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EGEFR is over-expressed in several solid tumors including breast, prostate, pancreas, and lung cancers and
is correlated to the metastasic potential of the tumor. Anti-EGFR receptor-binding peptidomimetics
(AERP) were examined to assess the small molecule’s potential use as tumor-specific imaging agents.
The aim of this work was to design and characterize the binding specificity of the radiolabeled peptidom-
imetics to EGFR over-expressing cell lysate and to A431 xenograft tumors. Our newly designed peptidom-
imetic, AERP, was conjugated to DTPA and labeled with ®*™Tc. The in vivo tumor accumulation of [*°™Tc]
DTPA-AERP-2 was 1.6 + 0.1 %ID/g and tumor to muscle ratio was 5.5. Our studies suggest that this novel
peptidomimetic, AERP-2, warrants further development as an EGFR specific tumor-imaging agent.

© 2011 Elsevier Ltd. All rights reserved.

The epidermal growth factor (EGF) family of tyrosine kinase
receptors was expressed at high levels in a wide variety of human
cancers and had been associated with various features of advanced
disease and poor prognosis. The EGFR tyrosine kinases are found to
be involved in proliferation, signal transduction, angiogenesis and
apoptosis of cancer cells.!® The tyrosine kinase family receptors
are over-expressed in 20-30% cancers of the breast,* prostate,
ovary,® and pancreas.” The over-expressed receptors promote the
growth and metastasis of cells.®

Monoclonal antibodies have already shown promise in target-
ing epidermal growth factor receptor-positive tumors.”!? There
are various drugs in the market such as Iressa,'' which are used
as anticancer drugs and targets EGFR. Another drug in clinical trial
is Tarceva.!? Molecules such as IMC-C225 (anti-EGFR antibody) can
specifically target the receptors on cancer cells to interrupt the
transduction of growth signals,'> prohibit metastasis,'* and induce
apoptosis'® of the cancer cells. Because of their receptor-binding
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specificity, IMC-C225 could be used as imaging/therapeutic agents
for tumors when radiolabeled.'®

Epidermal growth factor (EGF) is a ~6 KDa polypeptide and
first ligand known to bind EGFR. Because of its high affinity to
EGFR, investigators radiolabeled EGF and exploit its potential in
tumor targeting.'”'® Since it is a natural ligand, using EGF as
probe carry risk of activating EGFR receptors, and thereby poten-
tiate tumorigenesis. We believe molecules that show anti-tumor
effects might be a better candidate for tumor imaging studies.
Antibodies are high affinity molecules that show anti-tumor ef-
fects. However, the radiolabeled antibodies, despite the high per-
centage of injected dose accumulated in tumors after a few days
circulation, exhibited slow clearance from blood and therefore
caused high background for imaging and excessive toxicity to
normal organs in therapy. Smaller molecules with inherent
receptor-binding affinity would overcome these problems be-
cause clearance of the molecules from the circulation is faster
compared to the monoclonal antibody. Recently investigators
generated a fully human anti-EGFR Fab that recognizes the ex-
tra-cellular domain of EGFR and showed labeled anti-EGFR Fab
had reasonable antigen-binding capability and accumulated only
in tumors with high or moderate EGFR expression.’® These and
many other investigators employed various other antibody frag-
ments such as nanobody,?° single domain antibody format,?!
affibody?? but many of these results are still in very early stage
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of their research and its not clear if they can be utilized clini-
cally in mapping EGFR receptors.

In recent years, radiolabeled peptides have been successfully
developed and used in the clinic for nuclear medicine receptor
imaging.>>?* In addition, several radiolabeled peptides, such as
[®*™Tc] neurotensin (NT) for pancreatic tumor imaging,?> bombe-
sin analogues with %°™Tc-labeled for tumor imaging,?® and
[54Cu]RGD for aps integrin imaging,?’ have shown promising
results.

In this preliminary work, a radiolabeled peptidomimetic (AERP)
was evaluated as a tumor-specific agent. In order to design EGFR
specific peptidomimetics, we used the deduced structure of the
monoclonals (MAb) 225 and 425 resolved by X-ray crystallography
(Murali, unpublished). A bioactive anti-EGF receptor peptidomi-
metic (AERP) has been designed from the three-dimensional infor-
mation of two anti-EGFR monoclonal antibodies. The newly
fashioned AERP mimetics bind to the EGFR, with low nanomolar
affinity. This interaction has been demonstrated to impart biologi-
cal function similar to the interaction of a full-length monoclonal
antibody raised against this growth receptor oncoprotein. Two
AERP analogs have been resolved. The sequence of the peptide is
shown in Figure 1. A control peptide CD4 ([Cys>-Cys!'?]-H-Abu-
FCYIGEVEDQCY-OH) was synthesized in our lab. These peptides
were cyclized, purified by HPLC.

Suitable peptidomimetics for solution structure by NMR were
selected by performing one-dimensional NMR spectra under vary-
ing salt, pH and temperature conditions. The optimum conditions
for structural characterization of these peptides were found to be
in 50 mM acetate buffer, with 100 mM NaCl at pH 4.5 and 14 °C.
A pair of 2-dimensional experiments were used to connect protons
within a given spin system and determine their sequential assign-
ments. The NOESY and TOCSY spectra for the peptides were col-
lected on a 750 MHz spectrometer. Structural constraints for
chemical shift, dihedral angles and through space distances were
collected and the structure calculations were performed with the
CNS program?® using the NMR constraints as inputs. A simulated
annealing protocol was used to generate a family of structures that
satisfied the 217 distance and 10 dihedral experimental con-
straints. The structure refined to 0.6 A pair-wise RMSD for the
backbone atoms for a set of 17 structures.

The structures of the 15 residue (Fig. 2) AERP-2 peptide analogs
contain a bend at the N-terminal portion fixed by a disulfide link-
age between residues 2 and 8. The middle section contains a 3-10
helix and the C-terminal end is disordered. Three of the four
aromatic side chains are clustered on one side of the molecule. A
common design feature of the peptides is the positioning of two
cysteine residues that constrain the structures. Some peptides pro-
duced aggregate states through the possible formation of intermo-
lecular disulfide bonds. Other peptides containing proline residues
displayed multiple cis/trans isomeric states. The resulting struc-
ture of the exocyclic peptide revealed features not predicted by
the molecular modeling applied to this peptide such as residues
that might influence aggregates and isomerization.

We obtained baculovirus-produced and partially purified ecto-
domain forms of EGFR species from Mark Lemmon (University of
Pennsylvania). The ectodomain construct was further purified by
high performance gel filtration chromatography. Kinetic binding
characteristics of AERP to the ectodomain of the EGF receptor were
studied using biosensor techniques.?®3° AERP binds to the EGF

AERP-2 (Primary structure: dYCASRDYDYDGRCYFD-NH2)
AERP-2A (Primary Structure: YCRDYDYDGRYFDCY-NH2)

Figure 1. Amino acid sequences of two derivatives of AERP.
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Figure 2. Solution structure of AERP mimetic analog. The overall fold between
AERP-2 and AERP-2A is similar (RMSD for back bone structure is 2.9 A) and RMSD
for all non-hydrogen atoms is 5.64 A. The disposition of Arg residues in these two
structures is different and the results show the effect of introducing a serine in the
cyclic ring of AERP.

receptor with an approximate affinity of 400 nM. At optimum sur-
face density (3600 RU), AERP binds to EGF receptors in a concentra-
tion-dependent manner with a dissociation pattern (kog) within an
order of magnitude to that of the 225 MADb (data not shown).
Importantly, AERP did not show binding to either immobilized
Her2/neu or TNF receptors.

The intramolecular cyclization of the peptides (0.1 mg/mL or
0.5-0.7 mM, pH 8-8.5) was carried out at 4 °C as described previ-
ously.2?3% The advance of the cyclization process was monitored by
testing the concentration of the free thiol groups of the peptide by
the DTNB method.?*3° The testing procedures were: (a) 400 pL of
the reaction solution was mixed with 100 pL of 0.1 M pH 8 phos-
phate buffer and 5 pL of 10 mM pH 8 of DTNB; (b) the mixture
was incubated at 4 °C in the dark for 30 min; (c) absorption at
412 nm of the mixture was measured with the reaction solution
as reference; (d) cyclization was considered to be completed when
the absorptions at 412 nm of the mixture and the reaction solution
became identical. After the completion of the cyclization, the sol-
vents were removed by lyophilization. The purity of the cyclized
peptides was tested by HPLC (ODS C18 column, 0.01 M pH 5.2
NH,40Ac/MeOH as mobile phase with gradient of 40% MeOH to
90% MeOH over 25 min) before further use.

For imaging purposes, AERP was conjugated to DTPA (Fig. 3) in
order to do conjugate the cyclic peptide to DTPA, 10 mg/mL solu-
tion of the cyclized peptide in water was added an equal volume
of 0.2 mol/L bicarbonate buffer, pH 8.6. A suspension of the DTPA
cyclic anhydride in DMSO (10 mg/mL) was then added drop-wise
with agitation to achieve a final DTPA-to-peptide molar ratio of
3:1. The mixture was stirred at room temperature for 1 h and the
DTPA conjugate was purified by HPLC employing 0.01 M
NH4OAc/MeOH as mobile phase. HPLC purified product containing
solvent was evaporated by rotary evaporation at 35 °C and lyoph-
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Figure 3. The schematic structure of AERP-DTPA-Tc complex.
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ilized to get pure DTPA conjugates. It was observed that the cycli-
zation rate of a peptide was hydrophilicity dependent. For exam-
ple, during our previous work cyclization of 30 mg (17 mmol) of
each AHNP took 18 days to complete,®3° whereas in this work,
it took 60 days for AERP with the same molarities to complete
the cyclization.

In order to explore tumor imaging potential of AERP, we cou-
pled the peptidomimetic with DTPA and labeled with °°™Tc
(Fig. 3). The conjugations of DTPA to the peptidomimetic were car-
ried out as explained above. The yields of the products ranged from
35% to 68% after the purification by Reverse Phase (RP) semi-prep
HPLC (n = 6). The purpose of introducing DTPA as chelating agent
to the peptides was that, with DTPA the peptides can be labeled
by °°™Tc. Due to their appropriate emissions, *™Tc labeled pep-
tides are suitable for in vitro cell binding tests and other pharma-
cologic tests. In terms of availability, ®™Tc should be the first
isotope to be considered in the course of developing radio pepti-
domimetic cancer imaging agents. Technetium-99m was obtained
from a ®Mo/**™Tc generator, which was available at University of
Pennsylvania Health System’s (UPHS) nuclear medicine
department.

For radiolabeling of the DTPA conjugate with °°™Tc, DTPA con-
jugate (1 pg) in 10 pL of water was added to 20 pL of a buffer con-
sisting of 0.5 mol/L sodium bicarbonate, 0.25 mol/L ammonium
acetate, and 0.175 mol/L ammonium hydroxide, pH 9.2. To this
was added approximately 1-3mCi (37-121 MBq) Na®*™TcO,
(10-100 pL) followed immediately by addition of 6-12 pL of a
fresh solution of SnCl,-2H,0 (1 mg/mL in 10 mmol/L HCI). Reaction
mixture was incubated at room temperature for 30 min, the la-
beled peptidomimetics was analyzed by analytical HPLC on a Zor-
bax C18 (4.6 x 250 mm) column with 0.01 M NH4OAc/MeOH, pH
5.2, (gradient 0% MeOH to 90% MeOH over 25 min) as mobile
phase. The semi-prep purification was carried out on a size-exclu-
sion (SE) superdex peptide 10/30 column with 0.01 M pH 7.39
phosphate buffer as mobile phase (n = 6). The purified radiolabeled
peptides were stable in solution for over 12 h without significant
change (Fig. 4).

Next, we analyzed the growth characteristics of AERP-treated
cells using the standard MTT assay. In A431 cell lines that over-ex-
press the EGFR, treatment with the AERP resulted in a dose-depen-
dent 40% inhibition of cell growth driven by recombinant EGF
(Fig. 5). On the other hand, Jurkat cells which do not over-express
EGF receptors and T6-17 (HER2/neu expressing cells) were unaf-
fected by AERP or CD4.M3 (an unrelated anti-CD4 mimetic) treat-
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Figure 5. Biological activity of EGFR specific AERP as determined by a standard MTT
assay. Two different species of AERP were tested in EGFR+A431 cell lines. EGFR
specific AERP show comparable activity to anti-EGFR monoclonal antibody C225 at
10 pg/mL. AERP-2 form shows the best activity.

ment (the % inhibition for CD4 was 1.63 (T6-17) and 0.35 in Jurkat
cells). As AERP-2 showed promising inhibitory results than AERP-
2A, further bio-distribution study was only performed employing
AERP-2.

Approximately one million A431cells in PBS were implanted in
the right flank of each of the six nude mice. After the tumor grew to
1cm in any dimension, each nude mouse bearing A431 xeno-
grafted tumors received 3-6 uCi of purified [*™Tc] DTPA-AERP-2.
After 3 h, each animal was anesthetized with 0.2 mL of avertin (a
mixture of 39.5 mL of saline and 0.5 mL of avertin stock solution
prepared by dissolving 25 g of avertin in 15.5 mL hot tert-amyl
alcohol) and then sacrificed. Blood was sampled and organs were
removed and weighed. Radioactivity in the samples was measured
in a gamma well counter.

Bio-distribution data (Table 1) showed that the labeled pepti-
domimetic (in terms of percentage of injected dose per gram organ,
%ID/g) accumulated in the tumor was 5.5-fold greater than that
found in the normal tissue. Among the organs studied, kidney
showed highest radioactivity uptake in terms of %ID/g due to the
hydrophilic nature of the peptides. The EGFR specific probe,
[®°™Tc] DTPA-AERP-2, displayed a 2.5-fold higher accumulation le-
vel in blood and 2.5-fold higher in lungs than in normal tissue. Since
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Figure 4. HPLC chromatogram of labeled AERP.
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Table 1
Bio-distribution of °™Tc labeled AERP-2 in rodents with xenografted A431 tumors
(N=6)

Organs 99mTc (AERP-2)
%ID/g Standard deviation

Liver 53 0.40
Heart 0.49 0.030
Kidney 5.95 0.15
Lung 0.8 0.010
Spleen 28 25
Stomach 11 2.7
Small intestine 0.565 0.16
Large intestine 24 0.10
Muscle 0.31 0.09
Tumor 1.6 0.10
Blood 0.79 0.010
Tumor/muscle 5.5 1.3
Tumor/blood 2.0 0.1

these tissues do not over-express EGFR, the uptake of the radioactiv-
ity may be partially non-specific. In this circumstance, lipophilicity
of a radiolabeled peptidomimetic might be an important factor of
determining the level of non-specific cellular uptakes. A peptide of
greater lipophilicity might exhibit a higher level of cellular uptakes.
Accordingly, the tumor accumulation of a labeled peptidomimetic
might include a contribution of non-specific uptake, which could
be related to its lipophilicity. It is presumed that lactates around
the tumor cells may be able to mask the receptors>'>2 and prevent
the peptide from interacting with tumor receptors. Non-specific tu-
mor accumulation of some other radiolabeled peptides, proteins,
and oligonucleotides has been observed.33-3>

While peptide based imaging probes showed promise in tumor
targeting, its fast clearance (<3 h) limits their usefulness in tumor
detection. It has been observed that in the category of monoclonal
antibody (Mab) based imaging agents, blood clearance of imaging
agent is inversely related to the size of the injected antibody or
its fragments.3® Investigators even claim that the in vivo tumor up-
take of receptor-binding radiopharmaceuticals is mostly controlled
by their elimination rate from the blood than by the level of recep-
tor expression on the cancer cells,'® indicating faster clearance of
peptide needs to be improved. In this work, we have identified
and evaluated peptidomimetics for targeting EGFR, now we are
fusing this peptidomimetics with other small protein to improve
the pharmacokinetics.

In conclusion, as per our initial preliminary analysis, cell study
indicate that AERP, like the anti-EGFR antibody 225, can specifi-
cally inhibit cell growth of EGFR-expressing cells. During the bio-
distribution study, the °*™Tc labeled DTPA-AERP-2 preferentially
accumulated in the tumor compared to the normal tissue and
the ratio of the %ID/g is over fivefold greater accumulation on tu-
mor than normal tissue. The measured blood serum half-life of
the labeled mimetic is about 3 hrs. Moreover, the small size
(1200 Da MW) of peptidomimetics supports the fact that this class
of radiolabeled EGFR specific probe AERP-2 might be developed as
useful tumor imaging agents. These studies will be basis for devel-
oping AERP-2 as a radiopharmaceutical, as an alternate to antibody
based therapy.
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