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Abstract

Angiogenesis is a fundamental process in the progression, invasion, and metastasis of tumors. 

Therapeutic drugs such as Avastin and Lucentis have thus been developed to inhibit vascular 

endothelial growth factor (VEFG)-promoted angiogenesis. While these anti-angiogenic drugs have 

been commonly used in the treatment of cancer, patients often develop significant resistance that 

limits the efficacy of anti-VEGF therapies to a short period of time. This is in part due to the fact 

that an independent pathway of angiogenesis exists, which is mediated by 2-(ω-

carboxyethyl)pyrrole (CEP) in a TLR2 receptor-dependent manner that can compensate for 

inhibition of the VEGF-mediated pathway. In this work, we evaluated a CEP antibody as a new 

tumor growth inhibitor that blocks CEP-induced angiogenesis. We first evaluated the effectiveness 

of a CEP antibody as a monotherapy to impede tumor growth in two human tumor xenograft 

models. We then determined the synergistic effects of Avastin and CEP antibody in a combination 

therapy, which demonstrated that blocking of the CEP-mediated pathway significantly enhanced 

the anti-angiogenic efficacy of Avastin in tumor growth inhibition indicating that CEP antibody is 

a promising chemotherapeutic drug. To facilitate potential translational studies of CEP-antibody, 

we also conducted longitudinal imaging studies and identified that FMISO-PET is a non-invasive 

imaging tool that can be used to quantitatively monitor the anti-angiogenic effects of CEP-

antibody in the clinical setting. That treatment with CEP antibody induces hypoxia in tumor tissue 

was indicated by 43% higher uptake of [18F]FMISO in CEP antibody-treated tumor xenografs 

than in the control PBS-treated littermates.
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1. INTRODUCTION

Angiogenesis plays a critical role in tumor progression, invasion and metastasis.1, 2 It has 

become an attractive molecular target for chemotherapy.3 Anti-angiogenic tumor therapies 

focus on several regulatory and signaling molecules that control the process of formation 

and sprouting of new blood vessels. In particular, inhibition of vascular endothelial growth 

factor (VEGF) has shown antitumor activity in clinical settings, which results in starvation 

or apoptosis of tumor cells.4 An example is Bevacizumab (Avastin) that is a monoclonal 

antibody that specifically recognizes and binds to VEGF-A.5, 6 Avastin is currently approved 

by the U.S. Food and Drug Administration (FDA) as a first or second line therapeutic agent 

for treatment of glioblastoma and colorectal cancers (CRC), both of which are highly 

vascularized tumors that depend primarily on angiogensis.7, 8

Although Avastin monotherapy has been proven effective for several indications such as 

recurrent glioblastoma, many newly diagnosed cancer patients with glioblastoma do not 

respond and Avastin failed to provide a survival advantage.9–12 The mechanism of intrinsic 

and acquired resistance to Avastin is not fully elucidated13, 14, clinical investigations have 

suggested that other VEGF family members, including placental growth factor (PlGF), 

VEGF-C, VEGF-D 15–17, and cytokine angiogenic factors (CAFs)18, 19, may modulate 

sensitivity to anti-VEGF-A (Avastin) therapy and allow regrowth of tumor-associated 

vasculature.20–22 This is because Avastin blocks the main flow of blood, so tumors initially 

shrink, but the tumors may then switch dependence to other related growth factors in search 

of blood.23 Additional examples of the complex refractory nature of VEGF to Avastin were 

discussed in a recent review.24 Thus, additional angiogenesis pathways must exist that 

compensate for and contribute to resistance that develops to anti-VEGF-A therapy.

One alternative pathway promoting angiogenesis involves 2-(ω-carboxyethyl)pyrrole (CEP) 

derivatives of proteins and ethanolamine phospholipids that are generated by radical-induced 

oxidation of docosahexaenoate (DHA)-containing lipids.25 CEP levels are elevated in ocular 

tissues from patients with age-related macular degeneration, as well as in human melanoma.
25–27 CEPs were shown to promote angiogenesis through a novel pathway. CEPs activate 

proangiogenic responses in a Toll-like receptor 2 (TLR-2)-dependant manner that is 

independent of VEGF receptors. This newly discovered angiogenesis pathway is anticipated 

to have great potential for the development of novel therapeutic interventions for cancer 

treatment. For example, by serving as a decoy receptor for CEP, a monoclonal CEP antibody 

could inhibit the TLR2-associated angiogenic signaling pathway synergistically with the 

monoclonal antibody Avastin that blocks the VEGF pathway by acting as a decoy receptor 

for VEGF. Previous studies demonstrated that treatment with anti-CEP mAb was effective in 

inhibiting tumor growth in a mouse allograft of melanoma. Concomitant inhibition of VEGF 

binding to VEGF-receptor (VEGF-R) further consolidated the tumor mass 25. Thus, a 
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combination therapy, which inhibits angiogenesis by preventing activation of the CEP 

pathway, apparently can complement VEGF-R-based anti-angiogenesis therapy to 

significantly improve patient outcome.

For efficacy evaluation of a monoclonal CEP antibody therapy, it is important to identify an 

imaging technique that can provide a quantitative non-invasive measure of angiogenesis 28. 

Molecular imaging for determining early responses of tumors to therapy is now very 

common in clinical practice. For example, [18F]FDG-PET imaging is used routinely to 

assess the efficacy of cancer treatments. However, [18F]FDG-PET reflects only metabolic 

changes, and the utility of [18F]FDG for the assessment of therapy can be complicated by 

many other factors including surrounding tissue uptake, inflammation, body serum glucose 

level and other benign pathologies. Recent advances in molecular imaging technologies 

provide a means to non-invasively image the tumor microenvironment using positron 

emission tomography (PET). Used in combination with radiotracers, PET is a highly 

sensitive and specific imaging modality that can be used to monitor tumor environment. For 

example, [18F]FDG PET is used routinely to assess the metabolic changes in the tumor 

tissue following chemotherapies. Hypoxia imaging may reflect changes in the tumor 

microenvironment after anti-angiogenic therapy. [18F]fluoromisonidazole ([18F]FMISO) is a 

proven hypoxia imaging probe29, 30 that measures the hypoxia level in the microenvironment 

of the tumor following anti-angiogenic therapy 31. We now report the application of PET 

imaging to determine tumor response to anti-CEP antibody therapy alone and to the 

combination therapy in xenograft models derived from glioblastoma and colorectal cancer 

cell lines.

As a prelude to translational studies, we conducted longitudinal studies in two human tumor 

xenograft models of colorectal cancer and glioblastoma comparing the efficacy of Avastin 

and CEP antibody in terms of tumor growth. Each tumor xenograft model was treated either 

with Avastin or CEP antibody and the tumor size was monitored over 24 days. We then 

examined the synergistic effects of Avastin and CEP antibody in the tumor xenograft model 

of glioblastoma through sequential treatment of Avastin followed by CEP antibody. In this 

longitudinal study, we first treated the xenografts with Avastin for 4 weeks followed by 

subsequent anti-CEP treatment for another 3 weeks. In addition, we also conducted 

[18F]FDG- and [18F]FMISO-PET imaging to determine which would be more responsive to 

CEP antibody therapy. Information from these studies is needed for future translational 

studies.

2. MATERIALS AND METHODS

Solvents and chemicals were purchased from Sigma-Aldrich unless stated otherwise. All 

chemicals obtained commercially were of analytic grade and used without further 

purification. Reference compound of [18F]FMISO was purchased from ABX (Radeberg, 

Germany), [18F]FDG was purchased from PETNET solution.

2.1. Radiosynthesis of [18F]FMISO

The radiosynthesis of [18F]FMISO was achieved in two steps in a TracerLab FXN 

automated synthesis module (GE Healthcare). Briefly, no-carrier-added 18F-fluoride was 
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produced by the 18O (p,n) 18F nuclear reaction. Following nucleophilic fluorination with the 

tosylated precursor in the presence of kryptofix 222 (K222) and K2CO3, the unreacted 

tosylate was removed by hydrolysis with hydrochloric acid. The reaction mixture was then 

neutralized with sodium hydroxide and sodium bicarbonate. The final product was purified 

by C-18 semi-preparative high performance liquid chromatography (HPLC, Phenomenex 

C-18 column, 10μ, 250 mm × 10 mm). Analytic HPLC was performed with a Raytest/

Angilent series 1100 HPLC (Phenomenex C-18 column, 5μ, 250 mm × 4.6 mm) system 

equipped with a UV detector and a Gabi radiodetector. [18F] FMISO was produced with a 

high radiochemical purity (99%) and a specific activity of 1~2 Ci/mmol and was formulated 

in isotonic saline solution (pH 6.5–7.5), with a radioactivity concentration of 1.0~2.0 

GBq/mL at the end of synthesis. The retention time of the radiolabeled [18F]FMISO was 

identical to the retention time of the non-labeled FMISO as determined by ultraviolet 

detector under the same condition.

2.2. Preparation of colorectal and glioblastoma xenografts

All animal experiments were performed in accordance with a protocol conforming to Case 

Western Reserve University Institutional Animal Care and Use Committee (IACUC) 

guidelines. U87-MG (glioblastoma) and CRC 174 (LS174T, colorectal cancer) cell lines 

were purchased from American Type Culture Collection (ATCC). Briefly, a cell suspension 

was mixed with an equal volume of matrigel (BD Biosciences) to provide a cell 

concentration of 6 million cells/200uL, which was implanted subcutaneously into a 6–8 

week-old female athymic nude mouse. Tumors were measured with a caliper or by CT 

imaging when the tumor volume reached approximately 200 mm3. Mice were randomized 

into different groups for evaluation of therapeutic efficacy.

2.3. Dosing regimen

For tumor size measurement, Avastin (2.5mg/kg in 350uL sterile phosphate buffer solution, 

PBS) and murine monoclonal anti-CEP IgG32 (100μg in 350μL sterile PBS) were 

administered twice a week by intraperitoneal (i.p.) injection. Vehicle control was sterile PBS 

(350μl). For monotherapy treatment, mice were divided into three groups (5 per group): 

control PBS group (350 μL), Avastin group and anti-CEP antibody group. For combination 

therapy treatment, mice were divided into two groups. Both groups of mice were treated 

with Avastin until eventual therapeutic failure (the inception of exponential growth) at which 

point one group of mice was switched to anti-CEP therapy and for the other group of the 

mice Avastin was continued.

To monitor changes in the tumor environment during monotherapy in xenograft models, 

longitudinal [18F]FMISO and [18F] FDG microPET/CT imaging were performed before and 

after treatments. These mice were treated with Avastin and CEP antibody daily after the 

tumor size reached approximately 200 mm3 (12 days after the xenografts were prepared) and 

imaged with [18F]FMISO at day 0,2,4,8,10 and [18F]FDG at day 0, 7 and 14, respectively.

2.4. Tumor Volume measurement

Throughout the study, the sizes of the tumors were either measured twice a week with a 

caliper or every other day with CT. When measured with calipers, the volume of a tumor 
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was calculated with the equation [(A×B×C)]×0.52333, where A is the longest measurement, 

B is the shortest measurement, and C is the highest measurement. Once the tumor volume 

reached approximately 200 mm3, mice were randomized into different groups for evaluation 

of therapeutic efficacy.

2.5. In vivo microPET/CT imaging

PET imaging of [18F]FMISO and [18F]FDG were performed using a Siemens (Erlangen, 

Germany) Inveon microPET/CT scanner. For anatomic localization, both a PET image and a 

CT image were subsequently acquired for co-registration. Prior to PET imaging, CT scout 

views were taken to ensure that tumors were placed in the co-scan field of view (FOV) 

where the highest image resolution and sensitivity were achieved. Each group of mice was 

administered through lateral tail vein injection with a solution of [18F]FDG or [18F]FMISO 

(150~200 μCi in 0.2ml saline). The animals were imaged under isoflurane anesthesia (2% in 

oxygen), and biologic monitoring for respiration and temperature was performed with a 

BioVet system (m2m imaging). For [18F]FDG PET imaging, animals were fasted overnight 

prior to imaging with access only to water. Their diet was then replenished after imaging. 

The mice were statically imaged with either [18F]FMISO at 90~110min after injection or 

with [18F]FDG at 40~60min after injection. After PET data acquisition, a low-dose CT scan 

was performed for anatomic registration and attenuation correction. The microPET images 

obtained were reconstructed using a two-dimensional ordered-subset expectation maximum 

(OSEM) algorithm. PET and CT data were analyzed with Carimas software provided by the 

Turku PET Centre. For quantitative analysis, the co-registered microPET/CT images were 

used to accurately define the region of interest (ROI) and quantify the radioactivity 

concentrations in the tumor region in terms of standardized uptake values (SUV). For 

comparison, SUV of each mouse was normalized to its baseline scan. Tumor volumes were 

calculated in terms of mm3 using the Carimas software.

2.6. In vitro immunohistochemistry staining

At the end of the experiments, tumors were removed and postfixed by immersion in 4% 

paraformaldehyde (PFA) overnight, dehydrated in 30% sucrose solution, embedded in 

freezing optimal cutting temperature (OCT) compound, Fisher Scientific, Suwanee, GA), 

cryostat sectioned at 10 μm on a microtome and mounted on superfrost slides (Fisher 

Scientific). These tumor slices were subjected to CD31 immunohistochemistry staining. 

Generally, after being blocked with blocking buffer (5% bovine serum albumin, 2.5% fetal 

calf serum, and 0.4% triton-100) for 30 min, the frozen sections were incubated with 

primary antibody (rat anti-mouse CD31, 1:100, BD bioscience) for 2 hours at room 

temperature followed by storing at 4 °C overnight. The secondary antibody (anti-mouse 

Alexa Fluro 568, 1:800, Invitrogen) was then added and incubated for another 1 hour at 

37 °C. After washing with PBST (3 × 5 min), the slides were covered with VECTASHIEID 

mount media with 4′,6-diamidino-2-phenylindole (DAPI). Images were collected using a 

Nikon fluorescence microscope.
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2.7. Statistical analysis

Quantitative data were expressed as mean ± SEM, and statistical significance of observed 

differences among different experimental groups was calculated using a two-tailed student t 

test. p values <0.05 were considered to be statistically significant.

3. RESULTS

3.1. CEP antibody treatment inhibited tumor growth in colorectal and glioblastoma tumor 
xenograft models

We evaluated the antitumor activity of CEP antibody in comparison with Avastin in both 

human colorectal and human glioblastoma tumor xenografts that were prepared by 

subcutaneous injection of LS174T and U87-MG tumor cell lines, respectively, into the 

flanks of athymic nude mice. For each tumor xenograft model, the animals were randomly 

assigned to 3 groups for anti-CEP, Avastin and PBS treatment. After the tumor size reached 

200 mm3 (day 12 after xenografts), each group was treated with CEP antibody, Avastin, or 

PBS twice a week.

As shown in Figure 1, both CEP antibody and Avastin showed similar antitumor effects in 

both xenograft models. The tumor sizes were monitored over 25 days and compared with 

vehicle treated controls. For the LS174T human colorectal tumor-bearing xenografts, CEP 

antibody treatment showed an average tumor growth rate of 18% while Avastin treatment 

showed 15% (Figure 1A). This was a significant reduction of 16.3% when compared with 

the vehicle-treated control littermates, which showed 31.2%. For U87-MG glioblastoma 

tumor-bearing mice, anti-CEP antibody and Avastin were administered intraperitoneally 

every other day. As shown in Figure 1B, an even more profound inhibition of tumor growth 

was found in the glioblastoma tumor-bearing xenografts. The tumor size did not increase 

and remained practically the same over the 25 days when treated with either CEP antibody 

or Avastin. Compared to the PBS treated control littermates, the average tumor growth rate 

was reduced by 33.2%.

Following the imaging studies, we then examined the extent of angiogenesis in the tumor 

tissues through histochemistry using anti-CD31 that is a specific marker of newly formed 

blood vessels. At the end of the experiments, mice bearing LS174T tumor were euthanized 

and the tumor tissues were dissected and sectioned for CD31 staining. The extent of newly 

formed vasculature was then compared among the three treatment groups. As shown in 

Figure 2A–C, the LS174T tumors treated only with PBS showed abundant vasculature, as 

indicated by strong CD31 staining. In comparison, the LS174T tumors treated with Avastin 

showed much less CD31 staining, suggesting angiogenesis was significantly reduced (Figure 

2D–F). More importantly, CEP antibody could even further reduce the extent of 

angiogenesis as CEP-antibody-treated tumor tissue sections showed the least CD31 staining 

among the three treatment groups (Figure 2G–I). Significant reduction of CD31 staining 

supports the conclusion that CEP antibody effectively inhibits the formation of new blood 

vessels that halts or delays tumor growth as previously monitored (Figure 1).
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3.2. Sequential treatment with Avastin and then CEP antibody further inhibited 
glioblastoma tumor growth

Because Avastin and anti-CEP inhibit tumor growth through two independent pathways with 

different mechanisms, we hypothesized that growth of a tumor resistant to Avastin could still 

be responsive to anti-CEP, which inhibits tumor growth in a TLR-2–dependent manner 

without activation of VEGFR-1 and VEGFR-2 25. To test this hypothesis, we evaluated the 

synergistic effect of Avastin and CEP antibody. Thus mice bearing U87-MG glioblastoma 

cells were first prepared. At day 9 when solid tumor tissues are palpable, the xenografts 

were treated with Avastin (2.5 mg/kg) alone twice a week for 18 days until drug resistance 

had developed and the tumors resumed growing (Figure 3). At this point, the xenografts 

were divided into two groups, one group was subjected to continued treatment with Avastin 

(2.5 mg/kg) alone and the other group was subjected to treatment with Avastin combined 

with anti-CEP (1:1, 5 mg/kg) twice a week. During the first phase of treatment, the tumors 

in all the xenografts grew very slowly until day 27, when drug resistance to Avastin 

treatment had developed. During the second phase of treatment after Avastin started failing, 

we observed significantly enhanced growth inhibition by CEP antibody when administered 

in combination with Avastin. Compared to Avastin therapy alone, the average tumor size 

was reduced by 28.9% by the end of the experiment. These studies suggested that CEP 

antibody did independently block the tumor growth promoted through a pathway that 

compensates for inhibition of the VEGF-mediated pathway by Avastin.

3.3. Non-invasive imaging for efficacy evaluation of anti-CEP treatment

The above studies demonstrated the potential of CEP-antibody as a therapeutic drug that can 

be used either by itself or in combination with Avastin to inhibit tumor growth. For future 

translational studies, an imaging marker must be identified that allows for quantitative 

assessment of anti-CEP treatment with high sensitivity and specificity. Thus, we evaluated 

[18F]FDG- and [18F]FMISO-PET to determine which technique would be more responsive 

to anti-CEP treatment.

[18F]FDG PET imaging is commonly used for assessing the effects of chemotherapy on 

glucose metabolism in the tumor. To determine if [18F]FDG-PET correlates with tumor 

growth, we conducted longitudinal imaging in LS174T tumor xenografts that were treated 

with CEP antibody twice a week starting from day 12 after xenografts. [18F] FDG PET 

scans were acquired at day 0, 7 and 14 following anti-CEP treatment. As shown in Figure 4, 

[18F]FDG uptake in the tumor tissues showed a weak correlation (PBS: r2 = 0.001941, anti-

CEP: r2 = 0.2767) with the tumor growth rate observed previously. After normalizing to day 

0 and comparing with the control PBS group, we only observed reduction of [18F]FDG 

uptake at day 7 after treatments. However, [18F]FDG uptake was increased at later time 

points (i.e., at day 14). Overall, no significant differences were observed between the treated 

and control groups. Interestingly, PET images of the control tumors showed reduced 

[18F]FDG uptake in the center of the tumor tissue due to the exponential tumor growth and 

subsequent necrosis.

On the other hand, solid tumors often develop hypoxia during their evolution. This is 

primarily caused by unregulated cellular growth, resulting in a greater demand on oxygen 
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for energy metabolism 34. As a consequence, most solid tumors evolve their own tissue 

physiological microenvironment, which is largely dictated by abnormal vasculature and 

metabolism. Recently [18F]FMISO was developed for PET imaging of hypoxia, which was 

designed to detect the changes in the tumor microenvironment after anti-angiogenic therapy 
34. We thus conducted [18F]FMISO PET imaging of the LS174T human colorectal tumor 

xenografts to determine if [18F]FMISO PET correlated with the efficacy of anti-CEP 

treatment. After the xenografts were treated with CEP antibody, [18F]FMISO PET scans 

were acquired every other day. As shown in Figure 5, uptake of [18F]FMISO in tumor tissue 

increased over time and correlated well with tumor growth (r2 = 0.9016). When normalized 

to day 0 and compared with the control PBS group (poor correlation, r2 = 0.109), we 

observed significant differences over a period of 10 days after anti-CEP treatment. 

[18F]FMISO uptake in CEP-antibody treated tumor xenografs was 42.8% higher than that in 

the control littermates, suggesting that CEP antibody induced hypoxia in the tumor tissue.

4. DISCUSSION

Inhibition of angiogenesis is a major therapeutic strategy for halting tumor growth in cancer. 

FDA-approved drugs that inhibit VEGF-promoted angiogenesis such as Avastin and 

Lucentis have been thoroughly investigated and widely used in the clinic with moderate 

success. Most anti-VEGF therapies exhibit limited efficacy just for a few months before 

drug resistance is developed. This led us to hypothesize that multiple pathways exist that 

compensate each other in promoting vascularization during tumor growth. Our basic 

research on lipid oxidation led to the discovery that oxidatively truncated docosahexaenoate 

phospholipids convert primary amino groups of biomolecules into 2-(ω-

carboxyethyl)pyrrole (CEP) derivatives, which accumulate under inflammatory conditions 

inherent in cancer as well as age-related macular degeneration (AMD). Further studies 

showed that CEPs promote angiogenesis through a novel VEGF-independent TLR2-

dependent pathway. As shown in Figure 6, signaling through TLR2 and VEGF apparently 

mediates two independent pathways that promote angiogenesis leading to tumor growth, 

which may compensate for each other and contribute to the development of drug resistance 

to single therapy alone. Therefore, synergistic inhibition of both angiogenesis pathways, 

e.g., using the corresponding monoclonal antibodies as decoy receptors, has the potential to 

improve patient response and clinical outcomes.

For this reason, we evaluated an anti-CEP antibody as a potential monoclonal antibody 

therapy. We first evaluated the efficacy of the anti-CEP antibody for inhibition of tumor 

growth in two different human tumor xenografts prepared from the LS174T colorectal 

cancer cell line and a glioblastoma cancer cell line. Each group of xenografts (n = 5) was 

treated separately with anti-CEP antibody, Avastin, and PBS alone for three weeks. The 

tumor size was monitored longitudinally (Figure 1). Compared to PBS control, both 

treatment groups exhibited much slower tumor growth rates. Both anti-CEP and Avastin 

significantly inhibited tumor growth. Unlike the PBS-treated controls, the anti-CEP and 

Avastin-treated tumor xenografts exhibited no exponential phase of tumor growth at later 

time points. Immunohistological analysis of tumor tissues indicated that much less new 

vasculature was formed after anti-CEP or Avastin treatments (Figure 2), which confirms that 

the slower tumor growth is associated with inhibition of angiogenesis. These studies showed 
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that anti-CEP is similarly effective as Avastin in both types of xenografts, further suggesting 

that TLR2- and VEGF-mediated pathways are indeed independent from each other in 

angiogenesis and can be modulated separately.

In the clinic, patients undergoing Avastin therapy alone often develop drug resistance that 

limits its efficacy to a few months. In glioblastoma, for example, essentially all patients 

develop recurrent or progressive disease after initial therapy. Various clinical trials indicated 

that Avastin has proven effective for recurrent glioblastoma for a short period of time. 

Continuous Avastin treatment, however, often fails to halt the tumor growth, leading to 

generally poor clinical outcomes with a median overall survival of only 3.8 months. It is thus 

critical to develop a combination therapy that can prevent the exponential tumor regrowth 

immediately after Avastin fails. For this reason, we explored the synergistic effects of 

Avastin and anti-CEP antibody. A cohort of glioblastoma tumor xenografts was treated first 

with Avastin for 3 weeks. Then, the xenografts were randomly divided into two groups, one 

was further treated with Avastin and the other was treated with anti-CEP antibody. As shown 

in Figure 3, the xenografts undergoing continuous treatment of Avastin readily entered the 

second phase of steady exponential tumor growth, suggesting these xenografts had 

developed drug resistance against Avastin. However, when the previous Avastin-treated 

xenografts were sequentially treated with anti-CEP antibody, the exponential growth phase 

was slightly retarded. These studies demonstrated the synergistic effects of Avastin and anti-

CEP antibody in inhibiting angiogenesis. To our best knowledge, this is the first combination 

therapy that has ever been developed that could potentially overcome drug resistance of 

VEGF-targeted anti-angiogenesis therapy.

To facilitate future clinical trials of such combination therapy in patients, it is important to 

identify an effective imaging modality that allows for longitudinal monitoring not only 

tumor size but also the extent of angiogenesis with high sensitivity and specificity. Because 

anti-angiogenic therapies often lead to consolidation of tumor mass instead of regression, the 

standard volumetric measurement is not a sensitive approach and the tumor response is often 

underestimated. For this reason, we focused on positron emission tomography (PET), which 

is a functional imaging technique widely used in the clinic that allows for directly 

monitoring of targets affected by chemotherapies. Because anti-angiogenesis treatment 

would eventually affect the energy consumption and oxygen supply conditions in the tumor, 

we conducted PET imaging using either [18F]FDG to monitor glucose metabolism rate or 

[18F]FMISO) to assess tumor hypoxia. These imaging studies were expected to enhance our 

understanding of the biological consequences of CEP monoclonal antibody therapy and of 

the value of each radiotracer as an imaging marker for non-invasive assessment of efficacy.

As shown in Figure 4, the energy consumption in terms of FDG uptake in the colorectal 

tumor was quantified following anti-CEP antibody treatment. Compared to PBS-treated 

controls, anti-CEP treated tumor xenografts exhibited little and insignificant reduction of 

FDG uptake. This can perhaps be explained by the fact that energy consumption is a global 

indicator of tumor growth and may not directly correlate to vascularization. Because 

vascularization would directly affect oxygen supply conditions in the tumor, a hypoxia 

imaging marker such as FMISO may be more sensitive than FDG. Indeed, our longitudinal 

imaging studies using FMISO-PET showed a significant difference between anti-CEP 
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treated tumors and PBS-treated controls. Quantitative analysis suggested that anti-CEP 

treatment led to increased uptake of FMISO over time, while little or no change was 

observed in PBS-treated controls. Now that FMISO-PET has been used in patients similar 

like FDG-PET, use of such PET imaging would greatly facilitate future clinical trials to 

evaluate the efficacy of anti-CEP therapy.

5. CONCLUSION

Through the above studies, we demonstrated that a CEP antibody is a potential therapeutic 

agent that can delay tumor growth by inhibiting angiogenesis and diminishing 

vascularization. This involves a new CEP mediated TLR2-dependent pathway that is 

independent of the VEGF pathway, making it possible to develop combination therapy that 

would enhance the efficacy of anti-angiogensis. Our studies also indicate that once tumor 

resistance to Avastin occurs, administration of anti-CEP therapy can be of great benefit. 

Meanwhile, the angiogenetic effect of CEP antibody can also be non-invasively monitored 

by [18F]FMISO-PET imaging, which showed a superior correlation compared to [18F]FDG. 

These preclinical studies should be helpful in accelerating anticancer drug development and 

promoting the clinical translation of molecular imaging by providing a platform on which 

the efficacy of various combinations of chemotherapeutic agents can be optimized.
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LIST OF ABBREVIATIONS

VEGF vascular endothelial growth factor

CEP 2-(ω-carboxyethyl)pyrrole

TLR-2 Toll-like receptor 2

PET positron emission tomography

[18F]FMISO 1H-1-(3-[18F]-fluoro-2-hydroxy-propyl)-2-nitro-imidazole

CAF cytokine angiogenic factors

PlGF placental growth factor

OSEM ordered-subset expectation maximum

SUV standardized uptake values

ROI region of interest

PFA paraformaldehyde

OCT optimal cutting temperature
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DAPI 4′,6-diamidino-2-phenylindole
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Figure 1. 
Antitumor activity of anti-CEP antibody in LS174T colorectal cancer models (A) and 

glioblastoma tumor models (B) compared with Avastin and control vehicle. A: Mice were 

treated with anti-CEP antibody (100 μg in a total of 350 μl of PBS), Avastin (100 μg in a 

total of 350 μl of PBS) and PBS (350 μl) daily at 12 days after xenografts. The tumor sizes 

were measured by CT imaging using Carimas software. B: Mice were treated with anti-CEP 

antibody (100 μg in a total of 350 μl of PBS), Avastin (100 μg in a total of 350 μl of PBS) 

and PBS twice a week at 12 days after xenografts. The tumor sizes were measured by 

calipers. Arrows denote the day when treatment of anti-CEP, Avastin and PBS were 

initiated. Data were expressed as mean ± SEM, n = 5. Double asterisk (**) P<0.05.
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Figure 2. 
Angiogenesis represented by immunofluorescence CD31 staining in LS174T tumors. 

Representative sections were taken from Avastin, anti-CEP and vehicle treated LS174T 

tumors at the end of the experiment. Significantly decreased CD31 staining and changes of 

vascular morphology between the treated group and the control group were observed.
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Figure 3. 
Tumor growth of U87-MG bearing nude mice in vivo treated with Avastin only started from 

day 6 and combination treatment (Avastin started at day 9 and anti-CEP started at day 27) to 

the end of the experiment. The tumor sizes were measured by calipers. Arrows denote the 

day when treatment of Avastin and anti-CEP were initiated. Data were expressed as mean ± 

SEM, n = 10. Double asterisk (**) P<0.05.
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Figure 4. 
In vivo uptake of 18F-FDG in LS174T colorectal tumors in PBS and anti-CEP treated 

animals. A: quantitative analysis of tumor uptake normalized to baseline scan at day 0. Data 

were expressed as mean ± SEM, n = 5. Double asterisk (**) P<0.05. B: representative PET 

images of 18F-FDG uptake in PBS and anti-CEP treated animals at day 7. Arrows denote 

location of the tumors.
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Figure 5. 
In vivo uptake of 18F-FMISO in LS174T colorectal tumors in PBS and anti-CEP treated 

animals. A: quantitative analysis of tumor uptake of 18F-FMISO normalized to baseline scan 

at day 0. Data were expressed as mean ± SEM, n = 5. Double asterisk (**) P<0.05. B: 

representative PET images of 18F-FMISO uptake in PBS and anti-CEP treated animals at 

day 2 after treatment. Arrows denote where tumors are., normalized to baseline scan at day 

0. Data were expressed as mean ± SEM, n = 5. Double asterisk (**) P<0.05.
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Figure 6. 
TLR2 and VEGFR dependent pathways independently promote angiogenesis and tumor 

growth that can be inhibited by a monoclonal anti-CEP antibody and the anti-VEGF 

monoclonal antibody Avastin respectively.
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