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The receptor tyrosine kinase AxI is overexpressed in and leads to patient morbidity and mortality in a
variety of cancers. AxI-Gas6 interactions are critical for tumor growth, angiogenesis and metastasis.
The goal of this study was to investigate the feasibility of imaging graded levels of Axl expression in
tumors using a radiolabeled antibody. We radiolabeled anti-human Axl (AxI mAb) and control IgG1
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i\/l‘)lec“laprE‘Tmagmg active fraction suitable for in vivo studies. Radiolabeled antibodies were investigated in severe combined
mmuno o immunodeficient mice harboring subcutaneous CFPAC (Ax1"#") and Panc1 (AxI'") pancreatic cancer
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Axl xenografts by ex vivo biodistribution and imaging. Based on these results, the specificity of ['“’I]AxI

Gas6 mADb was also validated in mice harboring orthotopic Panc1 or CFPAC tumors and in mice harboring
subcutaneous 22Rv1 (AxI'®") or DU145 (AxI™&") prostate tumors by ex vivo biodistribution and imaging
studies at 72 h post-injection of the antibody. Both imaging and biodistribution studies demonstrated
specific and persistent accumulation of ['2°I]Ax] mAb in AxI"#" (CFPAC and DU145) expression tumors
compared to the AxI'°% (Panc1 and 22Rv1) expression tumors. Axl expression in these tumors was further
confirmed by immunohistochemical studies. No difference in the uptake of radioactivity was observed
between the control ['?]IgG1 antibody in the AxI"" and AxI'®" expression tumors. These data demon-

strate the feasibility of imaging Axl expression in pancreatic and prostate tumor xenografts.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Axl is a member of the large receptor tyrosine kinase (RTK)
family of transmembrane proteins. Axl belongs to the TAM (tyro-
3, Axl and Mer) subfamily of RTKs and consists of a characteristic
structure including a two immunoglobin-like domains with dual
fibronectin type Il repeats in the extracellular component and a
cytoplasmic kinase domain [1,2]. Axl is ubiquitously expressed in
a wide variety of tissues and cells including the hippocampus
and cerebellum, monocytes, macrophages, platelets, endothelial
cells, heart, skeletal muscle, liver, kidney, and testis [3]. Axl binds
to growth arrest-specific gene 6 (Gas-6) and exerts biological
effects through PI3K, STAT and NF-kB signaling pathways [1,2,4].
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Axl overexpression and ligand-induced activation are observed
in a variety of cancers including breast [5], colon [6], esophageal
[7], glioma [8], liver [9], lung [10], thyroid [11], pancreatic [12]
and prostate [13,14]. Axl binding to its ligand Gas-6 promotes
growth, survival, and proliferation by activation of the RAS/RAF/
MAPK/ERK1/2 and PI3K signaling pathways [2]. Ax] overexpression
increases motility in glioblastoma cells through regulation of the
actin cytoskeleton [15]. Similarly, Axl overexpression confers an
invasive phenotype to breast cancer cells that could be reduced
by RNA interference, suggesting that AxI plays a role in cell motility
and adhesion [16]. Furthermore, Axl knockdown completely abol-
ished the ability of cells emerging from primary tumors to colonize
the lungs [16]. Supporting these preclinical studies, Axl expression
correlates with adherence and metastatic potential of lung cancer
cells in patients with adenocarcinoma [10].

AxI overexpression and its role in pathogenesis have been well
described for pancreatic and prostate cancers [2,12-14]. Previously
we have shown that 55% of pancreatic adenocarcinomas tested
were positive for Axl, and that this expression was associated with
lymph node metastasis [12]. Tumors with high Axl expression
were also associated with a poor survival rate compared to those
with low levels of expression [12]. Genetic downregulation of Axl
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in pancreatic cancer cells resulted in reduced invasive and migra-
tory capacity, demonstrating the importance of Axl in metastasis
[12]. Similarly, nearly 50% of prostate tumors were shown to up-
regulate Axl by 2- to 1500-fold [14]. In prostate tumors the inten-
sity of staining for Axl increases with tumor grade, and bone
metastases have elevated expression compared to the metastases
to lymph nodes [13].

Because of its role in tumor growth, proliferation and metasta-
sis, Axl is considered a therapeutic target. Several Axl inhibitors,
including low-molecular-weight agents and antibodies, have been
reported. Axl inhibition, using low-molecular-weight inhibitors or
shRNA knockdown, resulted in reduced tumor growth, metastasis
and angiogenesis in a variety of tumor models [14,15,17-21].
Recently a Phase I clinical trial of the Axl inhibitor R428 (also
known as BGB324) has been initiated [22]. Due to the emerging
role of Axl in cancer, we envisioned that the development of a
corresponding imaging agent is timely. In proof-of-principle stud-
ies, we demonstrate that graded levels of Axl expression could be
imaged using a radiolabeled mouse anti-human Axl monoclonal
antibody (['?°I]JAx] mAbD) in subcutaneous pancreatic and prostate
tumor xenografts and in orthotopic pancreatic tumor xenografts
by single photon emission computed tomography/computed
tomography (SPECT/CT). Biodistribution studies performed
ex vivo confirmed the imaging results, which were further
validated through immunohistochemistry.

2. Materials and methods
2.1. Cell lines

Cell lines were purchased from ATCC (Manassas, VA). The pan-
creatic cell lines CFPAC, and Pancl and the prostate cell lines
DU145 and 22Rv1 cell lines were cultured in DMEM and RPMI
medium, respectively, supplemented with 10% FBS, penstrep and
L-glutamine.

2.2. Antibody radiolabeling

The mouse anti-human Axl antibody (clone 108724) and Iso-
type matched control mouse IgG; antibody (Clone 11711) were
purchased from R&D systems, Inc. (Minneapolis, MN). ['2°I|Nal
was purchased from Perkin Elmer (Waltham, MA). Both control
and AxI antibodies were radiolabeled by the iodogen method as
described previously [23].

2.3. Animal models

Female NOD/SCID mice, six- to eight-weeks-old, weighing
between 25 and 30 g were purchased from the Johns Hopkins
Immunocompromised Mouse Core. Experimental procedures using
animals were conducted according to protocols approved by the
Johns Hopkins Animal Care and Use Committee. Mice were
implanted subcutaneously (s.c.) with CFPAC, and Pancl cells
(5 x 10° cells/100 pL, 1/1 (v/v) PBS/Matrigel) in the opposite upper
flanks. Due to significant differences in tumor growth rates, pros-
tate cell lines DU145 and 22Rv1 (3 x 10° cells/100 pL, 1/1 (v/v)
PBS/Matrigel) were inoculated into separate groups of mice. After
three to four weeks or when the tumor size was 200-400 mm?,
animals were used for biodistribution and SPECT/CT imaging
experiments.

Orthotopic pancreatic tumors were generated as described
previously by us [24]. Prior to surgery, s.c. tumors generated as
described above were harvested and cut into cubes of ~1 mm®.
Briefly, animals were anesthetized using ketamine/xylazine and
the abdomen was opened via a ~1 cm subcostal left incision. After

visualization of the spleen and adherent pancreas, a small pocket
was prepared inside the pancreas using microscissors into which
one piece of the s.c. tumor was implanted and sutured with an
8-0 nylon monofilament suture. The incision and the abdominal
wall were sutured with 6-0 nylon monofilament string, and the
skin incision was closed using wound clips.

2.4. Data analysis

Statistical analysis was performed using an unpaired, two-
tailed t test. P-values <0.05 for the comparison between tumors
that express high and low levels of Axl were considered significant.

Detailed procedures for cell binding and immunoreactivity
assays, immunoblotting, SPECT-CT imaging, ex vivo biodistribution
and immunohistochemistry can be found in Supplementary
methods.

3. Results
3.1. Antibody radiolabeling

Radiolabeling of both of the antibodies resulted in greater than
50% yields with 6.3 £ 2.24 and 4.1 + 1.7 pCi/pg of specific radioac-
tivity for Axl and IgG1 antibodies, respectively. Radiochemical
purities were >95% as determined by thin-layer chromatography.

3.2. Axl expression and antibody specificity

Immunoblotting identified Axl expression in the order:
DU145 > CFPAC > Panc1 > 22Rv1 (Fig. 1A). As shown in Fig. 1B,
['?°1]Ax] mAb showed high specificity towards AxI"®#" positive
DU145, CFPAC and Panc1 cells compared to the AxI'®" 22Rv1 cells.
The immunoreactive fraction (IF) of the radiolabeled antibody was
68.4 + 16.8% (Fig. 1C).

3.3. SPECT/CT imaging

SPECT/CT imaging of mice harboring CFPAC and Panc1 tumors
with ['2°I]Ax] mAb demonstrated a clear and specific accumulation
of radioactivity in the CFPAC tumors by 24 h, which could still be
clearly visualized at 120 h (Fig. 2A and Supplementary Fig. 1). At
early time points the accumulation of radioactivity could be seen
in the tumor, liver and heart (Fig. 2A). At 120 h post-injection,
the accumulation of radioactivity was observed mostly within
tumor and heart. The tumor-to-background contrast was at a
maximum at 72 h post-injection of the [2°I]Ax] mAb.

Based on imaging and biodistribution studies in s.c. pancre-
atic tumors, we also acquired SPECT/CT imaging in orthotopic
CFPAC tumors and prostate tumors at 72 h post-injection of
the ['2°I]Ax] mAb. The corresponding SPECT/CT images showed
accumulation of radioactivity in the orthotopic CFPAC tumor
(Fig. 3A). Similarly, specific accumulation of radioactivity can
be seen in the AxI"&" DU145 (Fig. 4A) tumor compared to the
AxI'" 22Rv1 tumor (Fig. 4B). Axl expression in tumors was con-
firmed by staining tumor sections from uninjected mice from the
same cohort (Figs. 2B, C, 3C, D and 4D). These studies showed
high AxI expression in the CFPAC and DU145 tumors, confirming
in vitro immunoblot studies of the cell lines and further
supporting the specific ['2°I]Ax] mAb accumulation seen in these
tumors.

3.4. Ex vivo biodistribution

To quantify the degree of radio-antibody uptake on a per organ
basis, tumor-bearing animals were injected with either ['2°I]AxI
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Fig. 1. Axl expression and ['?°I]Ax] mAb binding specificity to Axl. Total Axl expression in CFPAC, Panc1, DU145 and 22Rv1 cells (A). CFPAC, Panc1, DU145 and 22Rv1 cells at
60-70% confluence in 6-well plates were incubated with 1 puCi/mL of ['2°I]AxI mAb at 4 °C for 30 min. Data are represented as percentage of incubated dose per million cells. A
representative graph of mean = the standard error of the mean (SEM) is shown (B). The significance of the value is indicated by asterisks (x) and the comparative reference is
the 22Rv1 cell line. ***P < 0.0001. Immunoreactivity plot of ['?°I]AxI mAb for CFPAC cells (C).

Fig. 2. SPECT/CT images of Axl expression in subcutaneous pancreatic cancer xenografts with [*2°IJAx] mAb. NOD/SCID mice bearing CFPAC and Panc1 pancreatic xenografts
were injected with 0.75 mCi of ['?°I]Ax] mAb via the tail vein. SPECT/CT images were acquired at various time points post-injection of the ['2°I]Ax] mAb. Images were adjusted
to the same maximum value. Representative trans-axial and volume-rendered images acquired at 24 and 120 h time points are shown (A). filled arrow, CFPAC tumor; unfilled
arrow, Panc1 tumor; H, heart; L, liver. Hematoxylin and eosin (B) and Axl (C) staining of the Panc1 and CFPAC xenografts at 4 and 40x magnification.

mADb or ['®I]IgG; and were followed for five days. Biodistribution at 24, 48, 72, 96 and 136h post-injection are shown in
results of ['2°I]Ax] mAb in CFPAC and Pancl tumor-bearing mice  Supplementary Fig. 2. The ['?°I]JAxI mAb showed consistently
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Fig. 3. SPECT/CT imaging and ex vivo biodistribution of ['2°I]Ax] mAb in orthotopic pancreatic xenografts. NOD/SCID mice bearing orthotopic CFPAC pancreatic xenografts
were given 0.75 mCi of ['2°I]Ax] mAb via tail vein injection. SPECT/CT images were acquired at 72 h post-injection of the ['2°I]Ax] mAb. Representative transaxial and volume
rendered images are shown (A); filled arrow, tumor; H, heart. NOD/SCID mice harboring CFPAC and Panc1 orthotopic pancreatic xenografts were given 30-35 pCi of ['2°[]AxI
mADb via tail vein injection. At 72 h post-injection, selected tissues and tumors were harvested, weighed and radioactivity was counted in gamma spectrometer. Values were
converted into percentage of injected dose per gram of tissue (%ID/g). Data are means + SEM of three or four animals. The significance of the value is indicated by asterisks (x)
and the comparative reference is uptake to that in the Panc1 tumor. **P < 0.001 (B). Hematoxylin and eosin (C) and AxI (D) staining of the Panc1 and CFPAC xenografts at 4

and 40x magnification.

higher tumor uptake in the AxI"&" CFPAC tumors than in AxI'%
Panc1 tumors at all time points. The CFPAC to Panc1 ratios were
2.1, 3.8 and 2.0 at 24, 72 and 136 h post-injection, respectively.
The tumor-to-muscle ratios (T/M) for CFPAC tumors for the
['?°1]JAx] mAb were 9.1%1.8, 84+15, 9.7+0.7, 99+0.2 and
7.8 £1.3 at 24, 48, 72, 96 and 136 h post-injection, respectively.
Similarly, the tumor-to-muscle ratios for Pancl tumors were
3.8%1.2,3.6+0.2, 29+0.3, 3.0+0.3, 3.8+0.7 at 24, 48, 72, 96
and 136 h post-injection, respectively. The tumor-to-blood ratios
for both tumors were less than one at all time points. Because of
the high target-to-non-target ratios observed at 72 h post-injection
in s.c. pancreatic xenografts, biodistribution studies were per-
formed at 72 h after the injection of ['?°I]JAx] mAb in orthotopic
pancreatic (Fig. 3B) and s.c. prostate xenografts (Fig. 4C). In the
orthotopic tumors, T/M ratios of 6.9 £ 0.8 and 4.0 + 0.3 were ob-
served for the CFPAC and Panc1 tumors, respectively. The T/M ratios
for the DU145 and 22Rv1 (prostate) tumors were 6.7 £0.1 and
2.8 0.2, respectively. Considerable de-iodination of ['2°I]AxI
mAb, probably due to internalization, was observed as indicated
by the highest accumulation of radioactivity in the thyroid (data
not shown).

The control ['?°1]IgG, antibody showed uniform distribution of
radioactivity both in tumors and normal organs with minimal
variation in distribution over 120 h. Very low de-iodination of this
antibody was observed (Supplementary Fig. 3).

4. Discussion

We report the preclinical evaluation of a radiolabeled antibody
demonstrating the feasibility of imaging graded levels of Axl
expression in both pancreatic and prostate tumors in vivo. Axl is
overexpressed in cancer from a variety of tissues of origin. There
is accumulating literature supporting the role of Axl in tumor
growth, angiogenesis, metastasis and acquired resistance to ther-
apy. The first low-molecular-weight inhibitor of AxI is in clinical
trials, and humanized, monoclonal antibodies are in development
to block Axl signaling in cancer [22]. Our studies suggest that
Axl imaging may provide a new strategy for characterizing
Axl-positive tissues in vivo, such as for selecting appropriate
patients for anti-Axl therapy, staging and therapeutic monitoring.

Pancreatic cancer is one of the leading causes of cancer death in
the United States with a median survival of less than six months
and a five year survival rate that is <5% [25]. Pancreatic cancer is
nearly undetectable in early stages, with few diagnostic options
available. Previously we have shown that 55% of pancreatic cancers
demonstrate overexpression of Axl [12], and now extend these
observations with the development of a noninvasive tool that
may aid in clinical staging and monitoring of pancreatic cancer.

Over the past decade immunoPET has been gaining attention in
the detection and management of cancer [26]. This is particularly
important for cell surface targets with few readily available
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Fig. 4. SPECT/CT imaging and ex vivo biodistribution of ['2°I]Ax] mAb in prostate cancer xenografts. NOD/SCID mice bearing either 22Rv1 or DU145 prostate xenografts were
given 0.75 mCi of ['?°I]JAx] mAb via tail vein injection. SPECT/CT images were acquired at 72 h after injection of the ['2°I]Ax] mAb. Representative transaxial and volume
rendered images are shown; unfilled arrow, 22Rv1 tumor (A); filled arrow, DU145 tumor (B); H, heart. NOD/SCID mice harboring either DU145 or 22Rv1 xenografts were
given 30-35 puCi of ['2°1]Axl mAD via tail vein injection. At 72 h post-injection selected tissues and tumors were harvested, weighed and radioactivity was counted in gamma
spectrometer. All the values were converted into percentage of injected dose per gram of tissue (%ID/g). Data are means + SEM of three to four animals. The significance of the
value is indicated by asterisks () and the comparative reference is the uptake in the 22Rv1 tumor. **P < 0.001 (C). Axl and hematoxylin and eosin (inset) staining of the

22Rv1 and DU145 xenografts at 10x magnification (D).

low-molecular-weight agents or peptide-based antagonists that
are amenable for radiolabeling. Although several low-molecular-
weight inhibitors have been generated that target Axl [27], they
are highly hydrophobic, which can produce significant, unwanted
non-specific binding in imaging studies, further prompting us to
pursue immunoimaging as proof of principle for detection of this
important target. In this study we demonstrated that ['?°I]AxI
mAb specifically bound to and accumulated within the AxI"&"
CFPAC xenografts compared to the AxI'°¥ Pancl tumors within
the same mouse. The ability of the ['?°I]Ax] mAb to image graded
levels of Axl expression was also confirmed in orthotopic pancre-
atic tumor xenografts. In the pancreatic tumor models, tumor
uptake was closely associated with Axl expression as confirmed
by immunohistochemistry, further supporting the utility of using
radiolabeled antibodies as imaging agents. Although we have pur-
sued radioiodination with 2°], due to its ready availability, ease of
introduction to antibodies and low expense, radiolabeling of these
antibodies with more suitable radionuclides such as the long-lived,
positron-emitting isotope, 3°Zr (t;,, 3.8 days), may minimize the
continuous clearance of radioactivity we noted due to de-iodin-
ation of the AxI-targeted antibody. Furthermore, 3°Zr radiolabeling
will allow for imaging at higher sensitivity and resolution as well
as fully quantitative kinetic analysis, all of which are in the domain
of positron emission tomography (PET) [28].

Prostate cancer is the second leading cause of cancer-related
death in men in the United States [25]. Similar to pancreatic
cancer, prostate cancer has few diagnostic options available,
particularly to differentiate indolent from aggressive disease. Axl

is also overexpressed in ~50% of prostate cancers [13,14]. Inhibi-
tion or blockade of Axl overexpression in prostate cancer cell lines
inhibits proliferation, migration and invasion suggesting that Axl
may contribute to the metastatic potential of prostate tumors
[10,13,29]. Furthermore, phosphorylation of Axl leads to activation
of the NF-kB pathway, which plays a critical role in cancer cell
survival and metastasis [14]. In our studies ['?°I]JAx] mAb showed
high accumulation in the metastatic and AxI™&" DU145 tumors
compared to the 22Rv1 AxI'®" tumors. Although we have used sub-
cutaneous tumor models, Axl specific accumulation supports the
feasibility of imaging Axl in tumors that derive from a variety of
tissues of origin. The DU145 cell line showed highest Axl expres-
sion of the cell lines tested and the highest binding and uptake
of the ['*°I]Ax] mAb in vitro. However, the in vivo uptake in
DU145 tumors, although higher than for 22Rv1 tumors, was not
significantly different from that of pancreatic CFPAC tumors. High
Axl expression led to increased vascularity, while inhibition of AxI
reduced vessel density and diameter [15,16]. We speculate that
changes in tumor vascular properties due to elevated Axl expres-
sion levels, although not validated in the current study, could
contribute to accumulation of antibody within tumor [30]. Axl also
exists in cleavable, soluble form and the concentration and vari-
ability of soluble AxI in tumors is not known [31]. Another possibil-
ity for differences in radiolabeled antibody uptake is that freely
available soluble Axl within plasma may bind to the radiolabeled
antibody and reduce the availability and accumulation of the radi-
olabeled antibody in the tumors [31]. Also, it is not known whether
the antibody we have used for imaging also binds to the soluble
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form of Axl. Further studies are warranted to investigate the role
soluble Axl may play in imaging Axl expression in tumors.

In conclusion, we have imaged pancreatic and prostate tumors
with graded levels of Axl expression, with the degree of radio-anti-
body uptake correlating with this expression. Because of the
importance of Axl to invasion and metastasis, quantitative imaging
of this target provides a new way to visualize and measure this
important cancer target in vivo.
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