susceptible to viruses than normal 

cells because cancer cells usually compromise their defense mechanism of anti-

viruses for focusing more on rapid proliferation [83-85]. Oncolytic viruses are 

engineered to lose virulence to normal cells but can invade to cancer cells only 

[86, 87]. These viruses are also engineered to lysis cancer cells and make them 

to expose more easily to subsequent immune attack [88]. Furthermore, 

oncolytic viruses can be modified to express immunostimulatory cytokines 

such as GM-CSF, which can promote anti-tumor immunity.  

 The oncolytic virus got first approval by FDA in 2015 to treat 

advanced melanoma, named “T-VEC”, which is herpes simplex-1 virus. T-

VEC is engineered to overexpress GM-CSF. T-VEC is designed to be injected 

directly into tumor areas that cannot be removed by surgery [89]. Other potent 

oncolytic viruses are being studied and some of them are currently under 

clinical trials. Oncolytic viruses have a strong potential not only by destroying 

tumor by itself but it can also stimulate further immunity, which provides 

attractive option for combination therapy.   

 

1.3.2.4. Adoptive cell therapy 

Adoptive cell therapy is utilizing in-vitro expansion of tumor specific T cells or 

NK cells with or without genetic modification followed by re-infusion to the 

patients [90]. Adoptive cell therapy has many types such as isolating one clone 

of tumor specific T cells, engineering T cells to ameliorate their function, using 

CRISPR/Cas9 for gene editing and etc. [91-94]. Even though adoptive cell 

therapies are eliciting remarkable clinical outcomes with melanoma, 
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hematologic malignancies and many solid cancers, some critical side effects 

such as “cytokine storm” and cerebral edema were reported. In order to utilize 

those potent anti-cancer therapy, engineering T cells that has more potent anti-

cancer efficacy while reducing critical side effects must be studied further. 

 

1.3.2.5. Immune checkpoint blockade 

When immune cells are transiently activated to effectively fight with foreign 

antigens, they must be regulated after the termination of inflammation in order 

to prevent them from attacking normal cells. Check point expression is one of 

the multiple mechanisms to regulate the immune cell activation. Check point 

molecules become expressed on T-cells when the immune reactions are 

terminated and their receptors are normally expressed on APCs. When 

immune-synapse are formed between T cells and APCs, those check point 

molecules bind with co-stimulatory molecules competitively to suppress T cell 

activity. For example, when CTLA-4 binds with B7, which is co-stimulatory 

receptor of CD28, T cells become regulated. There are more than 20 pairs of 

co-stimulatory and inhibitory molecules were found including PD-1/PD-L1, 

CTLA4/B7, LAG-3/MHC II and TIGIT/CD155 which are expressed not only 

on T cells but also on other lymphoid cells [95, 96].  

 Various types of tumors exploit this regulatory mechanism to avoid 

immune surveillance. Many tumors are found to express PD-L1 on their surface 

and also induce PD-1 and CTLA-4 expressions on T cells to deactivate them 

[97-100]. In that aspect, antibodies that can target those inhibitory molecules 

such as PD-1, CTLA-4 and PD-L1 accomplished great successes in many 

clinical trials and got approved by FDA. Several studies have shown that 

treatment of αPD-1 antibody (Nivolumab) or αCTLA-4 antibody (Ipilimumab) 

significantly prolonged overall survival rate compared to other types of anti-

cancer therapies such as chemotherapy and targeted therapy [101-105]. Those 

antibodies are more promising in terms of toxicity because it was relatively low 
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compared to other types of immunotherapy and can be readily treated using 

corticosteroids [106-110]. These checkpoint inhibitors were approved for 

treating six advanced malignancies to date; melanoma, renal cancer, head and 

neck cancer, urothelial cancer, lung cancer and hodgkin’s lymphoma. More 

types of cancers are also being investigated in clinical stages [111, 112].  

Immune checkpoint inhibitors can be also combined with other anti-

cancer therapies such as chemotherapy, targeted therapy, radio therapy and 

other immunotherapy to elicit synergistic effects. For each case, there are a 

number of clinical studies, which presented synergistic therapeutic benefits.

 Some of chemotherapeutic drugs such as anthracyclines, oxaliplatin, 

gemcitabine and etc. are known to elicit plethora of neoantigens such as 

HMGB-1, carleticulin, heat shock protein (HSP) and etc. by inducing 

immunogenic cell death [113]. Immunogenic cell death is known to augment 

immune cell recruitment to tumor site and can potentiate the efficacy of 

immune checkpoint blockers in several preclinical models [114]. In clinical 

phases, combination of dacarbazine with ipilimumab for treating melanoma 

showed positive results compared to monotherapy and treating ipilimumab with 

paclitaxel and carboplatin presented prolonged survival rate and more similar 

studies are being performed currently [102, 115-117]. Although it is not clear 

whether this enhanced efficacy is attributable to the boosted immunity induced 

by immunogenic cell death or not, this combination strategy seems to be worth 

enough to be used in various types of cancer.  

 Combining immune checkpoint blockers with targeted therapy is not 

broadly studied yet in clinical tests. However, this strategy is expected to 

synergize the anti-tumor efficacy because there has been increased 

understanding of immune-boosting effects of various targeted drugs, which can 

potentiate the efficacy of immune checkpoint blockers [118].  

 Radiation is one of the most intensively studied therapies which 

provides immunological benefits by various mechanisms [119]. Radiation is 
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known to induce myriad amount of neoantigens from tumor cells, which 

enhances antigen cross presentation process of APCs. This abundant 

neoantigens and increased cross presentation promote immune activation, 

which also exerts antigen specific reaction even in the secondary metastatic 

colonies, that is well known as “apscopal effect” [120-122]. Furthermore, 

radiation is also known to upregulate various chemokines and adhesion 

molecules, which contributes to enhanced lymphocyte infiltration in tumors as 

well as promoting the expression of MHC class I molecules on tumor cells 

[123-125]. Also, combination of radiation and other immunotherapies have 

shown clear abscopal effects in early stage of clinical trials recently [126, 127].

 Combination between immunotherapies also have shown promising 

data in many clinical trials. Combination of two different immune checkpoint 

blockers is one of the most effective strategies to eliminate cancer. Although 

using monotherapy of nivolumab or ipilimumab showed potent anti-tumor 

effects in advanced melanoma, combination of two agents presented even more 

enhanced overall survival benefits [128-130]. Combining immune checkpoint 

blockers with other types of immunotherapy such as cytokines, vaccines and 

adaptive cell therapies also have shown promising results in preclinical and 

clinical models.  

Although immune checkpoint blockers have drawn great interests for 

its potent anti-tumor efficacy, they also present many limitations that they are 

applicable to only narrow portion of patients and their efficacy is variable 

depending on the patients. The response rate and efficacy are mainly dependent 

on the population of tumor infiltrating lymphocytes, which is highly variable 

depending on the patients and tumor types. In order to narrow down this 

deviation and maximize the efficacy, proper combination therapies according 

to cancer types and patients can be considered. In that aspect, choosing 

personalized therapies and optimizing dosing schedule could be one of the next 

challenges of immune checkpoint blockers. 
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1.3.3. Impacts of hypoxia on tumor immunity 

Even though cancer immunotherapy has accomplished unprecedented clinical 

outcomes recent years, its response rate and overall efficacy remains limited 

due to several barriers. According to several studies, unevenly distributed tumor 

hypoxia was found in 50-60% of solid tumors [131].  

Tumor hypoxia has been extensively studied as one of the potent 

protumorigenic factors, which increases tumor stem cells, resistances to chemo 

and radiotherapy, metastatic incidence and genomic instability. Currently, 

tumor hypoxia is also being considered as one of the most detrimental factors, 

which dampens the efficacy of cancer immunotherapy. Although the effects of 

hypoxia on tumor immunity is not fully understood, numerous studies have 

revealed that it negatively affects tumor immunity. Hypoxia exerts suppressive 

effects on tumor immunity by both indirect and direct pathways (Fig 1.3).  

Numbers of hypoxia induced factors, which directly or indirectly exert 

immunosuppressive effects have been reported (Table 1.3). 

Indirect pathways of immunosuppressive effects are mostly mediated 

by upregulation of immunosuppressive cytokines. Under hypoxic 

microenvironment, dying cells discharge ATP molecules, which are 

metabolized to soluble adenosine. Soluble adenosine is known to suppress T 

cell function by binding to T cell receptors [132, 133]. IL-10 and TGF-b are 

also known as immunosuppressive cytokines, which are secreted by tumor cells 

under hypoxic condition [134]. They are involved in the differentiation of M2 

tumor associated macrophage and promote the proliferation of regulatory T 

cells while suppressing T cell activity and antigen cross presentation process in 

dendritic cells [135].  
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 Figure 1.3 Hypoxia induced immunosuppressive tumor microenvironment 
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Table 1.3 Immunosuppressive factors resulted from hypoxia 

 
Factors Target Consequence References 

ATP / soluble 

adenosine 

T cell receptor Dampen T cell 

function 

Mol immunol. 2015 Dec; 

68(200):527-35 

IL-10, TGF-β 

upregulation 

Macrophage M2 TAM 

increase 

Cancer Res; 74(24) Dec 15, 

2004 

VEGF-A 

upregulation 

MDSC, Reg T, 

TAM, DC 

DC maturation 

decrease, Reg T, 

M2 TAM, 

MDSC increase 

Nat Rev Immunol 2004; 4; 

941-52 

CCL22, CCL28  

upregulation 

MDSC, Reg T Reg T, MDSC 
increase 

Nature 2011; 475:226-30 

Galectin-1, 

Galectin-3  

upregulation 

TIL TIL apoptosis 

increase 

Cancer cell 2004; 4:241-51 

Cox-2 upregulation. DC, Reg T PGE2, Reg T, 

MDSC increase 

Carcinogenesis 2009; 

30:377-86 

pH decrease, 

Lactate 

accumulation 

TIL Decrease TIL 

survival 

Blood 2007; 109: 3812-9 

Oxygen deprivation TIL Decrease TIL 

survival 

Cell 2013; 153: 1239-51 

MICA A/B 

downregulation 

T cells Increase cytolytic 

resistance 

Nat Rev Immunol 2003;3: 

781-90 

PD-L1 upregulation Tumor cells Increase cytolytic 

resistance 

Cancer Res 2014; 74: 665-

74 

Autophagy increase Tumor cells Increase tumor 

cell survivor 

Autophagy 2013; 9: 2180-2 

Dampen T cell 

function 

T cells Upregulate PD-1, 

CTLA-4, LAG-3 

Nat immunol 2013; 14: 

1173-82 
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VEGF-A derived from tumor also exerts immunosuppressing effects on T cells 

and dendritic cells while promotes the proliferation of regulatory T cells and 

MDSC [136, 137]. CCL22 and CCL28 are also known as immunosuppressive 

cytokines, which inhibit T cell activity, while recruit regulatory T cells and 

MDSC [138, 139]. Galectin-1 and galectin-3, which are produced by tumor 

cells are known to induce apoptosis of tumor infiltrating lymphocytes [140, 

141]. It was reported that the production of galectin-1 and galectin-3 are 

associated with HIF-1α, which implies that their expression could be associated 

with hypoxic condition [142-144]. Expression of COX-2 and prostaglandin E2 

is also related to HIF-1α, which inhibits dendritic cell and T cell function, while 

it promotes regulatory T cells and MDSC [145-148]. In that aspect, treatment 

of COX-2 inhibitors is reported to reduce tumor growth by activating NK cell 

activity in a preclinical study [149].  

Besides the production of immunosuppressive cytokines, hypoxic 

condition can also directly affect to immune effector cells. In general, T cells 

in resting state obtain energies from oxidative phosphorylation [150]. However, 

when T cells get activated, they start to rely more on glycolysis because 

glycolysis process produce ATP molecules more rapidly compared to oxidative 

phosphorylation process [151-153]. Accordingly, T cells depend on both 

oxygen and glucose to effectively attack cancer cells. However, as tumor 

progresses, tumor tissue become more hypoxic and they become more rely on 

glycolysis rather than oxygen consumption. As cancer cells ferociously 

consume glucose for fueling glycolysis, tumor tissue become lack of both 

oxygen and glucose, which is extremely harsh condition for the activity and 

survival of T cells [153]. This dual metabolic crisis not only dampens the 

function of T cells but also decreases the survival of T cells [154-156]. T cells, 

which completely lose their activity are referred as ‘exhausted T cell’.  
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Table 1.4 Evaluation of the survival benefits of LMWH alone or with 

chemotherapies in clinical tests. 

  

Source Intervention Indication Results 
Daly L. et al Clin Exp 

Meta 1991, 9(1);3-11 

Warfarin for 2 

years vs. Control 

Colorectal cancer No significant difference in 

4years survival rate (72.2% vs 

69.5%, p=0.15) 

Levine M et al. Lancet 

1994;343(8902):886-9 

Warfarin during 

chemotherapy vs. 

placebo 

Metastatic breast 

cancer 

No significant difference in 

225days survival rate (57% vs. 

63%, p=0.55) 

Zacharski et al.JAMA 

1981 ; 245(8):831-5 

Warfarin life-

long vs. control 

Advanced lung 

cancer 

Significant increase in median 

survival  

(49.5 weeks vs. 23 weeks) 

Altinbas et al. J 

Thromb Haemost 

2004;2:1266-71 

Dalteparin 

(5000 U/day for 

18 weeks) vs. 

placebo 

SCLC (all stage) Significant increase in 1 year 

overall survival (51.3% vs. 

29.5%, p=0.01) 

Klerk et al. J Clin 

Oncol 2005; 

23(10):2130-5 

Dalteparin 

(5000 U/day for 

18 weeks) vs. 

placebo 

Metastasized or 

locally advanced 

solid tumor 

Significant difference in 

median survival  

(8 months vs. 6.6 months, 

P=0.02) 

von Delius S et al. 

Thromb Haemost 

2007;98:434–439. 

Delteparin, 
nadroparin with 
chemotherapy 

Advanced 

pancreatic 

adenocarcinoma 

Significant difference in 

overall survival (7.3(combi) vs 

4(only chemo) months, 

P=0.0001) 

Agnelli G et al. Lancet 

Oncol 2009;10:943–

949. 

Nadroparin with 

chemotherapy 

Locally advanced 

pancreatic cancer 

Significant decrease in early 

death burden  

(7% vs 11%, P=0.62) 

Icli F et al. J Surg 

Oncol. 2007 May 

1;95(6):507-12. 

Nadroparin with 

chemotherapy 

Advanced 

pancreatic 

adenocarcinoma 

Significant difference in 

median survival  

(13 vs 5.5 months, P=0.0001) 

von Delius S et al. 

Thromb Haemost. 

2007 Aug;98(2):434-

9. 

LMWH vs 

placebo 

Advanced 

pancreatic 

adenocarcinoma 

Significant difference in 

median survival  

(7.1 vs 5.9 months, P=0.006) 
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Usually upregulated expression of inhibitory molecules such as PD-1, LAG-3, 

Tim-3 and etc. was found on exhausted T cells [157-159]. One study revealed 

that upregulation of HIF-1α can facilitate the expression of these inhibitory 

molecules on T cells, which suggests that hypoxic condition can contribute to 

elevated T cell exhaustion [153].  

Tumor hypoxia can also elevate intrinsic resistance of cancer cells to T 

cell mediated lysis. Several studies reported that hypoxic condition can promote 

the expression of PD-L1 on both human and mouse cancer cells, which may 

contribute to acquiring resistance to T cell mediated lysis [160, 161]. Cancer 

cells also known to downregulate the expression of MHC class I chain related 

proteins A and B (MICA/B) to avoid NK cells and T cell mediated lysis [162, 

163]. Some studies revealed that reduced expression of MICA/B is also relevant 

to HIF-1α, which implies that hypoxic condition can increase resistance of 

cancer cells by interfering with antigen presentation process.  

Collectively, hypoxic condition in tumor tissue exerts 

immunosuppressive effects by promoting the expression of 

immunosuppressive as well as directly suppresses T cell function and survival. 

Also, tumor hypoxia can elevate resistance of cancer cells by intrinsically 

inducing PD-L1 expression and removing MICA/B. Accordingly, designing 

strategies, which can alleviate hypoxia could be one of the most potent ways to 

promote the efficacy of immunotherapy. 

 

1.4. Research rationale 
 

As mentioned earlier, the relationship between CAT and intratumoral perfusion 

is not clearly elucidated yet. However, several clinical evidences that 

demonstrated the high relevance between CAT and tumor hypoxia provided the 

rationale for this research. We speculated that the formation of CAT can limit 

the intratumoral perfusion, which in turn reduces the drug delivery. We also 
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assume that the use of proper anticoagulant in cancer patients can contribute to 

the enhanced perfusion and drug delivery. 

 This strategy can also provide a potent rationale that the combination 

of anticoagulants with other anti-cancer drugs such as chemotherapy can 

synergize the anti-cancer efficacy by improving the delivery and distribution in 

tumor. Interestingly, many clinical studies have shown that treatment of 

LMWH alone or together with other chemotherapies could significantly 

prolong the overall survival rate as shown in table 1.4 [215-221]. Although the 

anti-tumor efficacy of LMWH alone or combination with other therapeutics is 

controversial, many studies still can provide a potential of using proper 

anticoagulants to prevent the CAT as well as augment the anti-cancer efficacy.   

 As anticoagulants are being treated to cancer patients for preventive 

purpose, drugs must be treated frequently to maintain their effective 

concentrations in plasma. For that purpose, oral drugs are more desirable than 

parenteral drugs in terms of better pharmacokinetic property and patient’s 

compatibility. As shown in Fig 1.4, drug concentration after injection can often 

exceed the maximum tolerated concentration in the early period of 

administration and resides within the therapeutic window for a short time, 

which generally elevates the risk of side effects and reduces the efficacy of 

drugs. Contrastively, drug concentration after oral administration is generally 

sustained within the therapeutic window for a prolonged time while less 

frequently soars above the maximum tolerated concentration, which provides 

more benefits in reducing side effects while elevating the efficacy of drugs. 

Considering that heparin is the most effective and frequently used anticoagulant 

in cancer patients clinically, developing oral heparin can be the most desirable 

way to be used as a preventive purpose to minimize the side effects such as 

bleeding while increase the efficacy.     
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Figure 1.4 General pharmacokinetic profile of intravenous and oral 

administration 
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 Collectively, based on several clinical evidences, although it is still 

elusive about the correlation between the CAT and intratumoral perfusion, 

there are several clinical evidences that support the positive correlation between 

them. Also, considering that treating LMWH alone or combining with some 

chemotherapies can provide survival benefits, developing an oral heparin and 

combining with other anti-cancer drugs could be an attractive strategy to 

effectively treat cancer and prevent the CAT. 

 

1.5. Scope of the study 
 

In this study, firstly, we focused on demonstrating the correlation between CAT 

and intratumoral perfusion, hypoxia. After that, we evaluated whether the 

treatment of oral heparin can augment the efficacy of chemotherapy and 

immunotherapy. 

 In Chapter 2, we assessed whether the formation of CAT is relevant 

to the limited perfusion or not using several cancer models. We induced 

excessive CAT and checked the dextran perfusion by measuring fluorescent 

intensity using live imaging system and confocal microscopy. Intratumoral 

perfusion in B16F10 bearing mouse treated with or without oral heparin was 

measured using 3D doppler imaging. After that, we evaluated whether the 

treatment of oral heparin could provide additional benefits of anti-cancer 

efficacy or not by combining heparin with GEMOX or doxorubicin loaded 

chitosan nanoparticle in B16F10 and AsPC-1 tumor models. Drug delivery and 

distribution in tumor tissue were assessed using DESI-Q-TOF, LC-MS and 

ICP-MS.  

 In Chapter 3, we mainly investigated on the effects of oral heparin on 

tumor hypoxia and immune related microenvironment. For that, we evaluated 

the degree of hypoxia with or without treating oral heparin using several 

hypoxic markers such as pimonidaozole and Glut-1. Alteration of immune 
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related microenvironment was also assessed by measuring the hypoxia related 

immunosuppressive cytokines such as VEGF-A, HIF-1α, TGF- β and CCL28. 

After that, we also checked whether oral heparin can influence the infiltration 

of lymphocytes in hypoxia dependent manner using congenic mouse model and 

confocal imaging method. Finally, we evaluated the anti-tumor efficacy of 

combination therapy of oral heparin and αPD-1 antibody in B16F10, CT26 and 

Pan02 models. The population of tumor infiltrating lymphocytes and their 

functions are evaluated using flow cytometry.  

 The scope of Chapter 2 and Chapter 3 are serially interconnected as 

enhancing perfusion is highly correlated with alleviated hypoxia. So, 

demonstrating the enhanced perfusion by treating heparin is the first scope of 

this story and the investigation of alleviated hypoxia and the concomitant 

microenvironment changes are the second scope of this study.   

 Collectively, through Chapter 2 and Chapter 3, we could prove that 

treatment of oral heparin could augment the efficacy of chemotherapy, 

nanomedicine and immunotherapy by showing that it could enhance drug 

delivery and alters tumor microenvironment into immunosupportive one as 

shown in Fig 1.5.  
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Figure 1.5 General overview of this study 
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Chapter 2 

Enhancing tumor blood perfusion using orally 

active heparin (STP3725) to increase the efficacy 

of chemotherapy and nanomedicine 
 

2.1. Introduction 
 

Potency of the drugs and their uniform delivery to the tumor tissue are the main 

issue, which determines the success of anti-cancer therapy. However, even 

though many potent anti-cancer agents are being developed, many of their 

efficacies are limited due to the transport barriers arise from the abnormal 

characteristics of the tumor tissue [1-4]. Those barriers are reported to limit not 

only the uniform delivery of drugs via blood vessels but also into the tumor 

interstitial tissue and into the cells from vascular compartments.  

 Four types of major pathophysiological properties of tumor tissue, 

which contribute to the transport barriers have been reported: massive solid 

stress, abnormal tumor vasculatures, dense extracellular matrices and high 

interstitial fluid pressure [1-4]. In order to enhance the extent and rate of drugs 

into the tumor tissue, many of strategies targeting one of those properties have 

been studied such as vessel normalization therapy, vascular promotion therapy, 

enzyme mediated extracellular matrix (ECM) degradation therapy and etc. [5-

12]. However, those strategies are facing breaking points in clinical settings 

such as narrow normalizing windows of vessel normalizing agents, short half-

life for enzyme mediated ECM targeting strategies, elevating risks of metastasis 

for most of the strategies and etc. [13-16]. Considering those limitations, 

developing new types of targeting strategies, which could circumvent those 
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limitations with clinical feasibility or discovering new types of transport 

barriers, which can be readily targeted in clinical settings are required. 

 Cancer associated thrombosis (CAT) is well reported phenomenon, 

which is common in most of the solid tumors such as pancreatic, stomach, 

kidney, prostate cancer and etc [9, 10]. According to clinical statistics, the risk 

of developing venous thromboembolism (VTE) in cancer patients is 4-7 times 

higher compared to patients without cancer [17, 18]. The risk is even increased 

in cancer patients who are treated with chemotherapy, which can damage the 

vasculatures [19-21]. By histopathological examinations using glioblastoma 

samples, some studies have revealed that blood clots were observed in 90% of 

total samples and 20% of total tumor blood vessels were occluded by blood 

clots [22, 23]. Based on those observation, we hypothesized that blood clots 

formed in solid tumor vasculatures and interstitial area could be another major 

transport barrier, which can reduce the blood flow and limit the drug penetration 

into the tumor tissue. We also speculate that the use of proper anticoagulants or 

thrombolytic agents will prevent or remove the blood clots in tumor, which in 

turn will potentiate the efficacy of anti-cancer agents by increasing blood flow 

and enhance the drug distribution. Interestingly, according to several clinical 

studies, cancer patients who are treated with anticoagulants such as low 

molecular weight heparin (LMWH) along with the usual chemotherapies 

showed extended survival rate regardless of VTE and increased therapeutic 

efficacy compared with only chemotherapy treated patients [24-30]. However, 

the mechanism by which the anticoagulant can augment the efficacy of the 

conventional chemotherapy is unknown. 

 Clinically, LMWH and warfarin are the most commonly used 

anticoagulant to prevent VTE and CAT [31]. However, only LMWH showed 

clear survival benefits and augmented the therapeutic efficacy of 

chemotherapies whereas, warfarin provided less or no benefits [24-26]. Based 

on these results, it seems desirable to use LMWH for the purpose of preventing 
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CAT and combining with other anti-cancer agents. However, because LMWH 

is not orally available, it is less comfortable for the patients to be treated daily 

compared to warfarin. In order to overcome this limitation of LMWH, 

previously, we developed orally active heparin conjugate, STP3725, which is 

the conjugate of enoxaparin and tetrameric deoxycholates [32-34]. We found 

that STP3725 is orally active with 33.5 % of oral bioavailability (BA) in mouse 

and 19.9% of BA in monkey without losing anticoagulant property and also 

showed that STP3725 could successfully prevent the formation of VTE in 

preclinical model [32, 33].  

 In this study, we validated our hypothesis that CAT could be another 

major transport barrier, which can limit the tumor perfusion and drug 

distribution. We also evaluated that the use of STP3725 could successfully 

prevent the formation of CAT and thus can potentiate the various types of anti-

cancer therapies by enhancing blood perfusion and achieving better drug 

distribution in tumor tissue.   

 

2.2. Materials and Methods 
 

2.2.1. Cell lines 

CT26, SCC7, Pan02, AsPC-1, 4T1 and B16F10 were purchased from American 

Type Culture Collection (ATCC; Manassas, VA). 4T1-Luc2-tdTomato was 

purchased from PerkinElmer (Waltham, MA). CT26.Cl25 and B16F10.OVA 

cells were kindly provided by Dr. In San Kim from Korea Institute of Science 

and Technology (KIST). All the cells were cultured in high-glucose Dulbecco’s 

modified eagle medium (DMEM; Gibco, Carlsbad, CA) supplemented with 10% 

fetal bovine serum (Gibco) and 1% penicillin-streptomycin (vol/vol). Cells 

were cultured in humidified chambers supplied with 5% CO2 gas at 37°C. 
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2.2.2. Drugs and synthesis 

Gemcitabine was kindly provided by DONG-A SOCIO GROUP ST PHARM 

Co., Ltd. and oxaliplatin was kindly provided by Prof. Jin Woo Park from 

Mokpo National University. Previously, we developed STP3725 by specifically 

conjugating tetra-deoxcholic acid to the end-site of enoxaparin [28]. Further 

synthesis of STP3725 for the animal experiments was carried out and provided 

by DONG-A SOCIO GROUP ST PHARM Co., Ltd. 

CNP-DOX and CNP-Cy5.5 were synthesized and characterized 

following the previously developed method [35]. Briefly, glycol chitosan 

(Sigma-aldrich) was conjugated with 5β-cholanic acid by amide coupling. 

Purification was carried out using dialysis method and purified products are 

lyophilized to get a powder form of CNP. Subsequently, powder form of CNP-

Cy5.5 was acquired by conjugating Cy5.5-NHS to CNP following the same 

method. CNP-DOX was prepared by dissolving CNP and Doxorubicin in the 

co-solvent of distilled water and DMSO (1:1 vol/vol) with probe sonication. 

After purification using dialysis method, products are lyophilized to get a 

powder form.     

 

2.2.3. Administration and formulation 

STP3725 was dissolved in distilled water at a concentration of 5 mg/kg 

according to the mouse body weight. Poloxamer 188 (2.16 mg/kg; Sigma-

aldrich, St. Louis, MO) and Labrasol (10 µl/1 mg of STP3725) was added as 

solubilizers. 200 µl of mixed solution was administered to each mouse using 

oral gavage attached to 1 ml syringe. Vehicle was also prepared following the 

same method and administered to control and GEMOX only treated group. 

Gemcitabine was dissolved in normal saline at 60 mg/kg of concentration and 

injected intraperitoneally. Oxaliplatin is firstly dissolved in distilled water 

containing 5% glucose (wt%) and further diluted in same condition at the 

concentration of 1mg/kg and injected intraperioneally. 
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2.2.4. Animals and care 

All the animal experiments were carried out following the guidelines of the 

institute of the laboratory animal resources, Seoul National University (IACUC 

no. SNU-170502-3). BALB/c/BklNbt, BALB/cSlc-nu, C57BL/6/BKlNbt and 

C3H/HeNNbt were purchased from Narabiotech Inc. (South Korea) K-ras 

mutated mouse (129S/Sv-Krastm3Tyj/J, Jackson laboratory, Sacramento, CA) 

was kindly provided by In-San Kim’s laboratory in Korea Institute of Science 

and Technology (KIST). P selectin knock out (Psel-/-) mice (B6.129S7-

Selptm1Bay/J) were purchased from Jackson laboratory.  

 

2.2.5. Fibrinogen/Dextran imaging in various tumor models 

1 × 106 of B16F10(C57BL/6), CT26(Balb-c), Pan02(C57BL/6), 4T1(Balb-c) 

and SCC7(C3H) cells were injected subcutaneously in the back side of mice. 

Similarly, 1 × 107 of Aspc-1(Balb-c/nu) were injected in the back side of balb-

c/nu mice subcutaneously. Mice were injected with fibrinogen-Cy5.5 when 

tumor volume reach about 200-500 mm3 in average followed by injecting 

dextran 24 hours later of fibrinogen injection. After 2 hour of dextran injection, 

mice were sacrificed and tumors were isolated to measure the fluorescent 

intensity of fibrinogen and dextran respectively using In Vivo Imaging 

(Xenogen IVIS-200) system (Perkin Elmer). 

 

2.2.6. Whole mount assay using confocal microscopy 

CT26, 4T1, Pan02, SCC7, Aspc-1 xenograft and B16F10 syngenic tumor 

models were developed following the same procedures in 2.2.5. After 14 days 

of injection, Cy5.5-NHS dye conjugated fibrinogen were injected through tail 

vein and after 24 h of injection, mice were injected with FITC conjugated 

dextran (70kda, Sigma Aldrich) through tail vein. Mice were sacrificed after 2 

hours of dextran injection and each type of tumor tissue was cut into the cubic 
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shape with the size of 5 × 5 × 5 mm3. Blood vessels were stained using PE 

conjugated anti-mCD31 antibody (BD bioscience, San Jose, CA) after the 

general fixation and blocking processes. Location of the injected dextran, 

fibrinogen in the tumor tissue was specified by confocal microscope together 

with the blood vessels. 

 

2.2.7. Nanoparticle imaging in the tumor tissue after STP3725 treatment 

C57BL/6 mice were inoculated with 1 × 106 of B16F10 cells in the back side 

of the mice subcutaneously. After cell injection, mice were divided into control, 

low molecular weight heparin (LMWH, S.C.) treated and STP3725(P.O.) 

treated group (N=7). Next day of the cell injection, LMWH was treated daily 

through subcutaneous route (1 mg/kg) and STP3725 (5 mg/kg) was 

administered daily through oral route. After 14 days of cell injection, 8 mg/kg 

of CNP-Cy5.5 was injected through tail vein and after 2 hours of the injection, 

fluorescence imaging and intensity in each tumor tissue were obtained using 

‘Optix MX3 molecular imaging system’ and quantified using the software 

‘OptiView’. Whole mount assay was carried out to examine the location of 

CNP with the blood vessels following the same procedures in 2.2.7. 

 

2.2.8. 3D doppler imaging 

CT26 and Aspc-1 xenograft and B16F10 syngenic tumor models were 

developed following the same procedures in 2.2.6. Aspc-1 orthtopic model was 

established following previously developed method with some modifications. 

[30] Briefly, each mouse was anesthetized with avertin and 5-10 mm of right 

abdominal skin was cut using surgical scissors. Spleen was pulled out with 

pancreas and 1 × 107 cells of Aspc-1 in 50 µl of PBS were directly injected into 

the pancreas. After injection, pancreas was put into the original position and 

incised skin was properly sutured. From the next day of tumor cell injection, 

mice were divided randomly into 2 groups and one of the groups was 
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administered daily with vehicle and the other group was daily administered with 

5 mg/kg of STP3725 through oral route until mice were sacrificed (N=3-6). 

After 14 days in B16F10 model, 21 days in Aspc-1 xenograft and orthotopic 

models, blood flow and volume in each tumor tissue was measured using 

‘VisualSonics Vevo2100 high resolution system’. Detection threshold of blood 

flow in tumor section was 18 cm/s. Percentage of blood volume per tumor 

volume (PV%) was calculated using ‘Ultrasound software’ in each mouse. 

 

2.2.9. Anti-tumor effects of GEMOX and CNP-DOX in B16F10 xenograft 

model. 

C57BL/6 mice were inoculated with 1 × 106 of B16F10 cells in the back side 

of the mice subcutaneously. Mice were randomly divided into 2 groups on the 

next day of cell injection and one group was administered daily with 5 mg/kg 

of STP3725 through oral route, whereas the other group was administered daily 

with vehicle until the experiment was finished. When the tumor volume reach 

70-90 mm3 in average, half of each group was randomly divided and injected 

with 60 mg/kg of Gemcitabine and 1 mg/kg of Oxaliplatin (GEMOX) through 

intraperitoneal route every 3 days for 4 times. Tumor volume and body weight 

of each mouse were measured every other day from the first day of the GEMOX 

treatment. After 12 days of the measurement, mice were sacrificed and all the 

tumor tissues were collected for histological analyses. For the evaluation of the 

combination efficacy of STP3725 and CNP-DOX, another set of mice were 

prepared and followed the same dosing schedule and procedure used in 

GEMOX combination experiment. Based on doxorubicin weight, 3 mg/kg of 

CNP-DOX were injected intravenously and tumors were collected for 

histological analyses. 
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2.2.10. Anti-tumor effects of GEMOX and CNP-DOX in Aspc-1 orthotopic 

model. 

Aspc-1 orthtopic model was established following the same procedures in 2.2.9. 

From the next day of surgery, mice were divided randomly into 2 groups and 

one of the groups was administered daily with vehicle and the other group was 

daily administered with 5 mg/kg of STP3725 through oral route until mice were 

sacrificed. After 7 days of surgery, half of the mice in each group were 

randomly divided again and administered with 60 mg/kg of gemcitabine and 1 

mg/kg of oxaliplatin through intraperitoneal route every 3 days for 4 times. 

After 28 days from surgery, mice were sacrificed and each pancreas was 

collected and weighed for the evaluation of anti-cancer efficacy. After weighing, 

each tumor was used for the histological analyses. Another set of mice were 

prepared to evaluate the efficacy of combination of CNP-DOX and STP3725 

following the same procedures as used in GEMOX combination work. 3 mg/kg 

of CNP-DOX based on the doxorubicin weight was injected through tail vein 

every 3 days for 5 times. 

 
2.2.11. Measuring the amount of gemcitabine in tumor tissue using LC-

MS. 

B16F10 syngenic and Aspc-1 orthotopic models were prepared following the 

same procedures in 2.2.10 and 2.2.11. Mice were randomly divided into 2 

groups after cell injection and one of the groups was treated with 5 mg/kg of 

STP3725 and the other group was administered with saline daily through oral 

route. Each mouse was intraperitoneally injected with 300 mg/kg of 

gemcitabine when average tumor volume reach around 500 mm3 for B16F10 

model and after 21 days of the cell injection for Aspc-1 model. After 5 mins of 

gemcitabine injection, mice were sacrificed and tumor tissues were collected 

for the analyses.  

 Whole tumor tissues were excised and homogenized with distilled 

water. Each tumor homogenate was then centrifuges at 15,000 rpm for 15 mins. 
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Supernatant of each tube was collected and its protein concentration was 

measured using BCA protein assay kit (Thermofisher scientific, Waltham, MA). 

Cold methanol was added to each supernatant to extract the gemcitabine and 

each sample was centrifuged at 15,000 rpm for 15 mins. Supernatant was 

evaporated completely and added with 1 ml of solvent constituted with 80% of 

acetonitrile and 20% of distilled water containing acetaminophen, which is used 

for internal standard. For the preparation of standard curve, 500 ng/ml of 

gemcitabine was dissolved in the supernatant of control tumor homogenate and 

serially diluted into half until 6 points were prepared followed by the same 

extraction procedure. All the samples were analyzed using high-performance 

liquid chromatography (HPLC, SIL-30AC, Shimadzu, Kyoto, Japan) and mass 

spectrometer (MS, QTRAP 5500, AB Sciex, Framingham, MA). Mobile phase 

was supplied with binary pump system, in which pump A was filled with 0.2% 

formic acid in distilled water and pump B was filled with 0.2% formic acid in 

acetonitrile. Initial composition of B was 10% and increased in gradient to 80%. 

Q3 fragment of gemcitabine was analyzed to quantify the amount of 

gemcitabine. Amount of gemcitabine in tumor tissue was finally calculated 

using standard curve and BCA protein assay results. 

 

2.2.12. Measuring the amount of oxaliplatin in tumor tissue using ICP-MS.  

B16F10 syngenic and Aspc-1 orthotopic tumor models were prepared 

following the same procedures in 2.2.12. 20 mg/kg of oxaliplatin was injected 

5 mins before sacrifice of the mice. All tumor tissues were homogenized and 

lyophilized. Samples were weighed and decomposed for the analysis of 

inductively coupled plasma mass spectrometry (ICP-MS, NexION 350D, 

PerkinElmer) following the general procedure.  

 Briefly, samples were completely decomposed by adding nitric acid 

and boiling followed by diluting in distilled water. After that, platinum amounts 

in samples were acquired using ICP-MS in ppb (µg/kg) values. Based on the 
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molecular weight of oxaliplatin and platinum, total amount of oxaliplatin per 

gram of each tumor tissue was calculated. 

 

2.2.13. Imaging of gemcitabine in tumor section using DESI-IMS 

In order to evaluate the distribution of gemcitabine in tumor tissue, B16F10 

syngenic tumor model was developed and gemcitabine was injected following 

the same procedure used in 2.2.12. After sacrificing mice, tumors are collected 

and directly immersed in OCT compound and frozen in -80 ℃. Frozen section 

of each tumor tissue (20µm) was prepared using a CM 1860 cryostat (Leica 

Microsystems, Wetzlar, Germany) and one of the metabolites of gemcitabine, 

dFdCTP was detected in whole slide using DESI-IMS (Xevo G2-XS Q-TOF, 

Waters, Milford, MA). 0.1% of formic acid in methanol (v/v) was used as DESI 

solvent and flow rate was fixed at 2 µl/min using Harvard syringe pump. The 

seed sections were scanned following horizontal lines at 200 µm/s and mass 

spectrum was collected every second. Scanning rows were separated by 150 

µm of vertical steps, which resulted in 150 µm of lateral resolution. Detecting 

range of mass spectrum is fixed at 200-1200 (m/z) at the positive ion mode. 

External calibration was carried out using 10 mmol/L sodium formate (10 

mmol/L) before measurement. Signals were analyzed and expressed in color 

images using the software ‘HDI imaging’.  

 

2.2.14. Quantification of fibrin clots, necrotic area, vascular fraction in 

tumor tissue 

Tumor tissues in each group was fixed in formalin for 12 hours in room 

temperature and embedded in paraffin block. Paraffin blocks were sectioned 

into 4 µm thickness and stained with hematoxylin (Sigma-aldrich) and eosin 

(Sigma-aldrich) following the general H&E staining protocol. Fibrin clots 

inside the blood vessels were visualized by using optical microscope. In case 

of 4T1 model, Martius Scarlet Blue (MSB) staining kit (Atom scientific, Hyde, 
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UK) was used to distinguish fibrin clots more clearly following the 

manufacturer’s instruction. Thrombosis in tumor tissue section was identified 

by the help of pathologist, Who-Chan Son in Asan medical center, University 

of Ulsan. Number of clots per slide were counted using optical microscope and 

5 slides in each group were assessed for statistical analyses. Necrotic areas or 

vascular fraction per slide were easily distinguished by colors and quantified 

by using the software, Image J (NIH). 5 slides in each group were evaluated for 

comparison. 

 

2.2.15. Evaluating anti-tumor efficacy of the combination of STP3725 and 

GEMOX in K-ras mutated mouse model. 

K-ras mutated mice (129S/Sv-Krastm3Tyj/J, Jackson laboratory, Sacramento, CA) 

were kindly provided by In-San Kim’s laboratory in Korea Institute of Science 

and Technology (KIST). Mice of 33 weeks of age and 27 weeks of age were 

prepared and each age of mice were divided into half. One of the groups were 

treated with vehicle and the other group was treated with STP3725 (daily, 5 

mg/kg, P.O.), gemcitabine (every 3 days, 60 mg/kg, I.P., 10 times) and 

oxaliplatin (every 3 days, 1 mg/kg, I.P., 10 times). Mice were sacrificed 90 days 

after treatment and each lung was collected. Anti-cancer efficacy was assessed 

by counting the number of lung nodules. Tumor area fraction of the lung was 

identified by H&E staining of lung tissue and quantified by using the software, 

Image J (NIH). 

 

2.2.16. Statistical analyses 

Data are expressed as mean ± s.e.m. The significance between two groups were 

evaluated by unpaired t-test with two-tailed option, assuming all the groups 

follow the gaussian distribution using the Graphpad Prism version 7.0a 

(Graphpad Software, San Diego, CA). P value was calculated using student t 

test and one-way ANOVA, followed by Tukey’s HSD. Significant differences 



 70 

are presented as asterisk marks in the figurers (* p<0.05, ** p<0.001, *** 

P<0.0001).  
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2.3. Results 
 

2.3.1. CAT serves as a transport barrier in various types of tumors and 

treating STP3725 could enhance tumor perfusion 

In order to confirm whether CAT can serve as a major transport barrier, which 

reduces intratumoral perfusion or not, we used dextran perfusion model. In this 

model, we induced excessive CAT by injecting exogenous human fibrinogen, 

which is conjugated with fluorescent dye. After 24 hours of injection, we found 

that fibrinogens are mainly accumulated in tumors but not in elsewhere (Data 

not shown). After that, we injected dye conjugated dextran and after 2 hours, 

we evaluated the dextran accumulation in the tumor. We prepared control, 

enoxaparin injected (S.C.) and STP3725 (P.O.) injected groups.  

 By checking the fluorescence intensity of fibrinogen and dextran in 

each tumor, we validated that exogenously injected Cy5.5 conjugated 

fibrinogen extensively accumulated in tumor tissues in B16F10 model, while 

treating with enoxaparin or STP3725 in the same model showed decreased 

fibrinogen intensity in the tumor (Fig. 2.1 A). On the contrary, Dextran 

accumulation pattern showed opposite patterns that dextran accumulation was 

lowest in control group, while it increased in enoxaparin or STP3725 treated 

group. STP3725 presented the highest intensity of dextran in tumors compared 

to that in enoxaparin treated group (Fig. 2.1 A). Quantification of average 

radiant efficiency in each tumor indicates that administration of enoxaparin and 

STP3725 in B16F10 model decreased the intensity of fibrinogen by 

14.66±11.7% and 29.74±5.52% respectively compared to that in control 

group (Fig. 2.1 B). Contrastively, administration of enoxapairn and STP3725 

increased the accumulation of dextran in tumor tissue about 1.19 and 1.46 folds 

more respectively than that in control group (Fig. 2.1 C). After injecting dextran 

and fibrinogen, tumors were collected and CD31 was stained in order to specify 

the location of dextran and fibrinogen using whole mounting assay.  
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 We found that in control group, many fibrin clots were located inside 

the tumor blood vessels at which dextran molecules were not detected. 

Contrastively, STP3725 treated group presented less amount of fibrin clots 

inside the blood vessels and higher dextran accumulation compared to that in 

control group (Fig. 2.1 D). Similar results were found in enoxaparin group but 

the efficacy of reducing fibrinogen and promoting dextran accumulation was 

fond to be higher in STP3725 treated group. On the basis of this result, we could 

conclude that the formation of CAT in cancer capillaries could limit the 

intratumoral perfusion significantly and reduce the drug delivery. Reversely, 

we could confirm that the use of thrombophylaxis such as LMWH successfully 

prevent the formation of CAT, which resulted in enhanced dextran 

accumulation probably by enhancing intratumoral perfusion. Besides B16F10 

model, we also expanded our scope using several tumor models encompassing 

Aspc-1, Pan02, 4T1 and CT26 xenograft models to confirm our hypothesis.  

 As we demonstrated that CAT could serve as one of the major 

transport barrier and STP3725 could prevent the formation of CAT, we decided 

to quantify the total blood flow changes after STP3725 treatment. Tumor blood 

flow and blood volume were quantified using 3D doppler ultrasound method. 

Blood flow in each tumor section, which was faster than 18 cm/s was measured 

(both in and out flux). In B16F10 syngenic model, we found that treating 

STP3725 substantially improved blood flow in tumor tissue compared to that 

in control group (Fig. 2.3 A).  

Total blood volume in tumor tissue was calculated using ‘Ultrasound 

software’. Similar with the blood flow results, we found that STP3725 elevated 

the total blood volume by 1.89 folds compared to that in control group (Fig. 2.3 

B). We also could derive the similar results using Aspc-1 xenograft model for 

both blood flow (Fig. 2.3 C) and total blood volume. 
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Figure 2.1 Formation of CAT highly limits the dextran perfusion and 

administration of STP3725 prevents CAT in B16F10 tumor model. (A) 

Fibrinogen / dextran imaging in B16F10 tumors in vehicle, enoxaparin and 

STP3725 treated group. (B) Evaluation of the average intensity of fibrinogen 

in each group. (C) Assessment of the average intensity of dextran molecules in 

each group. (D) Confocal images of whole tumor tissues after staining with 

blood vessels. Data were represented as mean ±s.e.m. with n=7-19. Significant 

differences are presented as asterisk marks in the figurers using one-way 

ANOVA, followed by Tukey’s HSD (* p<0.05).  
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STP3725 was found to augment the total blood volume about 2.15 

folds compared to that in control group in this tumor model. For Aspc-1 

orthotopic tumor model, we could detect the tumor blood flow, which showed 

also similar pattern with Aspc-1 xenograft model (Fig. 2.3 D). For CT26 

xenograft model, we also could obtain the similar results both in blood flow 

(Fig. 2.3 E) and blood volume (Fig. 2.3 F). However, we could not derive 

statistical significance by this sample size in CT26 xenograft model.  

 Based on these results, we demonstrate that daily treatment of 

STP3725 can significantly enhance the tumor blood flow and volume in 

B16F10, Aspc-1 and CT26 tumor models. 
 

2.3.2. STP3725 substantially enhances the efficacy of GEMOX against 

various tumor models 

As we hypothesized that administering STP3725 promotes tumor perfusion, we 

also speculated that treating STP3725 will also enhance the accumulation and 

distribution of chemotherapeutics in the tumor tissue, which in turn will 

increase the efficacy of the drugs. For the demonstration of this hypothesis, we 

used several tumor models including B16F10, Aspc-1 and K-ras mutated 

models. Also further data, which can provide appropriate rationale for the 

efficacy were obtained. 

 

2.3.2.1. Evaluation of the efficacy of STP3725 in combination with 

GEMOX against B16F10 syngenic model 

In order to verify our assumption, we decided to combine STP3725 with 

GEMOX therapy to evaluate the anti-cancer efficacy against B16F10 model. 

Mice were divided into 4 groups; control, STP3725 treated, GEMOX treated 

and combination of STP3725 and GEMOX treated group. 
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Figure 2.2 Evaluation of fibrinogen and dextran intensity in various tumor 

models after administering STP3725. (A) Fibrinogen/dextran imaging in 

tumor tissue using IVIS and quantification of average radiant efficiency of (B) 

fibrinogen and (C) dextran in Aspc-1 model. (D) Same imaging in Pan02 model. 

(E)fibrinogen and (F) dextran imaging. (G) Same imaging in 4T1 model. 

(H)fibrinogen and (I) dextran imaging. (J) Same imaging in CT26 model. 

(K)fibrinogen and (L) dextran imaging. (M) whole mount staining assay of 

fibrinogen, dextran and CD31 in 4T1 and (N) CT26 models. Data were 

represented as mean ± s.e.m. with n=6-12. Significant differences are 

presented as asterisk marks in the figurers using student t test (* p<0.05, ** 

p<0.001).  
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Figure 2.3 Evaluation of intratumoral perfusion with or without treating 

STP3725 using 3D doppler imaging. (A) Doppler imaging of B16F10 tumor 

in STP3725 and vehicle treating group. Red signals indicate the out flux and 

blue indicates in flux of blood flow from the cross section. (B) Total blood 

volume in tumor tissue in each group was measured using 3D doppler method. 

(C) Doppler imaging of Aspc-1xenograft tumor and (D) total blood volume was 

measured. (E) Doppler images of Aspc-1 orthotopic model. (F)Doppler 

imaging of CT26 xenograft tumor and (G) total blood volume was measured. 

Data were represented as mean±s.e.m. with n=6-12. Significant differences are 

presented as asterisk marks in the figurers using student t test (* p<0.05). 
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Average tumor volume in each group up to 12 days after drug treatment 

was measured (Fig. 2.4 A). There were no significant body weight changes in 

all groups during treatment period (Data not shown). Treating only GEMOX 

inhibited tumor growth by 27.8±12.7%, whereas combination group showed 

69.2±5.5% of suppression effect compared to control group. We found that 

even though treating only STP3725 showed almost no anti-cancer efficacy 

against B16F10 model, combining with GEMOX therapy showed substantially 

enhanced anti-cancer efficacy compared to GEMOX only treated group, which 

signifies that treating STP3725 synergizes the anti-cancer efficacy of GEMOX 

against B16F10 tumor. Tumor weight measurement at the last time point 

showed similar inhibition pattern with Fig 2.4 A (Fig. 2.4 B).  

 Thrombotic events in each tumor tissue were quantified from H&E 

staining sections (Fig. 2.4 C). Each thrombotic event was classified as ‘fully 

occluded’ when more than 80% of the blood vessel area is blocked by the clots 

or ‘partially occluded’ when less than 80% of that is blocked. We found that 

treating STP3725 significantly dropped the total incidence of thrombotic events 

about half compared to that in control group, whereas treating only GEMOX 

dramatically promotes the total number of blood clots in tumor tissue (Fig. 2.4 

D). Treating STP3725 with GEMOX again decreased the incidence of 

thrombosis compared to that in GEMOX only treated group, which suggests 

that STP3725 could successfully prevent the formation of CAT in B16F10 

tumor model. We also identified that administration of STP3725 also decreased 

the amount of fibrin clots outside of the vessels compare to control or GEMOX 

treated group (Data not shown). 
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Figure 2.4 Evaluation of tumor grwoth inhibition of GEMOX with or 

without STP3725 treatment and the incidence of CAT in each group. (A) 

Tumor volume changes in control, STP3725, GEMOX and GEMOX + 

STP3725 groups. (B) Tumor weight in each group. (C) Thrombotic events in 

each group using H&E staining. (D) Numbers of fully occluded blood vessels 

and partially occluded vessels per slide were counted in each group. Data were 

represented as mean± s.e.m. with n=7 (A, B) and n=5 (D). Significant 

differences are presented as asterisk marks in the figurers using one-way 

ANOVA, followed by Tukey’s HSD (* p<0.05, ** p<0.001, *** p<0.0001).  
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Figure 2.5 Evaluation of drug distribution and delivery with or without 

treating STP3725. (A) Necrotic fraction in GEMOX and GEMOX + STP3725 

groups. (B) Quantification of necrosis fraction. (C) Distribution of gemcitabine 

metabolites in tumor cross section measured using DESI-Q-TOF. (D) 

Quantification of gemcitabine distribution. (E) Gemcitabine quantification in 

control and STP3725 treated group. (F) Oxaliplatin quantification in control 

and STP3725 treated group. Data were represented as mean±s.e.m. with n=3-

7. Significant differences are presented as asterisk marks in the figurers using 

student t test (* p<0.05).    
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Tumor necrotic area fraction was determined from the tumor section 

H&E staining in GEMOX treated and combination groups (Fig. 2.5 A). We 

found that treatment of STP3725 with GEMOX considerably enlarged the 

necrotic area homogenously throughout the tumor section compared to that in 

GEMOX only treated group, which manifests that STP3725 contributed to 

improve the efficacy of GEMOX in tumor tissue (Fig. 2.5 B). 

 We also investigated the distribution of gemcitabine in the tumor 

tissue by detecting its metabolite, dFdCTP using DESI-Q-TOF and the signals 

were visualized in Fig. 2.5 C in which we found that treating STP3725 

contributed to homogenous distribution of gemcitabine throughout the tumor 

tissue whereas, treating only gemcitabine was found to be localized to 

peripheral region only. Intensity fraction of dFdCTP in each group was 

calculated and found that the average intensity fraction of dFdCTP in STP3725 

treated group was 2.63 folds increased compared to gemcitabine only treated 

group (Fig. 2.5 D). 

 Gemcitabine and oxaliplatin quantification in the tumor tissue were 

carried out using LC-MS and ICP-MS and the average amount of gemcitabine 

and oxaliplatin was found to be 5.44 folds and 1.54 folds increased respectively 

in the combination group compared to the GEMOX only treated group. (Fig. 

2.5 E and Fig. 2.5 F).  

 

2.3.2.2. Evaluation of the efficacy of STP3725 in combination with 

GEMOX against Aspc-1 orthotopic model 

After confirming the effects of STP3725 on potentiating the therapeutic 

efficacy of GEMOX in B16F10 model, we applied the same strategy to Aspc-

1 orthotopic pancreatic cancer model following the dosing regimen used in 

B16F10 model.  

We found that Aspc-1 orthotopic tumor was well developed in pancreas 

and exogenously injected fibrinogen was intensively detected in tumor area 
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while dextran perfusion was highly limited in the same mice (Fig. 2.6 A). This 

result indicates that not only xenograft model of Aspc-1 but also orthotopic 

tumor model can significantly limit the tumor perfusion in the presence of 

extensive CAT.  

It is also confirmed that most of the vessels are occluded by the 

formation of CAT, which is the reason why only few of dextran molecules are 

found in the tumor tissue (Fig. 2.6 B). After termination of experiment, mice 

were sacrificed and each tumor was collected (Fig. 2.6 C). Unlike in B16F10 

model, treating only STP3725 could diminish the tumor weight by 32.4±10% 

compared to control group but it was not statistically significant (Fig. 2.6 D). 

Administering STP3725 with GEMOX substantially suppressed the tumor 

weight by 88.4±6.2% compared to control group while GEMOX only treated 

group inhibited 64.3±2.7% compared to control group, which manifests that 

combining STP3725 with GEMOX provides considerable benefits in 

suppressing tumor weight (Fig. 2.6 D).  

Necrotic area of combination group and GEMOX only treated group 

was distinguished by color difference using H&E staining (Fig. 2.7 A). 

Necrotic area fraction of combination group was calculated as 23.39±2.1% of 

total area, which is significantly increased compared with GEMOX only treated 

group, quantified as 5.57±1.4% (Fig. 2.7 B).  

Formation of CAT was evaluated by fluorescence imaging after 

injecting fibrinogen in each tumor (Fig. 2.7 C). Control group showed the 

highest intensity of fibrin clots among four groups while treating only STP3725 

dramatically decreased the intensity. Treating only GEMOX also showed high 

intensity of fibrin clots, which is substantially decreased when STP3725 was 

treated together (Fig. 2.7 D). Unlike B16F10 case, we found that GEMOX 

treated group showed lower thrombotic incidence compared to that in control 

group in this tumor model. 
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Figure 2.6 Evaluation of anti-tumor efficacy of STP3725 in combination 

with GEMOX in AsPC-1 orthotopic model. (A) Body distribution imaging 

of fibrinogen and dextran after injecting through tail vein in Aspc-1 orthotopic 

model. (B) Fibrinogen and dextran imaging with CD31 positive staining using 

whole mount staining of tumor tissue. (C) Mice were sacrificed and tumors in 

each group were collected. (D) Tumor weight in each group was measured. 

Data were represented as mean±s.e.m. with n=5. Significant differences are 

presented as asterisk marks in the figurers using one-way ANOVA, followed 

by Tukey’s HSD (* p<0.05, *** p<0.001). 
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Figure 2.7 Assessment of necrotic area and thrombotic incidences after 

treating STP3725 with GEMOX. (A) Necrosis fraction was visualized using 

H&E staining in GEMOX and GEMOX + STP3725 treated group. (B) Necrosis 

fraction was quantified using the software Image J. (C) Fibrinogen imaging in 

tumor tissue after injecting fibrinogen through tail vein in each group. (D) The 

amount of gemcitabine in whole tumor tissue was quantified using LC-MS in 

control and STP3725 treated group. Data were represented as mean±s.e.m. 

with n=5. Significant differences are presented as asterisk marks in the figurers 

using student t test (** p<0.001, *** p<0.0001).  

 

A

Control STP3725

GEMOX
GEMOX

+ STP3725

B

GEMOX only

GEMOX + STP3725

C D

***

GEM
OX

GEM
OX +

 S
TP37

25

0

10

20

30

40

N
ec

ro
si

s 
ar

ea
 fr

ac
tio

n 
pe

r 
sl

id
e 

(%
)

G
em

ci
ta

bi
ne

 in
 tu

m
or

 ly
sa

te
 (

µ
M

)

GEM
OX

GEM
OX+S

TP37
25

0

1

2

3

4
**



 84 

 Gemcitabine concentration in tumor tissue was quantified following 

the same method used in B16F10 model. We found that by treating STP3725, 

the accumulation of gemcitabine in tumor tissue was tremendously elevated by 

3.5 folds in average compared to that in gemcitabine only treated group (Fig. 

2.7 D).  

 

2.3.2.3. Evaluation of the efficacy of STP3725 in combination with 

GEMOX against K-ras mutated spontaneous tumor model 

As we demonstrated that treatment of STP3725 can augment the therapeutic 

efficacy of GEMOX by enhancing perfusion and drug accumulation in several 

tumor models, we also decided to assess the anti-cancer effects in K-ras 

mutated mouse using the same dosing strategy.  

STP3725 was administered for 90 days with GEMOX and the development of 

lung adenocarcinoma was evaluated. Representative lung picture in each group 

was shown in Fig. 2.8 A. Both volume and weight of each lung were determined 

to be larger in control group compared to those in treated group. We also 

identified that both the number and size of the metastatic lung nodules are 

substantially decreased in the combination group compared to control group 

(Fig. 2.8 B and Fig. 2.8 C). Magnified images of tumor region were shown in 

Fig. 2.8 D. The area of adenocarcinoma in each lung was clearly specified using 

H&E staining of whole slide (Fig. 2.8 E). The ratio of dark purple color, which 

presents dense tumor tissue over pink color, which is normal lung tissue is 

substantially higher in control group than that in treated group. The color 

fraction ratio between purple and pink was quantified and shown in Fig. 2.8 F. 

Based on the images, we demonstrated that combination therapy could 

significantly diminish the faction of cancer region compared to control group. 

Collectively, we could clarify that administering GEMOX with STP3725 

significantly attenuates the progress of lung adenocarcinoma in K-ras mutated 

mouse model. 
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Figure 2.8 Anti-tumor efficacy of STP3725 in combination with GEMOX 

against K-ras mutated spontaneous tumor model. (A) Representative images 

of lung nodules of spontaneous cancer were shown. (B) Number of lung 

nodules were counted in each group. (C) Largest volume of lung nodules in 

each lung was measured. (D) Tumor areas in each H&E slide section was 

magnified and shown. (E) Whole section image of H&E slide in each group 

were shown. (F) Tumor area fraction of whole H&E slide in each group was 

measured. Data were represented as mean± s.e.m. with n=4. Significant 

differences are presented as asterisk marks in the figurers using student t test (* 

p<0.05, ** p<0.001). 

Control

GEMOX 
 +STP3725

Con
tro

l

GEMOX + 
STP37

25

0

20

40

60

N
um

be
r o

f l
un

g 
no

du
le

s

Con
tro

l

GEMOX + 
STP37

25
0

10

20

30

40

Tu
m

or
 a

re
a 

fra
ct

io
n 

(%
)

Control

GEMOX 
 +STP3725

A B C

D *E

Con
tro

l

GEMOX + 
STP37

25
0

10

20

30

40

50

La
rg

es
t v

ol
um

e 
of

 L
un

g 
no

du
le

 (m
m

3 )

F

G
EM

O
X 

+ 
ST

P3
72

5
C

on
tro

l
** ns



 86 

2.3.3. Administration of STP3725 synergizes the efficacy of CNP-DOX 

against various models 

As we already demonstrated that STP3725 could enhance the delivery and 

distribution of small molecular drugs such as gemcitabine or oxaliplatin, we 

also postulated that STP3725 will also increase the efficacy of macromolecular 

drugs such as antibody, proteins, nanoparticle and etc. by the same mechanism. 

 

2.3.3.1. Evaluation of the efficacy of STP3725 in combination with 

CNP-DOX against B16F10 syngenic model 

In order to confirm our hypothesis, we prepared doxorubicin loaded chitosan 

nanoparticle (CNP-DOX) and followed the same dosing regimen of GEMOX 

treatment using B16F10 tumor model. Tumor growth inhibition was measured 

every other day and presented in Fig. 2.9 A. Similar with GEMOX, we found 

that treating only CNP-DOX showed 23.5±16.44% tumor inhibition effect 

compared to control group, which is not sufficient. However, treating CNP-

DOX together with STP3725 dramatically increased tumor inhibition by 

63.7±11.84% compared to control group, which indicates that STP3725 

potentiate the efficacy of CNP-DOX. Tumor weight distribution of each group 

was shown in Fig. 2.9 B. Tumor weight result showed similar pattern with 

tumor growth inhibition data. Average tumor weight of CNP-DOX only treated 

group was 16.14±20.08% lower than that of control group, while combination 

of STP3725 and CNP-DOX showed 62.5±11.64% lower than that of control 

group. Tumor necrotic area of tumor section in CNP-DOX only treated group 

and combination group was determined by H&E staining method (Fig. 2.9 C). 

Necrotic area fraction was determined by calculating the ratio of pink colored 

area over total section area. 
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Figure 2.9 Anti-tumor efficacy of STP3725 in combination with CNP-DOX 

against B16F10 tumor model. (A)Tumor volume changes after inoculation in 

control, STP3725, CNP-DOX and CNP-DOX + STP3725 groups were 

measured. (B) Tumor weight was measured after mouse sacrifice in each group. 

(C) Necrosis fraction was visualized using H&E staining in CNP-DOX and 

CNP-DOX + STP3725 treated group. (D) Necrosis fraction was quantified 

using the software Image J. (E) Thrombotic events in each group were shown 

using H&E staining. (F) Numbers of clots per slide were counted in each group. 

Data were represented as mean±s.e.m. with n=3-5. Significant differences are 

presented as asterisk marks in the figurers using student t test and one-way 

ANOVA, followed by Tukey’s HSD (* p<0.05, ** p<0.001). 
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It was shown that most of the necrotic area is localized to peripheral region in 

CNP-DOX only treated group, while it was shown to be homogenously 

distributed throughout the tumor section in combination group. This result 

demonstrates that STP3725 contributes to homogenous distribution of CNP-

DOX in tumor tissue. 
Necrotic area fraction was determined to be increased about 1.75 folds in 

combination group compared to that in CNP-DOX only treated group (Fig. 2.9 

D). Thrombotic events inside the blood vessels in tumor tissue were counted 

using H&E staining method (Fig. 2.9 E). Total number of clots per slide were 

counted in each group. We found that thrombotic incidence decreased about 

half in STP3725 treated group and increased about two times in CNP-DOX 

only treated group compared to that in control group. Again, treating STP3725 

together with CNP-DOX dropped the incidence about half compared to CNP-

DOX only treated group (Fig. 2.9 F). This result manifests that STP3725 

successfully prevented the formation of blood clots in tumor tissue while, 

treating CNP-DOX promotes the incidence of thrombosis. Summarizing the 

data, treating STP3725 could potentiate the efficacy of CNP-DOX by 

enhancing the delivery of nanoparticles in tumor tissue. 

 

2.3.3.2. Evaluation of the efficacy of STP3725 in combination with 

CNP-DOX against Aspc-1 orthotopic model 

Anti-tumor efficacy of CNP-DOX with STP3725 was also evaluated using 

Aspc-1 orthotopic model. Dosing regimen of CNP-DOX and STP3725 

followed the same method used in GEMOX efficacy test. After terminating test, 

tumors in each group were collected and shown in Fig. 2.10 A. Tumor weight 

in each group was measured and average was calculated in Fig. 2.10 B. We 

found that treating only STP3725 presented 43.35±5.14% of tumor inhibition 

effect compared to control group.  
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Figure 2.10 Anti-tumor efficacy of STP3725 in combination with CNP-

DOX against AsPC-1 tumor model. (A) All tumor images were taken in 

control, STP3725, CNP-DOX and CNP-DOX + STP3725 group after 

sacrificing mice. (B) Each tumor weight was measured and quantified. (C) 

Necrosis fraction was visualized using H&E staining in CNP-DOX and CNP-

DOX + STP3725 treated group. (D) Body weight changes in each mouse were 

measured. (E) Fibrinogen imaging in tumor tissue was visualized in each group. 

(F) CNP accumulation in control and STP3725 treated group was shown. Data 

were represented as mean ± s.e.m. with n=5. Significant differences are 

presented as asterisk marks in the figurers using one-way ANOVA, followed 

by Tukey’s HSD (** p<0.01, *** p<0.001). 
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However, treating only CNP-DOX showed only 20.24±26.74% of inhibition 

effect, while treating CNP-DOX together with STP3725 presented 64.87±6.03% 

of suppression effect compared to control group. This result demonstrates that 

even though STP3725 alone exert some anti-tumor effect, it could significantly 

potentiate the efficacy of CNP-DOX.  

 Necrotic area of CNP-DOX only treated and combination group were 

shown in Fig. 2.10 C. Similar with the efficacy test of CNP-DOX in B16F10 

model, treating only CNP-DOX showed only small portion of necrotic area in 

the peripheral region, while administering CNP-DOX together with STP3725 

broadened the fraction of necrotic area. There were no significant body weight 

changes during the treatment in each group (Fig. 2.10 D). Thrombotic events 

were assessed by evaluating fibrinogen formation in the tumor after injecting 

exogenous dye conjugated fibrinogen (Fig. 2.10 E). 

It is recognized that CNP-DOX only treated group maintained more 

hypercoagulable state compared to control group because it induces more 

fibrinogen clot accumulation in the tumor tissue compared to control group. 

Contrastively, Administration of STP3725 alone or together with CNP-DOX 

significantly declined the fibrinogen formation in tumor tissue compared to 

control group or CNP-DOX only treated group respectively.  

 Based on these data, we could demonstrate that STP3725 could 

successfully prevent the formation of CAT with or without CNP-DOX. 

Nanoparticle accumulation in tumor tissue was evaluated by injecting dye 

conjugated CNP alone or together with STP3725. It was determined that even 

though we injected same dose of CNP, nanoparticle accumulation in the tumor 

tissue was significantly higher in STP3725 treated group compared to that in 

control group (Fig. 2.10 F). 
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2.4. Discussion 
 

Regarding CAT as one of the major transport barrier is firstly proposed by 

Wang et al [36]. Although proof of the concept has never been performed up to 

date, several clinical and preclinical data are sufficient to support this 

hypothesis. Daniel et al. have reported that blood clots were observed in about 

90% of total blood vessels using human glioblastoma samples and 50% of total 

hypoxic areas are highly attributable to these vessel occlusion [22, 23].  

Based on these results, we also thought that CAT could be one of the 

major transport barriers which can reduce the intratumoral perfusion and 

aggravate hypoxia. In order to verify this concept, we have investigated the 

relationship between the formation of CAT and dextran accumulation using 

several xenograft tumor models. We have found that exogenously injected 

fibrinogen could occlude the capillaries in tumor tissue, which considerably 

limit the dextran perfusion (Fig. 2.1). We have also demonstrated that by 

treating enoxaparin and STP3725, formation of CAT became decreased, while 

dextran perfusion turned elevated (Fig. 2.1). By observing through confocal 

microscope, we concluded that this opposite pattern could be elicited by the 

fact that the number of occluded vessels by fibrinogen was substantially 

decreased compared to that in control group, which enables more dextran 

perfusion in tumor tissue (Fig. 2.1).  

Although these results are derived by using excessively induced CAT model, 

confirming the relationship between CAT and perfusion provided a potent 

rationale of our strategy. These results are also validated using several other 

cancer models such as AsPC-1, Pan02, CT26 and 4T1 models (Fig. 2.2). 

 We also found that treating STP3725 was more effective to reduce the 

CAT and augment dextran perfusion compared to control group, which 

suggests that using STP3725 could be more advantageous over enoxaparin in 

terms of thromboprophylaxis and enhancing perfusion. We assumed that this 
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result might attributable to the better pharmacokinetics of STP3725 (P.O.) 

compared to that in enoxaparin (S.C.). because STP 3725 showed higher value 

of area under the curve (AUC) than that of enoxaparin as we showed in previous 

study [32-34]. 

As we verified our hypothesis using CAT excessive model, it is 

required to confirm the effect of STP3725 in enhancing tumor perfusion in 

normal cancer models. For that, we used doppler method to evaluate the tumor 

perfusion in live mouse. We could validate that the use of STP3725 

significantly enhance the total blood volume in B16F10, Aspc-1 and CT26 

models compared to control group (Fig. 2.3) without affecting the blood vessel 

density (Data not shown). Considering that blood flows are mainly observed in 

peripheral region while those are more distributed inside tumor, we could 

conclude that STP3725 contributed to elevating perfusion to the deeper side of 

tissue.  

As STP3725 is verified to be effective to enhance tumor perfusion, we 

expected that this effect will provide benefits to anti-cancer therapeutics by 

promoting the delivery of drugs. We demonstrated this hypothesis by using 

B16F10 tumor model. We prepared 4 groups including control, STP3725, 

GEMOX and combination group and evaluated the anti-tumor efficacy. We 

found that treating each drug alone could not suppress tumor growth effectively, 

while the combination of two drugs significantly augment the anti-tumor 

efficacy (Fig. 2.4). We validated that this enhanced efficacy is resulted from 

the increased delivery and improved distribution of drug using by enhancing 

tumor perfusion (Fig 2.5).  

We found that the treatment of STP3725 could significantly dropped 

the incidence of thrombosis in tumor capillaries, while administering GEMOX 

substantially enhanced the thrombotic incidence (Fig. 2.4). This result is well 

associated with several clinical studies, which proved that the use of several 

chemotherapies such as carboplatin, gemcitabine and cisplatin highly elevate 
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the risk of CAT by damaging blood vessels [32]. Treatment of STP3725 with 

GEMOX was proved to decline the incidence about half compared to that in 

GEMOX treated group. These data suggest that STP3725 would enhance tumor 

perfusion by decreasing thrombotic incidence. 

By the use of STP3725, we confirmed that the necrotic fraction 

induced by GEMOX became widened. Also, measuring concentration of the 

GEMOX and distribution of gemcitabine in tumor showed that STP3725 could 

elevate the GEMOX accumulation and improve the gemcitabine distribution in 

tumor (Fig. 2.5). Collectively, these data manifest that STP3725 could augment 

the anti-tumor efficacy of GEMOX by promoting accumulation and improving 

distribution of GEMOX, which is attributable to enhanced perfusion achieved 

by decreased thrombotic incidence.  

We could derive the similar results using AsPC-1 and K-ras mutated 

spontaneous tumor models. For AsPC-1 orthotopic model, we also confirmed 

that the combination of GEMOX and STP3725 presented the best efficacy 

among 4 groups and this efficacy is attributable to the improved drug delivery 

and distribution by enhancing perfusion (Fig. 2.6, 2.7). In K-ras model, we also 

found that the combination therapy significantly reduced the incidence of 

spontaneous tumor development. Based on these observations, we concluded 

that combining STP3725 with GEMOX could potently elevates its efficacy in 

several tumor models (Fig. 2.8).  

There was one study reported that the use of LMWH could increase 

the doxorubicin delivery to tumor tissue in preclinical models [37]. However, 

they could not provide the proper reason for this data. As there are lack of 

studies, which directly prove the relationship between the use of anticoagulants 

and augmented drug delivery, we propose that our study will provide a potent 

rationale for the use of anticoagulants for enhancing drug delivery and efficacy. 

Applying this strategy to nanoparticle based drugs also elicited better 

efficacy than treating nanoparticle alone. We confirmed that STP3725 could 
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potentiated the efficacy of CNP-DOX in B16F10 and Aspc-1 tumor models. By 

these results, we could suggest the potential of expanding our strategy to other 

types of anti-cancer drugs to enhance their efficacy. 

Collectively, we propose a new strategy, which can increase the drug 

delivery and distribution by circumventing the putative transport barrier, CAT 

using a novel oral heparin (STP3725) as shown in the schematic figure. As this 

strategy can be used as an adjuvant therapy to enhance other types of drugs, we 

can also expect that the application of this strategy can be expanded. 

Furthermore, based on the fact that numbers of cancer patients are generally 

required to be treated with appropriate prothrombophylaxis, our strategy 

possesses advantages to access easily to the clinical application.   

 

2.5. Conclusion 
 

In this study, we validated for the first time that CAT can be one of the major 

transport barriers which can limit the tumor perfusion and drug delivery. We 

confirmed that daily treatment of orally active heparin (STP3725) could 

successfully prevent the formation of CAT, which led to enhanced perfusion. 

We also verified that the anti-cancer efficacy of GEMOX was substantially 

augmented by administering together with STP3725 against B16F10, AsPC-1 

and K-ras mutated tumor models. We demonstrated that this synergized 

efficacy is attributable to improved drug delivery and distribution in tumor 

tissue. Accordingly, through this study, we propose that our strategy could be 

an effective way, which can circumvent one of the major putative transport 

barrier, CAT for promoting the anti-tumor efficacy of various types of anti-

cancer drugs.  
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Chapter 3 

Administration of STP3725 significantly 

augments tumor infiltrating lymphocytes by 

effectively reducing tumor hypoxia and 

synergizes the efficacy of αPD-1 therapy 
 

3.1. Introduction 
 

Anti-cancer efficacy of drugs in tumor tissue is determined by multiplication of 

several factors: perfusion, diffusion through ECM, recognition of cancer cells 

and potency of the drugs. Considering that those factors are interconnected in a 

serial order, all are crucial in achieving successful therapeutic efficacy. Among 

them, perfusion is the first hurdle, which carries significant meaning since it 

determines the total extent of drug’s access to the tumor tissue. However, in 

most of the solid tumors, perfusion is highly limited, which is one of the main 

causes of restricted extent of drug delivery in tumor tissue.  

 Limited tumor perfusion leads to impaired drug delivery, deprived 

oxygenation and a detrimental microenvironment, which decreases the efficacy 

of chemotherapy, nanomedicine, radiotherapy and immunotherapy [1-3]. 

Impaired tumor perfusion is known to be attributable to the abnormal 

characteristics of tumor vasculature such as high permeability, tortuosity and 

compression [4]. Since Jain et al reported vessel normalization using anti-

angiogenic drugs, numerous studies have shown that normalizing vessels can 

enhance perfusion, drug delivery and tumor microenvironment in preclinical 

models [1, 5, 6]. However, vessel normalization occurs transiently within a 

narrow therapeutic window of drugs and maintaining normalization using anti-
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angiogenic therapy is still limited, which calls for alternative strategies to 

persistently improve perfusion [1, 3].  

 Cancer associated thrombosis(CAT) is a well reported characteristic, 

which is common in most of the solid tumors such as pancreatic, stomach, 

kidney, prostate cancer and etc. According to clinical statistics, the risk of 

developing venous thromboembolism(VTE) in cancer patients is 4-times higher 

compared with patients without cancer. The risk is increased even more in 

cancer patients who are treated with chemotherapy, which can damage the 

blood vessels. 

  Apart from the riskiness of CAT, the impact of CAT on blood 

perfusion and hypoxia in tumor tissue has been underestimated [7]. By 

histopathological examinations using human glioblastoma samples, Brat et al 

[8, 9] have revealed that vaso-occlusion by intravascular thrombosis 

substantially affects tumor hypoxia and necrosis. Philips et al [10] showed that 

treatment of low molecular weight heparin (LWMH) in several breast tumor 

models significantly enhance the uptake of paclitaxel and doxorubicin about 

1.5 to 2 folds compared to untreated group. Even though there are several 

evidences that the formation of CAT could correlate with the decreased 

perfusion and accelerated hypoxia, systematic observations or the underlying 

mechanism is yet to be elucidated.  

 Based on those evidences, we hypothesized that blood clots formed in 

blood vessels and interstitial areas in tumor could be another major transport 

barrier, which can reduce the perfusion and limit the drug delivery. We also 

speculate that constant use of proper anticoagulants can prevent the blood clots 

in tumor, which in turn will augment the efficacy of chemotherapeutic agents 

and nanomedicine by increasing blood perfusion and improving drug 

distribution. Furthermore, enhanced perfusion can alleviate hypoxia and alter 

tumor microenvironment into immunosupportive one, which will also benefit 

the efficacy of immunotherapy.   
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 Clinically, LMWH is being used as the first choice of drug for the 

treatment of VTE in cancer patients over other anticoagulants because of its 

safety, lower needs of coagulation monitoring and the existence of antidote [7, 

11, 12]. However, because LMWH is not orally available, it is less comfortable 

for the patients to be treated daily. In order to overcome this limitation and 

improve pharmacokinetics of LMWH, we previously developed orally active 

heparin conjugate, STP3725, which is the conjugate of enoxaparin and 

tetrameric deoxycholates. We found that STP3725 is orally active with 33.5 % 

of oral bioavailability(BA) in mouse and 19.9% of BA in monkey without 

losing anticoagulant property and also showed that STP3725 could successfully 

prevent the formation of VTE in animal model.  

 In this study, we validated our hypothesis that CAT could be another 

major transport barrier, which can limit tumor perfusion and facilitate hypoxia. 

We also verified that STP3725 can potentiate the efficacy of chemotherapy and 

immunotherapy by enhancing drug delivery and fostering an 

immunosupportive microenvironment. 

 

3.2. Materials and Methods 
 

3.2.1. Cell lines 

Mouse B16F10 melanoma cancer cells (American Type Culture Collection 

[ATCC]) and mouse CT26.CL25 colon cancer cells (ATCC), stably expressing 

high levels of both β-galactosidase (β-gal) and the class I molecule H-2 Ld, 

were cultured in either Dulbecco’s modified Eagle’s medium (DMEM) or 

RPMI-1640 medium supplemented with 10% fetal bovine serum, L-glutamine, 

penicillin, and streptomycin. Mouse B16F10-OVA melanoma cells, stably 

expressing high levels of chicken ovalbumin (OVA), were kindly provided by 

Prof. In-San Kim (Korea Institute of Science and Technology, Korea). 
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3.2.2. Materials and antibodies 

Hypoxia was detected by using hypoxyprobe kit (Hypoxyprobe, Burlington, 

MA). Glut-1 antibody was purchased from Merckmillipore (Merckmillipore, 

Billerica, MA). 18FMISO was kindly provided by Asan medical center (South 

Korea). Hif-1α antibody, VEGF-A antibody were purchased from Abcam 

(Abcam, Cambridge, UK). PD-L1, PD-1, Ki67, IFN-γ, TNF-α, CD45.2, 

CD45.1, CD3, CD4, CD8, foxp3, Gr-1, CD11b, antibodies were purchased 

from biolegend (Biolegend, San Diego, CA). Anti-CD16/CD32 antibody (Fc 

blocker) was purchased from BD Bioscience (BD Bioscience, 553142). Mouse 

IFN-γ ELISA kit was purchased from R&D systems (R&D Systems, 

Minneapolis, MN). Mouse TGF- β ELISA kit was purchased from LSBio 

(LSBio, Seattle, WA, LS-F24900). Mouse VEGF ELISA kit was purchased 

from R&D systems (R&D systems, MMV00). Mouse HIF-1α ELISA kit was 

purchased from Cloud-Clone Corp (Cloud-Clone Corp, Katy, TX, SEA798Mu). 

Mouse CCL28 ELISA kit was purchased from MyBioSource (MyBioSource, 

San Diego, CA, MBS911564). Avertin was prepared by dissolving 2,2,2 –

Tribromoethanol (Alfa aesar, UK) in 2-methyl-2-butabol (Sigma-aldrich) 

followed by diluting in saline. 

 

3.2.3. Administration and formulation 

STP3725 was synthesized and provided by DONG-A SOCIO GROUP ST 

PHARM Co., Ltd. STP3725 was formulated by following the same procedure 

used in chapter 2. Briefly, STP3725 was dissolved in distilled water (5 mg/kg) 

with poloxamer 188 (2.16 mg/kg) and labrasol (10 µl/1 mg of STP3725). Each 

mouse was administered with 200 µl of solution with gavage attached 1 ml 

syringe. Vehicle was prepared following the same procedure without STP3725 

and administered to control and αPD-1 antibody only treated group. 
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3.2.4. Animals and care 

Animal works were performed strictly following the guidelines of the institute 

of the laboratory animal resources, Seoul National University (IACUC no. 

SNu-170502-3). BALB/c/BklNbt, BALB/cSlc-nu, C57BL/6/BKlNbt were 

purchased from Narabiotech Inc. Congenic mice of C57BL/6, B6.SJL-

PtprcaPepcb/BoyJ were purchased from Jackson laboratory (Cat NO. 002014).   

 

3.2.5. Pimonidazole staining and quantification in tumor tissue 

1 × 106 of B16F10-OVA cells were injected to C57BL/6 mice. Next day of cell 

injection, mice were divided into two groups and one group was administered 

with STP3725 and the other group was administered with vehicle. 14 days after 

cell injection, 60 mg/kg of pimonidazole was injected to each mouse (I.P.). 1 

hour after injection, mice were sacrificed and tumors are collected. Whole 

tumors were immediately dissected into 1-2 mm3 size using scissors. 

Dissociating solution was prepared with DMEM media supplemented with 2% 

fetal bovine serum (DF2), collagenase II (ThermoFisher, 17101-015), dispase 

II (Sigma Aldrich, D4693) and DNase I (Sigma Aldrich, 4527). Collagenase II 

stock was prepared at 0.1% working solution in PBS. Dispase II stock was 

prepared at 0.05 % in PBS and DNase I was prepared at 0.01% in PBS. Collagen 

II, dispase II and DNase I were added at the ratio of 9 ml, 1 ml and 75 µl 

respectively per gram of tumor tissue. Tumor tissues were then transferred to 

C-tubes (Miltenyi Biotec, German, 130-096-334) and digested using 

gentleMACS Octo Dissociator with heaters (Miltenyi Biotec 130-096-427). 

Digested tumor mixture was then sieved using a 40 µm strainer and washed 

with fresh DF2 medium. Cells were stained with FITC conjugated 

pimonidazole antibody for 30 mins in 4°C and analyzed by flow cytometry for 

evaluating pimonidazole positive cells.  

Another set of tumors were collected and fixed in zinc fixative buffer 

(BD Pharmigen, San Jose, CA, 552658) for overnight in RT. Tumors were 
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embedded in paraffin and sectioned in 4 µm thickness. Each tumor section was 

deparaffinized and hydrated with a graded series of alcohol. Antigen retrieval 

was performed by boiling slides in a pH 6.0 citrate solution for 1 hour, then 

sections were washed with PBS. After blocking by incubating with Renaissance 

Ab diluent (Biocare Medical, Concord, CA, PD905) for 30 min at RT, sections 

were incubated with FITC conjugated pimonidazole antibody in Renaissance 

Ab diluent overnight at 4°C. Slides were then washed three times with PBS, 

and then mounted with DAPI mounting medium (Sigma Aldrich Sigma-aldrich, 

DO82040) and imaged using ‘Vectra automated imaging system’ and software 

‘Phenochart’ (Perkinelmer). Images are also enhanced using ‘InForm’ Cell 

Analysis software (PerkinElmer).  

   

3.2.6. Glut-1 staining in tumor section 

Glut-1 staining was performed followed the same procedure used for 

pimonidazole staining. After removing paraffin from tumor sections, antigen 

retrieval was performed followed by blocking and staining with glut-1 antibody 

for overnight in 4°C. Next day, slides were washed and incubated with Cy3 

secondary antibody and mounted with DAPI containing mounting medium. 

Slides were imaged using ‘Vectra automated imaging system’. Fluorescence 

intensity was measured using the software ‘Image J’. 

 

3.2.7. Hypoxia imaging and quantification using PET/MR 

Total hypoxia evaluation in live tumor tissue was performed using PET/MR. 

Mice were injected with 1 × 106 of B16F10-OVA cells on the left back side. 

From the next day of cell injection, mice were divided into half and 

administered with STP3725 through oral route and the rest of the half were 

treated with vehicle. After 14 days of cell injection, mice were injected with 
18FMISO (average injection dose was 0.22 mCi) through tail vein. Mice were 

then anesthetized using isoflurane with air flow. Intensity of 18FMISO in tumor 
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tissue was evaluated using nanoSCAN PET/MRI (Mediso, Hungury) in Asan 

medical center. Firstly, dynamic PET method was performed to find the optimal 

time condition. After fixation of the time point, static PET was obtained. Images 

were scanned following the order of 3D scouting, MR images (material map) 

and PET images. For obtaining MRI geometrical parameters (material map), 64 

mm of FOV, 1 mm of slice thickness, 25 ms of repetition time, 3.4 ms of echo 

time, 1 excitation, 128 of frequency and 128 of phase were used. For PET 

reconstruction, 3D full detector mode was used with 250-750 keV of energy 

level, 0.5 mm of voxel size, high regularization and no median filtration. Final 

images are shown with T2 MR images, PET images and merged images. 

Quantification of 18FMISO intensity in the region of interest (2 mm radius of 

sphere) of tumor tissue were calculated as SUVR value. SUV was calculated 

following the equation, 𝑆𝑈𝑉 =
123345	789759:;<:289	 =>?@@ 	×	A8BC	D52EF:	(E)

I9J57:5B	B835	(KLM)
 and 

then SUVR was obtained by dividing tumor SUV value by muscle SUV value.   

  

3.2.8. Cytokine staining and quantification in tumor tissue 

Staining of PD-L1, HIF-1α, VEGF-A in tumor section slides was performed 

following the same procedures used in 3.2.5. PD-L1 expressing cell count was 

performed by flow cytometry analysis following the same method used in 3.2.5. 

Tumor lysates for ELISA were prepared following the previously established 

method with some modifications [13]. Tumor weights were measured and 

tissues were cut into 1-2 mm3 using scissors and transferred to 2 ml tubes with 

extraction buffer (50 mM Tris [pH 7.4], 300 mM Nal, 10% [w/v] glycerol, 3 

mM EDTA, 1mM MgCl2, 20 mM b-glycerophosphate, 25 mM NaF, 1% Triton 

X-100, complete protease inhibitor cocktail (Roche Applied Science; added 

right before use), 1 mM phenylmethanesulfonyl fluoride (Sigma Aldrich; added 

right before use) and buffers were degassed before use. Tissues were 

homogenized using bead beating method at 6000 rpm for 15 s with 2 cycles. 

Extracts were supplemented with sodium dodecyl sulfate to a final 



 107 

concentration of 1 %. Tubes were vortexd and kept for 20 mins on ice followed 

by centrifugation at 13000 rpm for 15 mins. Supernatants were transferred and 

kept in -80°C before use. ELISA of CCL28, HIF1α, TGF- β and VEGF were 

performed following the manufacturer’s instruction. Briefly, 1 mg/ml of lysates 

were prepared for CCL28 ELISA and 3 mg/ml of lysates were prepared for 

VEGF-A, TGF- β, and HIF-1α ELISA. Lysates were added onto each antibody-

coated well and incubated for appropriate time. Wells were washed after 

incubation and incubated with HRP-conjugated other antibodies included in 

each kit. Wells were washed thoroughly followed by incubating with substrate 

buffer and stop solution. Absorbance of each well was measured using multi-

well reader at 450 nm and 540 nm. Each protein content in 1 gram of tumor 

tissue was calculated from standard.  

 

3.2.9. Double staining of hypoxic region and CD8 T cell in tumor tissue 

In order to specify the location of CD8 T cells and hypoxic region, double 

staining of each marker was performed. Staining was carried out following the 

same method used in 3.2.5. After removing paraffin from tumor section, antigen 

retrieval was performed followed by blocking and staining with FITC 

conjugated pimonidazole and APC conjugated CD8 antibody for overnight in 

4°C. Next day, slides were washed and mounted with DAPI containing 

mounting medium and imaged using ‘Vectra automated imaging system’. 

Fluorescence intensity was measured using the software ‘Image J’. 

 

3.2.10. Congenic lymphocyte transfer model 

In order to assess the infiltration of lymphocytes into the tumor tissue from 

outside, congenic lymphocyte transfer model was used. 1 × 106 of B16F10-

OVA cells were injected to C57BL/6 mice. Splenocytes from congenic mouse 

were isolated from spleen and directly transferred to tumor bearing mouse 

through tail vein at 2 × 107 cells/mouse after 5 days of tumor cell injection. 
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Mice were immunized with ovalbumin peptide as a tumor specific antigen by 

injecting 100 µg/mouse in 100 µl of PBS right after cell transfer. 22 days after 

lymphocyte transfer, tumor tissues were dissociated into single cells following 

the same procedure used in 3.2.5. Single cells were stained with anti-CD8 

antibody, anti-CD45.1 antibody and anti-CD45.2 antibody and the fraction of 

CD45.1+ lymphocytes were analyzed using flow cytometry. 

 

3.2.11. Evaluation of αPD-1 antibody accumulation in B16F10 tumor after 

treating STP3725 

αPD-1 antibody accumulation in tumor tissue after treating STP3725 was 

evaluated using In Vivo Imaging (IVIS Xenogen-200) system. Mice were 

inoculated with B16F10 tumor cells. The next day of cell inoculation, half of 

the mice were randomly selected and administered with STP3725 and the rest 

of mice were treated with vehicle every day through oral route. When tumor 

volumes reached 200-500 mm3 in average, mice were injected with Cy5.5 

conjugated αPD-1 antibody (10 mg/kg, I.V.). After 24 hours, mice were 

anesthetized using avertin and 3D live images were obtained using IVIS. After 

that, mice were sacrificed and tumors were collected to measure fluorescent 

intensity using IVIS. Antibody accumulation in each tumor was quantified by 

measuring mean radiant efficiency of fluorescent intensity.      

 

3.2.12. Evaluation of anti-tumor efficacy of αPD-1 antibody and STP3725 

in B16F10, CT26, Pan02 tumor model 

Anti-tumor effects of αPD-1 antibody and STP3725 were assessed using 

B16F10, CT26.CL25 and Pan02 tumor models. For B16F10 and Pan02 tumor 

models, C57BL/6 mice were used and for CT26.CL26 model, BALB/c mice 

were used. For each tumor model, 1 × 106 of tumor cells were injected to the 

left back side of corresponding mouse. Next day of cell injection, mice were 

divided into two groups and one of the groups was administered with STP3725 
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(5 mg/kg, P.O.) and the rest of the group was administered with vehicle (P.O.). 

When the average tumor volumes reached 75–100 mm3 for B16F10 and 

CT26.CL25 and 30–50 mm3 for Pan02 model, each group was divided into two 

groups again and one of them was treated with αPD-1 antibody (10 mg/kg, I.P.) 

and the other one was administered with vehicle (I.P.) respectively. αPD-1 

antibody and its vehicle were treated every 3 days for 5 times in Pan02 model 

and for 4 times in B16F10 and CT26 models. Tumor volumes were measured 

every other day for B16F10 and every 3 days for CT26.CL25, Pan02 models. 

Experiments were finished after 19 days of cell injection for B16F10, 24 days 

for CT26.CL25 and 28 days for Pan02 model. Tumor growth inhibition was 

evaluated by plotting tumor volume according to the time elapsed from the day 

of cell inoculation. Tumor volumes in each group were expressed mean±s.e.m 

and also presented as individual plot. Mice were sacrificed after finishing 

experiments and weights of several representative tumors in each group were 

measured.  

 

3.2.13. Analysis of effector immune cells in tumor tissue 

Since the amount and fraction of various effector lymphocytes, which exert 

anti-tumor efficacy are one of the most important factors in immunotherapy, 

evaluation of immune effector cells such as cytotoxic T cell, helper T cell and 

total tumor infiltrated lymphocytes were performed using flow cytometric 

analysis.  

B16F10-OVA tumor tissues were obtained after efficacy tests 

following the same procedures in 3.2.10. Tissues were digested with enzyme 

following the same methods used in 3.2.5. Tumor infiltrating lymphocytes were 

analyzed using total tumor single cells by staining with Fc blocker followed by 

adding CD45 antibody. Lymphocytes among total single cell suspension in 

each group were then isolated using lymphocyte separation medium (MPBio 

0850494X) according to the manufacturer’s guidelines.  
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Briefly, 1 ml of tumor single cell suspension was carefully added on 

the surface of 2 ml of separating media then centrifuged for 20 mins at 400 g. 

After centrifugation, cells which reside in the interphase were collected. Cells 

were resuspended in FACS buffer (eBioscience 00-4222-26) and incubated 

with Fc blocker for 10 mins followed by staining with various antibodies for 30 

mins in RT. For the staining of cytotoxic T cell, DAPI, CD45, CD3 and CD8 

antibodies were added and for helper T cell, DAPI, CD45, CD3 and CD4 

antibodies were used at a dilution ratio of 0.75 µl: 100 µl in FACS buffer.  

For all kinds of lymphocytes analyses, single cells and live cells were 

firstly gated. Single cells were gated using dot plot of FSC-A / SSC-A, FSC-A 

/ FSC-H and for gating live cells, DAPI- population was selected from DAPI 

histogram. For isolating cytotoxic T cells, 10,000 cells in CD45+ population 

was gated and expressed on CD3 / CD8 dot plot. Double positive area of the 

dot plot was determined as a fraction of cytotoxic T cells in CD45+ population. 

Similarly, for determining the fraction of helper T cells in CD45+ population, 

double positive area of CD3 / CD4 was used. For the double staining of CD8 T 

cells and pimonidazole in tumor section were performed following the same 

procedure used in 3.2.9. 

 

3.2.14. Evaluation of regulatory T cells and MDSCs in tumor tissue using 

flow cytometry 

Analysis of regulating lymphocytes, which are detrimental to immunotherapy 

was carried out using flow cytometry. Among various regulatory lymphocytes, 

foxp3 positive regulatory T cells and myeloid derived suppressor cells are 

analyzed. B16F10-OVA tumor tissues were prepared from the efficacy test and 

tumor single cells are obtained following the same method used in 3.2.5. 

Lymphocytes isolation and Fc blocker incubation were conducted using the 

same procedure used in 3.2.11. Live cell and single cell gating was performed 

following the same method used in 3.2.11. For determining regulatory T cells, 
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double positive area of CD4 / foxp3 was used among 10,000 cells in CD45+ 

population. Similarly, for the evaluation of MDSC fraction, double positive 

area of CD11b / Gr-1 was chosen among 10,000 cells of CD45+ population. 

  

3.2.15. Evaluation of tumor antigen specific response of splenocytes using 

IFN- γ ELISA assay  

For the evaluation of systemic activation of lymphocytes against tumor specific 

antigen was performed using IFN- γ secretion assay. B16F10-OVA tumor 

models were established following the same methods used in 3.2.10. Mice were 

sacrificed and spleens were collected. Spleens were mashed using 3 ml syringe 

plunger and sieved using 40 µm strainer. RBC lysis was performed using RBC 

lysis buffer (Biolegend, 420301). After that, isolated splenocytes (5 × 106 cells) 

were seeded on 24 wells at the concentration of 5 × 106 cells / well. Splenocytes 

were incubated with or without of immunogenic ovalbumin peptide (Sigma-

aldrich, S7951) at a final concentration of 5 µg/ml for 72 hours. After 

incubation, each well was transferred and centrifuged at 15,000 rpm for 20 mins. 

Each supernatant was transferred and kept in -80°C before use. The 

responsiveness of T cells specific for ovalbumin peptide expressed by 

B16F10.OVA tumor cells was determined by measuring IFN-γ levels in the cell 

culture supernatant using a mouse IFN-γ Quantikine ELISA kit (R&D Systems, 

MIF00) according to the manufacturer’s instructions. 

  

3.2.16. Evaluation of T cell function in the tumor tissue using flow 

cytometry  

To assess the function of cytotoxic T cells in tumor tissue, PD-1 negative T 

cells, proliferating T cells and cytokine releasing T cells were evaluated using 

flow cytometry. Single cell isolation of tumor lymphocytes and single cells, 

live cells gating strategies followed the same procedures used in 3.2.11. For the 

analysis of PD-1 negative T cells, cell fraction of CD8+ / PD-1- among CD45+ 
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cell was counted. Ki67 T cells are evaluated by counting double positive area 

of CD8 / Ki67. INF-γ and TNF-α secreting T cells are assessed by counting 

double positive area of CD8 / INF-γ and CD8 / TNF-α respectively. T cells 

secreting both INF-γ and TNF-α at the same time were evaluated by counting 

double positive area of INF-γ / TNF-α among CD45+CD8+ cells 

 

3.2.17. Statistical analyses 

Data are presented as means ± standard error of the mean (SEM), denoted by 

error bars, of independent samples assayed within the indicated experiments. 

Figures indicate statistical significance at p < 0.05 (*), p <0.01 (**), and p 

<0.001 (***) levels. A p-value < 0.05 was considered to be statistically 

significant. Data was calculated using Student’s t-test and one-way ANOVA, 

followed by Tukey’s HSD.  
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3.3. Results  
 

3.3.1 Daily administration of STP3725 significantly reduces tumor 

hypoxia in B16F10 tumor models  

As we demonstrated in previous chapter that STP3725 could enhance tumor 

perfusion in several tumor models, we also hypothesized that this increased 

perfusion will alleviate hypoxia by providing more oxygen in tumor tissue. In 

order to clarify our assumption, we evaluated tumor hypoxia by several 

methods after treating STP3725. B16F10 tumor model establishment and 

STP3725 treatment were done using the method in 3.2.5. Pimonidazole was 

injected to mice 1 hour prior to sacrifice and collecting tumor. Pimonidazole 

positive tumor cells are presented by immunofluorescence and flow cytometry 

analysis. Pimonidazole positive cells in control and STP3725 treated group of 

tumor section were stained with FITC conjugated anti-pimonidazole antibody. 

As expected, we found that STP3725 significantly decreased pimonidazole 

positive signals in slides, which suggest that STP3725 could successfully 

alleviate tumor hypoxia (Fig. 3.1 A). For the quantification of hypoxia in whole 

tumor tissue, tumors were dissociated and pimonidazole positive cell fraction 

was analyzed using flow cytometry. Pimonidazole histograms in whole tumor 

tissue were shown in Fig. 3.1 B. Similar with tumor section staining result, we 

found that treating STP3725 reduced pimonidazole positive cell fraction in total 

single cells about 44.4±7.64% compared to that in control group (Fig. 3.1 C).

 As glut-1 is one of the hypoxic markers in tumor tissue, we also 

assessed the glut-1 expression level in tumor section of STP3725 treated group 

and control group. Tumor slides in each group were stained with glut-1 

antibody and visualized with Cy3 conjugated secondary antibody. Similar with 

pimonidazole staining results, we also could found that treating STP3725 could 

successfully decline the expression level of glut-1 in tumor section (Fig. 3.1 D).  
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Figure 3.1 Tumor hypoxia quantification with or without administration 

of STP3725. (A) Pimonidazole staining (FITC) in B16F10 tumor section in 

control and STP3725 treated group. (B) Histogram of pimonidazole (FITC) 

stained cells in B16F10 whole tumor tissue using flow cytometry. (C) 

Quantification of pimonidazole stained cells of cytometry histogram. (D) Glut-

1 staining (Cy3) in B16F10 tumor section in control and STP3725 treated group. 

(E) Evaluation of glut-1 staining area fraction by quantifying fluorescence 

intensity. (F) PET/MR imaging after 2hr of 18FMSO injection in control and 

STP3725 treated group. (G) SUVR (18FMSIO intensity in tumor / FMISO 

intensity in muscle) values in control and STP3725 treated group. Data were 

represented as mean±s.e.m. with n=5-14. Significant differences are presented 

as asterisk marks in the figurers using student t-test (* p<0.05, ** p<0.01). 
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By quantifying the fluorescence intensity, it is determined that STP3725 

decreased glut-1 expression by 35.1±4.32% compared to that in control group 

(Fig. 3.1 E).  

Tumor hypoxia in a live mouse was quantified using PET/MRI after 

injecting 18FMISO. B16F10 tumor model was developed and STP3725 was 

treated followed the same methods used in 3.3.1. 2 hours after 18FMISO 

injection, static PET was performed for 20 mins with MRI imaging. MRI 

imaging and PET fusion images were shown in Fig. 3.1 F. Tumor area was 

identified using MRI images and dye intensities in the tumor and muscle were 

calculated. SUVR values of tumor tissues in STP3725 and control group were 

shown in Fig. 3.1 G. Similar with the results of pimonidazole and glut-1 

experiment, we demonstrated that STP3725 could reduce the intensity of 
18FMISO in tumor tissue by 27.3±5.55% compared to that in control group.   

 Collectively, we confirmed that treating STP3725 could decrease the 

pimonidazole accumulation, glut-1 expression level and the intensity of 
18FMISO in tumor tissue, which manifests that STP3725 can alleviate tumor 

hypoxia by increasing tumor perfusion.  

 

3.3.2 STP3725 suppresses the expression of hypoxia related 

immunosuppressive cytokines  

As hypoxia plays a detrimental role in tumor microenvironment and we 

clarified that STP3725 could reduce tumor hypoxia, we also evaluated whether 

SPT3725 could also diminish hypoxia related immunosuppressive cytokines or 

not. 

PD-L1 expression in tumor tissue was evaluated by staining tumor 

section and flow cytometry analysis. We found that STP3725 could decrease 

the expression of PD-L1 in flow cytometer histogram (Fig. 3.2 A). 

Quantification of PD-L1+ area in histogram showed that STP3725 decreased 

the PD-L1 expressing cells by 30.2±7.88% compared to control group (Fig. 
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3.2 B). Staining of PD-L1 in tumor section also showed less fluorescent 

intensity in STP3725 compared to that in control group (Fig. 3.2 C). 

Quantification of fluoresce intensity showed that STP3725 decreased the 

intensity by 68.2±5.3% compared to that in control group (Fig. 3.2 D).  

As HIF-1α is the representative marker for hypoxia, we also evaluated 

the HIF-1α level by staining tumor slides in control and STP3725 group (Fig. 

3.3 A). Quantification of fluorescent intensity indicated that STP3725 could 

also decrease the expression of HIF-1α by 42.14±9.02% compared to that in 

control group (Fig. 3.3 B).  

The expression of VEGF-A, which is also known for hypoxia 

associated immunosuppressive cytokine was also evaluated by staining method 

in the same groups (Fig. 3.3 C). Similar with HIF-1α, STP3725 could drop the 

expression level of VEGF-A by 38.16±7.05% compared to that in control 

group (Fig. 3.3 D).  

In order to evaluate the cytokine expression level in whole tumor, we 

prepared whole tumor lysate for each tumor and performed ELISA. We 

evaluated the expression levels of HIF-1α, TGF-β, VEGF-A and CCL28 using 

corresponding ELISA kit. Similar with the staining results, we found that 

STP3725 could decline the expression of each cytokine by 26.15±4.44% for 

HIF-1α (Fig. 3.3 E), 21.24±3.5% for TGF-β (Fig. 3.3 F), 33.15±7%	for 

VEGF-A (Fig. 3.3 G) and 23.58±4.24% for CCL28 (Fig. 3.3 H) compared to 

control group.  

 

3.3.3 STP3725 augments lymphocytes infiltration into the tumor tissue by 

alleviating hypoxia 

As we proved that STP3725 could alleviate tumor hypoxia, we decided to 

evaluate whether STP3725 can also affect the infiltration and distribution of 

lymphocytes in tumor tissue or not. 
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Figure 3.2 Quantification of PD-L1 expression in tumor tissue with or 

without administering STP3725. (A) Evaluation of PD-L1 expressing cells of 

B16F10 whole tumor tissue using flow cytometry in control and STP3725 

treated group. (B) Quantification of PD-L1 histogram in control and STP3725 

treated group. (C) PD-L1 staining images in tumor section of control and 

STP3725 group and (D) quantification of their fluorescence intensity. Data 

were represented as mean±s.e.m. with n=7-24. Significant differences are 

presented as asterisk marks in the figurers using student t-test (* p<0.05, *** 

p<0.001). 
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Figure 3.3 Quantificaiton of hypoxia related immunosuppressive cytokines 

with or without administering STP3725. (A) HIF-1α staining images in 

tumor section of control and STP3725 group and (B) quantification of their 

fluorescence intensity. (C) VEGF-A staining images in tumor section of control 

and STP3725 group and (D) quantification of their fluorescence intensity. (E) 

Protein contents of HIF-1α, (F) TGF-β, (G) VEGF-A, (H) CCL28 in B16F10 

whole tumor tissue using corresponding ELISA. Data were represented as 

mean±s.e.m. with n=7-13. Significant differences are presented as asterisk 

marks in the figurers using student t-test (** p<0.01). 
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Figure 3.4 Identification of the relation between hypoxia and tumor 

infiltrating lymphocytes. (A) Double staining of pimonidazole (FITC) and 

CD8+ T cell (APC) in whole tumor section of B16F10 tumor model. (B) Co-

localization analyses of pimonidazole (FITC) with CD8+ T cell (APC) by using 

confocal microscopy in control and STP3725 group. 
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For that, we co-stained tumor slides with pimonidazole and CD8+ T cells. 

Whole tumor slide was scanned using VECTRA to specify the location of 

hypoxia and T cells simultaneously (Fig 3.3 A). In this result, we found that 

STP3725 was able to augment the infiltration of CD8+ T cells in the slide 

compared to that in control group while decreasing hypoxia. We also 

discovered that staining area of CD8+ T cell did not overlap with that of hypoxia, 

which means that CD8+ T cells could not infiltrate or were hard to survive in 

hypoxic area (Fig. 3.4 A). In order to specify the location of T cells more clearly, 

we magnified the slide and got images using confocal microscopy (Fig. 3.4 B). 

By observing those images, we could clearly confirm that T cells were hardly 

found in hypoxic area in both control and STP3725 treated groups. By these 

results, we could expect that STP3725 could augment the infiltration of T cells 

by reducing the total level of hypoxia in tumor tissue. 

 We also assessed tumor infiltrating lymphocytes from outside of 

tumor using congenic lymphocyte transfer method. CD45.1+ lymphocytes were 

transferred to B16F10.OVA tumor bearing mice through tail vein and the 

fraction of CD45.1+ lymphocytes in tumor was evaluated using flow cytometry. 

Single cells were firstly gated with live cell using DAPI- gating followed by 

single cell gating. Cells were then gated with CD8+ area and plotted by CD45.1+ 

and CD45.2+ (Fig. 3.5 A). We found out that the amount and ratio of CD45.1+ 

cells in CD8+ cells were highly increased in STP3725 treated group compared 

to that in control group, which indicates that tumor infiltrated lymphocytes from 

outside of the tumors could be augmented by treating STP3725. Gating with 

CD45.1+ histogram clearly showed that CD45.1+ area under the curve is 

significantly higher compared to that in control group (Fig. 3.5 B). 

Quantification of CD45.1+ area showed that STP3725 could enhance tumor 

infiltration of CD45.1+ about 3.95 folds in average compared to that in control 

group (Fig. 3.5 C). 
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Figure 3.5 Analysis of tumor infiltrating lymphocytes with or without 

treating STP3725 using congenic mouse model. (A) Dot plot of CD45.1+ and 

CD45.2+ cells gated by 5000 cells of CD8+ in control and STP3725 treated 

group. (B) Histogram of CD45.1+ cells in control and STP3725 treated group. 

Data were represented as mean±s.e.m. with n=8. Significant differences are 

presented as asterisk marks in the figurers using student t-test (* p<0.05). 
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3.3.4 Evaluation of the efficacy of STP3725 in combination with αPD-1 

antibody against B16F10, CT26 and Pan02 tumor models 

As STP3725 could improve tumor microenvironment by alleviating hypoxia, 

we also expected that this effect can contribute to enhancing the efficacy of 

immunotherapies. To demonstrate our assumption, we tested the anti-cancer 

efficacy of αPD-1 antibody using B16F10, CT26 and Pan02 xenograft models. 

In B16F10 model, treating only STP3725 inhibited tumor growth by 

13.82±9.76% compared to control group, which is not sufficient (Fig. 3.6 A). 

Treating only αPD-1 antibody presented 46.6±7.88% tumor growth inhibition, 

while treating αPD-1 antibody together with STP3725 augmented the anti-

tumor efficacy by 77.26±2.77% compared to control group (Fig 3.6. A). 

Tumor weight in each mouse was evaluated after collecting each tumor tissue. 

Treating only STP3725 reduced average tumor weight by 19.71±9.48% 

compared to control group. Administration of αPD-1 antibody only decreased 

average tumor weight by 40.98±7% and combining those drugs presented 

75.45±3.13% lower tumor weight in average compared to control group (Fig 

3.6. B), which is well matched with tumor volume result. Individual tumor 

volume of each mouse was also shown in Fig 3.6. C.  

We confirmed this effect using other tumor models such as CT26 and 

Pan02 xenograft models. For CT26, treating only STP3725 did not show any 

anti-tumor efficacy and treating only αPD-1 antibody showed 28.89±10.47% 

tumor inhibition efficacy in average while treating αPD-1 antibody with 

STP3725 decreased average tumor volume by 71.75±4.74% compared to 

control group (Fig. 3.7 A). Tumor weight of each mouse was assessed after 

collecting tumors. Unlike tumor volume data, treating only STP3725 showed 

11.49±8.79% lower tumor weight in average compare to control group (Fig. 

3.7 B). Administration of only αPD-1 antibody presented 31.21±5.04% lower 

tumor weight in average, while treating αPD-1 antibody together with STP3725 

showed 64.92±5.6% lower tumor weight in average compared to control group 
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(Fig. 3.7 B). Individual tumor volume of each mouse was also presented in Fig. 

3.7 C. 

 For Pan02 model, treating only STP3725 reduced by 30.35±7.57% of 

tumor volume in average, while treating only αPD-1 antibody presented 

18.36±7% of tumor inhibition effect compared to control group, which is 

different pattern compared to previous two tumor models. Combination of 

STP3725 and αPD-1 antibody showed 53.58±5.47% of inhibition effect 

compared to control group (Fig. 3.8 A). Average tumor weight of each group 

reduced by 12.93±12.39% for STP3725, 18.36±7% for αPD-1 antibody and 

54.81±4.64% for the combination of αPD-1 antibody and STP3725 compared 

to that of control group (Fig. 3.8 B). Individual tumor volume of each mouse 

was shown in Fig. 3.8 C. 

Based on these results, we could discover that treating only STP3725 

was not effective to exert anti-tumor effect but STP3725 contribute to 

enhancing the efficacy of αPD-1 antibody in B16F10, CT26 and Pan02 

xenograft tumor models. 

 

3.3.5 STP3725 enhanced αPD-1 antibody delivery to the tumor tissue 

In order to evluate whether STP725 could also enhance αPD-1 antibody 

delivery or not, we injected Cy5.5 conjugated αPD-1 antibody to B16F10 

bearing mice and detected fluorescent intensity in tumor using IVIS. We proved 

that STP3725 could increase the antibody accumulation in the tumor after 24 

hours of injection compared to control group using 3D IVSI (Fig. 3.9 A). 

Measuring fluorescent intensity in isolated tumors also showed that STP3725 

increased the overall intensity of antibody in tumor (Fig. 3.9 B) and the 

quantification of mean radiant efficiency showed that the value is 1.92 folds 

higher in STP3725 treated group compared to that in control group (Fig. 3.9 C). 

Based on this result, we could expect that STP3725 could also contribute to 

enhancing the efficacy of αPD-1 antibody by increasing antibody delivery.     
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Figure 3.6 Anti-tumor effect of STP3725 in combination with αPD-1 

antibody in B16F10 syngenic tumor model. (A) Tumor growth inhibition in 

each group. (B) Tumor weight of each group after termination of anti-tumor 

evaluation in B16F10 model. (C) Individual anti-tumor graph of each mouse in 

each group. Data were represented as mean±s.e.m. with n=21-23. Significant 

differences are presented as asterisk marks in the figurers using one-way 

ANOVA, followed by Tukey’s HSD (** p<0.01, *** p<0.001). 
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Figure 3.7 Anti-tumor effect of STP3725 in combination with αPD-1 

antibody in CT26 xenograft tumor model. (A) Tumor growth inhibitory 

effect of STP3725 in combination with αPD-1 antibody in CT26 xenograft 

tumor model. (B) Tumor weight of each group after termination of anti-tumor 

evaluation in CT26 model. (C) Individual anti-tumor graph of each mouse in 

each group. Data were represented as mean±s.e.m. with n=16-19. Significant 

differences are presented as asterisk marks in the figurers using one-way 

ANOVA, followed by Tukey’s HSD (** p<0.01, *** p<0.001). 
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Figure 3.8 Anti-tumor effect of STP3725 in combination with αPD-1 

antibody in Pan02 xenograft tumor model. (A) Anti-tumor effect of 

STP3725 in combination with αPD-1 antibody in Pan02 xenograft tumor model. 

(B) Tumor weight of each group after termination of anti-tumor evaluation in 

Pan02 model. (C) Individual anti-tumor graph of each mouse in each group. 

Data were represented as mean±s.e.m. with n=8-12. Significant differences are 

presented as asterisk marks in the figurers using one-way ANOVA, followed 

by Tukey’s HSD (* p<0.05). 
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Figure 3.9 Evaluation of αPD-1 antibody accumulation in tumor with or 

without treating STP3725.  (A) 3D fluorescent imaging of αPD-1 antibody 

in tumor using IVIS. (B) Fluorescent intensity of dye conjugated αPD-1 

antibody in tumor tissue in control and STP3725 treated group. (B) Fluorescent 

intensity fraction in each tumor. Data were represented as mean±s.e.m. with 

n=6-10. Significant differences are presented as asterisk marks in the figurers 

using student t-test (** p<0.01). 
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3.3.6 STP3725 elevates the population of effector lymphocytes in 

combination with αPD-1 antibody 

Besides enhancing delivery of antibody, we also hypothesized that STP3725 

could improve tumor microenvironment so that it can supports the anti-tumor 

efficacy of αPD-1 antibody.  

As we already demonstrated that administration of STP3725 could 

augment the infiltration of CD8+ lymphocytes by alleviating hypoxia and 

reducing hypoxia related immunosuppressive cytokines, we thought that 

STP3725 could also enhance total population of tumor infiltrating lymphocytes 

in tumor. In order to verify that, we isolated single cells from tumor tissue and 

stained to identify the population of CD45.2+ lymphocytes (Fig. 3.10 A). We 

found that treatment of STP3725 augmented the total population of 

lymphocytes in tumor about 1.51 folds compared to control group (Fig. 3.10 

B). Addition of STP3725 to αPD-1 therapy elevated the population about 3.16 

folds while treating only αPD-1 therapy augmented the population about 2.44 

folds compared to control group (Fig. 3.10 B).  

 These data manifest that treating STP3725 can give additional benefits 

in augmenting more lymphocytes when combined with αPD-1 therapy. For the 

identification of the population of cytotoxic T cells, CD3+CD8+ cells in CD45+ 

cells were counted as percentage (Fig. 3.10 C). We found that CD3+CD8+ 

percentages in CD45+ cells were augmented about 1.51 folds in STP3725 group, 

1.85 folds in αPD-1 antibody treated group and 1.97 folds in combination group 

compared to that in control group (Fig. 3.10 D). Helper T cells were determined 

by gating single cells with CD3+CD4+ percentage in CD45+ cell (Fig. 3.10 E). 

Helper T cells were found to be increased about 1.49 folds in STP3725 treated 

group, 1.62 folds in αPD-1 antibody treated group and 2.04 folds in 

combination group compared to control group (Fig. 3.10 F). 
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Figure 3.10 Flow cytometry analysis of main effector cells. (A) Flow 

cytometry analysis of CD45+ cells in B16F10 whole tumors in each group. (B) 

Quantification of CD45+ cell fraction in total tumor tissue. (C) Flow cytometry 

analysis of CD3+CD8+ cells gated with CD45+ cells in each group. (D) 

Quantification of CD3+CD8+ cell fraction in total CD45+ population. (E) Flow 

cytometry analysis of CD3+CD4+ cells gated with CD45+ cells in each group. 

(F) Quantification of CD3+CD4+ cell fraction in total CD45+ population. Data 

were represented as mean±s.e.m. with n=16-23. Significant differences are 

presented as asterisk marks in the figurers using student t-test (* p<0.05, ** 

p<0.01). 
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Figure 3.11 Identification of the relation between hypoxia and tumor 

infiltrating lymphocytes in αPD-1 antibody treated group. Double staining 

of CD8+ and pimonidazole+ cells in whole tumor section to specify the 

relationship between the residence of CD8+ T cells and hypoxic region. 
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Based on these data, we concluded that combination of STP3725 with αPD-1 

antibody effectively augmented the population of effective T cells, which exert 

anti-tumor effects as well as total population of tumor infiltrating lymphocytes. 

We also performed double staining of CD8+ T cell and hypoxia to 

evaluate the T cell infiltration in tumor tissue in αPD-1 antibody with or without 

STP3725 treated groups (Fig. 3.11). Even though administration of αPD-1 

antibody could decrease the average tumor volume, it was not able to 

significantly alleviate tumor hypoxia, while treating αPD-1 antibody together 

with STP3725 could successfully reduce hypoxia. This result indicates that 

alleviated hypoxia in combination group is attributable to the administration of 

STP3725 but not to αPD-1 antibody. As we already demonstrated that CD8+ T 

cells hardly infiltrate into hypoxic region, we could also found much more 

CD8+ T cells infiltrated into tumor tissue in combination group compared to 

that in αPD-1 antibody treated group (Fig. 3.11).  

 

3.3.7 STP3725 diminishes the population of MDSC in tumor tissue 

As regulatory lymphocytes such as regulatory T cell and myeloid derived 

suppressor cells (MDSCs) also play critical roles in immunosuppressive effect 

by suppressing effective T cells, we also tested whether our treatment could 

also affect the population of regulatory lymphocytes or not. Regulatory T cells 

are identified by gating single cells with CD4+, foxp3+ in CD45+ cell and 

counted as percentage (Fig. 3.12 A). The population of regulatory T cells were 

evaluated in each group and we found that the population of regulatory T cells 

were not significantly affected by treating STP3725 nor αPD-1 antibody (Fig. 

3.12 B). MDSC population was distinguished by gating with CD11b+, Gr-1+ in 

CD45+ cells (Fig. 3.12 C).  
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Figure 3.12 Flow cytometry analysis of Regulatory cells. (A) Flow 

cytometry analysis of CD4+Foxp3+ regulatory T cells in CD45+ cells. (B) 

Quantification of regulatory T cell fraction in CD45+ cells. (C) Flow cytometry 

analysis of CD11b+Gr-1+ MDSCs in CD45+ cells. (D) Quantification of 

regulatory T cell fraction in CD45+ cells. (E) Fraction ratio of CD3+CD8+ T 

cells and CD11b+Gr-1+ MDSC in each group. Data were represented as 

mean±s.e.m. with n=15-22. Significant differences are presented as asterisk 

marks in the figurers using student t-test (* p<0.05). 
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However, we found that the population of MDSC was reduced by 36.29±6.93% 

in STP3725 treated group and 44.26±7.89% in combination group, while only 

7.27±13.34% in αPD-1 antibody treated group compared to control group (Fig. 

3.12D). This result manifests that treating only αPD-1 antibody exerts minimal 

effect on the population of MDSC, while treating STP3725 substantially 

reduced the population of MDSC. As cell population ratio between cytotoxic T 

cells and MDSC could be used as another marker for predicting the anti-cancer 

efficacy of immunotherapy, we assessed those value in each group. We 

discovered that the population ratio of CD3+CD8+ over CD11b+Gr-1+ in 

CD45+ cells was 1.3 for control, 1.88 for STP3725 treated group, 1.89 for αPD-

1 treated group and 2.69 for the combination group in average. This result 

demonstrates that the population of cytotoxic T cells over that of MDSC is 

highest when αPD-1 antibody is treated together with STP3725 among other 

groups, which may be one of the reason why the combination group showed 

the highest anti-tumor efficacy among other groups. 

 

3.3.8 Combination of STP3725 and αPD-1 antibody ameliorates the 

function of cytotoxic T cells in tumor tissue 

Although augmenting the population of effector lymphocytes, which shows 

anti-tumor effect, ameliorating the function of those cells is also one of the most 

important factors for successful immunotherapy. In that aspect, we appraised 

how much of the T cell function changed after drug treatment.  

We analyzed PD-1, Ki67 expressing T cells and several cytokines 

releasing T cells, which are the representative markers for evaluating T cell 

function. As PD-1 is one of the most promising markers for judging T cell 

exhaustion, we identified PD-1 negative T cell population in each group. PD-1 

negative T cells are determined by gating with CD8+, PD-1- in CD45+ area (Fig. 

3.13 A). PD-1 negative T cells became increased about 2.04 folds in STP3725 

treated group, 2.32 folds in αPD-1 antibody treated group and 3 folds in 
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combination group (Fig. 3.13 B). Treating αPD-1 antibody together with 

STP3725 was determined to be the most effective to boost the population of 

PD-1 negative T cells in tumor tissue. 

Ki67+ T cells represent the T cells which are actively proliferating, that 

also contributes to enhancing anti-tumor effects. Proliferating T cells were 

identified by gating with CD8+, Ki67+ in CD45+ area (Fig 3.13 C). Proliferating 

T cells were increased 1.4 folds in STP3725 treated group, 1.5 folds in αPD-1 

antibody treated group and 1.9 folds in combination group compared to that in 

control group (Fig. 3.13 D). For proliferating T cells, combination group also 

showed the highest population.  

Cytokine releases from T cells also play a critical role in maintaining 

anti-tumor immunity. Among many cytokines, which are secreted from T cells, 

we chose IFN-γ, TNF-α to analyze. In order to actively induce antigen specific 

cytokine secretion, isolated lymphocytes were treated with ovalbumin peptide 

in vitro. After that, IFN-γ secreting T cells are determined by gating CD8+, IFN-

γ + in CD45+ area (Fig. 3.14 A). We found that IFN-γ secreting T cells increased 

by 1.49 folds in STP3725 treated group, 1.68 folds in αPD-1 antibody treated 

group and 2.27 folds in combination group compared to control group (Fig. 

3.14 B). Similarly, TNF-α secreting T cells were identified by gating CD8+, 

TNF-α + in CD45+ area (Fig. 3.14 C). It is also determined that the population 

of TNF-α secreting T cells were increased by 1.55 folds in STP3725 treated 

group, 2.03 folds in αPD-1 antibody treated group and 3.29 folds in 

combination group comapared to control group (Fig. 3.14 D). T cells which 

secrete IFN-γ, TNF-α simultaneously is usually referred as ‘polyfunctional T 

cells’. The population of polyfunctional T cells are identified by gating IFN-γ + 

TNF-α + area in CD8+ area (Fig. 3.14 E). It was also determined that 

polyfunctional T cells were augmented by 1.73 folds in STP3725 treated group, 

2.84 folds in αPD-1 antibody treated group and 4.27 folds in combination group 

compared to control group (Fig. 3.14 F). 
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Figure 3.13 Flow cytometry analysis of PD-1 negative and proliferative T 

cells. (A) Flow cytometry analysis of CD8+PD-1- T cells in CD45+ cells in 

B16F10 whole tumors in each group. (B) Quantification of CD8+PD-1- T cell 

fraction in CD45+ cells. (C) Flow cytometry analysis of CD8+Ki67+ T cells in 

CD45+ cells in B16F10 whole tumors in each group. (D) Quantification of 

CD8+Ki67+ T cell fraction in CD45+ cells. Data were represented as 

mean±s.e.m. with n=12-21. Significant differences are presented as asterisk 

marks in the figurers using student t-test (* p<0.05, ** p<0.01). 
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Figure 3.14 Flow cytometry analysis of cytokine secreting T cells. (A) Flow 

cytometry analysis of CD8+IFNγ + activated T cells in CD45+ cells in B16F10 

whole tumors in each group. (B) Quantification of CD8+IFNγ + activated T cell 

fraction in CD45+ cells. (C) Flow cytometry analysis of CD8+TNFα + activated 

T cells in CD45+ cells in B16F10 whole tumors in each group. (D) 

Quantification of CD8+TNFα + activated T cell fraction in CD45+ cells. (E) 

Flow cytometry analysis of IFNγ +TNFα + activated T cells in CD45+ CD8+ cells 

in B16F10 whole tumors in each group. (F) Quantification of IFNγ +TNFα + 

activated T cell fraction in CD45+ CD8+ cells. Data were represented as 

mean±s.e.m. with n=12-21. Significant differences are presented as asterisk 

marks in the figurers using student t-test (* p<0.05, ** p<0.01). 
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Based on these data, we concluded that even though treating only αPD-1 

antibody had some effects on ameliorating T cell function, administration of 

STP3725 provided additional benefits on improving T cell function by 

augmenting not only IFN-γ and TNF-α secreting T cells but also proliferating 

T cells and PD-1 negative T cells. 

 

3.3.9 Combination of STP3725 and αPD-1 antibody augments the 

population of tumor antigen specific lymphocytes systemically  

Although improving both population and function of T cells in tumor tissue is 

important, augmentation of tumor specific lymphocytes in lymphoid organs 

such as spleen is another important issue for the sustainable anti-tumor 

immunity and memory response. In order to evaluate antigen specific 

lymphocytes in spleen, we treated ovalbumin peptide on the splenocytes and 

quantified IFN-γ in the supernatant using ELISA after 72 hours of treatment 

(Fig. 3.15 A).  

We found that treating αPD-1 antibody augmented IFN-γ secretion by 

5.27 folds and treating αPD-1 antibody together with STP3725 provided 

additional effect of enhancing IFN-γ secretion by 9.01 folds compared to that 

in control group. However, treating only STP3725 failed to induce IFN-γ 

secretion compared to control group (Fig. 3.15 B). This result suggests that 

treating only STP3725 could not present anti-tumor efficacy, which also 

affected to the failure of inducing systemic memory response, while treating 

STP3725 together with αPD-1 antibody could substantially enhance the antigen 

specific memory response. Although treating only αPD-1 antibody could elicit 

some anti-tumor effects, it was not sufficient to effectively suppress tumor 

growth and induce systemic immune response. In this aspect, STP3725 could 

be served as an effective adjuvant, which can boost the efficacy of αPD-1 

antibody and developing systemic immunity against tumor antigen specifically. 
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Figure 3.15 Evaluation of antigen specific memory response using 

splenocytes. (A) Schematic figure of work flow for evaluating antigen specific 

systemic immune activation. (B) Quantification of INF-γ in the supernatant 

of each group using INF-γ ELSIA assay. Data were represented as 

mean±s.e.m. with n=12-21. Significant differences are presented as asterisk 

marks in the figurers using student t-test (* p<0.05). 
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3.4. Discussion 
 

As hypoxia is one of the striking factors which is detrimental to overall anti-

cancer immunity by exerting multiple mechanisms, alleviating hypoxia is one 

of the hot issues for augmenting the efficacy of various types of 

immunotherapies [14, 15]. However, clinically, no remarkable agents or 

strategies, which can decrease the hypoxic stresses were developed up to date. 

Instead, currently, targeting HIF-1 α, which is one of the most prominent factors 

that regulates the expression of plethora of hypoxia related protumorigenic 

cytokines is drawing attention [16]. HIF-1 α inhibiting small molecules are now 

on several clinical trials and waiting for the outcomes [17-21]. However, 

targeting HIF-1 α is an indirect way to regulate the protumorigenic pathways 

induced by hypoxia. As inhibiting HIF-1 α is not targeting hypoxia itself, 

further hypoxia will continuously produce HIF-1 α, which would be one of the 

limitations of this strategy. Accordingly, more effective strategy, which can 

fundamentally alleviate hypoxia is acquired to produce better outcomes.   

 Although in several studies, inducing vascular normalization using 

optimal dose of anti-angiogenic drug was reported to alleviate hypoxia by 

enhancing perfusion, this effect is not able to be prolonged since it appears 

transiently. [1, 3, 22]. In this study, we proposed a new strategy, which can 

fundamentally alleviate hypoxia by enhancing perfusion using maintained 

thromboprophylaxis. In previous chapter, we demonstrated that the treatment 

of orally active heparin (STP3725) could enhance the perfusion by preventing 

the formation of CAT. We proved that this strategy can also contribute to 

decreasing hypoxia as well.  

Pimonidazole is well known chemicals which can specifically 

accumulated in hypoxic cells and glut-1 is also known to overexpressed in 

hypoxic cancer cells as they augment glucose transport under hypoxic condition 

[23-26]. We evaluated the hypoxia in control and STP3725 treated group using 
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these two hypoxic markers. We found that both pimonidazole and glut-1 

fluorescence intensity were considerably decreased in STP3725 treated group 

compared to control group (Fig. 3.1 A-E). These results were also confirmed 

using PET/MR imaging in live mice by injecting 18FMISO dye, which can also 

detect hypoxic cells specifically (Fig. 3.1 F, G). It was determined also that the 

hypoxic level significantly decreased in STP3725 treated group. Collectively, 

these results manifest that treatment of STP3725 could alleviate tumor hypoxia 

by enhancing tumor perfusion. 

As plethora of immunosuppressive cytokines and molecules are 

expressed by the hypoxic condition, we expected that the alleviation of hypoxia 

could affect the expression of those molecules [14, 15]. In order to confirm that, 

the expression of several representative immunosuppressive cytokines or 

molecules, which are known to be associated with hypoxia such as VEGF-A, 

HIF-1 α, TGF-β, CCL28 and PD-L1 are evaluated [27-30]. As recently, several 

papers reported that hypoxic condition in tumor can facilitate the expression of 

PD-L1 of tumor cells by HIF-1 α dependent manner, we evaluated the 

expression of HIF-1 α in tumor tissue of control and STP3725 treated group 

[31, 32]. We validated that the expression of PD-L1 as well as VEGF-A, HIF-

1 α, TGF-β, CCL28 in tumor became significantly reduced by treating STP3725 

compared to that in control group using flow cytometry, immunostaining and 

ELISA (Fig. 3.3). We speculated that this favorable change is attributable to 

the declined hypoxia induced by treating STP3725. 

We also evaluated whether the reduced hypoxia by treating STP3725 

could affect the immune cell infiltration to tumor tissue or not. By staining 

hypoxic cells and CD8 T+ cells together, we confirmed that hypoxic areas of 

tumor were hardly infiltrated with T cells. This result indicates that the fraction 

of hypoxic area is major factor which determines the infiltration and 

distribution of T cells (Fig. 3.4). We assumed that these results are attributable 

to the facts that hypoxic region represents low perfusion, which reduces 
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lymphocytes access as well as it could affect T cell survival by the lack of 

oxygen supply. By using congenic mouse model, we also confirmed similar 

results that the infiltration of new lymphocytes from outside of tumor tissue 

was substantially augmented in STP3725 treated group compared to that in 

control group (Fig. 3.5). On the basis of these results, we could conclude that 

treatment of STP3725 can improve the infiltration and distribution in tumor 

tissue by enhancing perfusion while alleviating hypoxia. 

By the favorable microenvironment changes resulted from the 

administration of STP 3725, we confirmed that the efficacy of αPD-1 antibody 

was considerably increased when it is treated with STP3725 rather than treating 

alone using B16F10, CT26 and Pan02 xenograft models (Fig. 3.6-3.8). 

Considering that treating only STP3725 did not show any noticeable anti-tumor 

effects, we can clarify that the enhanced anti-cancer effects of αPD-1 antibody 

was resulted from the microenvironment alteration but not from the anti-cancer 

effects of STP3725.  

To analyze more in details about which factors are involved in these 

effects, we evaluated multiple factors such as antibody delivery, various 

lymphocytes’ infiltration and their function. Firstly, we found that by the 

enhanced perfusion induced by STP275 could also promote antibody delivery 

in tumor tissue (Fig. 3.9). Secondly, we validated that the treatment of STP3725 

raised the population of various lymphocytes, which present anti-tumor 

efficacy in tumor such as cytotoxic T cells, helper T cells as well as total 

lymphocytes and the combination group showed the highest population among 

all groups in all cases (Fig. 3.10 A-F). It is estimated that the additionally 

elevated population of T cells by treating STP3725 together with αPD-1 

antibody is caused by the enhanced perfusion and alleviated hypoxia. We 

confirmed that even though treating αPD-1 antibody promoted the population 

of T cells, it failed to decrease hypoxia, while combination group augmented 

the population of T cells as well as it reduced hypoxia (Fig. 3.11 G). 
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Treating STP3725 was also found to suppress the population of 

MDSC regardless of the administration of αPD-1 antibody in B16F10 model 

(Fig. 3.12 C-E). As there are several reports that hypoxic tumor recruits more 

MDSCs in HIF-1 α dependently, we speculated that the decreased population 

of MDSC was caused by the alleviation of hypoxia [33-35]. However, further 

study is needed to clearly demonstrate whether this effect is solely resulted from 

reduced hypoxia or involved in multiple mechanism. Similarly, there were 

other reports that hypoxic condition can promote the recruitment of regulatory 

T cells [36, 37]. However, in this study, we could not observe any marked 

changes of regulatory T cell population in all groups. 

 T cell exhaustion is being considered as one of the critical problems, 

which limits the efficacy of certain immunotherapies such as immune 

checkpoint blockers. Expression of several co-inhibitory molecules on T cells 

such as Tim3, PD-1, CTLA-4 and etc. are regarded as major markers, which 

represents T cell exhaustion. [38-40]. As T cells infiltrate into tumor tissue, 

expression of those molecules becomes elevated and hypoxia is known to be 

one of the potent inducer of those molecules [38-40]. Because exhausted T cells 

are not able to exert its activity properly, higher population of T cell with low 

expression of those inhibitory molecules corresponds to enhanced anti-tumor 

efficacy. In that aspect, we also checked the population of PD-1- T cells in 

tumor tissue (Fig. 3.13 A, B). We found that treatment of STP3725 elevated 

the population of PD-1- T cells compared to control group, which means it can 

facilitate the entry of new T cells into tumor. Combination of αPD-1 antibody 

with STP3725 showed the maximum population of PD-1- T cells, which 

corresponds to the highest anti-cancer efficacy among all groups.  

Similarly, we checked the Ki67+ T cell population as proliferating T 

cells are also involved in the function of T cells. We found a similar pattern of 

Ki67+ population that combination group showed the highest population of 
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proliferating T cells. These results manifest that the administration of STP3725 

can ameliorate the T cell function by alleviating hypoxia. 

Inflammatory cytokines such as IL-2, IFN-γ and TNF-α released from 

activated T cells also play important roles in anti-tumor response [41, 42]. We 

demonstrated that the population of IFN-γ or TNF-α secreting T cells as well 

as the population of polyfunctional T cells secreting both cytokines 

simultaneously were highest in combination group (Fig. 3.14). We insist that 

these results strongly provide the reasonable evidences that are the reason why 

the combination group showed the best efficacy among all groups. 

Collectively, as our strategy targets hypoxia to alters the tumor 

microenvironment into immunosupprotive one, we insist that our strategy 

possesses a potential to expand the combinatorial criteria into other types of 

immunotherapies.    

  

3.5. Conclusion 
 

In this study, we propose a new strategy: combination of immune checkpoint 

blockers with STP3725, which can alter tumor microenvironment into 

immunosupprotive one by alleviating hypoxia. We showed that the treatment 

of STP3725 could successfully decrease the hypoxia in B16F10 tumor and this 

alleviated hypoxia led to downregulated expression of hypoxia related 

immunosuppressive cytokines. These favorable changes potentiated the 

efficacy of αPD-1 antibody by improving the population and function of T cells 

while suppressing the population of MDSC. We insist that our strategy 

possesses advantages as this combinatorial strategy can be expanded to other 

immunotherapies by fundamentally altering tumor microenvironment. 
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Chapter 4 

Summary 
 

Overcoming the transport barrier is one of the major issues to potentiate the 

anti-tumor efficacy of drugs by improving drug delivery and distribution. CAT 

has been recognized as one of highly fatal diseases for the cancer patients 

because development of CAT is greatly associated with the mortality of cancer 

patients. However, studies regarding CAT as one of the major transport barriers 

have not been known well.  

In this study, we proposed and proved for the first time that CAT could 

be another major drug transport barrier. For excessive induction of CAT, we 

injected human fibrinogen to B16F10 tumor bearing mice followed by injection 

of dextran to evaluate the tumor perfusion. We found that the development of 

excessive CAT considerably limited dextran accumulation in tumor tissues. 

Contrastively, when we administered enoxaparin and STP3725 through 

subcutaneous and oral route respectively, we found that the formation of CAT 

became reduced and dextran perfusion was highly elevated compared to control 

group. We confirmed this phenomenon more clearly using whole mount 

staining assay. We discovered that the blockade of blood vessels by CAT 

substantially limited dextran perfusion and diffusion. These results suggest that 

the development of CAT could be one of the major transport barriers which can 

limit tumor perfusion. Similar patterns were observed in other tumor models 

such as Aspc-1, CT26, Pan02 and 4T1 xenograft tumor models. We also 

verified that the treatment of STP3725 tremendously enhanced blood perfusion 

in live mouse using 3D doppler method compared to control group in B16F10, 

CT26, Aspc-1 xenograft models and Aspc-1 orthotopic models. 

As we proved that STP3725 could enhance blood perfusion in tumor, 

we tested whether STP3725 could potentiate the efficacy of anti-cancer drug or 
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not. In B16F10 model, we found that treating only STP3725 or GEMOX was 

not effective enough to suppress tumor growth, while combining two drugs 

showed highly elevated tumor growth inhibition effect. We confirmed that the 

incidence of CAT became substantially decreased in STP3725 and combination 

group. Treatment of STP3725 was determined to augment drug delivery and 

distribution of GEMOX in tumor tissue. We also confirmed the same pattern 

using Aspc-1 orthotopic model. Treatment of STP3725 potentiated the anti-

tumor efficacy of GEMOX by enhancing its delivery and distribution in tumor 

tissue. Based on these results, we demonstrate that treatment of STP3725 can 

potentiate the efficacy of anti-cancer drugs by enhancing their delivery and 

distribution in tumor tissue. 

Potentiation of GMEOX using STP3725 was also confirmed using K-

Ras mutation model. In this model, we found that all the mice developed 

spontaneous lung cancers, while combining STP3725 together with GEMOX 

substantially reduced the incidence and tumor region in lung tissues.   

As we verified that STP3725 could potentiate the efficacy of small 

molecular weight of drugs, we also thought that it could also promote the 

efficacy of nanomedicines by enhancing their delivery. We demonstrated it 

using B16F10 and Aspc-1 tumor models. Doxorubicin loaded chitosan 

nanoparticles were injected to each tumor model and we found that similar with 

GEMOX case, STP3725 could tremendously enhance the efficacy of CNP-

DOX in both B16F10 and Aspc-1 tumor models by enhancing their delivery.  

Based on the results, we conclude that STP3725 enhances tumor 

perfusion by preventing the development of CAT in tumor tissue and thus can 

potentiate the efficacy of other anti-cancer drugs by promoting their delivery 

and improving distribution in tumor tissue. We insist that our strategy can be 

applied to various types of drugs such as chemotherapy and nanomedicine by 

enhancing tumor perfusion (Fig 4.1.). 
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Figure 4.1 Schematic figure of strategy: Administration of STP3725 will 

prevent CAT and augment the efficacy of anti-cancer drugs by enhancing 

perfusion and drug delivery. 
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As tumor hypoxia is detrimental to tumor immunity, alleviating 

hypoxia is one of the most promising ways to boost the efficacy of 

immunotherapy. We clarified that treating STP3725 could alleviate the tumor 

hypoxia using pimonidazole, glut-1 staining and PET/MR in B16F10 xenograft 

tumor model. We insist that this effect could be attributable to enhanced 

perfusion as this will provide more oxygen in tumor.  

As hypoxia became reduced by treating STP3725, we also though that 

this change could also elicit declined expression of immunosuppressive 

cytokines in tumor. We proved that treating STP3725 significantly dropped the 

PD-L1 expression level in tumor tissue. We pursue that this effect is also 

attributable to reduced hypoxia as PD-L1 expression is known to be highly 

associated with the expression of HIF-1α. We also showed that reduction of 

hypoxia by treating STP3725 resulted low expression of HIF-1 α, TGF-β, CCL-

28 and VEGF-A as their expression is also highly relevant to the tumor hypoxia. 

Alleviated hypoxia resulted from treating STP3725 could also enhance the 

infiltration of CD8 T+ cells in tumor tissue. We demonstrated that T cell 

infiltration was highly limited in hypoxic region, which would be one of the 

main reasons why STP3725 significantly improve the T cell infiltration and 

distribution in tumor tissue. Augmentation of tumor infiltrating lymphocytes 

from outside of tumor by treating STP3725 was also quantitatively validated 

by transferring congenic CD45.2+ lymphocytes. We found that administration 

of STP3725 substantially improved tumor infiltration of congenic lymphocytes 

compared to that in control group. We argued that this result was attributable 

to enhanced perfusion and decreased hypoxia in tumor tissue as STP3725 was 

treated.  

As we clarified that STP3725 could ameliorate tumor 

microenvironment by enhancing perfusion and alleviating hypoxia, we could 

also substantiate that treating STP3725 together with αPD-1 antibody markedly 

enhance the efficacy of αPD-1 antibody in B16F10, CT26 and Pan02 xenograft 
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tumor models. In these models, although treating only STP3725 did not provide 

striking anti-tumor effects, it could contribute to enhanced efficacy of αPD-1 

antibody, which manifests that STP3725 ameliorated the tumor 

microenvironment so that αPD-1 antibody could work more effectively. 

In order to analyze more clearly why STP3725 could potentiate the 

efficacy of αPD-1 antibody, we firstly evaluated the delivery of αPD-1 antibody 

in tumor after treating STP3725. We found that the administration of STP3725 

could considerably enhanced antibody delivery into tumor, which is attributable 

to enhanced perfusion by treating STP3725. Secondly, we also analyzed the 

population of various tumor infiltrating lymphocytes and their function. By 

treating STP3725, total population of CD45+ lymphocytes became increased 

and augmented even more when combined with αPD-1 antibody. Similar 

patterns were observed in verifying the population of cytotoxic T cells and 

helper T cells. Treating STP3725 was also determined to be able to ameliorate 

various functions of T cell. STP3725 elevated the population of PD-1- T cells, 

which indicates that it could facilitate the new T cell infiltration into the tumor 

tissue. We also derived the similar pattern in assessing the population of 

proliferating T cells. As lymphocytes, which suppress T cell activity also play 

important roles to determine the efficacy of immunotherapy, we evaluated the 

population of those cells such as regulatory T cells and MDSC. We found that 

treating STP3725 or αPD-1 antibody exert minimal effects on the population of 

regulatory T cells. However, STP3725 could significantly reduce the 

population of MDSC when treated alone or together with αPD-1 antibody, 

while treating only αPD-1 antibody failed to decrease it. For evaluating 

cytokine releasing T cells, we analyzed IFN-γ and TNF-α because they are 

critical cytokines released from T cells to maintain anti-tumor immunity. We 

discovered that treating STP3725 together with αPD-1 antibody could most 

effectively augment the population of IFN-γ secreting T cells, TNF-α secreting 

T cells and T cells secreting both IFN-γ and TNF-α simultaneously.  
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Apart from analyzing the population and function of lymphocytes in 

tumor tissue, it is also important to identify antigen specific lymphocytes in 

lymphoid organs. We again demonstrated that antigen specific secretions of 

IFN-γ by splenocytes were the highest in combination group, while treating 

only STP3725 could not induce secretion, which means STP3725 can help 

develop tumor antigen specific immunity by administering together with αPD-

1 antibody. 

Based on these results, we conclude that STP3725 augments the anti-

tumor efficacy of αPD-1 antibody by enhancing the delivery of αPD-1 antibody 

and altering tumor microenvironment into immune-supportive one. We also 

clarified that the administration of STP3725 alleviates tumor hypoxia, which 

results in reduction of immunosuppressive cytokines and MDSC while it causes 

augmented infiltration of effector lymphocytes and ameliorated T cell function. 

Considering this observation, we also insist that our strategy has a potential to 

be combined with various types of immunotherapies to boost their anti-tumor 

effects (Fig 4.2.).  

Collectively, through these studies, we propose that the development 

of CAT could be one of the major transport barriers and preventing it using our 

orally active heparin provides promoted tumor perfusion and alleviated hypoxia. 

These favorable changes in tumor microenvironment can potentiate the efficacy 

of chemotherapy, nanomedicines and immunotherapy by enhancing drug 

delivery, distribution and ameliorating the function of lymphocytes. 
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Figure 4.2 Schematic figure of the strategy: STP3725 alters tumor 

microenvironment into immunosupportive one, which synergizes the 

efficacy of αPD-1 antibody 
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Chapter 5 

Supplementary chapter: A heparin conjugate, 

LHbisD4, inhibits lymphangiogenesis and 

attenuates lymph node metastasis by blocking 

VEGF-C signaling pathway 

 

5.1. Introduction 
 

Tumoral lymphangiogenesis, the formation of new lymphatic vessels from pre-

existing ones, is induced, along with angiogenesis, by various primary human 

cancers [1]. Clinical studies have revealed that the incidence of cancer cell 

invasion through lymphatic vessels is 3-5 times higher than that through blood 

vessels [2-4]. These findings strongly suggest that anti-lymphangiogenic 

therapy could be a powerful way to reduce the incidence of metastasis. Many 

factors involved in the process of lymphangiogenesis have been discovered. It 

has been shown that the axis of vascular endothelial growth factor receptor 3 

(VEGFR-3) and its ligand, the vascular endothelial growth factor C (VEGF-C), 

plays the central role in initiating lymphangiogenesis [5-9]. The subsequent 

signaling cascade of VEGFR-3 induces the essential steps of 

lymphangiogenesis, the proliferation, migration and tubular formation of the 

lymphatic endothelial cells [10]. Therefore, VEGFR-3 and VEGF-C appear to 

be effective targets for suppressing lymphangiogenesis and subsequent lymph 

node metastasis [11-16].  

Heparin has been studied as a promising candidate equipped with a multi-

targeting capability as it can inhibit both angiogenesis and metastasis by 

interacting with multiple factors involved in these processes [17-19]. Having a 

strong net anionic charge, heparin can interact with many kinds of cytokines, 



 157 

adhesion molecules and proteins including various types of growth factors, 

which have positively charged binding domains [20, 21]. While many studies 

have dealt with the efficacy of heparin against angiogenesis and metastasis, the 

inhibition effect of exogenous heparin against lymphangiogenesis has not been 

clearly elucidated. Several studies, however, have revealed that heparan sulfate 

could be involved in the VEGF-C induced signaling [22, 23]. Those findings 

showed that VEGF-C induced signaling is significantly reduced in the absence 

of heparan surfate on cell surface or by adding exogenous heparin, implying 

that heparin based molecules could be utilized as a potent VEGF-C blocker [23].  

We previously reported that several types of heparin conjugates including 

heparin-taurocholate conjugate, heparin-deoxycholate conjugate etc. showed 

significantly more enhanced anti-angiogenic efficacy than LMWH [24-28]. 

Based on these results, we investigated whether these molecules could also 

exert their effects on lymphangiogenesis and found that LHbisD4, a conjugate 

of low molecular weight heparin and four bis-deoxycholates, showed the most 

significant efficacy in suppressing VEGF-C induced phosphorylation of 

VEGFR-3 among several candidates in the heparin conjugate library (data not 

shown). Consequently, we selected LHbisD4 as the final candidate for the 

potent lymphangiogenesis inhibitor as well as the anti-metastatic drug.  

Previously reported to be orally active, LHbisD4 showed significantly more 

anti-angiogenic efficacy compared to LMWH but less toxicity as LMWH 

exhibits decreased anticoagulant activity after conjugation [26]. Having both 

orally active and less toxic properties, LHbisD4 is at a greater advantage over 

other types of angiogenesis or lymphangiogenesis targeting drugs such as 

monoclonal antibodies that are not orally available or tyrosine kinase inhibitors 

that induce diverse side effects. 

In this study, we hypothesized that LHbisD4 can reduce the incidence of lymph 

node metastasis by inhibiting lymphangiogenesis through blocking VEGF-C 

signaling pathway. To verify our hypothesis, we conducted various in vitro 
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experiments to determine whether LHbisD4 could inhibit VEGF-C stimulated 

lymphangiogenesis. In vivo experiments using breast cancer metastasis models 

were conducted to evaluate the efficacy of the drug in actually reducing the 

incidence of lymph node and distant organ metastasis. 

 

5.2. Materials and methods 
 

5.2.1. Cell lines 

Human Dermal Lymphatic Endothelial Cells(HDLEC) were purchased from 

PromoCell (Hidelberg, Germany). Luciferase transfected MDA-MB-231 cells 

were purchased from American Type Culture Collection (ATCC; Manassas, 

VA). 4T1-Luc2-tdTomato cells were purchased from PerkinElmer (Waltham, 

MA). HDLEC cells were grown in Endothelial Cell Growth Medium MV2 

(ECGM-MV2; PromoCell) and endothelial Basal Medium (EBM; PromoCell) 

was used as a fasting medium. MDA-MB-231 cells and 4T1-Luc2-tdTomato 

cells were cultured in high-glucose Dulbecco’s modified eagle medium 

(DMEM; Gibco, Carslbad, CA) supplemented with 10% fetal bovine serum 

(Gibco) and 1% penicillin-streptomycin (vol/vol). All of the cells were grown 

in a humidified chamber with 5% CO2 atmosphere at 37°C 

 

5.2.2. Synthesis 

LHbisD4 was synthesized as previously reported [26]. Briefly, deoxycholic 

acid (Sigma-Aldrich; St. Louis, MO) were conjugated to L-lysine ethyl ester 

dihydrochloride (Sigma-Aldrich) linker by adding 4-methylmolpholine 

(Sigma-aldrich) and ethyl chloroformate (Sigma-Aldrich) in tetrahydrofuran 

(Sigma-aldrich) to produce dimeric deoxycholic acid (bisDOCA) as described 

in Fig. 5.1. Amine group was induced to bisDOCA by adding diethylamine 

(Sigma-Aldrich) to bisDOCA in methanol. The conjugation of amine induced 

bisDOCA to low molecular weight heparin (Fraxiparin, LMWH; Glaxo Smith 
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Kline, Genval, Belgium) was carried out in two steps. In the first step, one 

molecule of bisDOCA was conjugated to the reducing end site of LMWH in 

the presence reducing agent, sodium cynoborohydride (NaBH3CN, Sigma-

Aldrich). In the next step, the additional molecules of bisDOCA were 

conjugated to the side carboxyl groups of LMWH by an amide bond in the 

presence of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(EDC; Sigma-Aldrich) and N-hydrosuccinimide (NHS; Sigma-Aldrich). 

Conjugation was confirmed by NMR and the conjugation ratio was confirmed 

by surfuric acid assay following the previous method [26]. 

 

5.2.3. Surface plasmon response analysis 

The interaction between LHbisD4 and VEGF-C was analyzed using Biacore 

T100 (GE Healthcare, Waukesha, WI). Recombinant human VEGF-C (R&D 

Systems, Minneapolis, MN) was immobilized on a sensor chip CM5 (GE 

Healthcare) by using the amide coupling method until the immobilization level 

reached 500 RU. LHbisD4 was prepared in HBS-EP buffer (GE Healthcare) at 

concentrations ranging from 0.01 µM to 100 µM. HBS-EP buffer was also used 

as running buffer with the flow rate fixed at 10 µl/min during the whole cycles 

of analysis. The sensor chip surface was regenerated using 50 mM NaOH after 

each analysis cycle and the results were evaluated through the software, 

BIAevaluation (GE Healthcare). The interaction between LMWH and VEGF-

C was analyzed following the same procedure. 

 

5.2.4. Receptor phosphorylation studies 

The tyrosine kinase phosphorylation level of VEGFR-3 in HDLECs was 

measured by western blot to evaluate the inhibitory effect of LMWH and 

LHbisD4 against VEGF-C induced VEGFR-3 phosphorylation. HDLECs were 

cultured on a 6-well plate in ECGM until they became 90% confluent. After 

that, cells were starved for 24 h in serum free-EBM and washed once with fresh 
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EBM. VEGF-C was prepared in EBM at the final concentration of 500 ng/ml, 

in which LMWH or LHbisD4 was mixed to make the final concentrations range 

from 1 µg/ml to 100 µg/ml, and then incubated at 37°C for 30 minutes prior to 

the treatment to the cells. Cells were washed three times with ice-cold EBM 10 

minutes after the treatment and were put on the ice during the whole process of 

cell lysis. Cells were harvested right after adding 50 µl of lysis buffer (20 mM 

Tris, 15% Glycerol (vol/vol), 1% Triton X-100 (vol/vol), 8 mM MgSO4, 150 

mM NaCl, 1 mM EDTA, Phosphatase inhibitor cocktail (Sigma-Aldrich), 

Protease inhibitor) in each well and were kept in ice for 30 minutes, applying a 

mild level vortex. Cells were centrifuged at 15,000 rpm for 15 minutes and the 

supernatant was stored at -80°C until analysis. Protein concentration was 

measured using a BCA-protein assay kit (Pierce Biotechnology, Rockford, IL). 

The amounts of VEGFR-3 and phosphorylated VEGFR-3 in the supernatant 

were analyzed using the sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE). A total of 50 µg of protein was loaded in each 

lane of 7.5% poly acrylamide gel. Membranes were incubated with anti-human 

VEGFR-3 antibody (R&D Systems), anti-human phosphorylated VEGFR-3 

antibody (Cell applications, San Diego, CA), anti-human actin (Cell 

applications), followed by incubation with proper HPR conjugated secondary 

antibodies (R&D Systems). Bands on the membranes were visualized and 

captured using Las 4000 (GE Healthcare). 

 

5.2.5. In vitro HDLEC proliferation and cytotoxicity assay 

The inhibitory effect of LMWH or LHbisD4 against VEGF-C stimulated 

proliferation of HDLEC was evaluated using a BrdU cell proliferation assay kit 

(R&D Systems). HDLEC were seeded on 96-well culture plates at a 

concentration of 5 × 104 cells per well in ECGM. Groups were divided into 

VEGF-C (only VEGF-C), LMWH (LMWH + VEGF-C), LHbisD4 (LHbisD4 

+ VEGF-C) with N number 5 in each group. VEGF-C (250 ng/ml) was pre-
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incubated at 37°C in ECGM with LHbisD4 (100 µg/ml) or LMWH (100 µg/ml) 

30 minutes prior to the treatment to the cells. At 24 h of seeding the cells on the 

plate, medium was replaced following aforementioned groups and incubated 

for another 72 h. After incubation, the proliferated cells were quantified 

following the instructions of the kit. In order to check the cytotoxicity of 

LHbisD4, HDLEC or MDA-MB-231 cells were seeded on each 96-well culture 

plate at a concentration of 1 × 105 cells per well, which were incubated in 

ECGM and fully supplemented DMEM respectively for 72 hr. After checking 

that cells are fully confluent, 0, 1, 10, 50, 100 µg/ml of LHbisD4 in the same 

media was added to each well (N=5) and cell viability was quantified after 24h 

using LHD assay kit.  

 

5.2.6. In vitro HDLEC migration assay 

The inhibition effect of LHbisD4 on VEGF-C induced HDLEC migration was 

assessed using an Oris cell migration assay kit (Platypus Technologies, 

Madison, WI). Assay was performed following the product protocol. Briefly, 1 

× 104 of HDLECs in EBM was added to each of the 96 wells with the stoppers 

placed in the middle of the wells and allowed to grow for 24 hours. Groups 

were prepared as VEGF-C (VEGF-C only), LMWH (VEGF-C + LMWH), 

LHbisD4 (LHbisD4 + VEGF-C) with N number 5 each. VEGF-C (500 ng/ml) 

was pre-incubated at 37°C in EBM with LHbisD4 (100 µg/ml) or LMWH (100 

µg/ml) 30 minutes prior to the treatment to the cells. After removing all the 

stoppers, medium was replaced following aforementioned groups. After 

another 24 hours, cells were stained with calcein-AM (Invitrogen, Thermo 

Fisher Scientific, Waltham, MA) and the numbers of migrated cells were 

visualized and quantified using fluorescence microscopy. 
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5.2.7. In vitro HDLEC 2D tubular formation assay 

In order to determine whether LMWH and LHbisD4 could hamper the 

formation of tubular structure of HDLEC in a 2D environment, tubular 

formation assay was performed as described previously with some 

modifications [29]. Briefly, 50ul of thawed matrigel (BD Bioscience, San Jose, 

CA) was added onto each well of 96-well culture plates and incubated at 37°C 

for 30 minutes. After the gelation of matrigel, 3 × 104 of HDLECs in EBM was 

added onto each well. Groups were prepared as VEGF-C (VEGF-C only), 

LMWH (VEGF-C + LMWH), LHbisD4 (LHbisD4 + VEGF-C) with N number 

5 each. VEGF-C (500 ng/ml) was pre-incubated at 37°C in EBM with LHbisD4 

(100 µg/ml) or LMWH (100 µg/ml) 30 minutes prior to the treatment to the 

cells. Right after adding the cells, drugs and VEGF-C were also treated to each 

well following the aforementioned groups and 12 h later, the final concentration 

of 8 µg/ml of Calcein-AM (Invitrogen) was added to each well and the tubular 

structure images were obtained by fluorescence microscopy. 

 

5.2.8. In vitro spheroid based 3D tubular formation assay 

To assess the inhibitory effect of LHbisD4 against VEGF-C induced tubular 

formation of lymphatic endothelial cells in a 3D environment, a spheroid based 

tubular formation assay was carried out as described previously with some 

modifications [30]. Briefly, HDLEC spheroids were prepared using the hanging 

drop method. Each spheroid consisted of 1 × 103 of HDLECs in 25 µl of 20% 

methocel solution (1.2 % of carboxymethylcellulose (Sigma Aldrich) in EBM) 

containing ECGM medium (vol/vol). Spheroids were harvested after 24 h and 

mixed with collagen solution at the ratio of 1:1 (vol/vol). Spheroids solution 

were seeded onto 24 wells at a seeding density of 50 spheroids/well. Groups 

were decided as Control (only ECGM), VEGF-C (VEGF-C only), LHbisD4 

(LHbisD4 + VEGF-C) with N number 7 each. VEGF-C (500 ng/ml) was pre-

incubated at 37°C in EBM with LHbisD4 (100 µg/ml) 30 minutes prior to the 
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treatment to the cells. After 30 minutes, VEGF-C (500 ng/ml) and LHbisD4 

(100 µg/ml) solutions were added following aforementioned groups and 

incubated for 24 h at 37°C. The formation of the tubular structure in a 3D 

environment was evaluated under an optical microscope.   

 

5.2.9. In vivo spheroid based plug implantation tubular formation assay 

To determine the suppressive efficacy of LHbisD4 against VEGF-C stimulated 

HDLEC tubular formation in in vivo condition, Spheroid based plug 

implantation tubular formation assay was carried out as described previously 

with some modifications [30]. HDLEC Spheroids were prepared following the 

same procedure used in in vitro test and implanted to severe combined 

immunodeficiency (SCID) mice subcutaneously with VEGF-C. Each mouse 

was transplanted with 1.5 × 103 spheroids, which were contained in the mixture 

of 400 µl of matrigel, 100µl of human fibrinogen (Merckmillipore, Billerica, 

MA), 2 µl of human thrombin (2U, Sigma-aldrich) and 100 µl of ECGM 

containing VEGF-C at a concentration of 2.5 µg/ml. 10 mg/kg of LHbisD4 or 

saline was administered daily via oral route starting one day after 

transplantation for three weeks. (N=5) After three weeks, mice were sacrificed 

and the transplanted matrigel was stained with FITC conjugated anti-human 

podoplanin antibody (Biolegend, San Diego, CA) to visualize the development 

of lymphatic vasculatures inside the gel by using confocal microscopy. 

 

5.2.10. Breast cancer metastasis model 

To assess whether LHbisD4 could attenuate the incidence of cancer metastasis, 

4T1 mouse breast cancer cells and MDA-MB-231 human breast cancer cells 

were used to establish the breast cancer model. 1 × 106 of 4T1-Luc2-tdTomato, 

mouse breast cancer cells (PerkinElmer) and 1 × 107 of luciferase transfected 

MDA-MB-231 human breast cancer cells (ATCC) were injected directly into 

the mammary fat pad of each BALB/cSlc-nu mouse (Orient Bio Inc.) and each 
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SCID mouse (Orient Bio Inc.), respectively. LHbisD4 or saline was 

administered via oral route daily for 4 weeks and 8 weeks to 4T1 and MDA-

MB-231 bearing mice, respectively, when the primary tumor volume reached 

150-200 mm3. After 4 weeks or 8 weeks, mice were sacrificed and organs were 

collected to evaluate the incidence of metastasis by checking the lymph node 

volume and the intensity of luciferin by using IVIS-Xenogen100 (Caliper life 

sciences, Hopkinton, MA). (N=3) All the animal experiments and surgical 

procedures were performed following the guidelines of the Institute of the 

Laboratory Animal Resources, Seoul National University (IACUC no. SNU-

070822-5).   

 

5.2.11. Histological analyses 

Tumor tissues and axillary lymph nodes were collected and fixed in 4% PFA 

for overnight and embedded in a paraffin block. The blocks were sectioned 5 

µm thick using a microtome and put on the slide glasses. Lymphatic vessels 

were specifically stained with anti-Lyve-1 antibody (ReliaTech GmbH, 

Wolfenbuttel, Germany) following the typical procedures of 

immunohistochemistry (IHC) using a DAKO envision kit (Agilent 

Technologies, Santa Clara, CA). (N=5) Phosphorylated VEGFR3 in the tumor 

tissues were specifically stained with anti-phosphorylated VEGFR3 antibody 

(Cell applications) following the typical immunofluorescence (IF) method. 

(N=5) Lymph nodes were stained with Hematoxylin and Eosin (Sigma-Aldrich) 

(H&E) to detect the metastasized cancer cells. 
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Figure 5.1 Synthetic scheme of LHbisD4: bis-DOCA was synthesized by 

conjugating two molecules of deoxycholates through L-lysine linker. 

Subsequently amine group on L-lysine linker was introduced by adding 

ethylenediamine. LHbisD4 was synthesized by conjugating 4 molecules of 

amino-bis-DOCA to enoxaparin.   
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5.2.12. Statistical analyses 

Data are expressed as mean ± s.e.m. The significance between groups 

were calculated by the two-tailed unpaired t-test using the Graphpad Prism 

version 5.0b (Graphpad Software, San Diego, CA). P values under 0.05 were 

considered as significant. Significant differences are presented as asterisks in 

the figures. 

 

5.3. Results 
 

5.3.1. Binding affinity of LHbisD4 against VEGF-C and its inhibitory 

effect on VEGF-C/VEGFR-3 signaling pathway. 

Binding affinity between LHbisD4 and VEGF-C was evaluated by using 

surface plasmon resonance (SPR). Different concentrations (0, 0.01, 0.1, 1, 10, 

100 µM) of LMWH and LHbisD4 were analyzed and the sensor grams are 

presented in Fig. 5.2 A. In the figure, the lines appearing in the order of top to 

bottom represent the solution concentrations from 100 µM to 0 µM. All 

concentrations of LHbisD4 showed higher response units compared to LMWH. 

Dissociation rate constants (Kd) of LMWH and LHbisD4 were calculated as 

69.7 µM and 5.64 µM, respectively, which suggests that the additionally 

attached molecules of bisDOCA contributed to the significantly enhanced 

binding affinity of LHbisD4 with VEGF-C.  

 As the phosphorylation of VEGFR-3 induced by VEGF-C is the key 

molecular pathway for initiating lymphangiogenesis, we validated the 

inhibitory effect of LMWH and LHbisD4 on this pathway by detecting the 

levels of phosphorylated VEGFR-3 using western blot after treating HDLECs 

with or without VEGF-C and drugs. The results of the blotting test are shown 

in Fig. 5.2 B. We found that treating HDLECs with 500 ng/ml of VEGF-C 

significantly increased the phosphorylation levels of VEGFR-3.  
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Figure 5.2 Evaluation of inhibition effect of LHbisD4 in VEGF-C induced 

phosphorylation of VEGFR-3. (A) Sensor gram of surface plasmon 

resonance(SPR) for evaluating the binding affinity between LMWH and 

VEGF-C (Left) or LHbisD4 and VEGF-C (Right). (B) The inhibition effects of 

LHbisD4 and LMWH against the phosphorylation of VEGFR-3 stimulated by 

VEGF-C (500 ng/ml) are shown by immunoblotting. 
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The treatment of LMWH and LHbisD4 of lower than 100 µg/ml could not 

suppress the VEGFR-3 phosphorylation levels, whereas 100 µg/ml of LHbisD4 

could successfully inhibit the VEGF-C induced receptor phosphorylation. 

These results clearly indicate that LHbisD4 could successfully block the 

molecular pathway of VEGFR-3 possibly by binding to VEGF-C, whereas 

LMWH could not. Using the similar method, the phosphorylated VEGFR-3 of 

HDLECs was stained and visualized by confocal microscopy with or without 

LMWH and LHbisD4. The phosphorylation levels of VEGFR-3 was highly 

increased upon adding VEGF-C, whereas the levels regressed almost to the 

level of the fasted group upon adding LHbisD4, supporting the results of the 

western blot. Based on these findings, we suggest that LHbisD4 can inhibit the 

initiation of lymphangiogenesis by blocking the key signaling cascade of 

lymphangiogenesis. 

 

5.3.2. In vitro validation of inhibitory effect of LHbisD4 against VEGF-C 

induced lymphangiogenesis using HDLECs. 

As lymphangiogenesis is divided into three stages of proliferation, migration 

and tubular formation of lymphatic endothelial cells, we decided to validate 

whether LHbisD4 could suppress each of these stages using a corresponding in 

vitro assay.  

The inhibition effect of LHbisD4 against the VEGF-C induced 

HDLECs migration was evaluated using an Oris cell migration assay kit. The 

total number of migrated cells were significantly decreased by 85.9% in the 

presence of LHbisD4, whereas only 13.6% of the cells were decreased in the 

presence of LMWH compared to the VEGF-C only treated group (Fig. 5.3 A, 

C). This result demonstrates that LHbisD4 can successfully inhibit the VEGF-

C induced HDLECs migration. 

 We also confirmed the inhibitory effect of LHbisD4 against the 

VEGF-C induced tubular formation of HDLECs by matrigel based 2D assay. 
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We found that VEGF-C induced the robust formation of tubular structures and 

that LMWH only mildly inhibited tubular formation, whereas LHbisD4 

significantly impeded the formation of those structures as shown in Fig. 5.3B. 

The number of branches per imaging field was counted to quantify the degree 

of tubular formation. We found that LHbisD4 decreased the number of 

branches significantly by 75.2%, whereas LMWH decreased it by 28.9% 

compared to the VEGF-C treated group (Figure 5.3 D). 

To assess the inhibitory effects of LHbisD4 against the proliferation of HDLEC, 

BrdU proliferation assay was performed. In the presence of 100 µg/ml of 

LHbisD4, the number of proliferated cells was decreased by 89% compared to 

the VEGF-C treated group, whereas the number of cells was decreased only by 

18.5% in the presence of LMWH at the same concentration as LHbisD4 (Fig. 

5.3E). LDH cytotoxicity assay using LHbisD4 was performed on both 

HDLECs and MDA-MB-231 cancer cells of 100% confluency to confirm that 

this inhibitory effect did not result from the cytotoxicity of LHbisD4. We found 

that concentrations of LHbisD4 up to 100 µg/ml did not affect the survival rate 

of either HDLECs or MDA-MD-231 cancer cells in supplemented growth 

media, which suggests that LHbisD4 does not act as a cytotoxic agent. 

 These results indicate that LHbisD4 can inhibit the initial stages of 

lymphangiogenesis by suppressing proliferation, migration and the tubular 

formation of lymphatic endothelial cells.  
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Figure 5.3 In vitro cell migration, tubular formation and proliferation 

assay for the evaluation of inhibitory effect of LHbisD4 on 

lymphangiogenesis. (A) In vitro cell migration assay for evaluating the 

inhibitory effects of LMWH (100 µg/ml) or LHbisD4 (100 µg/ml) against 

Human dermal lymphatic endothelial cells (HDLECs) migration stimulated by 

VEGF-C (500 ng/ml). n=5, Scale bar, 20 µm. (B) In vitro 2D tubular formation 

assay with the same condition in (A). (C) Quantification of migrated cells in 

the cell migration assay in circled area. n=5 (D) Quantitative analysis in 2D 

tubular formation assay was carried out by counting the branch numbers per 

field. (E) Proliferation assay of HDLEC using the BrdU assay. n=5, Data were 

represented as mean±s.e.m. with n=5. Significant differences are presented as 

asterisk marks in the figurers using student t-test (** p<0.05, *** p<0.01). 
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Validation of LHbisD4’s inhibitory effect against VEGF-C induced 

lymphangiogenic sprouting using spheroid based plug assay. 

HDLECs spheroids were formed to assess the inhibitory effect of 

LHbisD4 on 3D lymphatic sprouting. We found that after adding 500 ng/ml of 

VEGF-C, the number and length of the sprouting branches in collagen were 

intensively increased compared to the non-treated group (Fig.5.4 A). The 

number of branches per spheroid was significantly decreased by 62.1% when 

LHbisD4 was added in the presence of VEGF-C at the final concentration of 

100 µg/ml (Fig. 5.4 C).  

 To validate this anti-lymphatic sprouting efficacy of LHbisD4 in in 

vivo environment, spheroids were injected subcutaneously into the dorsal flank 

of the SCID mice with matrigel based matrix containing VEGF-C. LHbisD4 

was administered daily via oral route from day one of spheroids injection. In 

order to visualize the lymphatic vasculature formed inside, all the mice were 

sacrificed four weeks after the injection with the whole matrigel plug stained 

using anti-Lyve-1 (Fig. 5.4 B) and the sectioned area of vessels was calculated 

based on the images. We found intensive vascular formation between spheroids 

in the control group, whereas the vessel area of the LHbisD4 administered 

group was significantly decreased by 66.2% (Fig. 5.4 D).  

To confirm that the orally administered LHbisD4 was the cause of 

these effects, we had to show that the drug could reach the matrigel plug 

through the systemic circulation. For this, fluorescence labeled dextran was 

injected into the matrigel, which was also stained with anti-CD31 and anti-

Lyve-1. The results revealed that dextran successfully reached spheroids in the 

matrigel plug through the blood vessels, confirming that systemically entered 

drugs could exert their effect on the spheroids in the matrigel.  
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5.3.3. Evaluation of LHbisD4’s effect on the incidence of axillary lymph 

node metastasis using 4T1 mouse breast cancer model. 

In proposing LHbisD4 as a potent anti-lymphangiogenic drug against 

lymphangiogenesis, which is one of the most responsible factors of cancer 

metastasis, we used a breast cancer model to investigate whether LHbisD4 

could attenuate cancer metastasis occurring especially through the lymphatic 

system. 4T1-Luc2-tdTomato cells were injected to the mammary fat pad of 

BALB/cSlc-nu mice and the incidence of metastasis was evaluated through 

luminescence imaging of organs. 

 We found that 4T1 cells treated with saline aggressively metastasized 

to other organs such as the lung, liver, brain, bones and axillary lymph nodes 4 

weeks after cell injection. However, the daily administration of LHbisD4 

significantly reduced the incidence of metastasis to most of the organs except 

the lung (Fig. 5.5 A). The maximum intensity of luciferin in each organ was 

quantified for comparison (Fig. 5.5 B). In particular, the axillary lymph nodes 

from all of the mice treated with saline showed significantly increased volume 

and intensive luciferin intensity inside, both of which indicate that cancer cells 

have readily metastasized into the axillary lymph nodes through the lymphatic 

vessels, exhibiting a metastatic process common in this breast cancer model. 

On the contrary, the axillary lymph nodes of LHbisD4 treated mice showed a 

markedly decreased volume and incidence of metastasis, which signifies that 

LHbisD4 could block lymph node metastasis possibly by inhibiting 

lymphangiogenesis induced by 4T1 tumor tissue (Fig. 5.5 C, D). This result 

was also supported by lymphatic vessel density: the staining of tumor tissues 

with anti-Lyve-1 revealed that lymphatic vessels inside the tumor of LHbisD4 

treated mice were significantly reduced compared to those inside the control 

group (Fig. 5.5 E). These results suggest that LHbisD4 can attenuate lymph 

node metastasis by inhibiting lymphangiogenesis. 
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Figure 5.4 3D tubular sprouting assay using HDLEC spheroid. (A) HDLEC 

spheroids were cultured without VEGF-C (left), with VEGF-C (500 ng/ml) 

(middle), with VEGF-C (500 ng/ml) and LHbisD4 (100 µg/ml) (right). n=7, 

Scale bar, 100 µm. (B) SCID mice implanted with HDLECs spheroids with 

VEGF-C (2.5 µg/ml) were administered orally with LHbisD4 (10mg/kg) or 

saline. Sprouting vessels in each group were visualized under confocal 

microscope by staining Lyve-1. Saline(left), LHbisD4 (right). n=5, Scale bar, 

200 µm. (C) In vitro spheroids based 3D tubular sprouting assay was quantified 

by counting the branch numbers per spheroid (D) Quantitative analysis in in 

vivo spheroids sprouting was carried out by calculating the mean fluorescence 

intensity of sectioned images. Data were represented as mean±s.e.m. with n=5-

7. Significant differences are presented as asterisk marks in the figurers using 

student t-test (** p<0.05, *** p<0.01). 
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Figure 5.5 The anti-metastatic efficacy of LHbisD4 against orthotopic 4T1 

breast cancer model. (A) Bioluminescence images of each organ are shown to 

visualize the metastasized cancer cells. (Red color represents highest 

luminescence intensity while purple represents lowest) (B) The amount of 

metastasized cancer cells was quantified by counting the maximum intensity of 

luminescence signal in each organ using IVIS Xenogen 100 software. Saline 

(white bar), LHbisD4 (Black bar). (C) The optical images of axillary lymph 

nodes in each group were taken (Scale bar, 5 mm) and (D) the volume of each 

nodes was measured to correlate with the incidence of lymph node metastasis. 

(E) Lymphatic vessels in primary tumor tissue were visualized under confocal 

microscope by staining the tumor mass with anti-mLyve-1. Data were 

represented as mean±s.e.m. with n=3-4. Significant differences are presented 

as asterisk marks in the figurers using student t-test (*** p<0.001). 
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5.3.4. Evaluation of LHbisD4’s effect the incidence of axillary lymph 

node metastasis using MDA-MB-231 human breast cancer model. 

The MDA-MB-231 breast cancer model was prepared following the procedures 

similar to those used for developing 4T1 breast cancer model. As with the 4T1 

model, we also found intensive metastasis of cancer cells to the lung, liver and 

axillary lymph nodes. The overall incidence of metastasis to other organs was 

lower in the MDA-MB-231 cells than in 4T1 cells, possibly because these cells 

originated from human, while the axillary lymph node metastasis was more 

aggressive in the MDA-MB-231 cancer model than in the 4T1 cancer model. 

Administering LHbisD4 dramatically decreased the incidence of metastasis to 

other organs including the lung (Fig. 5.6 A). The most significant inhibitory 

effect of LHbisD4 on attenuating metastasis was observed in the axillary lymph 

node (Fig. 5.6B). LHbisD4 could prohibit cancer cells from metastasizing to 

the lymph nodes and keep the volume of lymph nodes almost to the normal 

level (Fig. 5.6 C). These results are also supported by the histological analysis 

of tumor tissue and lymph nodes. Lymphatic vessels were visualized by 

staining Lyve-1 to quantify the lymphatic vessel density in the tumor tissue (Fig. 

5.7 A).  
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Figure 5.6 The anti-metastatic efficacy of LHbisD4 against orthotopic 

MDA-MB-231 breast cancer model. (A) Metastasized cancer cells are 

visualized by bioluminescence signals in each organ. (B) Pictures of axillary 

lymph nodes in each group (both axillary lymph nodes in each mouse) were 

taken (Scale bar, 5 mm) and (C) their volumes were measured to evaluate the 

incidence of lymph node metastasis. Data were represented as mean±s.e.m. 

with n=3-4. Significant differences are presented as asterisk marks in the 

figurers using student t-test (** p<0.01). 
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Figure 5.7 Tissue analysis of MDA-MB-231 after treating LHbisD4. (A) 

Lymphatic vessel density in the primary tumor of MDA-MB-231 was evaluated 

by staining mLyve-1. (B) Quantification of the density was carried out by 

calculating the mean intensity. n=5 (C)Phosphorylated VEGFR3 in primary 

tumor tissue was stained by immunofluorescence method using anti-

phosphoVEGFR3 antibody. (D) Quantification of phosphorylation level of 

VEGFR3 was quantified by calculating mean fluorescent area. n=5 (E) 

Metastasized tumor cells in axillary lymph nodes were visualized by H&E 

staining. Large tumor necrotic area (depicted with arrow) and many cancer cells 

were observed in control group. Data were represented as mean±s.e.m. with 

n=3-4. Significant differences are presented as asterisk marks in the figurers 

using student t-test (** p<0.01, *** p<0.001). 
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Based on the staining results, we found that the lymphatic vessel density was 

markedly diminished in number by 79.5% in the LHbisD4 treated group, which 

may explain why the incidence of lymph nodes metastasis decreased. (Fig. 5.7 

B) Phosphorylated VEGFR3 in the tumor tissue was also stained using 

immunofluorescence method and shown in Fig. 5.7 C. We also found that 

phosphorylation level of VEGFR3 was significantly decreased by 74.4% in 

LHbisD4 treated group, which supports the result of diminished lymphatic 

vessel density in LHbisD4 treated group shown in Fig. 5.7 D. Metastasized 

cancer cells inside the lymph nodes could be observed through H&E staining 

of lymph nodes. In the control group, many of cancer cells could be observed 

and a large mass of necrotic area was also detected in the middle of lymph 

nodes; contrastively, few cancer cells could be detected inside the lymph nodes 

in the LHbisD4 treated group (Fig. 5.7 E). These results demonstrate that 

LHbisD4 successfully decreased the incidence of MDA-MB-231 cancer cell 

metastasis to the lymph nodes and other organs by inhibiting 

lymphangiogenesis in the primary tumor tissue. 

 

5.4. Discussion 
 

Although heparin binding domain of VEGF-C has not been discovered yet, 

several studies revealed that heparan sulfate on the cell surface might also play 

an important role in VEGF-C related signaling pathway by interacting with 

VEGF-C as it does in various signaling pathways including VEGF-A, which 

might signify the existence of heparin binding domain of VEGF-C [22, 23]. 

However, according to the SPR study, we found that the binding affinity 

between LMWH and VEGF-C was much lower than that between LMWH and 

VEGF-A (Data not shown). This might be attributable to the less positively 

charged area of heparin binding domain in VEGF-C compared with that in 

VEGF-A by which we concluded that even though heparin can bind with 
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VEGF-C, the binding affinity would be not enough to effectively block the 

VEGF-C signaling pathway. Thereby, further modification of LMWH would 

be required to enhance the binding affinity of LMWH with VEGF-C. Among 

several types of heparin conjugates that were previously developed, we chose 

LHbisD4 as the final candidate as a lymphangiogenesis inhibitor because it 

showed the most significant suppression effect in VEGF-C induced VEGFR3 

phosphorylation (Data not shown). 

 The early stage of lymphangiogenesis is comprised of multiple 

processes including proliferation, migration and tubular formation behaviors of 

the lymphatic endothelial cells, with the axis of VEGF-C and VEGFR-3 

signaling the most dominant factor in each step [32]. Based on the rationale that 

LHbisD4 can exert its anti-lymphangiogenic effect by hampering VEGF-C 

signaling, the inhibitory effect of LHbisD4 at each step was evaluated with a 

corresponding assay. Contrary to the expectation for LMWH to show some 

effects against VEGF-C induced lymphangiogenesis, we found that the effects 

of LMWH were not strong enough in any of these assays. On the contrary, 

LHbisD4 showed significantly increased efficacy compared with control or 

LMWH treated groups. These results could be supported by the enhanced 

binding affinity of LHbisD4 with VEGF-C due to the attached bis-

deoxycholates as mentioned above. After confirming that LHbisD4 could 

suppress VEGF-C induced lymphangiogenesis, we used breast cancer 

metastasis models to investigate if this inhibitory effect could actually influence 

the incidence of metastasis. In the 4T1 model, we found that treating mice with 

LHbisD4 significantly decreased the incidence of metastasis to distant organs, 

with the exception of the lung. We speculate that the reason for this low 

inhibitory effect on lung metastasis lies with the late starting point of drug 

administration, which allowed 4T1 cancer cells to grow in quite aggressive 

manner. However, the density of lymphatic vessels in the primary tumor and 

the lymph nodes metastasis were significantly reduced, implying that LHbisD4 
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successfully acted as a lymphangiogenic inhibitor. In the MDA-MB-231 human 

breast cancer model, LHbisD4 showed greater efficacy as organ metastasis was 

hardly observed in any of the drug treated mice compared to the control group. 

In particular, aggressive axillary lymph node metastasis was observed in the 

control, whereas LHbisD4 successfully prevented lymph node metastasis and 

swelling. Based on these results, we expect that the anti-lymphangiogenic 

efficacy of LHbisD4 can be extended to treating human cancer because 

LHbisD4 worked on both mouse and human lymphatic endothelial cells. 

 In our previous study, we found that LHbisD4 could specifically target 

tumor endothelial cells and significantly reduce the formation of new blood 

vessels. We also found that such activities of LHbisD4 resulted from its 

targeting ability against a prion-like protein called doppel, which has been 

discovered recently to be overexpressed on tumor endothelial cells but not on 

normal endothelial cells. We found that doppel binds with VEGFR-2 on the cell 

surface, preventing VEGFR-2 from being internalized and degraded even after 

VEGF-A stimulation. We also found that administering LHbisD4 disrupted the 

function of doppel, which resulted in receptor internalization and degradation 

[26]. However, this type of interaction was not found in the case of VEGFR-3, 

which indicates that doppel proteins are not involved in the VEGFR-3 induced 

lymphangiogenesis and that LHbisD4 does not exert its anti-lymphangiogenic 

effect by interacting with the doppel protein. We further found that the dye 

labeled LHbisD4 does not co-localize with VEGFR-3, which indicates that 

LHbisD4 does not interact with VEGFR-3, either (data not shown). The results 

of various in vitro experiments in this study lead us to suggest that the anti-

lymphangiogenic effects of LHbisD4, active even in the presence of excessive 

amount of VEGF-C, are derived from the interaction between LHbsiD4 and 

VEGF-C. However, because multiple factors are involved in the process of 

metastasis, the attenuation of metastasis by LHbisD4 treatment may be driven 

not only by anti-lymphangiogenic efficacy but also by interacting with other 
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factors such as TGF-β1 and CXCL12, which are heparin binding proteins 

responsible for accelerating metastasis. However, the results of this study 

collectively indicate that the decreased lymphatic vessels in the primary tumor 

tissue and the incidence of the metastasis in the lymph nodes in breast cancer 

models are clearly attributed to the anti-lymphangiogenic efficacy of LHbisD4. 

 We insist here that LHbisD4 possesses greater advantages over 

LMWH as a drug candidate for several reasons. First, according to SPR analysis, 

the binding affinity of LHbisD4 with VEGF-C is significantly increased 

compared with that of LMWH. We speculate that this increased affinity of 

LHbisD4 comes from the attached bis-deoxycholates which provide 

hydrophobic interaction between LHbisD4 and VEGF-C in addition to the 

strong negative charge of heparin. Second, LHbisD4 was found to be orally 

active with 23.4% of oral bioavailability(BA) whereas, LMWH is found to be 

only 3% of oral BA [26]. We proved that this improved oral BA of LHbisD4 is 

attributable to the attached bis-deoxycholates which can be absorbed in the 

ileum through apical sodium bile acid transporter(ASBT) [31]. Finally, we 

confirmed through factor Xa activity assay that LMWH could not exert its anti-

coagulant effects when bis-deoxycholates are conjugated to LMWH [26]. This 

result therefore suggests that LHbisD4 can be free of side effects of heparin 

such as the risk of bleeding or thrombocytopenia. Summarizing all these 

advantages, we propose LHbisD4 as a potent anti-cancer drug, which can 

attenuate lymph node metastasis through suppressing lymphangiogenesis by 

blocking VEGF-C signaling pathway with less toxicity and orally active 

property.  
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5.5. Conclusion 
 

Targeting lymphangiogenesis is one of the powerful ways to effectively 

attenuate the incidence of metastasis. Previously, we developed a novel heparin 

conjugate called LHbisD4, which is an orally active angiogenesis inhibitor. In 

this study, LHbisD4 is shown to also prevent lymphangiogenesis by blocking 

the VEGF-C induced signaling pathway. In animal breast cancer models, we 

demonstrate that the overall incidence of organ metastasis is significantly 

reduced when LHbisD4 is administered via oral route. The reduced density of 

primary tumor lymphatic vessels and lymph node metastasis support the anti-

lymphangiogenic efficacy of LHbisD4. Based on these findings, here we 

propose LHbisD4 as a potent anti-cancer agent by showing that it can 

effectively target lymphangiogenesis by blocking VEGF-C signaling pathway 

and thus consequently decrease the incidence of lymph node metastasis with 

less toxicity and orally active property. 
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국문 초록 

 

경구 헤파린 투여에 따른 암혈류량 증가  
및 항암제 효능 증진 연구 

 

대부분의 고형 암에서 관측되는 혈류량 감소는 약물의 

전달량과 분포 악화로 이어져 항암 효과를 감소시킬 뿐 아니라 암 

내부 저산소증을 심화시켜 암 면역성을 떨어트리는 것으로 알려져 

있다. 이러한 암 혈류량의 감소는 비정상적인 암 혈관 생성, 높은 

암 조직 내 압력, 과밀도 세포외기질 등 다양한 약물 전달 장벽에 

의한 것으로 이러한 장벽을 극복하기 위한 다양한 전략들이 

시도되고 있다. 그러나 아직까지 임상적으로도 적용할 수 있는 

지속 가능한 약물 및 전략에 대한 연구는 많지 않다. 본 

연구에서는 암 혈전 생성으로 인한 암 혈관의 부분 또는 전체 

막힘이 암 혈류량 감소에 크게 기여함을 처음으로 밝혀 내었으며 

이러한 암 혈전 생성이 약물 수송 장애로 작용할 수 있음을 

제시하였다. 역으로, 지속적 항 혈전제의 투여는 이러한 암 혈전 

생성을 예방할 수 있음을 보였으며 암 혈전 생성의 예방은 암 

혈류량의 증가로 이어질 수 있음을 입증하였다. 본 연구실에서는 

효과적이고 지속적인 항 혈전제 투여를 위해 경구 헤파린 

(STP3725)을 개발하여 경구 흡수율을 확인하였으며 기존 저 분자량 

헤파린과 동등 수준의 항 혈전 효능을 보일 수 있음을 입증하였다. 

본 경구 헤파린을 제목스 요법 (젬시타빈과 옥살리플라틴의 

병용투여)과 병용 투여할 시에 B16F10, Aspc-1 마우스 항암 

모델에서 각각 단독으로 투여할 때 보다 월등히 좋은 효과를 
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보임을 확인하였으며 이러한 효과가 암 혈전 예방으로 인한 혈류량 

및 약물의 전달량 증가에 기인한 것임을 입증하였다. 또한 경구 

헤파린의 투여는 4T1 orthotopic 항암 모델에서 항전이 효과를 

보임을 입증하였고 제목스 요법과 병용 투여 시 이러한 항 전이 

효과가 더욱 증가함을 확인하였다. 이러한 병용 투여의 항암 

효능은 K-Ras 유전자 변이로 인한 자연발생종양 모델에서도 대조군 

대비 크게 증가함을 확인할 수 있었다. 한편, 경구 헤파린으로 

증가된 암 혈류량에 의해서 산소 전달량이 증가함에 따라 암 조직 

내 저산소증도 크게 경감시킬 수 있음을 입증 하였다. 또한 이러한 

저산소증의 경감은 암 조직 내로의 유효면역세포의 침윤 상승에 

기여하고 면역억제 시토카인들의 분비를 억제함으로써 암 면역 

환경을 항암 치료에 유리한 쪽으로 개선 시킬 수 있음을 보였다. 

이러한 변화로 인해 경구 헤파린과 항 PD-1 항체의 병용투여 시 

B16F10, CT26, Pan02 암 모델에서 각각의 단독 투여보다 항암효과가 

크게 증가함을 확인하였다. 이러한 항암 효과 증진은 경구 

헤파린을 처리함에 따라 암 조직 내로의 항체 전달량이 증가하고 

면역세포의 수와 기능 증진에 영향을 주는 것에 기인함을 형광 

세기 측정과 유세포분석으로 입증하였다. 특히 경구 헤파린 처리에 

따른 저산소증의 경감은 항암 효과를 나타내는 세포독성 T 세포 

등의 수 및 기능을 증진시키는 동시에 면역 억제 효과를 나타내는 

골수유래억제세포(MDSC) 수의 감소를 이끌어낼 수 있음을 

확인하였다. 이러한 효과는 경구 헤파린과 항 PD-1 항체의 병용 

투여 시 더욱 크게 증가함이 확인되었으며 이러한 사실을 바탕으로 

경구 헤파린 투여에 따른 저산소증 경감은 다른 항암 면역 

제제와의 병용투여에서도 좋은 효과를 보일 수 있을 것으로 기대할 

수 있었다. 연구결과를 종합할 때 경구 헤파린의 지속적 투여는 암 
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혈류량과 약물의 전달량을 증가시킴에 따라 그 효능을 크게 증진 

시킬 수 있으며 더불어 암 조직 내 저산소증을 경감시킴에 따라 암 

면역 환경을 개선하여 항암 면역 제제의 효능 또한 크게 증가시킬 

수 있음을 알 수 있었다. 임상적으로 많은 암 환자들이 항 

혈전제를 투여 받을 필요성이 있음을 고려할 때 본 연구 전략은 암 

혈전을 예방함과 동시에 병용 투여하는 약물의 효능을 증진시킬 수 

있다는 점에서 큰 이점을 가질 것으로 기대할 수 있다. 

 

주요어 : 암 혈류량, 암 혈전, 경구 헤파린, 저산소증, 암 면역성, 

항 PD-1 항체 
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말씀 드립니다. 뵐 때마다 재미있는 이야기와 진심 어린 조언들과 

격려를 해주셨던 김광명 박사님께 감사드립니다. 제게 다양한 

실험에 참여할 수 있는 기회를 주시고 논문을 게재하는데 

물심양면으로 많은 도움을 주신 박진우 교수님께도 진심으로 

감사의 말씀 드립니다. 덕분에 다양한 실험을 배울 수 있었고 

진로에 대한 고민에도 큰 도움이 되었습니다.그리고 제 학위 과정 

동안 쓰였던 다양한 동물 실험 분석을 직접 도와주시느라 고생 

많으셨던 김상균 박사님 감사드립니다. 실험실에서 오랜 시간 

함께하며 실험적으로도 많은 도움을 주시고 나이 차이에도 

불구하고 항상 친한 형처럼 대해 주신 전옥철 박사님께도 

감사드립니다. 많은 조언과 함께 항상 잘 챙겨주시고 응원해주신 

이동윤 교수님과 황승림 교수님께도 감사드립니다. 제가 연구실에 

처음 들어와서 힘들 때마다 항상 따뜻한 조언과 마음 맞는 즐거운 
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이야기를 해주신 정지헌 교수님 그리고 육심명 교수님과 함께 

지금까지도 항상 저를 도와주시고 챙겨주셔서 너무나 감사합니다. 

나중에 꼭 공동 연구 하자고 하셨던 약속 지킬 수 있도록 열심히 

해 나가겠습니다. 저와 함께 많은 이야기를 공유하고 고민 했었던 

김지영 박사님 그리고 제가 처음 들어왔을 때부터 기초 실험법과 

연구 방법을 하나부터 차근차근 알려준 타슬림 박사님께 감사를 

드립니다. 제가 실험실에 들어 온 뒤로 가장 오랜 시간을 함께 보낸 

정성우 박사님. 실험 방법 뿐 아니라 연구 계획과 논문 게재에 

이르기까지 항상 날카로운 조언과 함께 부족한 저를 잘 챙겨주고 

끌어 주셔서 너무 감사드립니다. 실험실에 있는 동안에는 공동 

연구를 하지 못했지만 언젠간 꼭 같이 연구할 수 있으면 

좋겠습니다. 항상 티격태격 하면서도 도움 필요할 때는 확실히 

도와주시고 재미있게 잘 지냈던 박주호 박사님께도 감사합니다. 

그리고 비록 외국인이지만 많은 도움을 주고 오랜 기간 동안 정도 

많이 들었던 지니아, 포예즈, 로노 박사님께도 감사합니다. 

선배님들 만큼이나 제게 너무나도 큰 힘이 되어주었던 

후배님들께도 감사의 말씀 전합니다. 부족한 선배 때문에 마음 

고생이 심했을 텐데도 잘 따라주고 도와줬던 든든한 후배님들이 

있었기에 이렇게 무사히 학위 과정을 마무리 할 수 있었습니다. 

먼저 저 때문에 많은 일을 떠안고 가장 고생하면서도 한편으로 잘 

따라주고 믿어주었던 나경이 그리고 제 대신 실험실 업무를 가장 

오래 맡아서 고생 많았던 영석이에게 감사합니다. 앞으로 둘이 더 

좋은 선배가 되어 실험실을 잘 이끌어갈 것이라 믿습니다. 비록 

늦게 다시 합류했지만 많은 도움을 주고 있는 세호에게도 

감사합니다. 앞으로 더 많은 역할을 해서 실험실의 중심을 잡을 

거라 믿습니다. 저랑 같이 일하면서 힘들지만 묵묵히 열심히 
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일해주었던 루비에게도 감사합니다. 같이 일할 기회가 없어 잘 

챙겨주지 못해 항상 미안하지만 그럼에도 잘 따라주고 도와줬던 

하린이에게도 감사합니다. 들어오자 마자 힘든 일들을 너무 많이 

맡겨서 고생이 많지만 늦게 까지 열심히 일하는 성진이 그리고 

많은 우여곡절이 있었던 어려운 주제를 맡게 되어 고생이 많은 

하경이와 여진이에게도 항상 감사합니다. 그리고 묵묵히 맡은 일을 

열심히 하는 윤건이와 행정적으로 많은 도움을 주고 있는 

지영이에게도 감사를 전합니다. 그 외에도 내년에 입학할 상민이, 

누리 그리고 박사과정까지 함께하지 못하고 나가게 되었지만 많은 

도움들을 주었던 광하, 지웅이, 호경이, 아혜, 하늘이, 용환이, 

승욱이, 소정이 에게도 감사의 말을 전합니다. 또 제 학위 논문의 

데이터를 얻는 과정에서 같이 일하면서 실험적으로 큰 도움과 

조언을 해주셨던 양유수 박사님, 이은정 박사님, 남기훈 박사님, 

윤홍열 박사님, 승호, 이명진 박사님, 서형석 박사님, 노혜진 

선생님께도 감사합니다.  

연구 이외에도 제 정신 건강을 책임져준 소중한 친구들이 있었기에 

이 지난한 과정을 잘 버틸 수 있었던 것 같습니다. 주기적으로 만나 

실컷 웃고 떠들 수 있었던 우리 동기들 영세, 경석이, 연민이, 

성원이 현우 그리고 영욱이에게 감사합니다. 그리고 아주 오랜 시간 

동안 함께 술잔을 기울이며 큰 힘이 되어주었던 고향 친구들 

권화와 지훈이 그리고 금천이, 정윤이, 태홍이, 상욱이에게 

감사합니다.  

무엇보다 아들 혼자 서울에 보내놓고 오랜 시간 마음고생 심하셨을 

사랑하는 우리 엄마 아빠. 누구보다 이 순간을 기다리셨을텐데 항상 

묵묵히 믿어주시고 기다려주시고 응원해주셔서 말로 다할 수 없을 

만큼 감사합니다. 앞으로도 더욱 열심히 해서 원하는 꿈 이룰 수 
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있도록 노력하겠습니다. 말은 안해도 항상 형을 응원해주고 

챙겨주는 동생 정인이에게도 감사합니다.  

마지막으로 부족한 남편이지만 오랜 시간 동안 항상 옆에서 

웃어주고 응원해주는 우리 주연이에게 고맙고 사랑한다는 말 

전합니다. 

이 외에도 미처 언급하지 못했던 수 많은 고마우신 분들께도 

감사드리며 제가 받았던 과분한 사랑과 격려를 평생 잊지 않고 

꿈을 이루기 위해 계속 매진해 나가겠습니다. 

 

2019 년 1월 

최 정 욱 
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