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Abstract

Introduction—This study was undertaken to investigate the effect of Paclitaxel and
Bevacizumab on the therapeutic efficacy of °0Y-labeled B3 mAb, directed against LeY antigen, for
the treatment of LeY-positive A431 tumors implanted s.c. in the right hind flank of nude mice.

Methods—When the tumor size reached ~200 mm3, the mice received a single dose of /v, 90Y-
labeled B3 (60 Ci/150 g or 100 nCi/150 g B3), /.p. Paclitaxel (40 mg/kg), or /v
Bevacizumab (5 mg/kg) for monotherapy. To investigate the effect of combined therapies on
survival, the mice were treated with two or three agents in the following combinations: 2°Y-B3 on
day 0 and Paclitaxel on day 1; Bevacizumab on -1 day and %0Y-B3 on day 0; Bevacizumab on -1
day and Paclitaxel on day 1; Bevacizumab, %0Y-B3, and Paclitaxel each at 1-day intervals. The
mice with no treatment were used as a control. The tumor volume at 1,000 mm?3 was used as a
surrogate endpoint of survival.

Results—Compared to control animals, Paclitaxel delayed tumor growth with a significantly
longer median survival time (P < 0.001) whereas Bevacizumab alone showed a less pronounced
effect on a median survival time (P = 0.18). %0Y-B3 increased the median survival time in a dose
dependent manner (P < 0.05). The combined therapy of Bevacizumab with Paclitaxel produced a
trend toward an increase of the median survival time compared to Paclitaxel alone (P = 0.06),
whereas Bevacizumab combined with 20Y-B3 showed a statistically insignificant increase in the
median survival time compared to 20Y-B3 alone (P = 0.25). The tumor sizes of all animals in these
groups reached the surrogate end point of survival by day 35. In contrast, the combined therapy
involving 20Y-B3 with Paclitaxel showed a striking synergistic effect in shrinking tumors and
prolonging the survival time (P < 0.001); on day 120, 3 of 9 mice (33%) and 6 of 6 mice (100%)
were alive without tumor when treated with 60 pwCi %°Y-B3 and 100 n.Ci 0Y-B3, respectively.
The addition of Bevacizumab treatment one day before the combined therapy of 60 wCi %0Y-B3
with Paclitaxel did not produce a statistically significant increase in survival when compared to

"Corresponding author: Tel.: +1 301 496 1426, fax: +1 301 402 4548., cpaik@mail.nih.gov (Chang H. Paik, PhD).

*+Both authors equally contributed as first authors

Current address: B. S. Jang, VMD, PhD, Radiation Biotechnology Division, Advanced Radiation Technology Institute, Korea Atomic
Energy Research Institute, 29 Keumgu-gil, Jeongeup-si, Jeollabuk-do 580-185, South Korea; S.-M. Lee, PhD, Department of
Chemical Engineering, Kangwon National University, 1 Kangwondaehak-gil, Chuncheon-si, Gangwon-do 200-701, South Korea.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jang et al. Page 2

the 90Y-B3 with Paclitaxel (P > 0.10). Fluorescence microscopy analysis indicated that Paclitaxel
increased, whereas Bevacizumab decreased the accumulation and penetration of Alexa Fluor 647-
B3 into tumor microenvironment compared to the control (P < 0.05).

Conclusion—Our findings on the Paclitaxel effect support a hypothesis that the increased tumor
accumulation and penetration of 90Y-B3 as well as the high radio-sensitization of tumor cells by
Paclitaxel may be the major factors responsible for the synergistic effect of the combined therapy
involving 20Y-B3 with Paclitaxel.

1. Introduction

Monoclonal antibodies (mAbs) labeled with cytotoxic radionuclides have a potential to
enhance therapeutic effects of mAbs by systemically delivering a continuous low dose
radiation to tumor sites, thereby initiating apoptotic mechanisms through low-dose rate
radiation damage to DNA [1, 2]. Two anti-CD20 mAbs armed with Y-90 (Zevalin) and
I-131 (Bexxar) have been approved by the FDA for radioimmunotherapy of hematological
malignancies [3-5]. Other mAbs with cytotoxic radioisotopes targeting different antigens in
hematological malignancies have also shown frequent tumor responses [6, 7]. In contrast to
the success shown for radioimmunotherapy of hematological malignancies, the
radioimmunotherapy for solid tumors have shown fewer and much diminished tumor
responses [8-10]. A variety of impediments have been described in solid tumors to explain
the limited targeting of mAb, including vascular, stromal, interstitial and tumor binding-site
barriers [11-15]. A high shed antigen concentration in the blood and the interstitial fluid
space of tumors also could act as a decoy to antigen-specific tumor targeting of mAbs, thus
preventing mAbs from binding to antigens expressed on tumor cells [16]. These barriers
often result in limited tumor uptake and heterogeneous distribution of mAbs in solid tumors.
The relatively higher radio-resistance of solid tumors also contributes to diminished tumor
responses. To overcome the barriers, thereby improving the therapeutic efficacy of
immunoconjugates, several approaches have been proposed including the use of physical-
mechanical moderators such as hyperthermia [17], and pulsed high intensity focused
ultrasound [18] or physiological moderators [15]. In this study, we investigated the effect of
physiological moderators, Paclitaxel and Bevacizumab, on the therapeutic efficacy of Y-90
labeled B3 mAD, thereby optimizing a combination therapy regime to cure human tumor
implanted in nude mice.

Paclitaxel (Taxol; Bristol-Meyers-Squibb) is a plant alkaloid which promotes the
stabilization (polymerization) of microtubules leading to mitotic arrest at a radiosensitive
G2/M phase that disrupts the cell division process and causes cell death [19-21]. It also
induces bcl-2 phosphorylation, and subsequent caspase-3-dependent and caspase-3-
independent apoptosis [22, 23]. The role of Paclitaxel is well established in the treatment of
advanced breast cancer, and its use was recommended by USA and European Union (EU)
guidelines and a recent consensus manuscript [24—26]. A number of preclinical
investigations have reported that Paclitaxel increased the therapeutic efficacy of Y-90
labeled mAb. A higher number of complete response (CR) were achieved when the animals
were treated with 90Y-antibody at a dose below a maximum tolerated dose (MTD) in
combination with Paclitaxel [27-31]. Miers, et al reported that Paclitaxel given after 111In-
labeled mAbs increased tumor-cumulated activity by 30% in epithelial cancers [32].
Paclitaxel has also been shown to decrease tumor interstitial fluid pressure (IFP), which may
aid the delivery of convection-dominated macromolecules such as antibodies [33]. The
Paclitaxel effects on radiosensitization of tumor cells and increased delivery of radiolabeled
mADb to tumors make a combined radioimmunotherapy with Paclitaxel an attractive
approach.
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Bevacizumab (Avastin; Genentech, California) is a humanized monoclonal antibody
directed against vascular endothelial growth factor (VEGF). VEGF stimulates the growth of
new blood vessels [34-36]. VEGFs and their receptors are key molecules in the regulation
of vessel growth [37-39]. The specific binding of Bevacizumab to VEGF prevents VEGF
from interacting with receptors on vascular endothelial cells, thereby inhibiting its pro-
angiogenic effects [40, 41]. As a result, Bevacizumab decreases micro-vascular density by
pruning immature blood vessels and reduces vascular permeability in tumors [42]. Direct
correlations were also shown between density of microvessels, metastases and survival of
patients [37, 38]. Bevacizumab is currently approved for the treatment of metastatic
colorectal cancer, non-small-cell lung cancer, and renal cell cancer [43, 44]. It is also
approved in the United States for the treatment of recurrent glioblastoma multiforme [43].
Recently, Jain et al. showed that antiangiogenic drugs such as Bevacizumab could induce a
functional normalization of the tumor vasculature over a transient span of time
(normalization time window) during which time it increases tumor oxygenation and the
tumor concentration of coadministered drugs, thereby potentiating the activity of
coadministered chemo or external radiotherapies [45]. However, chronic angiogenesis
inhibition is known to destroy or block the function of tumor-associated vessels to deprive
the tumor of oxygen and nutrients and also reduces tumor uptake of coadministered
chemotherapeutics [46]. Ansiaux, et al. subsequently demonstrated that the VEGF and basic
fibroblast growth factor inhibitor, thalidomide was able to increase tumor oxygenation by
modifying tumor perfusion and interstitial pressure [47]. This finding was supported by
Ruud, et al. showing that angiogenesis inhibitors Anginex and Bevacizumab transiently
increased overall tumor oxygenation via vessel normalization [48]. They also showed that
this increase in oxygenation enhanced the effect of radiation therapy /in vivo especially when
radiation was applied at the peak of tumor oxygenation during therapy. Furthermore, they
found the normalization window induced by Bevacizumab within the first few days of
treatment, similar to that found for thalidomide and VEGFR?2 inhibitor [47]. After those first
few days of the antiangiogenic treatment, there was a progressive decrease in tumor
oxygenation. Salaun, et al. reported that pretreatment with Bevacizumab improved
radioimmunotherapy efficacy, with similar toxicity as compared to radioimmunotherapy
alone in a mouse model of medullary thyroid carcinoma [49]. Bevacizumab also
demonstrated considerable efficacy in combination with taxane therapy in the first-line
treatment of human epidermal growth factor receptor-2 (HER2)-negative metastatic breast
cancer in three phase I11 trials [50]. These studies indicate that the addition of antiangiogenic
drugs in combination with chemo- and radio-therapy in a proper sequence, time interval, and
dose may help enhancing the therapeutic efficacy; however, the influence of antiangiogenic
drugs on the delivery of radioimmunotherapy remains unknown.

B3 is a murine IgG1x mAb which reacts with a carbohydrate epitope found on LeY and
polyfucosylated LeX antigens. This epitope is abundantly and uniformly expressed by most
carcinomas of stomach, colon, breast, lung, bladder, and ovary [51]. A preclinical
biodistribution study of 111In/20Y-radiolabeled B3 antibody has shown good tumor
localization in the antigen-positive A431 tumor xenografted in nude mice [52, 53]. Ina
Phase 1 trial with 111In- and 29Y-B3, definite tumor imaging was observed in 20 of 26
patients, but no antitumor effect was observed, presumably because of the insufficient dose
delivered to tumors before dose limiting toxicity was reached [10]. For the treatment of
radio-resistant solid tumors with a radioimmunotherapy, it is a critical factor to increase a
radiation dose delivered to tumors and also make tumor cells more radiosensitive to a
continuous low-dose radiation. This led us to undertake our preclinical study to investigate if
combined modality radioimmunotherapies involving 29Y-B3 mAb in combination with
Paclitaxel and Bevacizumab could produce a synergistic or an additive effect at a dose
which is not sufficient to produce a positive tumor response when given individually. We
also investigated the effect of Paclitaxel and Bevacizumab on blood vessel density, vessel
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size, and the tumor microdistribution of fluorophore labeled B3 (Alexa Fluor 647-B3) by
fluorescence microscopic analysis. In this study, we used a mouse model of human A431
tumor which overexpress LeY antigen.

2. Experimental Procedure

2.1. Radiolabeling of B3 with 90y

B3 conjugated with 2-(p-SCN-Bz)-6-methyl-DTPA (MX) was radiolabeled with 90Y using a
method reported previously [53]. Briefly, 10 mCi of 90YCl3 (PerkinElmer, Boston, MA; 10
mCi/40 pl of 0.05 M HC1) was adjusted to pH 4.2 with a 200 I of buffer solution
containing 0.30 M sodium acetate and 0.040 M sodium ascorbate in a polypropylene vial.
Typically, 60 pl of antibody solution (10.8 mg/ml, pH 7) was added and allowed to react at
pH 4.2 at room temperature for 15 min. To this reaction mixture, 30 .l of 1 mM DTPA was
added and the solution was incubated at room temperature for 5 min to complex any

free 20Y ions with DTPA. The radiolabeling yield was determined by instant thin layer
chromatography with silica gel impregnated on glass fiber (ITLC; Gelman Sciences, Ann
Arbor, MI) developed with 10% ammonium acetate in water:methanol (1:1). The
radioactivity peak areas were integrated with a Bioscan radiochromatogram scanner
(Bioscan Inc, Washington, DC). On ITLC, the radiolabeled antibody remains at the origin of
application and °0Y-DTPA moves with the solvent front. Radiolabeled antibody
preparations were purified with a PD-10 size exclusion column (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden) with PBS as the elution buffer. The radiochemical purity
was assessed by HPLC (Gilson, Middleton, WI) equipped with a size exclusion TSK gel
G3000SWy, column (7.8 x 300 mm, 5 um, TOSOH Bioscience, Japan; 0.067 M sodium
phosphate/0.15 M sodium chloride, pH 6.8; 1.0 ml/min), a UV monitor and an on-line flow
radioactivity detector (Bioscan Inc., Washington, DC). The specific activity of 0Y-B3 was
~10 pCi/pg B3. The radiochemical purity and immunoreactivity of the purified 20Y-B3 was
>98% and 70%, respectively.

2.2. Conjugation of Alexa Fluor 647 to B3

A fresh solution (1.99 mM) of succinimidyl ester of Alexa Fluor 647 (Invitrogen) in
anhydrous DMSO was prepared. Forty pl (79.6 nmol) of this solution was immediately
added to 760 .l of B3 (4.0 mg, 26.6 nmol) dissolved in 0.25 M of sodium bicarbonate
solution, pH 8.4. The solution was mixed thoroughly and let stand for 1 hr at room
temperature. The reaction mixture was analyzed by size-exclusion HPLC (Gilson,
Middleton, WI) connected with a UV/Visible detector set at a wavelength maximum of 650
nm. The conjugation efficiency was then determined by comparing the peak intensity of
Alexa Fluor 647-conjugated B3 and that of free Alexa Fluor 647 on the HPLC profiles. This
reaction resulted in Alexa Fluor 647-conjugatd B3 with ~2 Alexa Fluor 647 molecules per
B3. The product, Alexa Fluor 647-B3 was purified with a size exclusion PD-10 column (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden) with PBS as the elution buffer. An aliquot
(100 png/100 pl PBS, pH 7.2) of the purified Alexa Fluor 647-B3 and unconjugated B3 were
labeled with 1251 (500 p.Ci) with 4-[12%I]iodobenzoate [54] at a specific activity of ~1.0 wCi/
ig. The iodinated B3 preparations were purified with a PD-10 column as described above.
The immunoreactivity of 1291 labeled Alexa Fluor 647-B3 was determined to be >68% using
a cell-binding assay reported previously [54].

2.3. Cell Culture

A431, a human epidermoid carcinoma cell line that expresses the LeY antigen recognized by
B3, was grown in RPMI 1640 supplemented with 10% FCS, 2 mM L-glutamine, penicillin
(100 1U/ml), and streptomycin (100 pg/ml) at 37°C in a humidified atmosphere with 5%
COay. Cells were harvested with EDTA-trypsin, washed with PBS and resuspended in PBS
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with 1% BSA for immunoreactivity determination or resuspended in PBS to make a mouse
model of A431 human tumor.

2.3. Tumor Model

Animal experiments were performed under an NIH Animal Care and Use Committee
approved protocol. Tumor xenografts were established by s.c. inoculation of 3 x 106 A431
cells in 0.1 ml PBS into the right flank of athymic mice (5-6 weeks, 18-20 g; NCI-DCT,
Frederick, MD). Tumor dimensions were measured using a caliper. Tumor size (mm?3) was
calculated by the following formula: (a) x (b)? x 0.4, where a is tumor length (max) and b is
tumor width (min) in millimeters.

2.4. Therapeutic studies

Groups of nude mice (n = 4-9 mice/group) were inoculated s.c. with A431 tumor cells
expressing the LeY antigen on the right hind flank. When the tumor size was approximately
200 mm3, the mice received a single dose of /.v. 20Y-labeled B3 (60 p.Ci/150 pg or 100
pCi/150 pg B3), ip. Paclitaxel (40 mg/kg), or 7.v. Bevacizumab (5 mg/kg) for a
monotherapy. For a combined radioimmunotherapy with Paclitaxel or Bevacizumab, the
mice received %0Y-B3 (60 .Ci/150 g 90Y-B3 or 100 .Ci/150 g) followed by Paclitaxel
(40 mg/kg) or Bevacizumab (5 mg/kg) followed by %0Y-B3 (60 n.Ci/150 g %0Y-B3) at 1-
day interval. For a combined therapy of Paclitaxel with Bevacizumab, the mice first received
Bevacizumab followed by Paclitaxel treatment 48 hr later. For a combined therapy with
three agents, the mice were treated with Bevacizumab, 90Y -B3 (60 .Ci/150 pg) and
Paclitaxel each at 1 day intervals. The mice with no treatment were used as a control. The
treatment time line is shown in Fig. 1. The tumor volume and the body weight were
measured daily for the first 7 days and thereafter, two or three times a week. Mice were
euthanized when the tumor size was 2 cm in diameter, or the body weight was reduced by
>15% of the initial value. To estimate survival time, the tumor volume was plotted over time
for each mouse and the day at which tumor volume passed 1,000 mm?3 was used as a
surrogate endpoint of survival. In some cases, to estimate survival times objectively, a
polynomial trendline of Microsoft Office Excel 2007 was used for fitting the tumor growth
curves. The time required for the tumor growth curves or the trendline curves to reach the
tumor volume at 1,000 mms3 was taken as the survival time. Survival is displayed as a
Kaplan-Meier plot to compare the therapeutic efficacy of each treatment regime. The
Kaplan-Meir plot was performed using GraphPad Prism 5 (GraphPad Software, La Jolla,
CA). To construct mean tumor growth curves, the tumor volume of each mouse was
measured at each time point and the day at which tumor volume passed 1,000 mm?3 was used
as a surrogate endpoint. If mice reached this surrogate endpoint, their tumor volume at 1,000
mm?3 was used from that point forward and contributed to the calculation of the mean tumor
volume. The mean tumor volume calculated at each time point was plotted over time to
construct the mean tumor growth curve.

2.5. Ex vivo fluorescence microscopy studies

Groups of nude mice (n = 4~5 mice/group) were inoculated s.c. with A431 tumor cells
expressing the LeY antigen on the right hind flank. When the tumor size reached ~200 mms3,
the tumor-bearing mice were injected with 7 v. Alexa Fluor 647-conjugated B3 (150 g in
0.2 ml of PBS) alone on day 0, 7.v. Alexa Fluor 647-B3 on day 0 followed by 7p. Paclitaxel
(40 mg/kg in 0.2 ml of normal saline) on day 1, or /.v. Bevacizumab (5 mg/kg in 0.2 ml of
PBS) on day 0 followed by /7. v. Alexa Fluor 647-B3 on day 1 to investigate the effect of
Paclitaxel and Bevacizumab on the tumor microdisribution of Alexa Fluor 647-B3. Two
days after the injection of Alexa Fluor 647-B3, the mice received a lateral tail vein injection
of rhodamine-lectin (RCA, 1 mg in 0.2 ml of PBS) to delineate the blood vessels and 5 min
after the lectin injection, the mice were euthanized by CO, inhalation and exsanguinated by
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cardiac puncture before dissection. Tumors were harvested with intact skin and flash-frozen
using liquid nitrogen for subsequent sectioning and staining. Tumors were sectioned using a
Leica CM1850 cryostat at 8 um thickness in 3 different regions to obtain representative
sections throughout the tumor. Tumor sections were fixed with formalin for 20 min and
mounted with Prolong Gold antifade reagent with DAPI (Invitrogen, Carlsbad, CA).
Imaging was performed with a 10X objective (pixel size = 0.64 wm, binning 2x2) using an
epi-fluorescent microscope (Zeiss, Axio Imager.M1, Thornwood, NY) equipped with a
motorized scanning stage and mosaic stitching software (Axiovision, Zeiss). Three
independent channels were obtained: DAPI for nuclei (shown in blue), Rhodamine for blood
vessels (shown in red), and Cy5 for Alexa Fluor 647-B3 antibody (constant exposure time of
40 ms, shown in green). A tumor that did not contain B3 antibody was imaged with identical
parameters to obtain background signal intensity. Image analysis was performed with a
custom-desighed MATLAB script (MathWorks, Natick, MA). Individual image channels
were exported from Axiovision as 16-bit grayscale tiff images to Photoshop where a tumor
region was isolated to create a tumor mask. The tumor mask, blood vessel image and B3
antibody image were loaded into MATLAB and a tumor blood vessel mask and distance
map were created [55]. Overall B3 antibody intensity and penetration from the tumor edge
and blood vessel surface were calculated with a background intensity subtraction. In
addition, vascular parameters and architecture such as micro-vasculature density (MVD),
blood vessel size, and median distance from a tumor pixel to the nearest vascular surface
were measured. Values were grouped together from the 3 tumor regions to represent a
tumor. Each tumor was treated as an independent sample (n=4-5, one tumor was removed
due to excessive necrosis limiting analysis).

2.6. Statistical analysis

3. Results

All statistical analyses for the therapeutic studies were performed using Student’s t test for
unpaired data between two groups. All tests were two-sided, and a probability value (P) of
less than 0.05 was considered significant. Fluorescence microscopy data are reported as
mean + standard error of the mean (SEM) and analyzed with a one-way ANOVA followed
by a Newman-Keuls post-hoc test between multiple groups. P-values less than 0.05 were
considered statistically significant and all statistical tests were two-sided.

3.1. Therapeutic Studies

The tumors in the control group grew rapidly with a median survival time of 4 days (Table 1
and Fig. 2). The Bevacizumab (5 mg/kg) treatment provided a statistically insignificant
delay in tumor growth with a median survival time of 6 days (P > 0.05 compared to the
control). The Paclitaxel (40 mg/kg) treatment initially stabilized the tumor growth for 5 days
and thereafter, the tumors started re-growing with a statistically significant delay of a
median survival time to 11 days compared to the control (P < 0.001). The 20Y-B3 treatment
also slowed the tumor growth rate with a median survival time in a dose dependent manner;
14 days for 60 Ci/150 g B3 and 23 days for 100 pCi/150 g B3 (P < 0.05 compared to
the control). The combined therapy involving Bevacizumab followed by Paclitaxel treatment
showed a trend toward a moderate additive effect in prolonging the median survival time to
16 days compared to the median survival time of 11 days for the Paclitaxel alone group (P =
0.06). The addition of Bevacizumab one day before 20Y-B3 treatment also produced an
additive effect on survival by 2 days compared to that of °0Y-B3 alone (P = 0.25). However,
this additive effect was statistically not significant. The tumor volumes of all animals in the
above study groups reached the surrogate end point (1000 mm?) by day 35. In contrast, the
combined therapy involving 90Y-B3 with Paclitaxel showed a striking synergistic effect in
shrinking tumor and prolonging the survival time (P < 0.001 compared to each agent). On
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day 120, 3 of 9 mice (33%) and 6 of 6 mice (100%) were alive with no tumor when treated
with a combined therapy involving 60 Ci B3 and Paclitaxel, and 100 |+Ci B3 and
Paclitaxel, respectively. The addition of Bevacizumab treatment to the combined therapy of
60 .Ci B3 and Paclitaxel provided some additive effect in survival with 3 of 6 (50%) alive
with no tumor as compared to 3 of 9 (33%) alive for the combined therapy of 60 .Ci B3 and
Paclitaxel (Table 1 and Fig. 2), but this difference in survival time between these two groups
is statistically insignificant (P >0.05). The mean tumor growth curves (Fig. 3) show the
effect of different treatment regimes on the growth delays.

3.2. Microvascular analysis

We investigated the effect of Paclitaxel and Bevacizumab on the tumor micro-vascular
density (MVD), blood vessel size, and median distance from a tumor pixel to the nearest
vascular surface (Fig. 5). The vasculature and cell nuclei were stained with rhodamine-lectin
and DAPI, respectively. The fluorescence microscopic determination revealed that
Paclitaxel (40 mg/kg) treatment did not significantly change the MVD (67.4 vs 70.3 vessels/
mm? for the control, P > 0.05) (Fig. 5A), median blood vessel area (92.7 vs 100.1 pm? for
the control) (Fig. 5B), and the median distance to the nearest vascular surface, an indicator
of vascular architecture (78.8 vs 69.3 um for the control, P > 0.05) (Fig. 5C) compared to
the control one day after the treatment. Comparatively, the treatment with Bevacizumab
decreased the MVD (53.4 vessels/mm?) by 24% and increased the median distance (95.1
pwm) from a tumor pixel to the nearest vascular surface by 37% compared to the control,
although statistically not significant (P > 0.05). Bevacizumab did not change the median
blood vessel size (92.22 pm?).

3.3. Antibody accumulation and penetration

Antibody accumulation was determined by analyzing fluorescence intensity in tumor
sections. The analysis qualitatively suggests that B3 antibody (green) accumulation and
penetration was improved with Paclitaxel treatment and reduced with Bevacizumab
treatment (Fig. 4). The image analysis demonstrated that Paclitaxel treatment significantly
improved B3 antibody delivery to the tumor by 45% (2570 vs 1775 arbitrary fluorescence
units for the control, P < 0.05) (Fig. 5D). The B3 penetration was significantly improved
following treatment with Paclitaxel both from the tumor surface and from the blood vessel
surface (P < 0.05) (Fig. 6). The Paclitaxel treatment also appeared to impact the integrity of
the tumor tissue with a muddled cell nuclei appearance (Fig. 4). Comparatively,
Bevacizumab had a profound effect on B3 antibody delivery, significantly reducing the
accumulation by 96% (73 vs 1775 for the control, P < 0.05) (Fig. 5D). In addition,
Bevacizumab significantly reduced the penetration of B3 antibody (P < 0.05) (Fig. 6).

4. Discussion

The purpose of this study was to investigate combined modal radioimmunotherapy regimen
involving Paclitaxel, Bevacizumab, and 20Y-B3, each of which acts on tumor cells and the
tumor microenvironment by different mechanisms, thereby finding an effective regimen to
cure A431 tumors implanted in nude mice. For combined modality radioimmunotherapies,
the animals were treated with 20Y-B3 a day after Bevacizumab, and/or a day before
Paclitaxel. We used these treatment sequences because these treatment sequences were
reported to produce the best therapeutic effects [27, 49]. To investigate if the combined
therapy increased the therapeutic efficacy, we used each drug at a dose which is ineffective
in curing tumors and also does not cause serious side effects to the animals (defined by body
weight loss). The dose (60 and 100 p.Ci) of 90Y-B3 used in this study are much lower than
the maximum tolerated dose (200~300 p.Ci) of 90Y-B3. We used a single Bevacizumab dose
(5 mg/kg) which is lower than a total daily dose of 5 mg/kg, 5 days a week, i.p. investigated
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by Bozec, et al [56] and a dose of 5 mg/kg, twice weekly for 4 weeks, i.p. by Salaun, et al
[49]. They reported that Bevacizumab alone induced no cytopenia and no significant weight
loss. The Paclitaxel dose (40 mg/kg) used in this study is equivalent to a human dose of 123
mg/m?2, within the doses usually used for treatment of women with metastatic breast cancer
(100-250 mg/m?) [32]. Other groups reported up to 50 mg/kg [57] and 75 mg/kg [58] of
Paclitaxel to investigate its antitumor activity in mice without observing a dose limiting
adverse effect.

The treatment with Paclitaxel (40 mg/kg) alone and Bevacizumab (5 mg/kg) alone
prolonged the median survival time by 7 days (P < 0.05) and by 2 days (P > 0.05),
respectively compared to the control. The treatment with 20Y-B3 (60 .Ci/150 g B3 or 100
pCi/150 pg B3) alone also increased the median survival time in a dose dependent manner
(P < 0.05). The addition of Bevacizumab to Paclitaxel treatment produced a trend (P = 0.06)
toward the prolongation of the median survival time by 5 days compared to Paclitaxel
treatment alone. This additive effect is consistent with those reported previously [46, 49].
The addition of Bevacizumab to 2°Y-B3 (60 .Ci/150 g B3) increased the median survival
time by 2 days compared to 90Y-B3 alone, but the difference was statistically insignificant
(P = 0.25). Since Paclitaxel is a small molecule it is most likely more perfusion-limited than
the permeability-limited B3 antibody such that a reduced vascular permeability following
Bevacizumab therapy [59] may more adversely affect B3 antibody delivery than Paclitaxel
delivery [60]. This difference in delivery may explain some difference shown in the
therapeutic efficacy. However, it should be also noted that the use of Bevacizumab for the
treatment of metastatic HER2-negative breast cancer in combination with Paclitaxel was
debated by a FDA advisory committee and was not approved on June 29, 2011 because the
ability to slow the tumor growth determined by medical imaging studies has not been
translated into meaningful benefit in overall survival among breast cancer patients. In our
study, the tumor volumes of all animals treated with each agent alone or the above
combination regimens reached the surrogate endpoint of survival (1000 mm3) by day 35.

In contrast, the combined therapy involving %0Y-B3 treatment followed by Paclitaxel
treatment produced a remarkable synergistic effect on tumor shrinkage and an increase in
median survival time; 3 of 9 mice (33%) and 6 of 6 mice (100%) were alive with no tumor
(P < 0.001) on day 120 when treated with a combined therapy involving 60 p.Ci %0Y-B3 or
100 w.Ci 90Y-B3 and Paclitaxel, respectively (Table 1 and Fig. 1). The synergistic effects
observed in this study are consistent with the results reported by others [27-31]. The
addition of Bevacizumab treatment to the combined therapy of 60 n.Ci %°Y-B3 and
Paclitaxel provided an additive effect in survival with 3 of 6 (50%) alive with no tumor
compared to a survival rate of 33% for the combined therapy of 60 n.Ci %°Y-B3 and
Paclitaxel (Table 1 and Fig. 1). However, this Bevacizumab effect was statistically
insignificant (P > 0.05). In this study, increasing the dose from 60 .Ci to 100 u.Ci %0Y-B3
combined with Paclitaxel treatment resulted in survival with no tumor on day 120 in 6 of 6
mice. In addition, there was no animal with loss of body weight by >15% of the initial
weight during a 120-day period which indirectly provided an additional evidence for a lack
of any severe side effects.

Since Paclitaxel can act on tumor cells as well as the endothelial cells of rapidly growing
angiogenic blood vessels, and Bevacizumab is an anti-angiogenic agent, we investigated the
effect of Paclitaxel and Bevacizumab on the tumor blood vessels as well as their effects on
the microdistribution of Alexa Fluor 647-B3 in tumors by fluorescence microscopy.
Compared to control tumors, the fluorescence microscopy analysis showed that the
Paclitaxel (40 mg/kg) treatment increased the total accumulation of Alexa Fluor 647-B3 by
45% in the tumor (P < 0.05) and facilitated more uniform distribution of Alexa Fluor 647-
B3 in the tumor when the analysis was performed one day after Paclitaxel treatment (P <
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0.05). However, at this time, the Paclitaxel treatment did not cause any statistically
significant changes in the MVD and the median blood vessel area. This finding together
with the fact that the Paclitaxel treatment impacted the integrity of the tumor tissue with a
muddled cell nuclei appearance suggests that the increased accumulation and penetration of
Alexa Fluor 647-B3 into tumors by Paclitaxel treatment was the result of the decreased
interstitial fluid pressure due to the loss of integrity of the tumor tissue [33, 61]. Although
the mechanism of the synergy by the combined therapy is not clearly understood at the
present time, our finding supports a hypothesis that the increased accumulation of 0Y-B3 in
tumor and the high radio-sensitization of tumor cells by Paclitaxel are two important factors
responsible for the striking synergistic effect when 90Y-B3 is combined with Paclitaxel.
Likewise, we did not investigate the effect of Bevacizumab on the microdistribution of
Paclitaxel in tumors or the effect of Paclitaxel on the microdistribution of Bevacizumab.
However, our therapeutic studies showed that the addition of Bevacizumab produced a more
pronounced trend toward an additive effect in prolongation of the survival time (16 vs 11
days for Paclitaxel alone) when it was combined with Paclitaxel treatment than when it was
combined with 90Y-B3 treatment (16 vs 14 days for 90Y-B3 alone). This finding appears to
indicate that within the time window we investigated, Bevacizumab might have improved
the delivery of a small molecule, Paclitaxel to tumor microenvironment as proposed by Jain,
et al [45] whereas it decreased the delivery of a large molecule, 90Y-B3 to tumor as shown
in this fluorescence microscopy study. There are three possible hypotheses to explain this
additive effect. 1) The antiangiogenic agent Bevacizumab improves tumor uptake of B3.
However, this hypothesis is ruled out because our microscopy analysis showed that
Bevacizumab decreased the delivery of B3 to tumor microenvironment. 2) Bevacizumab
normalizes vascularization, increases tumor perfusion of the small molecular drug
Paclitaxel, reduces hypoxia, and increases radiosensitivity of tumor cells [62]. This
hypothesis is supported by our finding that Bevacizumab produced a trend toward an
additive effect on the survival time when added to Paclitaxel. 3) VEGF is a cytokine, which
optimizes the survival of endothelial cells under stress. By inhibiting these endothelial
survival pathways, the antiangiogenic agent could sensitize endothelial cells to radiation
delivered by radioimmunotherapy, increase death of endothelial cells, and, in turn, reduce
tumor growth [63]. Although the precise mechanism of the synergistic effect and the
additive effect shown in this study is not yet clearly understood at the present time, the
results of our therapeutic studies indicate that the treatment dose, treatment sequence, and
time interval were well balanced to cure 6 of 6 mice with tumors at an initial mean tumor
size of 200 mm3. This finding implies that it may be possible to cure solid tumors in patients
by a combined modality radioimmunotherapy if one could increase the accumulation and
penetration of Paclitaxel and 0Y-mAb into tumor microenvironment, thereby sensitizing
more tumor cells to the radiation from 90Y-mAb. Ytttrium-90 is a high-energy pure beta-
emitter with a physical t/» of 64 h and E,x of 2.28 MeV with an average decay energy of
0.94 MeV. The average penetration depth of 90Y beta emission in human tissue is 2.4 mm,
and its tissue maximum range is 1.1 cm [64]. The physical half-life of °0Y matches well
with the biological half-life of mAb, and its maximum radiation penetration distance in
tissue of about 1 cm makes it possible to kill several hundred cells by crossfire effect even if
heterogeneous antigen expression, tumor architecture, or other factors impede targeting of
every cell by the labeled mAb [65]. In this regard, it appears that a homogeneous
microdistribution of Paclitaxel is a more important factor than that of 90Y-B3 for an
effective combined radioimmunotherapy with Paclitaxel. This study also suggests that it
would be worthwhile to investigate other agents to enhance delivery of Paclitaxel and 90Y-
B3 to tumor such as a tumor-penetrating peptide, CRGDKGPDC (iRGD) recently reported
by Ruouslahti, et al. [66]. The influence of tumor microdistribution on combined tumor
radioimmunotherapy regimens represents a promising area for further investigation and
optimization to improve radioimmunotherapy for solid tumors in the clinic.
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5. Conclusion

The synergistic effect of Paclitaxel and the additive effect of Bevacizumab to the
radioimmunotherapy shown in these studies are very encouraging, considering that the 90y -
B3 dose used in these studies was much lower than the maximum tolerated dose (200~300
1Ci) of 20Y-B3, as was the dose of Paclitaxel (40 mg/kg) and Bevacizumab (5 mg/kg),
suggesting that the combination therapy is clinically achievable. Tumor microdistribution
may play an important role in solid tumor radioimmunotherapy.
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Fig. 1.

Drug treatment time line.

Groups of nude mice (n = 4-9 mice/group) were inoculated s.c. with A431 tumor cells
expressing the LeY antigen on the right hind flank. When the tumor size was approximately
200 mm3, the mice received a single dose of /.v. 20Y-labeled B3 (60 p.Ci/150 g or 100
pCif150 pg B3), ip. Paclitaxel (40 mg/kg), or 7.v. Bevacizumab (5 mg/kg) for a
monotherapy. For a combined radioimmunotherapy with Paclitaxel or Bevacizumab, the
mice received %0Y-B3 and Paclitaxel (40 mg/kg) or Bevacizumab (5 mg/kg) and %0Y-B3 at
1-day interval. For a combined therapy of Bevacizumab with Paclitaxel, the mice received
Bevacizumab and Paclitaxel at 2-day interval. For a combined therapy with three agents, the
mice were treated with Bevacizumab, %Y -B3 (60 Ci/150 pg) and Paclitaxel each at 1 day
intervals. The mice with no treatment were used as a control.
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Fig. 2.

Kaplan-Meier survival plot for the combination therapies.

The tumor volume was plotted over time for each mouse and the day at which tumor volume
passed 1,000 mm3 was used as a surrogate endpoint of survival. The Kaplan-Meir plot was
performed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA).
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Fig. 3.

Effect of different treatment regimes on Tumor growth. Groups of nude mice (n = 4-9 mice/
group) implanted s.c. with A431 tumor were treated as described in Fig. 1. The tumor
volume was measured from each mouse. The mean tumor volume was calculated at each
time point and plotted over time to construct a mean tumor growth curve. The combined
therapy involving 90Y-B3 treatment followed by Paclitaxel treatment produced a remarkable
synergistic effect on tumor shrinkage and an increase in median survival time: 3 of 9 mice
(33%) and 6 of 6 mice (100%) were alive with no tumor (P < 0.001) on day 120 when
treated with a combined therapy involving 60 p.Ci °0Y-B3 or 100 p.Ci °0Y-B3 and
Paclitaxel, respectively. The addition of Bevacizumab treatment to the combined therapy of
60 Ci %0Y-B3 and Paclitaxel provided an additive effect in survival with 3 of 6 (50%) alive
with no tumor compared to a survival rate of 33% for the combined therapy of 60 u.Ci %0Y-
B3 and Paclitaxel. However, this Bevacizumab effect was statistically insignificant (P >
0.05). The tumor volumes of all other treatment groups passed the surrogate endpoint (1000
mm?3) by day 35.
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Bevacizumab

Bevacizumab

Fig. 4.

Summary of antibody distribution. B3 antibody (green), blood vessels (red), and nuclei
(blue) are shown for each group as a whole tumor (top row) and with higher magnification
(bottom row) to better appreciate the vascular density and antibody distribution. The B3
antibody channel was acquired and displayed with consistent levels, while the blood vessels
and nuclei are displayed to maximize contrast.
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Fig. 5.

Summary of vascular parameters and antibody delivery. A) Microvascular density (MVD)
of A431 tumors following treatment with Paclitaxel or Bevacizumab. B) Median blood
vessel area of A431 tumors following treatment with Paclitaxel or Bevacizumab. C) The
median distance of a tumor pixel to the nearest blood vessel surface (vascular architecture).
D) Antibody accumulation in tumor sections determined by epi-fluorescent microscopy
overall intensity. Data are mean (A and D) or median (B and C) + SEM shown as error bars
unless otherwise indicated (n = 4-5). * Indicates P-value < 0.05 versus control.
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Antibody penetration from the tumor edge (A) or blood vessel surface (B). Data are mean *

SEM. Mean is shown as a solid line and SEM as a dashed line (A) or error bars (B), n = 4-5.
Paclitaxel and Bevacizumab treated groups are significantly different from the control group
(P-value < 0.05).
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