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Breast cancer represents the most common cancer type and one of the major leading causes of death in the
female worldwide population. Overexpression of human epidermal growth factor (HER2), a transmembrane
glycoprotein related to the epidermal growth factor receptor, results in a biologically and clinically aggressive breast
cancer subtype. It is also the primary driver for tumor detection and progression and, in addition to being an
important prognostic factor in women diagnosed with breast cancer, HER2 is a widely known therapeutic target for
drug development. In breast cancer, the overexpression of the HER2 receptor makes it a reliable biomarker and a
successful therapeutic target. Several strategies have been developed to target HER2, using various targeting
molecules including monoclonal antibodies and tyrosine kinase inhibitors, antibody—drug conjugates, small
molecules, and peptides.

targeting peptides HER2-positive breast cancer monoclonal antibodies

| 1. HER2-Targeting Monoclonal Antibodies

HER2-targeted therapies have revolutionized the strategy for HER2-positive breast cancer treatment, both in
metastatic and early stage disease. HER2 monoclonal antibodies (mAbs) represent highly specific therapies with
moderate toxicity, which significantly improve the clinical outcome for breast cancer patients. However, some
patients experienced relapse due to an acquired therapeutic resistance to mAbs. In response, the development of
antibody—drug conjugates (ADCs) has emerged as a promising class of therapeutics that combines the specificity
of monoclonal antibodies with the antitumor activity of cytotoxic agents, known as payloads linked to mAbs by

means molecular linkers &, thereby maximizing the antitumoral activity 2.

Trastuzumab, also known as Herceptin, is a recombinant humanized monoclonal antibody that binds domain IV of
the extracellular segment of the HER2 tyrosine kinase receptor B4l The antitumor efficacy of trastuzumab, in
combination with established therapeutic agents, has been extensively investigated through in vitro and in vivo
studies on SKBR3, MCF7, and BT-474 cell lines. In 1998, the U.S. Food and drug Administration (FDA) approved
Trastuzumab as one of the first available targeted chemotherapies. It received approval as an adjuvant therapy
when used in combination with anthracycline- or a taxane-based chemotherapy for HER2-positive breast cancer
treatment, and in metastatic HER2-positive breast cancer as a monotherapy or in combination with paclitaxel &, It
selectively exerts anticancer effects in HER2-positive breast cancer patients €. Trastuzumab, when used in

combination with standard chemotherapy, has shown significantly improved response rates compared to
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chemotherapy alone [El. As a result, treatment regimens that include trastuzumab have become the standard of
care for patients with HER2-overexpressing breast cancer 2. Despite the fact that treatment with trastuzumab is
considered clinically very effective in HER2-overexpressing breast cancer, its mechanism of action is not yet well-
understood. In vivo breast cancer models and clinical trials indicated that antibody-dependent cell-mediated

cytotoxicity (ADCC) is the most supported mechanism of action QL1

However, several clinical studies showed a 48% clinical benefit rate in patients treated with trastuzumab
monotherapy, indicating that a significant number of HER2-amplified metastatic breast cancers do not respond
favorably to monotherapy 2. Furthermore, another important concern is the development of acquired resistance,
which frequently occurs and restricts the effectiveness of trastuzumab-based therapy to the duration of the
treatment (131241 Overall, due to breast cancer heterogeneity and the accumulation of intracellular alterations,
multiple mechanisms are responsible for resistance occurrence [12l. Both innate and acquired resistance, in
trastuzumab treatments, are progressively becoming a major clinical issue L8718l therefore, further and new

approaches are continuously explored in order to develop more specific and effective combination therapies.

In 2013, the conjugated emtansine-trastuzumab (T-DM1) was globally approved for treating trastuzumab-resistant
patients 2229121 T_DM1 is a therapeutic agent composed of trastuzumab conjugated to DM1 (Figure 1), a potent
microtubule-disrupting drug. This conjugated form efficiently inhibits the growth of cells and tumors that are
refractory to trastuzumab 22, It acts by combining the targeted internalization of the cytotoxic molecule (DM1) with
the inherent antitumor properties of trastuzumab. Data from pivotal trials such as EMILIA and TH3RESA indicated

T-DM1 as a second-line treatment for metastatic conditions [231241[25],
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Figure 1. T-DML1 structure. T-DM1 is composed of the monoclonal antibody Trastuzumab (shown in green), which
is conjugated to the potent tubulin polymerization inhibitor DM1 (N2'-deacetyl-N2’-(3-mercapto-1-oxopropyl)-
maytansine (shown in blue) through a non-cleavable MCC (4-[N-maleimidomethyl]-cyclohexane-1-carbonyl)

thioether linker (shown in black).
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Trastuzumab-deruxtecan (T-DXd) was the second HER2 ADC to obtain FDA approval in 2019, for treating
advanced HER2-positive disease in patients who have previously received at least two anti-HER2-based regiments

in the metastatic setting (28!,

T-DXd is a unique combination of trastuzumab and a topoisomerase-I-inhibitor, DX-8951 (exatecan), linked by a
tetrapeptide-based linker that is highly stable in plasma thus reducing the potential for systemic toxicity. Once T-
DXd has reached the tumor tissue and is internalized by HER2-positive cells 24, the linker is selectively cleaved by
lysosomal cathepsins, releasing the cytotoxic payload and enabling targeted anticancer effects. Compared to T-
DM1, T-DXd presents a higher drug to antibody ratio and incorporates a cleavable linker, which likely contributes to

its enhanced and more efficient anticancer activity (281291,

The Phase 2 TUXEDO-1 trial, conducted as an open-label single-arm study, was undertaken to explore the
therapeutic efficacy of T-DXd treatment in patients afflicted with active brain metastases originating from HER-
positive breast cancer. The study also served as a demonstration that antibody—drug conjugates (ADCs) can
effectively exhibit activity within the intracranial compartment. The results of the TUXEDO-1 study showed the
clinically pertinent efficacy of ADC trastuzumab deruxtecan with comparable response rates observed both within
the intracranial and extracranial domains, in a population that had previously received pretreatment. Additionally,
the data concerning progression-free survival (PFS) suggest an important extension in disease control despite the

presence of brain metastases 29,

Pertuzumab (rhuMAb-2C4) is a humanized mAb, based on human immunoglobulin G1 (IgG1) 2%, belonging to a
new class of drugs known as dimerization inhibitors. It binds the human epidermal growth factor receptor 2 (HER2),
inhibiting the heterodimerization of HER2 with other HER receptors. Pertuzumab, which has a mechanism of action
that is complementary to that of trastuzumab, is able to circumvent different mechanisms of resistance to
trastuzumab, showing promising efficacy when combined with trastuzumab in several treatment settings. This mAb
targets a different extracellular subdomain of HER2 (subdomain Il) than Trastuzumab (subdomain 1V) and, when it
is administered together with trastuzumab and taxanes, shows a strong survival benefit for patients with metastatic
HER2+ breast cancer B, In 2012, recognizing its potential, the FDA granted approval for Pertuzumab use in
combination with trastuzumab and docetaxel in patients with HER2-positive metastatic breast cancer (MBC) who

had not previously received anti-HER2 therapy or chemotherapy for metastatic disease.

In April 2013, the FDA granted accelerated approval for Pertuzumab as a neoadjuvant treatment. This was the first
application for the neoadjuvant treatment of breast cancer 2. The efficacy of the combined treatment with
trastuzumab and Pertuzumab was further confirmed through in vitro studies conducted on BT474 breast cancer
cells, as well as in vivo studies using Calu-3 and KPL-4 xenograft tumor models in mice. These studies showed
that the combined trastuzumab and Pertuzumab treatment is additive and gives results that are superior to the

monotherapy resulting in enhanced antitumor activity 22,

Margetuximab is a chimeric anti-HER2 monoclonal antibody, based on the murine precursor of trastuzumab with a

modified Fc domain that results in an increased binding capacity to CD16A (FcyRIIIA) and a reduced binding
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capacity to inhibitory FcyRIIB (CD32B) compared to trastuzumab. Margetuximab not only retains the
antiproliferative effects observed in trastuzumab, but also possesses the ability to enhance the immune response
[33I34] Results from an initial Phase 1 human clinical trial of Margetuximab in patients with HER2-expressing
tumors showed that Margetuximab monotherapy is well tolerated and has promising activity 2. In the phase 3
SOPHIA clinical trial, the clinical efficacy of Margetuximab was investigated in comparison to trastuzumab, both in
combination with chemotherapy, for patients with metastatic HER2-positive breast cancer. This study showed a
highly favorable benefit—risk profile for Margetuximab when administered alongside chemotherapy 28137, The
SOPHIA study’s findings led to the US FDA approval of Margetuximab in 2020. This approval was based on the
evidence of improved progression-free survival (PFS) observed in patients treated with Margetuximab in

comparison to those receiving trastuzumab plus chemotherapy.

Approximately fifty percent of breast tumors designated as HER2-negative show an expression of HER2-low-
positivity. Dieci and coworkers B8 conducted an extensive investigation into the dynamics of HER2-low-positive
breast cancer, exploring its progression from the primary tumor stage to the residual disease state in a large cohort
of patients undergoing neoadjuvant treatment. By analysing the molecular alterations and histological
transformations that occur in HER2-low-positive breast cancer, the study aims to provide a deeper understanding
of its clinical behavior and therapeutic implications. Through the tracing of this evolution from primary tumor to
residual disease, the research offers valuable insights to enhance the precision of treatment strategies and

improve patient outcomes in this specific breast cancer subset.

In the context of clinical trials involving novel anti-HER2 antibody—drug conjugates (ADC), the presence of HER2-
low-positive expression on residual disease (RD) holds the potential to steer tailored adjuvant treatments for

patients at high risk.

| 2. HER2 Receptor-Targeting Peptides

Monoclonal antibodies are stable molecules known for their high target selectivity. However, their production costs
can be significant, making them relatively expensive. Furthermore, they have properties that may limit their use in
some cases, such as large size, reduced tissue penetration due to steric hindrance, and poor efficacy for targeted

applications to the brain, since in general they cannot cross the blood—brain barrier B,

Small peptides have emerged as a highly attractive alternative to mAbs as targeting agents for human cancers
since they offer a unique combination of advantageous properties that make them promising candidates for
therapeutic applications. Combining the advantages of small molecules, including oral bioavailability and high
membrane permeability, with those of proteins, such as target specificity, high potency of action, and relatively few

off-target side effects, small peptides present a compelling option 4241,

Over the last few decades, tumor-targeting peptides (TTPs) have become appealing tools in targeted cancer
therapy. Due to their lower molecular weights, peptides are much easier and cost-effective to produce compared to

mAbs. The unique properties of TTPs, such as their low immunogenicity, easy modification, high tumor penetration,
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tumor-homing capacity, and low bone marrow accumulation, highlight their potential as promising building blocks
for the development of targeted drug delivery systems as well as probes for molecular imaging for cancer treatment
(391421431 ' T this aim, the solid-phase peptide synthesis method “4 emerges as a highly efficient technique,
demanding only moderate reaction conditions. This method allows for the straightforward production of peptides
with well-defined functions, showing specific bioactivities such as receptor recognition, cellular pathway activation,
or inhibition. For cancer treatment, peptides can be used directly as drugs or as delivery vehicles of imaging agents
and cytotoxic compounds to tumor tissues. In this case, cytotoxic drugs are conjugated to specific tumor-homing
peptides with the aim of decreasing the off-target toxicity of the compound and delivering higher concentrations to
the target. An important feature of drug-containing conjugates is that the antineoplastic agent is guided and easily
released from the conjugate at the target site in order to achieve effective inhibition of tumor growth. To this aim,
the insertion of pH-sensitive or enzymatically cleavable linkers between the drug and the peptide plays a key role in
the circulation time of the conjugate and drug release at the target site 42146l Over the past decade, there has

been significant discovery and reporting of various HER2-targeting peptides.

Qiaojun Fang et al., conducted an investigation based on the interactions between HER2 and its affibody
Z(HER2:342) 47 |eading to the identification of 2 novel peptides containing 27 amino acid residues, pep27
(NKFNKGMRGYWGALGGGNGKRGIRGYD), and pep27-24M (NKFNKGMRGYWGALGGGNGKRGIMGYD). Both
peptides showed high affinity and specificity against HER2. ZHER2, an affibody composed of 58 amino acids,
adopts a stable three-helix structure consisting of helixl (Asn6-Leul8), helix2 (Asn24-Asp36), and helix3 (Ala42-
GIn55) (Figure 2). The crystal structure of the HER2/ZHER2 complex (PDB ID: 3MZW) revealed that ZHER?2 binds
to HER-2 at distinct sites, showing alternative properties compared to HER2 antibodies (Trastuzumab and

Pertuzumab).
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Figure 2. Structure of affibody Z(HER2:342). The affibody Z(HER2:342), comprising 58 amino acids, is structured
into three distinct a-helices: helix1 (Asn6-Leul8), helix2 (Asn24-Asp36), and helix3 (Ala42-GIn55).

ZHERZ2 is useful for the development of imaging agents or as a vector to direct drugs towards the HER2 target.
The interactions between HER2 and the two short peptides pep27 and pep27-24M were studied by combining
molecular dynamics (MD) modeling with MM/GBSA binding free energy calculations and binding free energy
decomposition analyses. This study showed that both peptides, pep27 and pep27-24M, are able to bind with high
affinity to the extracellular domain of the HER2 protein with dissociation constants (KD) of 346 and 293 nmol/L,
respectively. In vivo and ex vivo fluorescence imaging of tumors targeted by pep27 and pep27-24M showed that
both peptides have strong affinity and specificity for HER2-positive tumors. In addition, both peptides showed no
significant cytotoxicity, measured by MTT assay, even at high concentrations (50-100 pM) against SKBR3 (HER2
high expression) breast cancer cells 481491,

In a subsequent work, the same research group identified four additional peptide sequences: P51, P25, P47, and
P40. These peptides displayed high affinity against the HER2 protein, making them promising tools for applications
in HER2-positive breast cancer imaging and targeted drug delivery 9. The screening process of these peptides
targeting the HER2 receptor involved the design of an OBOC (computational-aided one-bead-one-compound)
peptide library combined with in situ single-bead sequencing microarray methods. As a result, 72 peptides were
identified, and 4 of them in particular, 2 peptides with the lowest binding free energy (P51:
CDTFPYLGWWNPNEYRY and P25: CKTIYYLGYYNPNEYRY) and 2 with the highest (P47:
CDYIPYLAYYNPNTYFQ and P40: CKKIPPLGWWNPNTWRY), were synthesized and analysed by the SPRI
(Surface Plasmon Resonance Imaging) method in order to determine their binding affinity toward HER2. The
results of the SPRi analysis indicated that all four peptides have high binding affinity to the HER2 protein, with the
best affinity of P51 with a KD value as low as 18.6 nmol/L. The high affinity and specificity of peptides P51 and P25
to HER2-positive cells were confirmed in vitro by flow cytometry analysis on the HER2-positive human breast
cancer cell line SKBR3 and the HER2-negative human embryonic kidney cell line 293A treated with fluorescein
isothiocyanate (FITC) labeled peptides P51 and P25. Furthermore, confocal fluorescence imaging analysis on
HER2-positive SKBR3 cells and HER1-positive but HER2-negative 468 cells provided additional evidence of the
peptides’ selective targeting. In addition, in vivo and ex vivo imaging were consistent with the in vitro findings,

confirming the ability of P51 and P25 peptides to effectively target HER2-positive tumors.

In this study, the authors observed an enhanced cytotoxicity against HER2-positive cells when using doxorubicin
(DOX)-loaded liposome nanoparticles that were modified by P51 and P25 peptides. This finding indicates that
these peptides can be successfully used in targeted drug delivery for cancer treatment. Confocal microscopy
images of SKBR3 cells treated with DOX-loaded liposome with peptides (P51-LS-DOX and P25-LS-DOX) or
without peptides (LS-DOX) showed that the targeting effect of peptides occurs at the early stage of binding (within
the first 5 min). In addition, an MTT Cell Viability Assay of SKBR3, treated with P51 and P25-modified DOX-loaded
liposomes, demonstrated that the cytotoxicity of targeted liposomes, P25-LS-DOX and P51-LS-DOX, was

significantly higher than that of non-targeted liposomes when the concentration of DOX exceeded 50 pug/mL. This
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suggests that the endocytosis of peptide-modified liposomes most likely occurs via receptor-mediated and non-

specific uptake, while LS-DOX liposomes enter the cells only through a non-specific pathway.

In a recent work, Hai Qian et al. 1l investigating the binding mode of the Trastuzumab antibody with HER2
protein, designed and synthesized a cyclic peptide, Cyclo-GCGPep1l, with good affinity towards HER2 which was
able to specifically target camptothecin to HER2-positive cells via a peptide—drug conjugate (PDC). The authors
first identified a lead sequence, Leadpep, containing 10 residues (RIYPTNGYTR) that is crucial for the interaction
between trastuzumab and HER2 protein. Next, the researchers systematically replaced each residue of the
Leadpep sequence with other natural amino acids and, through in silico analysis, evaluated the effect on binding
affinity by calculating the mutation energy. As a result, they identified five peptides with triple mutations that
exhibited the lowest mutation energy and selected them as potential candidates to target the HER2 protein (Table
1). Among these peptides, Pepl showed the best binding affinity with HER2 protein, as confirmed by surface

plasmon resonance (SPR) experiments, which determined a Kd (dissociation constant) value of 7.595 uM.

Table 1. Sequences of five potential HER2-targeting peptides.

No. Sequence
Pep 1 RIKPRKGYTR
Pep 2 RIKRTNRYTR
Pep 3 RIRPTRRYTR
Pep 4 RIRPRNRYTR
Pep 5 RIRPRKGYTR

In order to introduce conformational restrictions in the peptide and improve its stability, the Pepl sequence was
cyclized incorporating the Gly-Cys-Gly (GCG) sequence into the Pepl chain, which was required for the
subsequent conjugation of the drug. The obtained cyclic peptide, Cyclo-GCGPepl, showed a smaller Kd (2.555
pMM) compared to the linear Pepl, indicating a higher binding affinity which could therefore result in a better HER2-
targeting ability. Therefore, Cyclo-GCGPepl was used to develop peptide—camptothecin conjugates by linking
camptothecin to the cysteine residue of Cyclo-GCGPepl via disulphide bonds. Among the synthesized conjugates,
Conjugate 1 (Figure 3) showed the most potent antiproliferative activity against SK-BR-3 and NCI-N87 cells.
Additionally, it demonstrated excellent specific delivery capacity to HERZ2-positive cells, as well as better
penetration compared to camptothecin used alone. These promising results suggest that Conjugate 1 represents a

promising therapeutic option for the treatment of HER2-positive cancer.
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Figure 3. Structure of camptothecin (a) and structure of Conjugate | (Cyclo-GCGPepl-Camptothecin) (b).

Another group 2 used the monoclonal antibody Trastuzumab (Fab) to design peptide ligands specifically targeting
the HER2 receptor by studying, through computational approaches, the interactions between these ligands and
HER2-DIVMP (HER2-domain IV-mimicking peptide), a specific model system of HER2 domain IV 52, Binding
experiments between the selected ligands and the receptor fragment HER2-DIVMP were performed by using the
receptor fragment approach by means of two techniques: the fluorescence spectroscopy and surface plasmon
resonance (SPR) 3. Among the peptides studied, the low molecular weight peptide A9 (Ac-Q27-D28-V29-N30-
T31-A32-V33-A34-W35-NHy), selected from the Fab heavy chain of trastuzumab, showed a dissociation constant
in the low nanomolar range; moreover, further structural investigations (computational method and NMR validation)
on the molecular interaction between A9 and the receptor model confirmed the high binding affinity of A9 towards
HER2-DIVMP B4l Hence, the A9 peptide ligand was chosen as a suitable candidate for the development of HER2-
specific radioactive probes 22, For this purpose, the N-terminus of A9 was conjugated, via an amide bond, with the
acyclic chelator DTPA (diethylenetriaminepentaacetic acid) and subsequently radiolabeled with 111In; thus, the
affinity of the 111In-DTPA-A9 conjugate to HER2-positive human breast cancer BT474 cells has been investigated.
The radioactive probe showed a high interaction target-specific (KD = 4.9 nM) to HER2-overexpressing cancer
cells. Furthermore, biodistribution data of 111In-DTPA-A9 in normal mice showed that it does not bind healthy
organs and tissues to any significant measure. The collected data confirmed that the A9 peptide is able to target
the HER2 receptor with high affinity, paving the way for the use of this peptide as a promising probe for molecular

imaging diagnostics and active targeting of anticancer drugs.

To address the problem of drug resistance, Koji Kawakami et al. developed a novel molecular-targeted drug, the
so-called “hybrid peptide”, consisting of a target-binding peptide and a lytic peptide rich in cationic amino acid
residues that disrupt the cell membrane inducing cancer cell death through membrane lysis B8, In 2013 &7, the
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same group, relying on this hybrid system, developed a new HER2-targeting peptide, called HER2-lytic hybrid
peptide, by combining a previously identified HER2-binding peptide sequence B8 with a lytic peptide, and
investigated its cytotoxic activity in vitro and in vivo. The HER2-lytic hybrid peptide consists of two functional
domains, the HER2-targeting peptide KCCYSL and the lytic peptide KLLLKLLKKLLKLLKKK (bold and underlined
letters indicate D-amino acids) linked together to form the hybrid peptide KCCYSLGGGKLLLKLLKKLLKLLKKK
capable of binding to HER2 and to provoke cell death by lysis. The HER2-lytic hybrid peptide was tested in 13 cell
lines (1 ovarian cancer, 10 breast cancers, and 2 normal). The results of this study suggested that it specifically
binds to HER2 and selectively kills HER2-overexpressing cancer cells, including trastuzumab- and/or lapatinib-
resistant MDA-MB-453 and MDA-MB-361 cells, but not normal cells, and that it inhibits HER2 signaling. The
antitumor activity of HER2-lytic peptide was assessed in mouse BT-474 and MDA-MB-453 xenograft tumor models.
The results of the in vivo study showed that HER2-lytic hybrid peptide significantly inhibited tumor progression at
the dose of 3 mg/kg.

Recently, Hosseinimehr S.J. and colleagues 29 developed a novel peptide-based 68Ga-PET radiotracer (68Ga-
DOTA-(Ser)3-LTVSPWY) for HER-2 detection in cancer. Over the years, different targeted ligands such as
antibodies, nanobodies, small scaffold proteins and peptides have been combined with various radioisotopes (18F,
1241, 44Sc, 89Zr, 64Cu, and 68Ga) in order to obtain PET radiotracers for imaging HER2-positive tumors 69611,
Small peptides have many advantageous characteristics for the development of imaging agents over
macromolecules such as protein and antibodies. These benefits include higher tissue penetration and faster
circulation time in the blood resulting in quicker imaging time when radionuclide peptides are used for imaging of
HER2-expressing tumors 62,

The LTVSPWY peptide sequence, identified using phage display technology, 3 or peptides with LTVSPWY
incorporated into the sequence, have shown specific binding to HER2-overexpressing cancer cells. Hosseinimehr
and colleagues labeled the core peptide LTVSPWY with the addition of the bifunctional chelator HYNIC
(hydrazinonicotinamide) for imaging studies of HER2-positive tumors 8463 They also used 99mTc (Technetium-
99m) to label two peptides with an LTVSPWY sequence conjugated to cysteine-based chelators (CGGG and
CSSS) by obtaining the 99mTc-CGGG-LTVSPWY and 99mTc-CSSS-LTVSPWY peptides that showed significantly
higher binding to SKOV-3 (HER2+) cells compared with A549 and MCF-7 (HER2-) cells 68l In a recent study 2,
the same team developed a HER2-binding peptide (DOTA-(Ser)3-LTVSPWY) (Figure 4) labeled with 68Ga

(Gallium-68) and evaluated its properties in vitro and in vivo.
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Figure 4. Chemical structure of the 68Ga-DOTA-(Ser)3-LTVSPWY peptide. The peptide (LTVSPWY) linked to a
spacer consisting of three serine residues ((Ser)3) (blue), is conjugated to the radionuclide (68Ga) contained within
the DOTA chelator (orange).

The imaging agent, 68Ga-DOTA-(Ser)3-LTVSPWY, consists of the HER2-targeted peptide, LTVSPWY, conjugated,
through a spacer of three serine amino acid residues, to the bifunctional chelator DOTA labeled with 68Ga-
radionuclide. 68Ga-DOTA-(Ser)3-LTVSPWY was evaluated in vitro in the HER2-positive human ovarian cancer cell
line SKOV-3a. Subsequent in vivo studies encompassed biodistribution and imaging analyses in mice harboring
xenografted SKOV-3 tumors. The developed PET (positron emission tomography) imaging probe exhibited good
stability and specific binding to the HER2 receptor in the low-nanomolar range; furthermore, 68Ga-DOTA-(Ser)3-
LTVSPWY revealed specific tumor accumulation and high-contrast imaging in HER2-expressing xenografts.

The KCCYSL peptide, first discovered by Quinn et al. B8 and peptides containing the KCCYSL sequence, also
specifically target the HER2 receptor. These peptides, radiolabeled with 111In and 64Cu, have been assessed in
numerous studies in both in vitro and in vivo EZI68I69]

Gabor Mez6 et al. ¥ chose this peptide as the starting sequence to obtain new modified peptides able to bind
HER2-overexpressing breast cancer cells with high affinity and specificity. They combined the modified KCCYSL
sequence with the GYYNPN peptide, taken from the computational-aided one-bead-one-compound (OBOC)
peptide library B to yield peptide analogues targeting the extracellular region of HER2 and compared their
binding to HER2-expressing cells. A set of hexa- and 12-mer peptide analogues were synthesized by solid-phase
peptide synthesis (Table 2). In the last step, the fluorescent dye 5(6)-carboxyfluorescein (CF) was conjugated to
the N-terminal residue of the peptide chain (Table 2).

Table 2. Sequences of HER2-binding peptides.
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CF-KAAYSLGYYNPT-NH,
CF-KSCYSLGYYNPT-NH,

CF-YSLGYYNPT-NH,

Sequence Name
CF-KCCYSL-NH, P(CC)
CF-KCGCYSL-NH, P(CGC)
CF-KCGGCYSL-NH, P(CGCG)
CF-KCacm)Cacm)YSL-NH; P(C(acm)Cacm)
CF-KCSYSL-NH, P(CS)
CF-KSCYSL-NH, P(SC)
CF-KSSYSL-NH, P(SS)
CF-KAAYSL-NH, P(AA)
CF-GYYNPT-NH, P(YY)

cP(AA)_P(YY)
cP(SC)_P(YY)

P(short)_PYY

CF-TAKLYPGYANYS-NH, scr_P(AA_YY)
CF-GYYNPTKAAYSL-NH, cP(YY)_P(AA)
Unlabeled

H-KAAYSLGYYNPT-NH, CP(AA)_P(YY)

Unlabeled

H-KSCYSLGYYNPT-NH, cP(SC)_P(YY)

Their extracellular localization and specificity were measured and confirmed by flow cytometry and confocal
microscopy using HER2-overexpressing MDAMB-453 breast cancer cells. Changes in the amino acid sequence of
the hexapeptide KCCYSL were investigated based on the fluorescence intensity measured after incubation of cells
with CF-labeled peptides. The best analogues P(SC) and P(AA), showing the highest uptake in this set, were
selected for the design of combined peptides. The most promising combined peptide cP(AA)_P(YY) showed ten
times higher fluorescence intensity values than the hexapeptide P(AA) in the cellular uptake study. Furthermore,
the peptides were detected at the membrane of MDA-MB-453 cells demonstrating their binding to the extracellular
domain of HER2. The specificity of the peptides that showed the highest cellular uptake, cP(AA)_P(YY) and
cP(SC)_P(YY), was monitored pre-incubating the cells with unlabeled peptides before adding CF-labeled
derivatives. The flow cytometry results demonstrated that the fluorescent signal was decreased, suggesting that
unlabeled peptides bind to the specific receptors on the cell surface inhibiting the binding of the CF-labeled
peptides. A reversed version (cP(YY)_(P(AA)) of the best combined peptide cP(AA)_P(YY) was also analysed by

flow cytometric and confocal microscopic analysis. The obtained results confirmed the importance of the order of
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the two peptides since the reversed peptide cP(YY)_ (P(AA) binds to cells to a much lower extent. By modifying and
combining two sets of known HER2-binding peptides, a 12-mer peptide was developed that binds to HER2-

overexpressing cells with high affinity and specificity for use in cancer diagnostics and drug targeting.

Peptide-based therapies represent promising avenues for cancer diagnosis and therapy. Nevertheless, it is
essential to acknowledge the existing limitations and challenges. Peptides, while offering immense potential, can
encounter issues such as stability concerns, susceptibility to enzymatic degradation, and poor membrane
permeability due to their size and hydrophobic nature. Their short circulation half-life within plasma and rapid in

vivo clearance further impact their efficacy 4171172

These intrinsic properties often limit their administration to the intravenous route, affecting patient compliance 81,
To overcome these limitations, strategies involving peptide modification and conjugation with stabilizing agents
emerge as viable solutions to enhance peptide stability. Addressing the challenge of peptide biodistribution is

equally critical, as their structural flexibility can lead to off-target interactions and trigger unwanted side effects 741,

Therefore, different chemical strategies have been explored to refine peptide design, focusing on increasing
secondary structure stability and improving overall bioavailability. These techniques include amino acids
substitution (D- or B-amino acids), cyclization, N-methylation 877879 pEGylation, lipidation, and stapling to
stabilize a-helices [BB1I[82],

An additional aspect deserving attention is the potential for synthetic peptides to trigger immunogenic responses
within the body B384, Such immune reactions can compromise therapeutic efficacy and lead to potential adverse

effects, necessitating careful modification to mitigate these challenges.

Furthermore, it is pertinent to highlight the economic aspect, as the complex synthesis and purification processes
involved in creating these peptides can be laborious, time-consuming, and expensive [3l88l Ensuring

reproducibility, scalability, and product quality is crucial for successful clinical translation.

The risk of target cells developing resistance or adaptations, especially in the context of cancer treatment,
underscores the importance of combining therapies or developing innovative targeting approaches. Additionally,
challenges related to tissue penetration and intracellular delivery may be mitigated through the use of innovative

delivery systems such as nanoparticles.
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