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Abstract

Purpose—To generate and evaluate a positron emission tomography (PET) radiotracer targeting
activated leukocyte cell adhesion molecule (ALCAM/CD166).

Procedures—A human anti-ALCAM single chain variable fragment was reformatted to produce
a covalent dimer, termed a cys-diabody (CysDb). Purified CysDb was characterized by gel
electrophoresis and size exclusion chromatography, and immunoreactivity was assessed by flow
cytometry and immunofluorescence. Targeting and imaging of ALCAM-positive tumors

using 84Cu-DOTA-CysDb were evaluated in mice bearing human pancreatic adenocarcinoma
xenografts (HPAF-11 or BXxPC-3).

Results—CysDb binds specifically to ALCAM-positive cells /n vitro with an apparent affinity in
the range of 1-3 nM. MicroPET images at 4 h showed specific targeting of positive tumors /n
vivo, a finding confirmed by biodistribution analysis, with positive-to-negative tumor ratios of
1.9+0.6 and 2.4+£0.6, and positive tumor-to-blood ratios of 2.5+0.9 and 2.9+0.6 (HPAF-II and
BxPC-3, respectively).

Conclusions—Successful imaging with 54Cu-DOTA-CysDb in animal models suggests further
investigation of ALCAM as an imaging biomarker is warranted.
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Introduction

Scientific and technological advancements in the past two decades have allowed the
identification of cancer biomarkers that can provide important information during various
stages of disease management. Measurement of a biomarker that is expressed at an abnormal
level during disease progression can be useful for initial detection of cancer and shed light
on prognosis. The status of a predictive tumor marker can be helpful in determining whether
the individual is a candidate for a particular targeted therapeutic. Furthermore, a change in
biomarker expression can be an indicator of response to therapy or recurrence of disease.
The identification of tumor tissue biomarkers has, in turn, led to the production, validation,
and FDA-approval of a number of antibody-based targeted therapeutics that play a role in
disease management. As a result of the potential utility of complementary imaging agents
for this class of immunotherapeutics, antibody-based positron emission tomography (PET),
or immunoPET, has generated considerable interest. This imaging modality takes advatange
of the high sensitivity, resolution, and quantitation offered by PET, as well as the intrinsic
specificity of antibodies [1].

To generate PET images that show delineation of antigen-positive tumors, sufficient
radiotracer uptake by the target tissue and blood clearance are both necessary. These
pharmacokinetic properties, a function of the antibody in the case of an immunoPET agent,
determine the tracer uptake time required to achieve high contrast. Due to the interaction of
the Fc portion of an intact antibody and neonatal Fc receptors, a full-length 1gG can undergo
recycling and persist in the circulation for 1-3 weeks, making this targeting molecule format
unsuitable for same- or next-day imaging applications [2]. Engineered antibody fragments
that lack the Fc region, such as single-chain variable fragments (scFv) and non-covalent
scFv dimers (diabodies; Db), have serum half-lives in the range of 0.5-7 h, which are
compatible with rapid imaging [2]. Diabodies exhibit higher tumor uptake than scFvs due to
their greater avidity, making them superior targeting molecules for imaging, with maximum
tumor-to-blood ratios reached at 2—6 h post-injection [3] and high-contrast images generated
as early as 1 h post-injection [4]. Addition of cysteine residues at the C-termini of diabodies
results in the production of covalent cysteine-modified diabodies (CysDb) that possess a
reactive group located away from the antigen-binding site to which cargo can be conjugated
using thiol-specific chemistry [5,6]. This engineered modification allows for site-specific
radiolabeling, which can help preserve the immunoreactivity of the radionuclide-conjugated
molecule.

Activated leukocyte cell adhesion molecule (ALCAM/CD166) has recently been shown to
be clinically relevant in many cancers, including breast [7-9], colorectal [10], oral [11],
ovarian [12], pancreatic [13], and prostate [14,15], making it worthy of further investigation.
For malignancies such as pancreatic adenocarcinoma, which are diagnosed late and lack
effective systemic treatments, an informative imaging agent could have a significant clinical
impact by aiding in staging and treatment decisions. Named for its initial identification as a
CD6 ligand expressed on activated leukocytes [16,17], ALCAM is a 100 kDa cell surface
glycoprotein that also participates in homotypic interactions [17]. While the role of ALCAM
in tumorigenesis is still not well understood, /n vitroand in vivo animal studies using a
melanoma model suggest that ALCAM-ALCAM interactions promote primary tumor
growth [18]. Not surprisingly, the presence or absence of these homotypic interactions, as
well as the engagement of ALCAM’s ligand-binding domains, also appears to influence the
metastatic potential of a tumor. In further animal studies using a melanoma model, increased
metastasis was observed with overexpression of a truncated version of ALCAM that lacks
the ligand-binding module, while decreased metastatic capacity was seen with expression of
a soluble version of ALCAM that binds this module [18,19]. In addition to its clinical
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relevance, ALCAM’s upregulation on the surface of cancer cells relative to normal cells
[10,13,14] makes this molecule a good candidate target for molecular imaging.

Previously, an internalizing anti-ALCAM scFv hat demonstrated binding to prostate cancer
cells was isolated from a naive human scFv library [20,21]. To assess the potential of
ALCAM as a therapeutic target, this anti-ALCAM scFv was conjugated to liposomes loaded
with various chemotherapeutics [22]. In the present work, the anti-ALCAM scFv was
reformatted to produce a CysDb in order to examine the potential of ALCAM as an imaging
target. /n vivo targeting and microPET imaging with 54Cu-DOTA-CysDb was evaluated
using ALCAM-positive human pancreatic adenocarcinoma xenografts in nude mice as a
model system.

Materials and Methods

Cell lines and media

The human pancreatic adenocarcinoma cell lines BXPC-3 (ATCC #CRL-1687) and HPAF-I11
(ATCC #CRL-1997) were maintained in RPMI 1640 (Mediatech, Inc.) supplemented with
10% fetal bovine serum (FBS). The rat glioma cell line C6 (ATCC #CCL-107) was
maintained in Deficient Dulbecco’s Modification of Earl’s Basal Media (DME) High
Glucose (IrvineScientific) supplemented with 10% FBS and 1% L-glutamine. NSO mouse
myeloma cells (Sigma) [23] were maintained as described [24].

Evaluation of ALCAM expression on cell lines

ALCAM expression of cell lines was evaluated by flow cytometry. Cells were harvested and
resuspended in PBS/1% FBS to a concentration of 10° cells/mL. Approximately 2 x 10°
cells were incubated with 4 ug mouse anti-human CD166 monoclonal antibody (AbD
Serotec) for 1 hour on ice, washed with PBS/1% FBS, and centrifuged at 1200g. Cells were
resuspended in 200 pL PBS/1% FBS and incubated with 4 g R-Phycoerythrin (PE)-
conjugated goat F(ab”), anti-mouse 1gG, Fcy-specific antibody (Jackson ImmunoResearch
Laboratories, Inc.) for 45 minutes on ice. Cells were washed and centrifuged, and
resuspended in 0.5 mL PBS. For quantitative flow cytometry, samples were prepared in
duplicate or triplicate using the QIFI kit (Dako) and specific antibody-binding capacity
(SABC) was calculated according to the manufacturer’s instructions. Data were acquired
using a FACScan flow cytometer (BD Biosciences) and analysis was performed using
CellQuest software (BD Biosciences).

Design and construction of anti-ALCAM CysDb

Overlap-extension PCR was used to amplify the Vi and V|_ genes from the anti-ALCAM
scFv H3 [20]. The C-terminal cysteine residue, hexahistidine tag, and £coRlI restriction site
of H3 were retained, an Xbal restriction site and mammalian leader sequence containing a
secretion signal were introduced at the N-terminus, and the GlySer-rich linker was reduced
from 15 to 8 amino acids to induce diabody formation [5]. The anti-ALCAM CysDb
construct was cloned into the mammalian expression vector pEE12 [25] and confirmed by
DNA sequencing.

Expression and Screening

Approximately 2 x 108 NSO cells were transfected with 13 pg Safl-linearized DNA using a
Multiporator (Eppendorf) and grown in selective glutamine-deficient Dulbecco’s
Modification of Eagle’s Medium (DMEM) (Mediatech, Inc.) as previously described [25].
Supernatants from individual clones were assayed for CysDb production by SDS-PAGE
followed by western blotting; nitrocellulose membranes (Bio-Rad) were probed with 0.2 g/
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mL alkaline phosphatase (AP)-conjugated Protein A (Sigma) and developed with the NBT/
BCIP Color Development Substrate Kit (Promega).

Production and purification

The highest anti-ALCAM CysDb-producing clone based on westerns was selected for
terminal culture in triple flasks (Corning) containing 350 mL selective media. Supernatant
was filtered through a 0.22 wm polyethersulfone (PES) membrane (Corning) and directly
loaded onto a 1.6 mL Protein A (Thermo Fisher Scientific Inc.) column at a flow rate of 1
mL/min using an AKTA purifier (GE Healthcare Life Sciences). The loaded column was
equilibrated with PBS, and anti-ALCAM CysDb was eluted using a 0-20% gradient of 0.1
M citric acid, pH 2.0. 1 mL elution fractions were collected into tubes containing 0.5 mL 1.0
M Tris buffer, pH 8.2. Pre-cast 4-20% Tris-HCI SDS-PAGE gels (Bio-Rad) were loaded
with aliquots of fractions and an anti-HER2 CysDb of known molecular weight derived
from the sequence of trastuzumab [6,26], electrophoresed, and stained with InstantBlue
(Novexin/Expedeon). Fractions containing purified anti-ALCAM CysDb were pooled and
dialyzed against PBS using a Slide-A-Lyzer Dialysis Cassette (10,000 Da MWCO; Pierce
Biotechnology). Protein concentration was determined by Apgg using a predicted extinction
coefficient of 1.6 mg/mL based on the amino acid composition.

Biochemical characterization of anti-ALCAM CysDb

Anti-ALCAM CysDb and the aforementioned anti-HER2 CysDb were reduced using 75
mM dithiothreitol (DTT) and analyzed by SDS-PAGE as described above. Anti-ALCAM
CysDb was further analyzed by size exclusion chromatography using a 24 mL Superdex 75
column (GE Healthcare Life Sciences) on an AKTA Purifier. CysDb was loaded onto the
column with PBS at a flow rate of 0.5 mL/min and A,gg was monitored during elution.

Functional characterization of anti-ALCAM CysDb

Flow cytometry—Cells were prepared as described above. Three rounds of incubations
were carried out on ice. The first was with 4 pg anti-ALCAM CysDb for 1 hour, the second
with 0.2 g mouse anti-Penta-His antibody (QIAGEN) for 45 minutes, and the third with 4
jLg PE-conjugated goat anti-mouse antibody for 30 minutes. Cells were washed, centrifuged,
and resuspended in between incubations as described above. To estimate affinity, cells were
incubated with various concentrations of anti-ALCAM CysDb, ranging from 0.01 nM to
31.6 nM, followed by the amounts of detection antibodies listed above.

Immunofluorescence—Approximately 0.75 mg anti-ALCAM CysDb in 0.5 mL PBS
was labeled with Alexa Fluor 647 using a protein labeling kit according to the
manufacturer’s instructions (Molecular Probes). Purification of the labeled protein was
carried out using dye removal columns (Thermo Fisher Scientific Inc.). Degree of labeling
was calculated from Aygg and Aga7, using the Aogg correction factor (0.03) and extinction
coefficient (239,000 cm~1M~1) of Alexa Fluor 647, and the predicted extinction coefficient
(83,240 cm~IM™1) of anti-ALCAM CysDb. For immunofluorescence experiments, cells
were grown to approximately 50% confluency on a Lab-Tekll Chamber Slide (Thermo
Fisher Scientific Inc.) and incubated with 0.5 mL media and 4 g Alexa Fluor 647-CysDb
conjugate for 1 h at 4°C. Cells were then washed with PBS/1% FBS, fixed with 3.7%
formaldehyde, and stained with 4”,6-diamidino-2-phenylindole (DAPI). Slides were viewed
at 20x magnification using an Axio Imager D1 microscope (Zeiss) and digital image
processing was performed using AxioVision software (Zeiss).
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Radiolabeling of anti-ALCAM CysDb

Anti-ALCAM CysDb was dialyzed against Chelex 100-treated (1.2 g/L; Bio-Rad) 50 mM
sodium borate buffer, pH 8.5, and concentrated to 1.2—-1.4 mg/mL using a 10 kDa MWCO
Vivaspin 20 spin column (Sartorius Stedim Biotech). 1.2-1.4 mg anti-ALCAM CysDb was
incubated with 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid mono (DOTA-
NHS-ester) (Macrocyclics) for 12—-16 h at 4°C. The DOTA-NHS-ester to CysDb molar ratio
in this conjugation reaction was approximately 200:1. After conjugation, the reaction
solution was applied to a PD-10 column (Amersham Biosciences) equilibrated with Chelex-
treated PBS. 300 p.L elution fractions were collected, and those with high Aogg readings
were pooled. Conjugation efficiency was assessed qualitatively by size exclusion
chromatography using a Superdex 75 column on an AKTA purifier. 40-50 nL 0.1 M
Chelex-treated ammonium citrate, pH 5.5, and 0.4-0.5 mCi of $4Cu (MDS Nordion or
Washington University), diluted to ~0.1 mCi/uL with 0.25 M Chelex-treated ammonium
acetate, pH 7.0, were added to 200-300 g DOTA-conjugated CysDb in 200-250u.L
Chelex-treated PBS, for a total reaction volume between 250-300 L. The reaction was
incubated at 43°C for 50 min. Labeling efficiency was determined using monoclonal
antibody instant thin layer chromatography (ITLC) strips (Biodex medical systems). Briefly,
2 L reaction was spotted at the origin of the strip and the strip was immediately placed in a
vial containing 1 mL saline. The strip was removed from the saline when the solvent
reached the front line, and cut at the cut line, separating sections 1 and 2. Activities of the
sections were counted using a Wizard 3” 1480 Automatic Gamma Counter (Perkin-Elmer),
and labeling efficiency was calculated by dividing protein-bound activity (section 1) by total
activity (sum of sections 1 and 2).

MicroPET imaging

Tumor implantation—All animal studies were performed under an approved UCLA
Chancellor’s Animal Research Committee protocol. Cells for implantation were prepared on
ice. 1-3.3 x 106 cells were resuspended in DMEM, mixed with an equal volume of Matrigel
(BD Biosciences), and injected subcutaneously in the shoulder regions of female nude mice
(Charles River Laboratories International, Inc.) 9-24 days prior to microPET imaging. In 5
mice, HPAF-1I and C6 cells were injected in the left and right shoulder regions, respectively.
In 4 mice, BXPC-3 and C6 cells were injected in the left and right shoulder regions,
respectively. Tumors were not implanted in the female A/can'~ mice (courtesy of Dr.
George Weiner, University of lowa).

Imaging—200 L doses were prepared by added saline and human serum albumin (HSA,;
4% final concentration) to 100-165 .Ci 4Cu-DOTA-CysDb, and injected into the tail vein
of each mouse. At 4 and 21 h post-injection, mice were anesthetized using 2% isoflurane,
and 10-minute static scans were taken using a Focus microPET scanner (Concorde
Microsystems). Filtered back-projection (FBP) was used for image reconstruction. Two or
three mice in each group were also imaged in a microCT scanner (ImTek) immediately
following microPET imaging.

Biodistribution

At 21 h post-injection, tumor-bearing mice were sacrificed, tumors and organs were
collected and weighed, and activity was counted using the gamma counter mentioned above.
Activity values were decay-corrected to the time of injection, and percent injected dose per
gram (%ID/g) was calculated for each tumor and organ. At 4 h post-injection, non-tumor-
bearing Alcam™'~ mice were sacrificed and analyzed similarly. T-tests were performed to
determine statistical significance.
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Region of interest analysis

Region of interest (ROI) analysis of images acquired at 4 and 21 h was performed using
AMIDE [27]. Images were normalized to activity of the injected dose and animal body
weight, and scaled using the same maximum and minimum standard uptake values (SUV).
Images were displayed as coronal slices 2 mm thick, and ellipsoidal ROIs of similar size
covering the area of the ALCAM-positive tumor were drawn on each coronal slice in which
the tumor was distinguishable. When available, a co-registered CT scan was used as an
anatomical guide. ROI statistics were generated, and the product of the mean (image units/
volume/time), volume, and time was calculated to determine the total image units in each
ROI. Total image units were converted into total activity using a conversion factor
determined from ROI analysis of a copper-64 phantom, and activity was decay-corrected
back to the time of dose calibration and injection for calculation of the %ID/g for each ROL.
The average of these values was then calculated to determine the tumor %I1D/g for
comparison with the uptake value calculated from the ex vivo biodistribution analysis. For
each image, 5 ROIs were also drawn on neck muscle. Average image units in these ROIs
was calculated and compared to average image units for the corresponding positive tumor to
determine tumor-to-background signal ratios.

Immunohistochemistry

Results

In a separate set of mice, tumors were harvested 3 wk after implantation of cells, fixed in 4%
formaldehyde overnight, and paraffin-embedded. 4 ium sections were cut, and samples were
deparaffinized, rehydrated, and subjected to heat-induced epitope retrieval (HIER). Slides
were incubated with a 1:50 dilution of anti-CD166 mouse monoclonal antibody (Vector) for
2 h at room temperature, and signal was detected using the mouse EnVision+ System-HRP
(DAB) kit (Dako). Sections were counterstained with hematoxylin. Slides were converted to
digital images at 20x magnification using a ScanScope XT digital slide scanner (Aperio) and
viewed using ImageScope Viewer (Aperio).

Identification of ALCAM-positive and —negative cell lines

Qualitative flow cytometry analysis using a mouse monoclonal anti-human CD166 antibody
showed that the human pancreatic adenocarcinoma cell lines HPAF-11 and BxPC-3 are both
positive for cell surface ALCAM, while the rat glioma cell line C6 is negative (see Fig. 1a).
Quantitative analysis using calibrated beads and the same monoclonal antibody confirmed
that cell surface expression on the two positive cell lines is high, with HPAF-1I and BxPC-3
cells both having specific antibody-binding capacity (SABC) values between 250,000 and
300,000 (/7= 2; not shown).

Production and biochemical characterization of anti-ALCAM CysDb

The linker between the Vi and V|_ genes of the anti-ALCAM scFv was shortened from 15
to 8 amino acids, and an N-terminal Xbal restriction site and mammalian leader sequence
were introduced to produce the CysDb construct (see Fig. 1b). Schematic representations of
the unreduced and reduced forms of anti-ALCAM CysDb are shown in Figure 1c. Anti-
ALCAM CysDb was purified from NSO terminal cultures with a yield of ~10 mg/L
supernatant. SDS-PAGE analysis showed that anti-ALCAM CysDb migration under non-
reducing conditions is consistent with its predicted dimeric molecular weight of
approximately 50 kDa, and under reducing conditions is consistent with its predicted
monomeric molecular weight (see Fig. 2a). Size exclusion chromatography confirmed
production of an scFv dimer, as the anti-ALCAM CysDb elution time (23.8 min) is similar
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to that of the anti-HER2 CysDb (22.5 min) (see Fig. 2b, [6]). The lack of additional bands
on the SDS-PAGE gel and the single peak on the chromatogram indicate high purity.

Functional characterization of anti-ALCAM CysDb

Flow cytometry data showed specific binding of anti-ALCAM CysDb to the ALCAM-
positive cell lines (HPAF-1I and BxPC-3), with minimal nonspecific binding of the
secondary and tertiary detection antibodies (see Fig. 3a). Alexa Fluor 647 was successfully
conjugated to anti-ALCAM CysDb, and A,gg and Agg7 of the conjugate indicated an
average of 1-2 moles Alexa Fluor 647 per mole anti-ALCAM CysDb. The fluorescent
microscopy images in Figure 3b show that Alexa Fluor 647-anti-ALCAM CysDDb retains
immunoreactivity and binds specifically to ALCAM-positive cells. To evaluate the affinity
of anti-ALCAM CysDb, flow cytometry was performed to obtain the equilibrium binding
constant (Kp). The affinity was determined to be in the range of 1-3 nM (see Fig. 3c).

DOTA-conjugation and radiolabeling of anti-ALCAM CysDb

Anti-ALCAM CysDb was conjugated to a bifunctional DOTA-NHS-ester chelator and
subsequently radiolabeled with $4Cu to produce an imaging agent for use with PET. Size
exclusion chromatography showed that DOTA-conjugated anti-ALCAM CysDb eluted
slightly earlier (22.4 min) than unconjugated anti-ALCAM CysDb, and the large peak area
corresponding to the conjugate indicates high conjugation efficiency (data not shown). $4Cu
labeling efficiency of DOTA-anti-ALCAM CysDb was 82+11% (1= 4).

MicroPET imaging using 84Cu-DOTA-anti-ALCAM CysDb

ROl analysis

To test the utility of 54Cu-DOTA-anti-ALCAM CysDb as a microPET imaging agent, doses
containing 60-90 g protein and 100-165u.Ci (85-95 Ci/mmol) were injected into the tail
veins of mice bearing an ALCAM-positive (HPAF-11 or BxPC-3) subcutaneous tumor in the
left shoulder area, and an ALCAM-negative (C6) subcutaneous tumor in the right shoulder
area. MicroPET images showing demarcation of ALCAM-positive tumors were obtained at
4 h post-injection of $4Cu-DOTA-anti-ALCAM CysDb (see Fig. 4a). ALCAM-negative
tumors were not clearly visible. Very high signal in the kidneys and liver is also evident. Ex
vivo gamma counting of tumors and organs harvested at 21 h post-injection confirmed
specific targeting of the probe, with positive tumor uptakes of 1.8 £ 0.5 %ID/g and 2.5 + 0.5
%ID/g (HPAF-11 and BxPC-3, respectively; p =.08), and negative tumor uptakes of 1.0 + 0.1
%ID/g, a level comparable to that seen in the blood (0.7+ 0.1 % ID/g for HPAF-I1 tumor-
bearing mice, p <.01; 0.9 £ 0.1 %ID/g for BXPC-3 tumor-bearing mice, p > .1). Differences
in uptake between ALCAM-positive and ALCAM-negative tumors were statistically
significant (p < 0.01 for both HPAF-I1 vs. C6 and BxPC-3 vs. C6). Tumor uptake values
result in positive tumor-to-negative tumor ratios of 1.9 + 0.6 and 2.4+ 0.6 (HPAF-I1:C6 and
BxPC-3:C6, respectively), and positive tumor-to-blood ratios of 2.5+0.9 and 2.9 +0.6
(HPAF-II:blood and BxPC-3:blood, respectively). Liver and kidney uptake values were high
for both tumor-bearing mice and A/cam ™'~ mice. Uptake values in tumors and organs and
ratios are listed in Table 1. Due to the finding that high-contrast images of ALCAM-positive
tumor-bearing mice can be obtained at 4 h post-injection of 84Cu-DOTA-anti-ALCAM
CysDb, all subsequent studies with the radiotracer, including those involving Alcam ™~
mice, were performed at this earlier time point.

Uptake values in positive tumors calculated from quantitative ROI analysis of 21 h images
were determined to be 1.6 £ 0.2 %ID/g and 1.7 + 0.4 %ID/g (HPAF-1I and BxPC-3,
respectively). These values were lower than the corresponding ex vivo biodistribution values
(p < 0.05), but the disparity was consistent. ROl analysis uptake values and those
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determined from the ex vivo biodistribution study are found in Table 2. ROl analysis of 4 h
images revealed slightly lower uptake values (p < 0.01), with 1.5 £ 0.2 %1D/g for HPAF-II
and 1.4 + 0.5 %ID/g for BxPC-3, but ROI analysis of 4 and 21 h images showed that tumor-
to-background ratios (4.6 + 1.1 and 5.1 + 1.7 for HPAF-11 at 4 and 21 h, respectively; 5.4 +
3.3and 4.7 £ 3.2 for BXPC-3 at 4 and 21 h, respectively) were not significantly different at
the two time points (p > .5 for both HPAF-I1 and BxPC-3).

Immunohistochemistry

Tumors were harvested from additional, untreated mice to confirm that the ALCAM status
of each tumor type was consistent with that previously determined for each cell line. The
immunohistochemistry (IHC) images in Figure 4b show that the HPAF-I1 and BxPC-3
tumors stain positive for ALCAM, while the C6 tumor does not, as expected.

Discussion

Anti-ALCAM CysDb was successfully engineered, expressed, produced, and purified. As
there continues to be a trend in the clinical setting towards using fully human antibodies (as
opposed to murine, chimeric, or humanized antibodies) [28], it is important to note that anti-
ALCAM CysDhb is a fully human CysDb. The ease with which the CysDb gene construct
was engineered using the phage display-derived scFv shows the utility of display technology
in the quick and straightforward production of larger antibody fragments. Anti-ALCAM
CysDb further differs from existing CysDbs (targeting anti-carcinoembryonic antigen
(CEA), human epidermal growth factor receptor 2 (HER2), or CD20) [5,6] in its Vy-to-V |
domain orientation, unique amino acid sequence between the second variable domain and C-
terminal cysteine (GAAAG compared to GG), and hexahistidine tag. The opposite variable
domain orientation and different C-terminal amino acid sequence demonstrate the flexibility
of the CysDb format, and the availability of the His tag, along with the finding that it neither
interferes with the formation of a covalent dimer nor negatively affects protein yield,
suggests that addition of such a tag could help streamline CysDb production and
characterization.

Biochemical characterization of anti-ALCAM CysDb confirmed production of a covalent
dimer, and /n vitro functional analysis demonstrated specific binding of anti-ALCAM
CysDb to ALCAM-positive cell lines, with a relatively high apparent affinity in the range of
1-3 nM. Previous work has shown that low nanomolar affinity is suitable for diabody PET
imaging [29], and a modeling analysis based on data in the literature indicates that affinity
maturation is not expected to result in higher uptake by positive tumors [30]. Due to
published data showing that ALCAM undergoes internalization, a residualizing
radiolabeling approach was employed, using DOTA as the chelating agent for the positron-
emitter copper-64. Despite achieving high labeling efficiency, specific activity of the
radiotracer was low. Different labeling conditions are currently being investigated in an
effort to improve the specific activity of 4Cu-DOTA-anti-ALCAM CysDb. Small animal
PET images acquired at 4 h post-injection showed specific targeting of ALCAM-positive
tumors in mice, a finding confirmed by ex vivo biodistribution studies. Positive tumor
uptake levels at 21 h were comparable to those recently observed with a variety diabody
radiotracers, including an 18F-labeled anti-CEA diabody [4], a ®8Ga-labeled anti-EpCAM
diabody [31], and an 111In-labeled anti-mindin/GR-1 diabody [32]. Importantly, there was a
general correspondence between the uptake values determined from the ex vivo
biodistribution and ROI analyses, with the inherent subjectivity in drawing ROIs likely
responsible for the slight differences in these values. This agreement in values exemplifies
the quantitative potential of PET, a feature that makes this imaging modality an attractive
choice for clinical applications.
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The accumulation of activity in the liver is a common occurrence for copper-64-labeled
probes [33], and is likely partially due to transchelation of the radionuclide from DOTA to
metal-binding proteins in the liver, such as superoxide dismutase (SOD) and metallothionein
[33,34]. Uptake values in the liver are typically less than 4% ID/g by 12 post-injection, if not
earlier, for radiometal-labeled diabodies [31,32,35], suggesting that an additional factor
contributed to the higher hepatic levels seen in the present work. A recent comparative
biodistribution analysis of two HER2-targeting Affibody variants, one containing and the
other lacking an N-terminal hexahistidine tag, showed higher uptake values in the liver for
the variant possessing a His tag [36]. We are currently investigating the possibility that the
presence of the C-terminal His tag on anti-ALCAM CysDb is similarly leading to elevated
liver levels. The strong kidney signals on the 4 h microPET images are expected due to the
renal clearance of the 50 kDa protein [37], and the corresponding uptake levels at 21 h are
typical of diabody probes [31,32,35]. £x vivo biodistribution analysis at 4 h post-injection
of $4Cu-DOTA-anti-ALCAM CysDb in female A/cam™" mice confirmed that accumulation
of the probe in the liver and kidneys is not due to ALCAM expression, as tracer uptake
values for these organs were comparable to those seen in the tumor-bearing nude mice.
These findings show promise for ALCAM as an imaging biomarker and demonstrate

that 4Cu-DOTA-anti-ALCAM CysDb is a suitable agent for same-day PET imaging of
xenografts that exhibit membranous ALCAM expression. Additionally, anti-ALCAM
CysDb is cross-reactive with the murine antigen (data not shown), which would facilitate
studies with mouse models of cancer that better recapitulate human disease. Looking
forward, the direct translation of $4Cu-DOTA-anti-ALCAM CysDb to the clinic would be
unlikely due to several factors, including the limited production and relatively short half-life
of copper-64, and the potential problem of nephrotoxicity due to high renal exposure to the
beta-emitting radionuclide. Furthermore, the high hepatic activity levels seen in this study
would preclude the use of 84Cu-DOTA-anti-ALCAM CysDb in detecting liver metastases.
As the rate of ALCAM internalization appears to be relatively slow [38], imaging with 18F-
labeled (non-residualizing) anti-ALCAM CysDb should be feasible and could be a solution
to these limitations. The potential advantages of labeling with fluorine-18, the most widely
used PET radionuclide in the clinic, have been demonstrated by the high-contrast imaging
and low renal and hepatic activity levels (< 3% ID/g at 4 h post-injection) seen with 18F-
labeled anti-carcinoembyronic antigen (CEA) [4] and —prostate stem cell antigen (PSCA)
[39] diabodies.

Pancreatic adenocarcinoma is the fourth leading cause of cancer-related deaths in the United
States [40]. Earlier detection and the ability to stage disease accurately could improve the
survival rate for patients with the malignancy, making it one that could benefit greatly from
an imaging agent. Currently, the imaging modalities most frequently used in the assessment
of pancreatic adenocarcinoma are computed tomography (CT), magnetic resonance imaging
(MRI), and 2-[18F] Fluoro-2-deoxy-D-glucose positron emission tomography (FDG-PET).
While CT/MRI is effective in evaluating local disease, it is often inadequate for delineating
biology or detecting metastatic spread [41]. FDG-PET is most useful for detecting metastatic
disease and disease recurrence, but shortcomings include missing liver metastases and
incorrectly diagnosing patients with chronic pancreatitis [41]. Imaging agents that are
specific to cell surface proteins on tumors cells could provide the specificity needed for
improved detection and staging of pancreatic adenocarcinoma, along with evidence of a true
tumor target for therapy. Recently, promising results in the preclinical setting have been
obtained with a variety of such imaging agents, including an intact antibody-based anti-
prostate stem cell antigen (PSCA) single photon emission computed tomography (SPECT)
probe [42], anti-ayBg peptide [43] and intact antibody-based anti-carcinoembryonic antigen-
related cell adhesion molecule (CEACAM) 6 [44] PET probes, and intact antibody-based
anti-a,ps [45]and anti-mucin 1 (MUCL1) [46] gamma imaging agents. This work adds
ALCAM to the list of successfully imaged pancreatic cancer biomarkers.
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The functionality of a PET probe is dependent upon its ability to reach and bind its target,
making the accessibility of an imaging biomarker a critical factor. Since antibody PET
probes will only encounter cell surface molecules, candidate targets should exhibit some
degree of cell membrane localization. An ideal imaging biomarker should also be expressed
at an abnormally high level in the diseased state. Pancreatic adenocarcinoma was the
malignancy chosen for evaluation of ALCAM as an imaging biomarker due to the high cell
surface expression of ALCAM on HPAF-11 and BxPC-3 cells as determined by quantitative
flow cytometry, as well as the apparent clinical relevance demonstrated by a proteomic
profiling study showing ALCAM to be differentially expressed 2.54-fold in pancreatic
cancer tissue compared to normal pancreatic tissue [13]. It is important to note that in this
profiling study, cellular localization of ALCAM was not specified. In a more recent report,
Kahlert et a/ performed large-scale IHC analysis of ALCAM expression on clinical
specimens [47]. The IHC study revealed that 58% (56/97) of the pancreatic cancer tissue
samples and 80% (48/60) of the normal pancreatic tissue samples were ALCAM-positive,
and a positive correlation was found between increased ALCAM expression on pancreatic
cancer tissue and both poor survival and early relapse after surgical resection. While
ALCAM expression on normal pancreatic tissue was determined to be mainly cell surface,
expression on cancerous tissue was predominantly cytoplasmic, aside from a small number
of patients whose tumors exhibited both membranous and cytoplasmic ALCAM expression.
Given these more detailed findings, pancreatic adenocarcinoma may not be the disease that
could benefit most from imaging with 4Cu-DOTA-anti-ALCAM CysDb PET.

Due to the classification of ALCAM as a potential pan-cancer biomarker, much effort is
currently being focused on determining the biological role of the protein as well as its
potential as a diagnostic or prognostic marker. Additionally, success with targeted anti-
ALCAM therapeutics, including an anti-ALCAM scFv liposomal drug conjuguate that
exhibited a cytotoxic effect on prostate cancer cells /n vitro [22] and, more recently, an anti-
ALCAM scFv that inhibited tumor growth in an animal model of colorectal carcinoma [48],
suggests that ALCAM could serve as a therapeutic target. As ALCAM expression and
localization data is generated for malignancies, it will become clearer which could benefit
from a targeted therapeutic and complementary molecular imaging agent. Of the diseases for
which this information is presently available, colorectal carcinoma appears to be a promising
candidate thus far for lesion detection using 84Cu-DOTA-anti-ALCAM CysDb PET
imaging. In an IHC study by Weichert ef a/, normal colon mucosa exhibited a low level of
cytoplasmic ALCAM expression, while 59% and 31% of cancerous colorectal tissue showed
upregulation of cytoplasmic and membranous ALCAM, respectively [10]. Importantly, the
authors also found a positive correlation between membranous ALCAM expression and
reduced survival. This pattern of expression makes ALCAM a promising /n vivo imaging
marker for colorectal cancer, and animal imaging studies with $4Cu-DOTA-anti-ALCAM
CysDb and mice bearing ALCAM-positive human colon carcinoma xenografts are
underway.

Conclusions

64Cu-DOTA-CysDb showed specific and rapid targeting and imaging of positive human
pancreatic adenocarcinoma xenografts in mice, demonstrating that the CysDb format is
conducive to same-day imaging applications and suggesting that further investigation of
ALCAM as an imaging biomarker is warranted. Furthermore, the correspondence between
the uptake values in positive tumors determined from the ex vivo biodistribution and ROI
analyses exemplifies the quantitative potential of PET, a feature that makes this imaging
modality an attractive choice for clinical applications.
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a, Determination of ALCAM expression by flow cytometry. Left, HPAF-I1; middle,
BXPC-3; right, C6. Filled peak; cells only. Solid line, cells incubated with mouse anti-human
CD166 monoclonal antibody, followed by FITC-conjugated goat anti-mouse antibody.
Dashed line, cells incubated with only FITC-conjugated goat anti-mouse antibody. b, Anti-
ALCAM CysDb gene construct showing restriction sites for pEE12 cloning, mammalian
leader sequence for protein secretion, 8-aa linker, C-terminal cysteine, and hexahistidine tag.
¢, Schematic representations of (from left to right) an intact antibody, scFv, unreduced

CysDb, and reduced CysDb.
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Figure 2.

Biochemical characterization of anti-ALCAM CysDb. a, SDS-PAGE analysis of anti-
ALCAM CysDb and, for comparison, anti-HER2 CysDb (Z, anti-HER2 CysDb; 2, anti-
ALCAM CysDb; M, marker; 3, reduced anti-HER2 CysDb; 4, reduced anti-ALCAM
CysDb). b, Size exclusion chromatography elution profile of anti-ALCAM CysDb on
Superdex 75.
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Figure 3.

Functional characterization of anti-ALCAM CysDb. &, Evaluation of binding specificity by
flow cytometry. Left, HPAF-11; middle, BXPC-3; right, C6. Filled peak; cells only. Solid
line, cells incubated with anti-ALCAM CysDb, followed by mouse anti-Penta-His antibody
and PE-conjugated goat anti-mouse antibody. Dashed line, cells incubated with only mouse
anti-Penta-His antibody and PE-conjugated goat anti-mouse antibody. &, Evaluation of
binding to cultured cells by immunofluorescence. 7op panels, HPAF-11; middle panels,
BXPC-3; bottom panels, C6. Left column, DAPI staining. Middle column, Alexa Fluor 647-
anti-ALCAM CysDb staining. Right column, overlay. ¢, Determination of Kp by flow
cytometry.
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Figure 4.

a, MicroPET images of female nude mice bearing HPAF-II (/eft two panels) or BXxPC-3
(right two panels) subcutaneous xenografts in the left shoulder region, and C6 subcutaneous
xenografts in the right shoulder region at 4 h post-injection of 4Cu-DOTA-anti-ALCAM
CysDb. Upper and lower panels are coronal and transverse slices, respectively. L, liver; K,
kidney. b, Ex vivoimmunohistochemistry of tumors. Sections of xenografts stained for
ALCAM (/eft, HPAF-II; middle, BXPC-3; right, C6).
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Biodistribution of 4Cu-DOTA-anti-ALCAM CysDb at 21 h in female nude mice bearing ALCAM-positive
(HPAF-11 or BxPC-3) and ALCAM-negative (C6) tumors and at 4 h in non-tumor-bearing female Alcam™"~

mice.
% ID/g (mean * SD)
HPAF-I1 (n=5) | BxPC-3(n=4) | Alcam™ (n=2)

Tissue 21h 21lh 4h
Positive tumor (T) 1.8+05 25+05
Negative tumor (C6) 1.0+01 1.0+01
Liver 6.6 +0.5 6.8+1.4 54+0.1
Spleen 1702 1.8+0.3 2207
Kidneys 42 +50 40+0.8 90+35
Lung 1.8+05 23+03 2103
Blood 0.7+0.1 09+0.1 1.0+£0.3
Carcass 0.8+<0.1 1.0+0.1 14+0.2
Ratios

T/blood 25+09 29+0.6

T/C6 19+06 24+0.6
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Comparison of uptake values in positive tumors determined by region of interest (ROI) and ex vivo

biodistribution (BD) analyses.

Table 2

% ID/g
Tumor ROI (4 h) | ROI (21 h) | Exvivo BD (21 h)
HPAF-11
Mouse 1 13 14 12
Mouse 2 15 1.6 2.3
Mouse 3 17 1.8 2.3
Mean % ID/g+ SD | 1.5+ 0.2 1602 1.8+ 05
BxPC-3
Mouse 1 13 1.7 1.8
Mouse 2 1.9 2.0 3.1
Mouse 3 1.6 1.9 2.6
Mouse 4 0.9 1.2 25
Mean % ID/g+ SD | 1.4+ 0.5 1.7+ 04 2505
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