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Abstract

Breast cancer continues to be the most lethal cancer type in women and one of the most diagnosed. Understanding Breast cancer
receptor status is one of the most vital processes for determining treatment options. One type of breast cancer, human epidermal
growth factor receptor 2 (HER?2) positive, has approved receptor-based therapies including trastuzumab and pertuzumab that can
significantly increase the likelihood of survival. Current methods to determine HER2 status include biopsies with immunohis-
tochemical staining and/or fluorescence in situ hybridization. However, positron emission tomography (PET) imaging techniques
using ®°Zr-trastuzumab or ®°Zr-pertuzumab are currently in clinical trials for a non-invasive, full body diagnostic approach.
Although the antibodies have strong specificity to the HER2 positive lesions, challenges involving long post-injection time for
imaging due to the blood circulation of the antibodies and matching of long-live isotopes leading to increased dose to the patient
leave opportunities for alternative PET imaging probes. Peptides have been shown to allow for shorter injection-to-imaging time
and can be used with shorter lived isotopes. HER2 specific peptides under development will help improve the diagnosis and
potentially therapy options for HER2 positive breast cancer. Peptides showing specificity for HER2 could start widespread
development of molecular imaging techniques for HER2 positive cancers.
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Introduction each family member relies on the homodimerization with the
same family member or heterodimerization with another
member of the family after a ligand binds to the specific
receptor. Although HER2 does not have a known natural
ligand, it is the preferred heterodimerization partner for other
family receptors and has been shown to have increased
potency of downstream signaling compared to the other HER
family members.>®’ The downstream effects of the activation
include the MAPK and PI3K pathways which lead to cell
proliferation, growth, and anti-apoptosis.’

However, while many cells express a baseline level of the
HER?2, its overexpression in cancer leads to increased rates of
growth and metastasis and overall worse prognosis. HER2
overexpression is observed in 15% to 25% of all breast cancers
and the overexpression of this receptor can be up to 2 million

Breast cancer is both one of the most commonly diagnosed
and lethal cancer types in women. According to the American
Cancer Society, 15% of all cancer deaths in women are breast
cancer.' This translates to about 1 in every 8 women being
diagnosed with breast cancer during their lifetime.* Breast
cancers can be divided into multiple categories, but com-
monly breast cancer is categorized by receptor expression
or lack-there-of. The common sub-types for breast cancer are:
estrogen receptor (ER) and/or progesterone receptor (PR)
expressing, human epidermal growth factor 2 receptor
(HER2) expressing, or triple negative breast cancer (TNBC)
which does not express any of the receptors.> Each cancer
sub-type has unique challenges related to diagnosis and treat-
ment. However, as is the case with all cancers, breast cancer
greatly benefits from early detection before its growth into
widespread disease. In particular, it is critical to have early : Department of Radiology, University of Alabama at Birmingham, Birmingham,
diagnosis of the HER2 positive subtype of breast cancer in AL USA
order to implement.effective targeted therapies. . Corresponding Author:

The Humar.l Ep1d§rmal Growth Factor Receptor 2isa Suzanne E. Lapi, Department of Radiology, The University of Alabama at
185 kDa protein that is a member of the HER family that has  gjrmingham, 1824 6th Ave South, Birmingham, AL 35294, USA.
4 structurally similar members (HER1-4).*> The activation of  Email: ducharme@uab.edu

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
(https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
BY _NC

provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).



https://orcid.org/0000-0001-9765-2029
https://orcid.org/0000-0001-9765-2029
mailto:ducharme@uab.edu
https://sagepub.com/journals-permissions
https://doi.org/10.1177/1536012120960258
http://journals.sagepub.com/home/mix
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage

Molecular Imaging

times more than the normal basal level expression.® Thus, the
overexpression of the receptor makes it both a diagnostic mar-
ker and a favorable target for therapy. The ability to accurately
detect and quantify the amount of HER2 expression allows for
identification of patients that would benefit most from HER2
targeted therapy. Current diagnosis typically involves both
immunohistochemistry and fluorescence in situ hybridization
which measure elevated presence of both the protein and the
gene expression respectively. Although this is the standard
technique for the diagnosis of HER2 positive breast cancer,
there are some challenges. This type of diagnosis involves the
need for biopsies of all suspected lesions which can be difficult,
painful or even impossible depending on the location.” How-
ever, the use of HER2 positron emission tomography (PET)
can allow for a full-body non-invasive diagnostic option to aid
in the detection of the HER2 status.

PET imaging of HER2 positive breast cancer in the clinical
trial setting currently involves the use of trastuzumab
(Herceptin®) or pertuzumab (Perjeta®), both monoclonal anti-
bodies, to detect HER2 protein expression.® The use of anti-
bodies for imaging may also be useful for monitoring the
effectiveness of the treatment of HER2 directed therapy in
patients receiving the treatment.” Each antibody is labeled with
897r, which has a 3.27 day half-life, which matches the biolo-
gical half-life of the antibody and allows for circulation time
required to reduce the activity in the blood pool to obtain a
clear image.10 Currently in phase II clinical trials, the 3°Zr
radiolabeled antibody is injected and requires a 4-7 day post-
injection imaging time.'*'! The long imaging time points, due
to the circulation time of the antibody, can create logistic chal-
lenges for both patients and facilities. To pair with the biolo-
gical half-life and optimal scanning time for the antibodies,
longer-lived isotopes must be used which increases the amount
of radiation exposure to both the patients and the personnel
involved in the synthesis of the radiopharmaceuticals. Thus,
although high specificity can be obtained with this method,
there are still improvements that can be made to decrease
injection-to-imaging time which can potentially be achieved
with smaller peptide-based agents.

Peptides have many favorable characteristics suitable for the
development of imaging agents including higher tissue pene-
tration, faster circulation time in the blood, and ease of synth-
esis commonly involving solid-phase peptide synthesis.lz’13
Peptides have been used in PET imaging for multiple
applications, but the most successful has been the development
of [*® Ga]-DOTATATE (NETSPOT) for imaging of somatos-
tatin receptor type 2 (SSTR2) expression in neuroendocrine
tumors. This agent is able to accurately and efficiently detect
SSTR2 positive tumors in patients without the need for a
biopsy.'* HER2 expressing tumors could benefit from the use
of peptides which could lead to quicker imaging times, opening
the door for faster and more accurate treatments depending on
HER2 expression levels.

A number of peptides have shown promise in detection of
HER?2 expression in breast cancer. These peptides have been
discovered by a collection of different methods including
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Figure 1. Fluorescence quenching of multiple peptides with varying
concentrations were evaluated with recombinant erbB-2-ECD to
determine Kd values. [ ], KCCYSL, Kd = 295 + 56 nmol/L; e,
KCCYAL, Kd = 560 + 19 nmol/L; ®, KCCYSA, Kd= no binding; A,
PKCCYSLP, Kd = 714 + 30 nmol/L; A, KCCASL, Kd =932 + 10
nmol/L; O, ACCYSL, Kd = 714 + 30 nmol/L. From Ref'” used with
permission.

phage display, one-bead-one-compound (OBOC) discovery,
and antibody-based peptide development. Phage display has
been the most common technique used to discover HER2 spe-
cific peptides along with common binding motifs within the
library of peptides.'> While the majority of the studies reported
thus far have used SPECT as an imaging modality, these pep-
tides specific for HER2 have great potential for the develop-
ment of PET imaging strategies and could enable further
development of effective methods of HER2 detection.

KCCYSL-Based Peptides

One of the most studied peptides specific for HER2 is the
KCCYSL peptide or peptides with KCCYSL incorporated into
the sequence. The peptide was discovered by a random 6 amino
acid peptide bacteriophage display library and showed the
highest frequency in phages that were bound to biotinylated
extracellular domain erbB-2.'® Karasseva et al. found the
KCCYSL sequence in over 75% of their clones, signifying
strong affinity for HER2. It is believed that the oxidized state
of the CCY motif in this peptide mimics the structure of EGF-
like domain of common erbB ligands.'® This peptide has been
evaluated in multiple studies both in vitro and in vivo. The
6-mer KCCYSL peptide has been modified with chelators to
bind imaging isotopes along with linkers to prevent steric hin-
drance during binding. A prime example of this application was
the synthesis and evaluation of an '''In-DOTA(GSG)-
KCCYSL peptide for SPECT imaging of HER2 positive
tumors.'” The GSG amino acids were incorporated into the
peptide to act as a spacer to prevent the large DOTA chelator
from interfering with binding to HER2. One of the first studies
investigated using fluorescence assays to determine the equili-
brium constant (K4), seen in Figure 1, of the KCCYSL peptide
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Figure 2. SPECT images of SCID mice bearing MDA-MB-435 (HER2+) tumors. a) 2 hour post injection images of purified '''In-DOTA-1-D03
b) Image with pre-injected cold DOTA-1-D03 |5 minutes prior to '''In- DOTA-1-D03 injection at 2 hour post-injection. From Ref'® used with

permission.

and alanine substituted peptide variants to determine how the
removal of each amino acid would affect its binding to recom-
binant erbB-2-extracellular domain. The K4 of the original
KCCYSL peptide was 295 nM, and the largest difference in
K4 values were seen in the KCCASL, ACCYSL, and the
KCCYSA peptides with 710 nM, 932 nM, and then complete
loss of binding altogether, respectively. Smaller changes in K4
were seen in the KAAYSL, KACYSL, and KCAYSL pep-
tides; 305, 344, and 387 nM respectively.'” This established
that KCCYSL was the optimal peptide for additional studies
and showed the importance of specific positions of the amino
acids in the peptide.

In cell binding studies, it was shown that the radiolabeled
peptide, '"'In-DOTA(GSG)-KCCYSL, specifically bound to
MDA-MB-435 cells (HER2+) compared to the K-562
(HER2-). In the same study, Kumar et al. showed that a
scrambled peptide '''In-DOTA(GSG)-KYLCSC peptide did
not bind to MDA-MB-435 cells. They also showed that after
2 hours of incubation at 37 °C, ~11% of the '''In-
DOTA(GSG)-KCCYSL peptide was internalized into the cell.
In vivo studies confirmed that imaging with the radiolabeled
peptide could distinguish HER2+ tumors from HER2- in
SCID mice 2 hours post injection. In the biodistribution study,
it was found that the '''In-DOTA(GSG)-KCCYSL peptide
had the highest tumor-to-blood ratio, 5.0, at 2 hrs post injec-
tion, which was 7.4 times higher than at 15 minutes. This
study confirmed the KCCYSL peptide is suitable for use as
a molecular imaging probe

Different analogues of this peptide have been evaluated with
either the addition of other amino acids to improve the kinetics
of the peptide, the addition of a nucleus targeting moiety on the
peptide to traffic the peptide into the nucleus for therapy, or the
addition of a novel lytic peptide that can kill cancer cells from
the cell surface.'®2° Using combinational evolution, a tech-
nique based on the principle of affinity maturation in antibo-
dies, Larimer et al. developed peptides that included either 4 or
5 amino acids on the N-terminus and C-terminus of the

KCCYSL peptide with the goal of improving its pharmacolo-
gical profile including higher tumor accumulation, faster clear-
ance, and a decrease in off target uptake.'® After phage
characterization, there were 9 clones that had a cancer to
epithelial cell binding ratio that was higher than of the original
KCCYSL peptide by at least 50%. Out of those 9 novel pep-
tides, 2 of them were found to have a binding affinity higher
than the original peptide. Those 2 peptides were MEGPSKC-
CYSLALASH (1-D03) and GTKSKCCYSLRRSS (3-G03)
with affinities of 236 + 83 and 289 + 13 nM respectively.
These affinities were both significantly higher than the original
peptide (351 + 21 nM). Chemical modification involved the
incorporation of a DOTA chelator to radiolabel each of the
peptides with '''In for use in further studies. Radiolabeled
peptides were evaluated for their specificity by the amount of
total bound peptide to the HER2 positive MDA-MB-435 cells
while their specificity ratio was evaluated by comparing the
ratio of binding of the MDA-MB-435 to the HER2 negative
184A.1 cells. '''In-DOTA-KCCYSL had a specificity ratio of
3.49. The '"'In-DOTA-1-D03 was chosen for in vivo experi-
ments as it had both higher binding and specificity ratio (7.44)
than either the '''In-DOTA-3-G03 (1.4) or the original peptide.
The biodistribution of '''In-DOTA-1-D03 showed a tumor-to-
blood ratio of approximately 6 after 2 hours in addition to lower
levels of the compound in the blood, lung, kidney, and liver
compared to the '"'In-DOTA-KCCYSL peptide. The investi-
gators also reported that the SPECT imaging showed clear
images of the tumor along with specific binding. This was
confirmed by blocking the uptake of the '''In-DOTA-1-D03
in the tumor with the addition of non-radiolabeled DOTA-1-
DO03. (Figure 2).

Similar studies were reported by 2 other groups which
involved the addition of other sequences to the KCCYSL pep-
tide including a nuclear targeting peptide sequence and a lytic
cell-membrane sequence. The approaches of both of these stud-
ies were to use the KCCYSL peptide as the targeting moiety,
but build upon the target specificity for therapeutic
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potential.'®?® These studies did not evaluate the ability of the
KCCYSL peptide to bind to HER2 but showed that this target-
ing peptide could be used for delivery of an additional compo-
nent. The addition of the nuclear localization sequence peptide
(NLP) to the KCCYSL peptide aimed to enable targeting of
HER2 using the KCCYSL sequence followed by transportation
to the nucleus with the NLP portion.'® The overall goal would
be to attach an Auger emitting isotope to the peptide so that it
can locally kill circulating breast cancer cells and spare the
normal surrounding tissue from excess radiation. It was con-
firmed that the cells could be targeted with the KCCYSL pep-
tide as fluorescent confocal microscopic imaging showed
fluorescence in the cytoplasm of HER2+ cells and not HER2-
cells. However, they did not see any trafficking of the fluores-
cence into the nucleus of any cell line. Despite the lack of
nuclear localization, the specificity of the peptide was con-
firmed with the HER2+ cell lines displaying fluorescence
inside the cytoplasm. A second study evaluated the KCCYSL
peptide’s ability to target HER2+ cells and deliver a lytic
peptide sequence. This study by Kawamoto et al showed the
Iytic peptide can disrupt the cancer cell membranes, killing up
to 80% of cancer cells in just 15 minutes.”” They also were able
to show that between 11 cell lines, the 6 HER2 overexpressing
cancer cell lines had increased cell toxicity over 5 non-HER2
expressing cancer cell lines. These studies showed that the
KCCYSL peptide could help deliver additional agents to HER2
expressing cells.

The KCCYSL peptide shows great promise as a platform
for the development of targeting agents for HER2. Radiola-
beled versions of this peptide have been shown to have suit-
able imaging capabilities with SPECT with the potential for
development into a PET imaging agent. Its ability to target
HER?2 with either the NLP or lytic peptide additions also show
that it may be modified with therapeutic characteristics while
retaining specificity to HER2. Imaging agents based on this
peptide may also be used to monitor treatment for HER2
positive patients since it has a different binding site than
trastuzumab so using this peptide as an imaging agent
wouldn’t interfere with the trastuzumab treatment.'® The
KCCYSL peptide is currently the gold standard for peptide-
based HER2 targeting.

LTVSPWY-Based Peptides

A common approach to identify targeting peptides uses phage
display as described above for the KCCYSL peptide. Shadidi
et al. used another phage display biopanning procedure that
resulted in the discovery of the LTVSPWY core peptide
sequence.”?! Their method involved using HER2 positive
SKBR3 cells as an “affinity matrix” to determine if any
phages from a 7- and 12-mer library would have strong asso-
ciation with the cell line. Of all of the phages that were tested,
80% reacted with the SKBR3 cells, however, the highest num-
ber of cells were stained with the Ph7-2 phage, which was
later discovered to be the LTVSPWY peptide. The investiga-
tors then aimed to determine if the peptide could selectively

target cancer cells and if the peptide could be internalized by
the cells for the potential for therapeutic targeting. Strong and
selective binding to the SKBR3 cells was illustrated using
immunofluorescence studies, Figure 3, where the Ph7-2 pep-
tide yielded strong cell staining, as opposed to studies with a
non-binding negative control peptide which showed much
lower signal.

Another notable experiment illustrated the receptor specific
binding for this peptide. First, to prove that the Ph7-2 phage
was expressing the LTVSPWY peptide, a chemically synthe-
sized LTVSPWY peptide was administered to SKBR3 cells
and was shown to inhibit the binding of the Ph7-2 phage in a
dose dependent manner. Shadidi et al. also found that the Ph7-2
phage displaying LTVSPWY peptide had the highest binding
to breast cancer cells (with SKBR3 and T47D being the 2
highest), compared to normal, non-cancerous cells by using
flow cytometry. In a similar fashion, Sabahnoo et al showed
that the LTVSPWY core peptide bound specifically to
HER2.?* This study involved the evaluation of 2 peptides with
the core LTVSPWY and cysteine-based ligands (CGGG or
CSSS) which served as the chelator for **™Tc. The *°™Tc-
CGGG-LTVSPWY and *°™Tc-CSSS-LTVSPWY peptides
were evaluated for stability at 37 °C in both serum and PBS
(representing their shelf life values). The **™Tc-CGGG-
LTVSPWY was 75% intact after 24 hours in PBS and 92%
intact in serum after 4 hours. For **™Tc-CSSS-LTVSPWY,
those values were 65% and 80% in PBS and in serum, respec-
tively. Both peptides showed significantly higher binding to
SKOV-3 (HER2+) cells compared to A549 and MCF-7
(HER2-) cells. Sabahnoo et al. also reported competitive
binding using trastuzumab that confirmed that the peptides
had similar binding sites to trastuzumab (Figure 4). K4 values
determined by saturation assay were 4.3 + 0.8 nM and
33.9 £+ 9.7 nM for **"Tc-CGGG-LTVSPWY and **™Tc-
CSSS-LTVSPWY respectively. In in vivo studies, mice bear-
ing SKOV-3 xenografts were injected with each peptide to
determine the tumor %ID/g at 1 and 4 hours (Figure 5).
The ?°™Tc-CGGG-LTVSPWY had a tumor %ID/g of
3.84 + 2.5 and 2.44 + 1.1%ID/g at 1 and 4 hours respec-
tively. The **™Tc-CSSS-LTVSPWY peptide had similar val-
ues of 4.98 + 4.8 and 2.26 + 2.1%ID/g respectively at the
same time points. Similar to other peptide-based agents, both
peptides showed high kidney signal. The *™Tc-CGGG-
LTVSPWY peptide had slightly higher uptake in multiple
organs including the liver, spleen, and also the lungs, than
99MTc.CSSS-LTVSPWY. Imaging studies with both peptides
visualized HER2 positive tumors on the flank of nude mice at
4 hours, consistent with the promising in vitro binding studies.

There have been a variety of recent publications that have
been evaluating the same core peptide with the addition of a
new chelator and linker system, **™Tc-HYNIC-(Ser);-
LTVPWY. The reported K4 value for this peptide was 9.7
4+ 2.0 nM from Shahsavari et al. and 2.6 + 0.5 nM from
Aligholikhamseh et al.>*2* Ardakani et al, conducted an in
depth analysis of the pharmacokinetic and toxicity profiles of
the peptide and found that there were no morphologic
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Figure 3. Fluorescence imaging of a HER2 positive (pH7-2) and negative (Ph-34) phage. Phage uptake with epifluorescene microscope (top) and
Hoechst staining for cell nuclei (middle) SKBR3 cell staining with fluorescein-P7-2 peptide and fluorescein-random peptide (bottom). From Ref?'
used with permission.

alterations in the liver, kidneys, or spleen and that hematology
parameters remained normal in the mice.*> Aligholikhamseh
et al. showed the peptide could specifically target HER2+
tumors including SKOV-3 ovarian cancer at 4 hours post-
injection while Shahsavari et al. showed that after just 1 hour
post-injection, U-87 MG glioma based tumors could be
visualized.**

The LTVSPWY core peptide has been evaluated for its
ability to selectively bind to HER2. It was also shown that the
peptide was stable for multiple hours to allow for extended

times for imaging or delivery to other sites. Along with the low
K4 values, the small size of the peptide would allow for easier
tissue penetration and potentially less immunologic response
than full antibodies. However, compared to the KCCYSL pep-
tide, the similar binding site to trastuzumab would potentially
make it more difficult to monitor trastuzumab treatment with
this agent. Both peptides do share similar size and have the
ability to be modified for radiolabeling and HER2 targeting and
thus the LTVSPWY peptide should be evaluated in future
studies.
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Figure 4. Evaluation of both ™ Tc-CGGG-LTVSPWY and **™Tc-CSSSLTVSPWY binding to SKOV-3 cells. A) ™ Tc-CGGG-LTVSPWY with
CGGG-LTVSPWY block at 2 h at 37 °C B) "™ Tc-CSSS-LTVSPWY with CGGG-LTVSPWY block at 2 h at 37 °C C) "™ Tc-CGGG-LTVSPWY
blocking with various antibodies D) **™Tc-CSSS-LTVSPWY blocking with various antibodies. From Ref*> used with permission.

FCGDFYACYMDV-Based Peptides

The anti-HER2/neu Peptide (AHNP) is a 1.5 kDa peptide
developed in 2000 by Park et al. and similarly to the
LTVSPWY peptide, binds to the same site as the monoclonal
antibody trastuzumab.?® The peptide was developed by ana-
lyzing the amino acid sequences of CD3 loops of trastuzu-
mab and other antibodies which commonly bind to antigens.
The AHNP has an amino acid sequence of FCGDFYA-
CYMDYV and was reported to have a binding affinity for
HER2 of 300 nM using recombinant HER2 measured by
surface plasma resonance. The investigators reported that the
AHNP was specific for HER2 but whole cell in vitro data
was not reported. /n vivo studies with athymic nude mice
with T6-17 transfected fibroblast tumors that express human
HER2 were shown to have decreased tumor formation and
tumor growth showing biological activity of the peptide.
This is an important characteristic which is different than
the previous discussed peptides. The ability of the peptide
to change biological activity means the peptide may be
unsuitable as a true radiotracer for HER2 breast cancer ima-
ging. However, several studies have focused on using this
peptide as an imaging agent.

An example of this approach using AHNP to detect HER2
expressing tumors was the use of '''In-DTPA-AHNP-PEG for
potential imaging of HER2 positive gastric cancer patients.”’

Using flow cytometric analysis with NCI-N87 (High HER2)
and MKN45 (Low HER2) cells, fluorescein isothiocyanate
(FITC) labeled peptides showed significantly higher binding
to NCI-N87 cells over the MKN45 and the signal was signif-
icantly lower after being blocked with non-FTIC conjugated
AHNP-PEG. Similar results were obtained in cell binding stud-
ies with fluorescent imaging with NCI-N87 cells showing
fluorescence on the cell membrane which was absent on the
MKN45 cells. Fluorescent imaging in vivo showed binding to
the NCI-N87 tumors but not the MKN45 tumors, confirming
the specificity of the peptide to HER2. The corresponding
radiopharmaceutical, '''In-DTPA-AHNP-PEG, was evaluated
at 1, 4, 24, 48 hours for imaging and biodistribution in tumor
xenograft mice. Tumors could be clearly identified at all of the
time points along with at least a 4-fold ratio over the non-
targeted control, '''In-DTPA. There were favorable tumor-
to-blood ratios of approximately 6:1 at 1 hour and 4 hours and
tumor-to-muscle of 6:1 and 14:1 at the same time points respec-
tively, as shown in Figure 6.

Other Peptides

There are other potential peptides that show promise for the
development of HER2 imaging agents. One peptide that has
been evaluated as a SPECT imaging agent is the HOF
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Figure 5. Imaging of SKOV-3 tumors with ™ Tc-CGGG-LTVSPWY and **™Tc-CSSSLTVSPWYpeptides at | hand 4 h respectively. From Ref?

used with permission.

(YLFFVFER) peptide in the form of **™Tc-HYNIC-HG6F. The
H6F peptide was discovered in a one-bead one-compound
combination library for HER2 protein and was shown to have
high binding and selectivity by the use of fluorescence staining
and flow cytometry.® The peptide was tested both in vitro and
in vivo using **™Tc-HYNIC-H6F for HER2 targeting and
tumor imaging. Fluorescent imaging with FITC-HYNIC-H6F

showed close to 100% of MDA-MB-453 cells with only 5% to
the MDA-MB-231 cells bound to the fluorescent peptide.
These results were also very similar to FITC labeled trastuzu-
mab with the same cell lines. For the SPECT imaging, MDA-
MB-453 tumors were implanted in female mice and images of
the *™Tc-HYNIC-H6F peptide were taken at 30 min, 1 hr, and
2 hrs. The tumors were clearly seen at all time points with a
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Figure 6. Comparison of tumor-to-muscle (T/M) and tumor-to-blood (T/B) ratios among '''In-DTPA, ' 'In-DTPA-AHNP, '"'In-DTPA-PEG,
and '"'In-DTPA-AHNP-PEG injected mice after I, 4, 24, and 48 h injection. From Ref?’ used with permission.

%ID/g 0of 2.47 + 0.12,0.66 + 0.24, and 0.21 + 0.05 at these
time points respectively.

The A9 peptide was synthesized based on the design of the
trastuzumab binding region and was synthesized with the che-
lator DTPA for labeling with '''In, to be used as a potential
HER?2 imaging peptide.>® The peptide was shown to be inter-
nalized into the BT474 cell via HER2 by mass spectrometry
analysis using peptides that were bound to biotin and subse-
quently found within the cell lysate. Peaks associated with the
peptide were found consistently within the cells. Other cell
binding studies showed that the peptide had 2 potential binding
sites, one with an affinity of 4.9 nM and the other of 103 nM.
This strong data shows that the study of this peptide in animal
models is warranted.

Another large study produced multiple peptides using the
one-bead one-compound method and found 72 novel pep-
tides that had between them 3 similar binding motifs that
favored HER2 binding.*® Two of the most promising pep-
tides which had the lowest binding free energy were
CDTFPYLGWWNPNEYRY and CKTIYYLGYYNP-
NEYRY. 99.7% and 98% of SKBR3 (HER2+) cells showed
uptake of the CDTFPYLGWWNPNEYRY and CKTIYYL-
GYYNPNEYRY peptides while only 3% of 293A (HER2-)
cells showed uptake of each peptide, showing selectivity for
HER2. Both peptides also showed the ability to detect
tumors in vivo using fluorescence imaging.

Another study involved the synthesis of a “hybrid peptide”
that combined 2 different HER2 specific peptides to form 1
larger peptide.’! This peptide was labeled to **™Tc¢ by the GGC
linker similar to as discussed above.?”> An interesting finding
was that they observed a Ky value of 50.0 + 14 nM for the

peptide in a strictly HER2+ cell line (SKBR3), but in ER+/
HER+ cell lines (MCF7 and T47D) the Ky values were much
lower, 158 + 25 and 169 + 22 nM respectively. Imaging
studies with the labeled peptide, **™Tc-GGCAKIFG
SLAFLKCCYSL, in nude mice bearing HER2+ SKBR3
tumors showed 2.81 + 0.79 and 1.22 + 0.25%ID/g at 1 hr
and 4 hr, respectively. Lastly, Rahmanian et al developed the
radiolabeled °°™Tc-tricine-HYNIC-SSS-GE;; peptide
(YHWYGYTPQNVI) that was previously discovered by phage
display and showed binding to both HER2 and EGFR.***
Through the radiolabeling modification, the peptide had a Ky
value of 73 + 14 nM to HER2. Cell binding studies showed
that the peptide had preferred HER2 binding to SKOV-3 cells 9
times higher compared to high EGFR, low HER2 expressing
A549 cells and 10 times higher to low EGFR, low HER2 MCF-
7 cells. This group was also able to confirm the specificity of
the peptide for HER2 by cell-blocking studies using trastuzu-
mab as a blocking agent.>* Tumor-to-muscle ratios of 2.4 and
3.4 at 1 hour and 4 hours, respectively were obtaining in
SKOV-3 tumor bearing mice.

Summary

All of the peptides discussed in this review show strong poten-
tial for continued research and development into HER2 target-
ing peptides for imaging or therapy. Each of the peptides with
the labeling strategy used in each study and reported K4 values
are given in Table 1. Despite the KCCYSL peptide having been
more widely studied, the lowest reported dissociation constant
was with the CGGGLTVSPWY peptide. It can be noted how-
ever that each peptide has a K4 that is significantly higher than
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Table 1. HER2 Targeted Peptides.

Peptide Labeling Strategy Kq (nM) Reference
KCCYSL "h-DOTA-GSG 295 + 56 e
MEGPSKCCYSLALASH ""h-DOTA 236 + 83 18
GTKSKCCYSLRRSS "h-DOTA 289 + 13 18
LTVSPWY N/A N/A 21
CGGGLTVSPWY 99mT¢ 43 4+ 08 2
CSSSLTVSPWY 9mT¢ 339 + 9.7 2
FCGDFYACYMDV """n-DTPA-peptide-PEG 300 26
H6F MTe.HYNIC N/A 28
A9 "h-DTPA 49 and 103 2"
CDTFPYLGWWNPNEYRY Cy5.5 18.6 30
CKTIYYLGYYNPNEYRY Cy5.5 81.2 30
GGCAKIFGSLAFLKCCYSL mT¢ 50.0 + 14 3l
YHWYGYTPQNVI 9MTc-tricine-HYNIC-SSS 73 + 14 3

the trastuzumab antibody (~ 1 nM).?* However, the benefit for
the development of these peptides includes the potentially
quicker circulation time and deeper tissue penetration that
would allow for a more rapid image than that with radiola-
beled trastuzumab or other antibodies. The majority of the
peptides were evaluated for their ability to distinguish HER2
positive from negative tumors in vivo along with biodistribu-
tion in vital organs. The '''In-DOTA-GSGKCCYSL had a
tumor to blood ratio of 1.95 at 1 hour while the '''In-
DOTA-MEGPSKCCYSLALASH also had a ratio of 1.95
after 1 hour.'”'® A higher tumor to blood ratio were seen in
the '''In-DTPA-AHNP-PEG peptide at a ratio of ~6.2°
Another important factor that should be considered for the
future peptide use is the competition with trastuzumab. For
example, the **™Tc-HYNIC-H6F peptide was reported to
have a binding site that was shared with trastuzumab. It can
also be expected that peptides that were developed from the
receptor binding portion of trastuzumab i.e. FCGDFYA-
CYMDYV and A9 peptides, would also have competitive bind-
ing with trastuzumab. Other peptides discussed did not show
any competitive binding to the binding sites of trastuzumab,
but it is possible that any of these peptides could compete with
each other or pertuzumab. Each peptide did show selectivity
to HER2, and thus more work is warranted for any of the
peptides for future studies.

Future Studies

There are several considerations for the development of pep-
tides into viable imaging or therapeutic agents. One of the main
concerns that the binding affinity is generally lower for pep-
tides as compared to antibodies. This could become a challenge
during the development of these agents for clinical use.
Approaches to overcome this may include the use of multi-
meric agents or nanoparticles which can incorporate more than
1 peptide per molecule. However, detailed imaging and biodis-
tribution studies are required to shed light on this issue. To
modify these agents for use as PET probes, future studies will
require the addition of an appropriate chelator for the

radiolabeling with a suitable positron-emitting isotope. Since
peptides have a shorter biological half-life, shorter lived iso-
topes, like 68Ga, may be optimal but in certain cases, longer
lived isotopes such as **Sc or ®*Cu may be required. Another
potential use of HER2 imaging peptides could be to yield a
quantitative readout of tumor heterogeneity which would give
physicians and researchers more insight into the tumor nature
and receptor status.

Conclusion

Each peptide possesses different strengths which would allow
for continued research and development. With the range of
peptide sizes and variable labeling strategies, adaptation is
possible for newer types of imaging or therapeutic modalities
i.e. PET imaging, or development into therapeutic peptides can
be attained. The development of HER2 specific peptides will
benefit the need for rapid diagnosis of HER2 positive patients.
Each of the peptides discussed are promising candidates as new
tools for imaging of HER2 positive cancers.
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