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1.1.  Introduction
Tumor microenvironment is as important to the development of the malignant phenotype as the genetic
mutations accumulated by cancerous cells over their lifetime '. Tumor-associated fibroblasts (TAFs), which
express the serine protease fibroblast activation protein alpha (FAP), are up-regulated in the tumor stroma in
90% of all epithelial cancers including prostate cancer (PCa) *'°. This proposal seeks to utilize FAP
expression on TAFs within the tumor stroma for the diagnostic imaging of PCa using novel
radiopharmaceuticals and innovative multimodal imaging platforms. We have developed peptides that are
specific for the FAP active site, conjugated them to the cross-bridged macrocycle 4,11-bis(carboxymethyl)-
1,4,8,11-tetraazabicyclo[6.6.2]hexadecane (CB-TE2A), and radiolabeled them with 64Cu, which has favorable
decay characteristics (ty, = 12.7 h; B+: 19%; Ep+ max, 0.656 MeV; EC: 41%; B: 40%) for PET imaging " This
report summarizes the experiments completed and the progress made during the current funding period.
1.2. Body

Despite the important role of FAP in tumor biology, PCa and cancer therapy, there remains a dearth of
molecular probes designed to detect and quantify FAP in vivo. A peptide-based, diagnostic PET agent that can
detect FAP in vivo would be of great value to the medical community since PET is superior to SPECT in terms

(1) Lys(R)-Thr-Ser-Gly-Pro-Asn-Glu-CONH,
(2) Lys(R)-Thr-Ala-Gly-Pro-Asn-Glu-CONH,
(3) Lys(R)-Ala-Ala-Gly-Pro-Asn-Glu-CONH,
(4) Lys(R)-Thr-Ser-Gly-Pro-Ser-Glu-CONH,

64Cu-CB-TE2A

(5) Lys(R)-Thr-Ser-Gly-Pro-Asn-Glu(R')
(6) Lys(R)-Thr-Ala-Gly-Pro-Asn-Glu(R")
(7) Lys(R)-Ala-Ala-Gly-Pro-Asn-Glu(R")
(8) Lys(R)-Thr-Ser-Gly-Pro-Ser-Glu(R")
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Figure 1. Compounds and conjugates
synthesized during the funding period.
Conjugates 1-4 will be radiolabeled with copper-64,
while conjugates 5-8 will be used in plate based
FRET assays to determine the specificity of each
ligand for the FAP active site. All ligands have
been synthesized using standard Fmoc based, solid
phase peptide synthesis.

of sensitivity and resolution and it is not influenced by the
same limitations, which hinder optical imaging methods 2.
Furthermore, peptide based agents demonstrate greater design
flexibility, greater tolerance to diverse reaction conditions
during preparation and better biokinetic and clearance
properties when compared to antibodies, which can result in
enhanced contrast and reduced patient burden during imaging.
Moreover, agents designed to exploit FAP expression would
serve as non-invasive imaging agents for the early detection of
cancer, the stratification of patients for FAP therapy and the
monitoring of response to treatment .

During the current funding period, research focused on the
synthesis of conjugates 1-4 using standard Fmoc solid phase
peptide chemistry.  While peptide synthesis proceeded
smoothly, coupling of the CB-TE2A chelator to each peptide
proved challenging due to the low reactivity of the chelator’s
carboxylic acid based pendant arms. Reaction with excess
chelator for an extended period finally afforded 5 mg of each
product in 95% purity. Additionally 5 mg quantities of
conjugates 5-8, which contain the quencher, (4-((4-
dimethylaminophenyl)azo)benzoic acid) (DABCYL) and the
fluorophore (5-((2-aminoethyl)amino)naphthalene-1-sulfonic
acid) (EDANS), each fluorescent cleavage product, and the
positive and negative control peptides

(RK(DABCYL)TSGPNQEQE(EDANS)R),
(RK(DABCYL)TSGGNQEQE(EDANS)R), respectively have
also been prepared. Now that peptide synthesis has been
completed current efforts are focused on validating the plate
based FRET assay needed to evaluate each peptide sequence
as a substrate for the FAP active site using both the positive
and negative control peptides. Additionally, standard curves
of each fluorescent product are being developed in order to
convert relative fluorescence units into moles of product, and
it is anticipated that all studies relating to the plate based
FRET assay will be completed during the first three months of
the second funding period.



A second research objective during the current funding period has been to optimize radiolabeling
conditions including time, temperature and pH, for conjugates 1-4. An optimized radiolabeling scheme is
presented in Figure 2-A, which depicts conjugate 1 and is representative of all 4 conjugates. Reaction of each
conjugate in ammonium acetate buffer under basic conditions for 30 minutes at 95°C yields the desired
radiolabeled conjugate in high radiochemical purity (Figure 2-B and Figure 2-C). High temperature and basic
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Figure 2. Radiochemistry and in vitro Stability of **Cu-1. (A) Radiochemistry
scheme for ®*Cu-1. ®Cu-1 is prepared in high radiochemical purity and specific
activity under basic conditions and at elevated temperature. (B) UV-Vis
chromatogram of conjugate 1. (C) Radio-chromatogram of ®*Cu-1. The retention
time of the radiotracer differs from that of the non-radioactive ligand and is expected
after “Cu complexation. (D) In vitro stability of ®Cu-1 in saline. In this
mobile/stationary phase radio-TLC system, any unchelated **Cu remains at the origin
while the **Cu-1 moves with the solvent front. These results are representative of all
%4Cu radiopharmaceuticals (1-4).

conditions are necessary due to
the proton sponge behavior of the
cross-bridged macrocycle'*'’.
Radiolabeled conjugates can be
prepared with a specific activity
of 37 MBq (1 mCi)/pg, which is
consistent with the specific
activity of other **Cu-CB-TE2A
conjugates that have been
reported in the literature and used
in in vitro and in vivo studies '*"°.
Importantly, optimization of these
parameters has eliminated the
need for solid phase purification,
and reduced the production time
of these radiopharmaceuticals to
30 minutes. Additionally, we
have evaluated the stability of
each conjugate overt time in
saline and in human serum.
Figure 2-D depicts the stability of
%Cu-1 in saline. In this system,
unchelated or transchelated **Cu
remains at the origin while the
intact conjugate moves toward the
solvent front. As can be
observed, ®*Cu-1 is remarkably
stable even after 24 h and reflects
the kinetically inert nature of the
®Cu-CB-TE2A  complex .
Similar  stability results
observed in human serum
Appendix A, Figure 1.).
Very few endogenous cell
lines  exhibit  stable  FAP
expression 2?'.  Thus, a third
objective during the current
funding period was to create
reporter based cell lines with

are
(See

stable FAP expression. While
several malignant cell lines
express FAP, we sought to

engineer our own cell lines in
order to 1) create stable FAP
expression, 2) minimize
complications such as cellular
heterogeneity and variable protein
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expression, which are often associated with a tumor derived from an un-engineered malignant cell line, and 3)
create a model system against which the radiolabeled conjugates could be tested in vitro and in vivo 2. Our
research focused on developing a eGFP+ FAP+ NIH3T3 mouse fibroblast line and an eGFP+ FAP+ BJ cell

(A)

(B)

Figure 3. Development of a Transfected NIH 3T3 Cell Line
with Stable FAP Expression. Panels A, B, C, D represent
mock transfected NIH 3T3 cells, while Panels E, F, G, H
represent NIH 3T3 cells transfected with the eGFP/FAP fusion
plasmid. Cells are stained with 1° IgG control and 2°, anti-IgG
mAb conjugated with AlexaFluor 680 (A, E) or 1° anti-FAP
mAb and 2° anti-IgG mAb conjugated with AlexaFluor 680 (B,
F). Cells are stained with DAPI (C, D, G, H). Strong
localization of FAP expression is observed in transfected cells
(F, H) while FAP expression is not observed in the mock
transfected cells. (B, D).

line, which is derived from normal human foreskin.
In parallel, attempts were made to develop both
lines using plasmids containing either the fusion
gene of eGFP/FAP or a cotransfection strategy was
employed whereby separate plasmids containing
eGFP or FAP genes were cotransfected into each
cell line (See Appendix B, Figure 1). Initial results
using transfection protocols requiring CaPOs; were
negative due to low transfection efficiencies, which
led the research team to attempt transfections using
commercially available transfection kits *. While
the use of these kits increased transfection
efficiencies dramatically, many of the resulting
cells demonstrated only transient expression of
eGFP or FAP and loss of expression over the course
of the selection process. Further progress was
retarded by the slow doubling time of the cells in
culture or the low enrichment of eGFP+/FAP+ cells
after each round of selection (See Appendix B,
Table 1.). Despite these setbacks, several cell lines
have been prepared by both methods and have been
confirmed for FAP and eGFP expression using
immunohistochemistry and FACS.  Figure 3
represents the results of immunohistochemistry
with 3T3 cells stably transfected with the plasmid
containing the eGFP/FAP fusion gene. Although
eGFP expression appears low, FAP expression is
corroborated by anti-FAP antibody staining (Figure
3F, 3H). Mock transfected 3T3 cells did not
demonstrate significant eGFP or FAP expression
(Figure 3B, 3D). Similar results are observed with
BJ cells that were transfected using both
transfection procedures, and both cell lines are
currently in culture. Experiments are planned
during the next funding period to implant these
cells in animals in order to observe their respective
growth characteristics and determine if eGFP and
FAP expression are retained once implanted in
Vivo.
1.3. _Key Research Accomplishments
e SOW Tasks 1, and 2A: All conjugates (1-

8), all standards and all positive and

negative control peptides have been

prepared.

e SOW Task 3A: Human and murine cell

lines have been created that are observed to express eGFP and FAP.
e SOW Task 3C: The radiochemical synthetic conditions needed to incorporate “*Cu into conjugates 1-4

have been optimized.



e SOW Task 3C: The stability of each conjugate has been evaluated in saline and human serum.

1.4.  Reportable Outcomes
1.  Human and murine cell lines have been created that are observed to express eGFP and FAP.
2. Four new radiopharmaceuticals, which are stable in human serum and are currently being
evaluated as FAP substrates, have been prepared for in vitro and in vivo studies.

15.  Conclusion
Targeting stromal elements such as tumor associated fibroblasts (TAFs) within the tumor microenvironment
represents a novel way to detect and image PCa. TAFs express FAP, which is strictly regulated to the surface
of TAFs found in the tumor stroma, but is not observed on PCa cells, normal fibroblasts or other benign
tissues. Despite the important role of FAP in tumor biology, PCa and cancer therapy, there remains a dearth of
molecular probes designed to detect and quantify FAP in vivo. In the current funding period, our research has
sought to create a foundation for future experiments that probe the importance of TAFs in prostate cancer
tumor development using novel radiopharmaceuticals and innovative multimodal imaging platforms.
Importantly, we have created two fibroblast cell lines that can be used to evaluate novel radiopharmaceuticals
that target FAP. Finally, we have created the first PET based radiotracers that have been designed to target
FAP in the prostate tumor stroma. If successful, the development of these agents will provide a novel way of
non-invasively imaging PCa. Equipped with this technology, physicians will be able to improve diagnostic

accuracy, enhance therapeutic planning in an effort to decrease suffering and improve patient survival.
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Appendix A
24 h

64CuCl,

64Cu-1

Figure 1. In vitro Serum Stability of ®*Cu-1.
The radiotracer, ®¥Cu-1 is incubated in the
presence of human serum at physiologic
temperature.  Aliquots are withdrawn and
spotted on ITLC paper and developed in saline.
64CuClz is included as a positive control for
transchelation.  In this radio-TLC system, any
%%Cu that is transchelated to serum proteins
migrates with the solvent front. ®Cu-1 does
not undergo transchelation even after 24 h in
human serum at physiologic temperature.

11



2.1. Appendix B

o
PReceiver-M29(a,x,y) 2
Expression Clone

pReceiver-M02
Expression Clone

pReceiver-M02
Expression Clone

ORF =eGFP

Figure 1. Plasmids Used to Develop
Cell Lines with Stable FAP and eGFP
Expression. Two strategies were
employed and included the use of (A) a
plasmid containing a fusion gene of
eGFP and FAP or (B) a cotransfection
strategy. All plasmids were purchased
from GeneCopoeia (Rockville, MD).

SV40 PolyA signal
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Table 1. Selection Efficiency of Transfected 3T3 and BJ Cells

code transfection 1th sorting 2sd sorting 3rd sorting 4th sorting
313 T3 FAP/eGFP No cells
T4 FAP/eGFP No cells
T5 FAP/eGFP 0.02% No cells
T6 FAP/eGFP 0.8% 0.08% 2.9%
P2T1 1/10 | 1xFAP vs1/10 eGFP | 2.8% 7.5%
P2T1 1/20 | 1xFAP vs1/20 eGFP | 2.1%
T7 FAP/eGFP 0.01% 6%
P2T21/20 | 1xFAP vs1/20 eGFP | 0.5%
code transfection 1th sorting 2sd sorting 3rd sorting 4th sorting
BJ T3 FAP/eGFP 0.028% 0.18% 2.8% 30%
T4 FAP/eGFP 0.18% 0.3% 0.28% 25%
T5 FAP/eGFP No cells
P2T1 1/10 | 1xFAP vs1/10 eGFP 1.1%
P2T1 1/20 | 1xFAP vs1/20 eGFP | 0.6%
P2T2 1/10 | 1xFAP vs1/20 eGFP | 5.7%

Code beginning with “T” refers to transfection with plasmid containing fusion FAP/eGFP gene.

Code beginning with “P” refers to cotransfection. Once sorting produced a population with at least 5% positive
cells, additional rounds of selection using FACS was discontinued.
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