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CHAPTER 7: ANTI-TUMOR ACTIVITY COMPARISON BETWEEN ENDOCD/5-FC
AND BEC/5-FU

To demonstrate EndoCD/5-FC would be a novel anti-tumor drug in clinic, we
should compare therapeutic efficacy of EndoCD/5-FC and current clinical drugs.
Based on biological function, Endo provide antiangiogenesis activity while cancer
cell killing effects mostly come from 5-FU that is converted from 5-FC by CD. The
mechanism of anti-tumor function of EndoCD/5-FC is similar with bec/5-FU which is
used in several cancer types including metastatic colorectal cancer, non-small cell
lung cancer (NSCLC), and breast cancer.

To compare the therapeutic efficacy of EndoCD/5-FC and bec/5-FU, we
performed two orthotopic tumor models including human breast cancer (MDA-MB-
231) and human liver metastasis colorectal cancer (620-L-1). SW620 is highly liver
metastasis colon cancer cell line which was generated by several times re-
transplantation liver metastatic cancer cell in colon. 620-L-1 was developed by our
laboratory and stably expresses luciferase protein for in vivo life image detection.
Breast cancer cells and colon cancer cells were injected into mammary fat pad and
cecal wall of colon, respectively. One week after tumor cell injection, EndoCD/5-FC
or bec/5-FU was injected into the mice at equivalent clinical dose and treatment
schedules. The results shows that EndoCD/5-FC provided significantly better anti-
tumor activity than bevacizumab or 5-FU alone (Figure 11A and 12A) and also
prolonged overall mean survival rate than bev/5-FU (p=0.004) in the colon cancer
model (Figure 12B). However, EndoCD/5-FC showed a similar therapeutic efficacy

to bev/5-FU under this treatment schedules (Figure 11A and 12A).
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To compare the therapeutic efficacy of EndoCD/5FC and bev/5-FU, we
reduced total drug treatments which from 10 times treatment reduce to 5 times
treatment and results shows that EndoCD/5-FC had better tumor suppression
activity than bev/5-FU in the MDA-MB-231 breast cancer mouse model (Figure 11B)
and the metastatic colon cancer mouse model (Figure 12C) when the tumor sizes
were majored on tumor inoculation Day 42 and Day 35, respectively.

As we mentioned in Chapter 1, anti-VEGF/VEGFR drug treatment could
suppress tumor angiogenesis and tumor growth; however, it has recently been
suggested that tumor cells escaped from cell death induced by these therapies may
become refractory tumors with high invasive and metastatic properties (Loges et al.,
2009). To further determine whether EndoCD/5-FC therapy also has this clinical
weakness, we used 620-L-1 liver metastasis colorectal cancer cells as an analysis
model. To monitor cancer cell growth and indicate metastatic tumors, 620-L-1
cancer cells were trasnfected to stably express luciferase protein, which can be
tracked by IVIS-100 live image system. On 35 days after tumor inoculation, mice
treated with EndoCD/5-FC did not show significant liver metastasis, while the
significant liver metastasis was observed in the mice treated with bev/5-FU (Figure
13). Taken together (Figure 11, 12, and 13), these results suggest that EndoCD/5-
FC has potent therapeutic activity to control tumor growth and survival as well as

metastasis.
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Figure 11. Anti-tumor activity comparison of EndoCD/5-FC and bev/5-FU in an

orthotopic human breast cancer mouse model.

(A) Mice bearing 231 breast tumors were treated with the indicated drug
combination, and growth of tumor volumes were monitored. EndoCD/5-FC showed
significantly better anti-tumor activity than bevacizumab or 5-FU alone. However,
EndoCD/5-FC showed a similar therapeutic efficacy to bev/5-FU under this
treatment schedules. Arrows represent each protein treatment.

(B) Reduced total drug treatments and EndoCD/5-FC had tumor suppression activity
better than bev/5-FU in MDA-MB-231 breast cancer mouse model on tumor
inoculation Day 42. (For detail schedule of reduced treatments, please refer to

material and method.)
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Figure 12. Anti-tumor activity comparison between EndoCD/5-FC and bev/5-FU

in an orthotopic human liver metastasis colorectal cancer mouse model.

(A)EndoCD/5-FC shows significantly better anti-tumor activity than bevacizumab or
5-FU alone and also prolong mice overall mean survival rate than bev/5-FU
(p=0.004) in colon cancer model (B). However, EndoCD/5-FC did not show a
significantly better therapeutic efficacy than bev/5-FU under this treatment
schedules.

(C) Reduced total drug treatments and EndoCD/5-FC had tumor suppression activity
better than bev/5-FU on tumor inoculation Day 35. Arrows represent each protein
treatment. (For detail schedule of reduced treatments, please refer to material and

method.)
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Figure 12.
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Figure 13. Liver metastasis comparison between EndoCD/5-FC and bev/5-FU

in an orthotopic human liver metastasis colorectal cancer mouse model.

Mice bearing 620-L-1 colon cancer expressing luciferase were treated by EndoCD/5-
FC or bev/5-FU. Tumor metastasis signal was tracked by IVIS-100 image on Day 35
after inoculation. The result shows EndoCD/5-FC treatment did not increase liver

metastasis compared with bev/5-FU treatment group.
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CHAPTER 8: COMPARISON OF CARDIOTOXICITY BETWEEN ENDOCD/5-FC
AND BEC/5-FU

It has been known that bevacizumab can cause 1.7 to 3% left ventricular
dysfunction incidence, and 5-FU is also well studied to induce ischemic
complications in cancer patients (Yeh and Bickford, 2009). To determine the
cardiotoxicity effects of those drugs including EndoCD/5-FC and bev/5-FU, we
harvested serums from drugs-treated mice (from figures 11 and 12) to further detect
troponin |, which is a biological marker for damage of cardiomyocyte. Troponin |
serum level was dramatically increased in bev- and bev/5-FU-treated breast cancer
mice model. On the other hand, mice treated with bev/5-FU are the only group
showed high level of troponin | in colon cancer model (Figure 14). These results
suggest bev/5-FU treatment may cause cadiomyocyte damage but EndoCD/5-FC
may not.

To further examine whether EndoCD/5-FC protein treatment affects cardiac
function, we used small animal MRI to analyze end-diastolic volume (EDV) and end-
systolic volume (ESV) that allowed us to calculate the left ventricular ejection fraction
(LVEF; LVEF = (XEDV-2ESV)/ XEDV) (Wang et al., 2010a) of mice before
(pretreatment basal level) and after treatment with bev/5FU or EndoCD/5FC.
Representative EDV and ESV images are shown in upper panel of figure 15 and
LEVF amounts are shown in lower panel of figure 15. LEVF was significantly
decreased in bev/5FU-treated mice in post three-month treatment. On the other

hand, LEVF was only slightly changed in EndoCD/5FC-treated mice even after six-
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month treatment. Therefore, EndoCD/5-FC protein therapy may provide great
advantage because of minimal cardiac impact.

To study the effect of EndoCD/5-FC and bev/5-FU on heart tissue, we
analyzed the incidence of cardiac fibrosis which has abnormal collagen
accumulation. Collagen amounts in heart tissues can be determined by indirectly
detecting hydroxyproline or direct collagen trichrome staining. The heart tissues
were collected from mice used in figure 15, and we found that higher hydroxyproline
amount (Figure 16A) and collagen accumulation (blue color, Figure 16B) in heart
from bec/5-FU-treated mice than hearts from the control mice and EndoCD/5-FC-
treated mice.

One of critical VEGF biological function is maintain myocardial angiogenesis;
and it has been demonstrated that ischemic cardiomyopathy would be induced by
loss of VEGF in mice (Carmeliet et al., 1999). To exam the effects of EndoCD/5-FC
and bev/5-FU on mice myocardial angiogenesis, we measured serum VEGF levels
and also determined coronal vessels density by staining with vascular marker CD 31
antibody. Then, we found that circulating VEGF levels significantly reduced in mice
treated bev/5-FU but not in one treated with EndoCD/5FC (Figure 17). Moreover, CD
31 signals, which indicate coronal vessel density, were also decreased in heart
tissues of mice treated bev/5-FU but not in one treated with EndoCD/5FC (Figure
18). Together, these results indicate that bev/5-FU treatment would potentially
induce cardiomyopathy and/or cardiac function failure compared to EndoCD/5-FC

treatment in cancer patients.
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Figure 14. Cardiotoxicity Assay by detecting troponin | level.

Drug-treated mouse serum were collected from two orthotopic mice tumor model
including human breast cancer model (MDA-MB-231) and human liver metastasis
colorectal cancer model (620-L-1) to detect circulating troponin | level by ELISA.
EndoCD/5-FC treatment group did not induce cardiotoxicity in both mice tumor

therapy model. Bec, bevacizumab

(A) High troponin | level induced by bec or bec/5-FU treatment group in breast
cancer model, indicating that Bec and bec/5-FU treatment could cause mice
cardiacmyocyte damage.

(B) Cardiactoxicity was observed only in bec/5-FU treatment mice in human liver

metastasis colorectal cancer model.
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Figure 15. Cardiac function detection by magnetic resonance imaging (MRI) in

drugs-treated mice

Upper panel is representative image of EDV (end of diastolic volume) and ESV (end
of stoic volume).

Left ventricular ejection fraction (LVEF) was calculated by (XEDV-ZESV)/ ZEDV
from each treatment mice and shown in lower panel. Before drugs treatment, LVEF
value was set as mice normal value. LVEF value was significantly reduced in bev/5-
FU treatment group and there was no significant change of LVEF value in
EndoCD/5-FC treatment group after three- and six- month treatment. NS, no
significance. (For detail schedule of reduced treatments, please refer to material and

method.)
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Figure 15.
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Figure 16. Cadiac fibrosis detection in EndoCD/5-FC and bec/5-FU treatment

mice heart.

(A)Hydroxyproline assay.

The hearts were harvested from mice treated with EndoCD/5-FC or bec/5-FU. We
also collected the same age of mice heart as a normal control. The detection amount
was normalized with the weight of heart tissue. The high proline hydroxylation was
detected in the bev/5-FU treatment group, which is significantly higher than control
mice. In contrast, there was no significant difference in proline hydroxylation

between EndoCD/5-FC group and control mice. NS, no significance.

(B) Trichrome staining.
Direct method shows fibrosis phenomena in mice heart. The presence of fibrosis is
shown in blue by trichrome staining of heart histological section. Similar results as

(A) are shown.
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Figure 16.
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Figure 17. Circulating VEGF level comparison in EndoCD/5-FC and bec/5-FU

treatment mice

Circulating VEGF level was lower in bev/5-FU-treated mice than control mice and
there were no significantly changes in EndoCD/5-FC-treated mice compared with

control mice. NS, no significance
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Figure 17.
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Figure 18. Coronal vessels density comparison in EndoCD/5-FC and bec/5-FU

treatment mice

Upper panels are representative images of coronal vascular density hybridizing by
CD31 antibody (red) in mice heart tissue.

Lower panel shows that coronal vascular density was significantly decreased in
bev/5-FU treatment mice compared to control mice but not in EndoCD/5-FC-treated

group. NS, no significance
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CHAPTER 9: SUMMARY OF CHAPTER 3 TO 8 AND DISCUSSION

Antiangiogenesis, the novel anti-tumor concept by Judah Folkman, has
become reality during over last three decades and been applied in clinic. Inhibition
tumor growth by anti-VEGF/VEGFR monoclonal antibodies became a first approved
antiangiogenic modality in clinic. Although anti-tumor efficacy was fully tested in
preclinical studies, accumulating clinical reports have shown that these drugs have
cytostatic function without curative potent and further induced tumor recurrence,
tumor invasion and metastasis (Loges et al., 2009). Although targeting therapy
provides predictable safety profile, systemic treatment interrupts normal organ
homeostasis to induce side effects (Verheul and Pinedo, 2007). Therefore,
development of the strategies to enhance therapeutic efficacy and targeting
specificity under center principle of Judah Folkman will become a new challenge in
next decade.

In this study, we set up this challenge as a goal. Namely, we have attempted
to develop a novel antiangiogenic drug which provides high therapeutic efficacy and
decreases incident of tumor recurrence and the risk of tumor invasion and
metastasis. Moreover, to provide the high efficacy, we also tried to increase
targeting specificity to prevent off-target side effect and increase safety. Then, we
finally developed a novel fusion protein EndoCD. Endostatin is broad-spectrum
antiangiogenesis protein which can specifically target tumor vascular system
(Avraamides et al., 2008). In addition, the fusion protein can increase 5-FU
concentration, which is converted from 5-FC by CD, in the tumor microenvironment.

Thus, EndoCD/5-FC offers not only antiangiogenesis by tumor vascular targeting but
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also tumor targeting chemotherapy. Dual targeting effect shown here will provide
curative benefits to cancer patients.

Clinical antiangiogenic drugs belong to indirect antiangiogenesis agents that
selectively target VEGF pathway. Although, VEGF pathway is important for tumor
angiogenesis, it is also known essential for normal physiological maintenance
(Verheul and Pinedo, 2007). Indirect antiangiogenesis agents also block VEGF
function in normal organ, and it perhaps causes side effects. In the principle of
EndoCD fusion protein, it is directly targeted to uniquely proliferating endothelial cell
in tumor sites, and thus it would have decreased off-target potential (Kerbel, 1991).
Moreover, by carrying chemotherapeutic drugs to tumor area, EndoCD enhances
cytostatic effect at the same time. In order to prove the concept, we purified EndoCD
fusion protein from bacteria expression system and determine antoangiogenic and
cell killing activities in vitro and in vivo. EndoCD/5-FC induced endothelial cells and
tumor cells apoptosis and inhibited tumor cell proliferation, and these anti-tumor
activities further reduced tumor cell invasion and metastasis. We also demonstrated
that EndoCD/5-FC fusion protein has dual targeting tumor antiangiogenic and tumor
local chemotherapeutic activities. Together, EndoCD is expected to be able to
decrease potential tumor recurrence and tumor metastasis.

In the present study, we also compared EndoCD/5-FC anti-tumor activity and
safety with a clinical antiangiogenic drug, bevacizumab and 5-FU combination.
EndoCD/5-FC showed better anti-tumor and metastasis inhibition activities than
bec/5-FU. In the safety profile, EndoCD/5-FC provide virtually no toxicity, especially

cardiotoxicity and cadiac function failure, while bec/5-FU exhibited these toxicities.
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Therefore, our studies demonstrated that EndoCD/5-FC may resolve the weakness
of antiangiogenic and chemotherapeutic drugs and reveal a novel potential of

antiangiogenic modality in clinic.
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CHAPTER 10 FUTURE DIRECTIONS
10.1 Improvement of currently protein expression system

In our current protein purification system, when EndoCD fusion protein was
expressed in E. coli, the majority of protein become aggregated and found in
inclusion body of bacteria. Therefore, we first purified the inclusion body to get high
purity of EndoCD protein, and then EndoCD was denatured and refolded though
dialysis procedures. During dialysis procedure, EndoCD structure may be refolded
from linear structure to different stages of tertiary structure. The quality of protein in
each purification batches may vary due to dialysis procedure.. Therefore, we need to

improve or modify currently protein expression system for future clinical application.

10.1.1 To improve protein solubility in different protein expression.

To improve protein solubility, we will test different approaches in our
currently expression system including different expression vectors, different
induction temperature, and modification of the linker. In figure 19A modification
strategy map, we can either change linker or use different tag to test in different
induction temperature. In this expression vector, high solubility of EndoCD protein
can be induced in room temperature (23 °C) or 4 °C degree (Figure 19B). We will

further purify soluble protein in large scale E. coli expression system.
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Figure 19. Solubility improvement of EndoCD protein in E. coli system

(A) The strategy map of protein expression map.

(B) EndoFlexCD protein (red color arrow) induction in different temperature. RT,

room temperature; sup, soluble protein; pet, insoluble protein
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10.2 To test the cancer stem cells (CSCs, TICs: tumor-initiating cells) killing
activity of EndoCD/5-FC.

Clinical data now suggest that antiangiogenic therapy leads to the
progression of tumors by increasing invasion and metastasis, likely due to activation
of the cancer stem cell population (Ebos et al., 2009; Paez-Ribes et al., 2009).
Cancer stem cells (CSC, or tumor-initiating cells, TICs) have been considered to
contribute to cancer initiation, progression and chemotherapeutic resistance (Al-Hajj
and Clarke, 2004; Reya et al., 2001; Rossi et al., 2008). It has also been shown that
glioma initiating cells have a greater ability to promote vascular endothelial growth
which may confer enhanced angiogenesis for tumor cell survival and proliferation
(Ricci-Vitiani et al., 2010; Wang et al., 2010b). Currently, there are no effective ways
to target CSCs. CSCs in different types of cancer have been gradually identified.
For example, breast cancer stem cells (BCSCs, alternatively called breast tumor
initiation cells, BTICs) can be isolated by sorting for CD44+CD24-/low cells (Al-Hajj
et al., 2003) or Hoechst negative side population (SP) cells (Patrawala et al., 2005),
and can also be enriched by spheroid culture and serial transplantations in
immunodeficient mice (Ponti et al., 2005). These CSCs not only harbor the capability
of self-renewal, but also are able to differentiate into multiple lineages of tumor cells
growing in various types of distal organs. They have been shown to be resistant to
the standard chemotherapy. Thus, we hypothesized that EndoCD/5-FC may

selectively reduce breast cancer stem cells populations.

10.2.1 To determine EndoCD/5-FC CSCs killing activities
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After EndoCD/5-FC protein treatment, we found that EndoCD/5-FC
selectively reduced the MDA-MB-231 and MCF-7 CD44%/CD24 population in a dose
dependent manner (Figure 20A) as well as mammosphere formation (Figure 20B).
These results suggest that EndoCD/5-FC may inhibit BCSC growth. We will expand
the experiments to multiple breast cancer cell lines even primary tumor samples with
different criteria of CSC phenomena in vitro and in vivo. The molecular mechanism
for EndoCD/5FC-mediated BCSCs suppression should be interesting to further
pursue. For instance, if Endo is critical for targeting BCSCs, integrin avp1 in BCSCs
may be important for maintenance of BCSC. Once it becomes clear, we will logically
pursue the appropriate direction. Alternatively, we can always use a nonbiased
approach such as antibody arrays to identify which signal pathways might be

activated/inactivated by EndoCD/5-FC treatment.
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Figure 20. EndoCD/5-FC can selectively reduce breast cancer stem cell

population.

(A) To detect the CSC (TICs) population, surface markers CD44+/CD24- serve as
an index. After EndoCD/5-FC treatment in two human breast cancer cell lines (MDA-
MB-231 and MCF-7) for 48 hours, 1X10° cells were processed for staining with
FITC-conjugated CD44 and PE-conjugated CD24 antibodies, respectively, and then
analyzed or sorted with BD flow cytometer. EndoCD/5-FC decreased breast stem

cell population by dose dependent manner.
(B) CSC (TICs) population was also validated by culturing mammospheres using

MammoCultTM medium containing 4 ug/ml Heparin and 0.48 ug/ml hydrocortisone.

EndoCD/5-FC has ability to inhibit breast cancer mammopheres formation.
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