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ABSTRACT: There is an urgent need for the development of safe ~ Multivalency strategy ® Cyclic or bicyclic peptide

. . . . ® Bispecific targeting ® Stapled peptide formation

and effective modalities for the treatment of diseases owing to drug < Halogenation of peptide @— Linker)— ® Albumin-binding strategy
g g g 9.9 ® Self-assembling peptide ® Amino acid substitution
resistance, undesired side effects, and poor clinical outcomes. o simyli-responsive peptide Peptide-Drug Conjugates (PDCs)  ® Chemical modification

Combining cell-targeting and eflicient cell-killing properties, ¢ Nanostructure formation ® Novel functional payload

peptide—drug conjugates (PDCs) have demonstrated superior

efficacy compared with peptides and payloads alone. However, innovative molecular designs of PDCs are essential for further
improving targeting precision, protease resistance and stability, cell permeability, and overall treatment efficacy. Several strategies
have been developed to address these challenges, such as multivalency approaches, bispecific targeting, and long-acting PDCs. Other
novel strategies, including overcoming biological barriers, conjugating novel functional payloads, and targeting macropinocytosis,
have also shown promise. This perspective compiles the most recent strategies for enhancing PDC treatment efficacy, highlights key
advancements in PDC, and provides insights on future directions for the development of novel PDCs.

Bl SIGNIFICANCE connective tissue and extracellular matrix, further hamper
effective drug penetration and weaken treatment efficacy. This
unique microenvironment of solid cancers presents additional
challenges, underscoring the urgent need for novel drugs or
strategies to overcome these limitations. PDCs emerged as a
promising approach to address these challenges of ADCs while
retaining targeting specificity and affinity.’

PDCs share a structural similarity with ADCs, comprising a
peptide, linker, and active payload (Figure 1). Compared with

e Latest innovations in PDC emphasizing strategies that
improve treatment efficacy.

e Methods to enhance cell targeting, circulatory stability,
and overcoming biological barriers of PDCs.

e Conjugating novel functional payload in the augment of
PDC bioactivity is summarized.

1. INTRODUCTION ADCs, PDCs offer many advantages, such as small molecular
Treatment methods for diseases have evolved from traditional weight, enhanced penetration capability, low-cost synthesis,
small-molecule drugs to antibody—dru$ conjugates (ADCs) and minimal immunogenicity.” PDCs have demonstrated as an
and peptide—drug conjugates (PDCs).” Each of these drug efficient treatment modality after ADCs for

types have distinct advantages and disadvantages. Small- drug-resistant infections and complex disease states,
molecule drugs are highly stable, easily penetrate cell including autoimmune diseases, metabolic disorders, and
membranes, and can be administered orally, making them cancer. Their small size facilitates rapid distribution in tissues
the most prevalent drugs worldwide. However, their inability and extensive tumor penetration, enabling rapid delivery of
to distinguish normal cells from diseased cells often leads to payload to tumors. Currently, two PDC drugs (Figure 1) are

high toxicity and limited therapeutic efficacy.” Monoclonal approved for marketing by the U.S. Food and Drug
antibodies (mAbs), known for their high target specificity and Administration (FDA). ’Lu-DOTA-TATE (Lutathera) was
affinity, are widely used to treat inflammation, autoimmune approved in 2018 as the first generation of PDCs for treating
diseases, and cancer. By conjugating mAbs with small somatostatin receptor-positive gastroenteropancreatic neuro-

molecular payloads, ADCs selectively deliver these payloads endocrine tumors (GEP-NETs).’ Recent Phase III clinical
to diseased cells, considerably enhancing their treatment

efficacy. However, ADCs face some limitations such as long
circulation times in blood (causing off-target toxicity), poor
solid tumor penetration, high development cost, premature
payload release, and potential immunogenicity. In addition, the
presence of many lysine residues in antibodies often results in
heterogeneous ADC products, necessitating site-specific
conjugation technologies to produce homogeneous ADCs.
Solid tumors, characterized by a high concentration of dense

trials reveal that first-line Lutathera combined with long-acting
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Figure 1. Schematic structure of a peptide—drug conjugate (PDC) and chemical structures of FDA-approved PDCs. (1) Lutathera features a cell-
targeting peptide (CTP) derived from the tyrosine-containing somatostatin analogue Tyr3-octreotate (TATE), an amide bond linker, and a
payload comprising the macrocyclic chelating agent tetraazacyclododecane-tetraacetic acid (DOTA) bound to the beta-emitting radionuclide
lutetium-177 (*’Lu). (2) Pluvicto contains a CTP with the PSMA-binding motif Glu—NH—CO—NH-Lys, a linker incorporating 2-naphthyl-L-
alanine and tranexamic acid, and the same payload as the Lutathera. (3) The CTP is shown in blue, the payload in orange, and the linker in black.
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Figure 2. Mechanism of action of PDCs. PDCs can enter cells via endocytosis mediated by CTPs or small-molecule payloads. Alternatively, they
may cross the membrane through CPPs. The low acidity and high enzyme concentrations in endosomes or lysosomes facilitate the release of

payloads into the cytoplasm, nucleus, or other organelles to exert their functions.

9038

https://doi.org/10.1021/acs.jmedchem.5c00007
J. Med. Chem. 2025, 68, 9037—9056


https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00007?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00007?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00007?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00007?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00007?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00007?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00007?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00007?fig=fig2&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Glp /| His || Trp | Ser | Tyr @ Leu Arg Pro Gly —NH, @ Asp @@@ Glu =NH, Thr Gly Glu Asp Ala  Asp Val Leu Leu Ala Leu Asp
[D-LysS] LHRH/GnRH PSMA-targeting peptide Lz
Tyr |Ala |Asp | Trp | Leu | Phe  Thr ) Thr  Pro | Leu  Leu | Leu
Phe | Cys  Phe Trp Lys Thr Cys Thr —NH, Cys | Asn | Gly | Arg| Cys =NH, Arg
| | | |
S S S —eee § Ala [ Trp | Tyr || Ile | Pro [ Asn (GIn | Glu | Gly (Gly =—NH,
Octreotide CD13-targeting peptide pHLIP
Stimulus-responsive peptides (SRPs)
Lys  Cys Cys  Tyr Ser Leu —NH,
Cys [ Gly | Arg) Arg/(Ala (Gly (Gly | Ser | Cys —NH, Thr | Phe | Phe)| Tyr (Gly /(Gly | Ser | Arg | Gly | Lys
HER?2-targeting peptide Arg
IL-11Ra-targeting peptide
H,N= Tyr | Glu (Glu /| Thr | Lys /| Phe | Asn | Asn
Ac=Gly | val | Arg | Ala | Lys | Ala | Gly | Val | Arg | Asn Arg ) Gly | Asp —NH, Angiopep-2
oyP;3 Integrin-targeting peptide Cell-penetrating peptides (CPPs)
- Ser Phe
TH19PO01 H,N=Tyr | Ser | Glu Lys Gly || Asn | Asn | Asn | GIn ) Asn)( Tyr =—NH;

Cell-targeting peptides (CTPs)

Self-assembling peptides (SAPs)

Figure 3. Representative peptides utilized in PDCs. The amino acid sequences of some typical CTPs are shown in the left box, where the amino
acid in red color is a non-natural amino acid. The boxes on the right are examples of SRP, CPP, and SAP, respectively.
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Figure 4. Chemical structures of different linkers in PDCs. The peptide is shown in rainbow color and the linker in black.

octreotide substantially extended median progression-free
survival (PFS, by 14 months) in patients with grade 2 or 3
advanced GEP-NETs.® In March 2022, Pluvicto was approved
by the FDA for treating prostate-specific membrane antigen
(PSMA)-positive metastatic castration-resistant prostate can-
cer. Pluvicto combines a PSMA-specific peptidomimetic with a
therapeutical radionuclide to selectively deliver ionizing
radiation to tumor cells.

Designed to deliver highly potent payloads into targeted
cells, PDCs have demonstrated treatment efficiency in diseases
except for tumors. Various PDCs are developed to treat viral
and bacterial infections.” A novel PDC contains a kidney-
targeting peptide G3-C12 (ANTPCGPYTHDCPVKR), a
cleavable disulfide linker, and captopril payload showed
profound angiotensin-converting enzyme inhibition activity in
chronic kidney disease.® The primary mechanism of PDCs
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involves cell-targeting peptides (CTPs) binding to membrane
receptors, mediating endocytosis or internalization of PDCs
(Figure 2). Small-molecule payloads can also mediate
endocytosis of PDCs by binding to its receptor. Endocytosis
is an energy-dependent process requiring ATP consumption
and vesicle formation to translocate PDCs.” Studies describe at
least four endocytosis mechanisms: macropinocytosis, clathrin-
dependent, caveolin-dependent, and clathrin/caveolin-inde-
pendent pathways.'® Cell-penetrating peptides (CPPs) in
PDCs may directly translocate through the lipid bilayer of
the membrane in an energy-independent mechanism, interact-
ing with the lipid bilayer of the plasma membrane to change
membrane dynamics at the site of contact and facilitate cellular
entry of PDCs."" Once inside, PDCs are transported to
endosomes or lysosomes, where low acidity and high enzyme
concentrations enable the release of peptides and payloads into

https://doi.org/10.1021/acs.jmedchem.5c00007
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Figure S. Schematic representation of the most common conjugate reactions used in PDCs. The peptide moieties are highlighted in rainbow color.

the cytoplasm, nucleus, or other organelles to perform their
functions (Figure 2).

2. PDC COMPONENTS AND CONJUGATE
STRATEGIES

The identification of peptides or small-molecule payloads
toward a particular target or disease is a logical starting point
for the design of PDCs. Effective delivery of payloads to the
target site is a challenging task. The peptide part of PDCs
mainly drives target specificity, enabling site-specific payload
delivery while reducing their toxicity. Over the past decade,
innovations in PDC peptides (Figure 3), such as novel CTPs,
CPPs, self-assembling peptides (SAPs), and stimuli-responsive
peptides (SRPs), have tremendously improved the therapeutic
efficacy of payloads.

Most peptide drugs are hormone mimics or derived from
natural products.’” The design of potent and selective peptides
that target receptor ligand-binding domains remains challeng-
ing. Various encoding and display technologies are used to
identify high-potency peptide sequences for target proteins.'”
Nucleotide-encoded mass library screening techniques'*
advance non-natural moieties or nonproteinogenic amino
acids to address challenging inaccessible drug targets, including
phage display screening, split-intein circular ligation of peptides
and proteins, mRNA display, and the one-bead-one-compound
or split-and-pool strategies. Peptides screened through these
methods usually have high affinity for target proteins.

The linker plays an important role in PDC design, as it
strongly impacts the safety and potency of the PDC. Two main
categories of linkers have been developed based on their
cleavability (Figure 4). Cleavable linkers are either sensitive to
pH, glutathione, or proteases such as cathepsin B for dipeptide
linkers. Noncleavable linkers, such as thiazole, oxime, or
thioether, enhance PDC circulatory stability in humans.

The final conjugation step is crucial in PDC synthesis.
Amide or ester formation has proven useful and efficient for
linking peptides to payloads or linkers. Recently, click reactions
have gained prominence owing to their high efficiency,
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rapidity, and mild reaction conditions (Figure 5)."”> Among
these, azide—alkyne Huisgen cycloaddition is widely used,
forming triazole units in both aqueous and organic solvents.'®
This reaction has been a useful tool in the synthesis of ADCs
or PDCs, especially multimeric PDCs."” To address safety
concerns associated with metal catalysts in Huisgen cyclo-
addition, strain-promoted azide—alkyne cycloaddition
(SPAAC) was developed, eliminating the need for metal
catalysts.'® However, the high reactivity of SPAAC can lead to
poor regioselectivity and chemoselectivity. Staudinger liga-
tion,"” which forms amide bonds between phosphine
compounds and azides in aqueous solutions without metal
catalysts, offers an alternative. Traditional coupling of primary
or secondary amines with carboxylic acids also facilitates amide
formation. A novel PDC was synthesized via azide—alkyne
click reaction by conjugating an ayf integrin-recognizing
small cyclopeptide, c(AmpLRGDL), with the tyrosine kinase
inhibitor (nintedanib) for idiopathic pulmonary fibrosis
treatment.”’ Another example involves an EphA2-targeting
PDC generated by coupling an EphA2-targeting peptide to an
azido-hexanoyl paclitaxel (PTX) group via azide—alkyne click
reactions.”

Cysteine is often present in peptide sequences and can be
used for thiol—alkene conjugation. This thiol-mediated
Michael addition usually needs the alkene to be linked to an
electron-withdrawing group and is effective in both organic
and aqueous solvents. Another conjugation strategy is the
condensation of a carbonyl group with an oxyimino group to
form oximes or with hydrazines to yield hydrazone
compounds. Esters and carbamates are often utilized in PDC
synthesis. For example, the hydrophobic drug PTX was
successfully conjugated with a CPP via ester linkage with
succinic acid as a pH-cleavable linker.”” The ester linkage
remains stable until the PDC is internalized into cancer cells,
where the acidic environment induces hydrolysis of the ester
bond, releasing the PTX payload.

In brief, synthesizing PDCs can be challenging owing to the
choice of chemistry for the final ligation. The selection of the

https://doi.org/10.1021/acs.jmedchem.5c00007
J. Med. Chem. 2025, 68, 9037—9056
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conjugation reaction should be consciously evaluated in every
aspect based on the PDC structure.

We will not elaborate on the components of PDCs, as
several excellent reviews already cover the topics of peptides,™
linkers,”* and payloads®>*® of PDCs. Herein, we present an
outline of the latest cancer-targeting PDCs in development,
their applications in clinical trials, and recent strategies aimed
at enhancing the treatment efficacy of PDCs.

3. STRATEGIES FOR IMPROVING PDC THERAPEUTIC
EFFICACY

PDCs have great therapeutics potential if they exhibit
improved cell-targeting ability, circulatory stability, and
permeability. However, few PDCs can be delivered orally
and reach a systemic concentration sufficient for treatment.
Therefore, efficient intracellular trafficking and targeted
delivery to the site of action are essential to overcoming the
current drawbacks of PDCs in disease therapy. To address
these issues, researchers have employed various strategies to
enhance targeting ability, circulatory stability, toxicity manage-
ment, and blood—brain barrier (BBB) penetration, aiming to
optimize pharmacokinetic properties and therapeutic efficacy
(Figure 6).

3.1. Improving the Cell Targeting of PDCs. 3.1.1. Multi-
valency Strategy. CTPs are peptides with moderate target
specificity and affinity, allowing them to efficiently deliver
conjugate payloads to cells that overexpress specific targets. To
enhance the cell-targeting ability and binding affinity of CTPs
with corresponding targets, the multivalency of dimeric or
trimeric peptide strategy was developed in PDCs to improve
treatment efficacy (Figure 6).”” Arginine—glycine—aspartic
acid (RGD) peptides, known for targeting the ayf; integrin
receptor, have garnered immense attention in tumor therapy.
Dimeric RGD peptides show a 10-fold higher tumor affinity
than the monomer and better retention in the tumor.”® Further
studies found that three and four copies of RGD peptides
showed better activity compared to derivatives with one to 16
clustered RGD motifs.”” To improve the antitumor efficacy of
PTX through tumor targeting, dimeric and tetrameric cRGD—
PTX conjugates were prepared. The dimeric PDCs showed
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similar antitumor activity to PTX but with stronger binding to
the a,; receptor.’” Binding tests with purified integrin a3,
receptor showed that ICg, values decreased as the number of
ligand moieties increased, reaching a plateau with the trimeric
conjugate.30

The ephrin receptor family, the largest receptor tyrosine
kinase family, plays a key role in cancer. Ephrin type-A
receptor 2 (EphA2) is overexpressed in many solid tumors,
contributing to oncogenesis, tumor-associated angiogenesis,
and metastasis. MEDI-547, an ADC composed of a human
anti-EphA2 monoclonal antibody linked to the monomethy-
lauristatin F payload, showed substantial antitumor activity in
mouse models.”’ However, a Phase I study was terminated
because of drug-related adverse effects, possibly resulting from
insufficient subcellular internalization of the ADC.”> An
interesting feature of EphA2 ligands is that their agonistic
activities can be enhanced by properly clustering the targeting
agent, achieved by synthesizing dimers spaced by the
appropriate linker.”> The dimeric peptide showed approx-
imately 13-fold increased binding affinity for EphA2 compared
to the monomeric peptide. Based on these results, novel
dimeric EphA2-targeting PDCs were designed, proving highly
effective at targeting circulating tumor cells and inhibiting lung
metastasis in breast cancer’’ and pancreatic cancer models.*
Recent time-resolved, live-cell fluorescence spectroscopy
revealed that ligand-free EphA2 assembles into multimers
through two types of intermolecular interactions in the
ectodomain.”® Additionally, a homodimer cyclic peptide
conjugated with the photosensitizer indocyanine green showed
better photothermal therapy efficacy compared to the
monomeric PDC in breast cancer.’

Human epidermal growth factor receptor 2 (HER2) is a
receptor tyrosine-protein kinase, and its overexpression is
associated with the development of several cancers, including
breast, gastric, esophageal, ovarian, and endometrial cancer. A
novel PDC containing a HER2-targeting homodimer cyclic
peptide (RNWELRLK-PEG4)2 showed enhanced binding
affinity, improved antitumor effects, and reduced systemic
toxicities in HER2-positive breast cancer.’” These results
highlight multivalency as an effective strategy to strengthen

https://doi.org/10.1021/acs.jmedchem.5c00007
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ligand—target interactions and enhance cell-targeting ability of
PDCs.

3.1.2. Bispecific Targeting. Epidermal growth factor
receptor (EGFR) is associated with cell proliferation and
migration and is abnormally overexpressed in many solid
tumors. A novel PDC was designed to simultaneously target
both the extracellular and intracellular domains of EGFR. This
PDC consists of an EGFR extracellular targeting peptide
(sequence: LARLLT) and an EGFR intracellular targeting
payload, gefitinib, which showed better binding affinity and
antitumor activity than gefitinib alone in lung cancer cells.”®
Another bispecific fusion peptide was designed to bind both
HER2 domains II and IV. Compared to peptides targeting a
single antigen domain, bispecific peptides targeting different
domains of the same protein show enhanced efficiency in
targeting and binding. Conjugating this fusion peptide with
camptothecin resulted in enhanced antitumor activity in a
HER2-positive breast cancer mouse model.*

3.1.3. Halogenation of Peptides. Halogenation is an
emerging method to modulate the pharmacological activities
of peptides.”” It has been empirically discovered over time that
the insertion of halogens (fluorine, chlorine, bromine, or
iodine) at specific positions in a drug molecule can improve its
pharmacological properties and bioactivity.*' Late-stage
halogenation of peptides can be achieved through chemical
catalysts*> or biocatalytic methods using enzymes.*>**
Halogenation is generally associated with enhanced target
selectivity and reduced off-target toxicity.” The introduction
of halotryptophans in RGD peptides increased their affinity for
integrin a3, and enhanced selectivity over integrin asf3;."" A
cyptophycin derivative with a chlorine substituent shows 8-fold
increased activity against human cervical carcinoma cells."’
Substitution with chlorine or bromine in peptoids enhanced
antimicrobial activity while reducing cytotoxicity of normal
cells, whereas fluorination had minimal effect.* Similarly,
bromonation of antimicrobial peptides exhibits a 2-fold
improvement in antimicrobial activity."” These results indicate
that the halogenation of peptides may impact target affinity
and treatment efficacy, warranting further investigation in PDC
development.

3.1.4. Self-Assembling Peptides (SAPs), Stimuli-Respon-
sive Peptides (SRPs) and Nano Structure Formation. PDCs
containing hydrophilic peptide segments and hydrophobic
drugs can self-assemble into various nanostructures, such as
nanotubes, nanofibers, hydrogels, and supramolecular fila-
ments. Conjugating small molecular hydrophobic units with
short peptide segments promotes new self-assembling features
and functional properties.”” A balanced hydrophobic—hydro-
philic ratio is crucial for the efficient translocation of the
conjugate into cells and its optimal bioactivity.

The amino acid type and sequence of peptides form the
basis of their assembly ability.”" The structure of SAPs includes
the primary amino acid sequence, resulting in secondary
structures such as helical, f-sheet, trans, or disordered
conformations under specific stimuli. Peptides, composed of
amino acids with active amino and hydroxyl groups, are
particularly advantageous as SRPs. Specific stimuli for SRPs
include pH, temperature, redox potential, light, and enzymes.
Notably, pH-responsive peptides show great promise for tumor
targeting owing to their ability to respond to pH changes.
Various innovative pH-responsive peptides and polypeptides>>
have emerged, such as pH-low insertion peptides (pHLIPs).>
pHLIPs are 36-residue polypeptides containing the C-helix
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sequence of the integral membrane protein bacteriorhodop-
sin.”* As a pH-sensitive peptide, pHLIP forms an « helix in the
low-pH tumor microenvironment and inserts the C-terminus
with the payload across the cell membrane.” The insertion
reaction proceeds rapidly at room temperature and is fully
reversible. CBX-12 conjugates pHLIP with topoisomerase I
inhibitors such as exatecan. The combination of CBX-12 with
ceralasertib markedly suppressed tumor growth in mouse
xenografts.”® CBX-12 combined with anti-PD-1 delayed tumor
growth, induced a complete response, and promoted long-term
antitumor immunity in a mouse model.”” A Phase II study of
CBX-12 is currently underway in patients with platinum-
resistant or refractory ovarian cancer (NCT06315491). Ye and
co-workers developed a pH-responsive PDC to treat severe
infectious diseases and combat antimicrobial resistance.

A novel PDC, SAP-CPT,® consists of an RGD targeting
peptide, a self-assembling peptide (GNNNQNY), and the
cytotoxic payload camptothecin. SAP-CPT drug targets the
tumor-overexpressed receptor integrin ayf; and assembles in
situ to form nanoscale oligomers. This self-assembly strategy
enhances endocytosis and improves tumor-killing effects in
breast and bladder xenograft mice models. Compared to
normal cells, mitochondria in cancer cells show profound
differences, including lower mitochondrial membrane potential
and increased reactive oxygen species (ROS) generation. A
novel ROS-responsive PDC contains a mitochondria-targeted
peptide (KLAK) with a ROS-cleavable thioketal linkage,
enabling self-assembly into nanoparticles under physiological
conditions. When the nanoparticles accumulate in tumors and
enter cancer cells, they actively target the mitochondria, where
they disassemble to release the camptothecin payload,
effectively destroying cancer cells.””

Another novel PDC (PDC-DOX,), in which two doxor-
ubicin (DOX) molecules are conjugated onto a short peptide
with self-assembly function, was designed and synthesized.
Hyaluronic acid (HA) was coated on PDC-DOX, micelles to
form an HA-shelled, PDC-cored nanomedicine.”’ Anionic HA,
overexpressed by many tumors, serves as an active tumor-
targetin§ ligand with excellent biocompatibility and biodegrad-
ability.”" HA-modified nanocarriers have proven effective in
targeting CD44-overexpressing tumor cells.”” HA can actively
enhance the targeting effects of PDC-DOX,, by interacting with
overexpressed CD44 receptors in cancer cells.”” Another
strategy involving polypeptide—polyethylene glycol derivatives
(PPDs) regulates PDC structure and properties to construct
intravenous nanomedicine.”> PPD molecules act as targeting
carriers, facilitating the delivery of the encapsulated PDCs into
the hepatocyte mitochondria and enhancing antitumor
efficiency. PEGylated PDCs can form self-assembled nano-
particles, passively targeting tumor sites via the enhanced
permeability and retention effect.’* Overall, the nanostructure
of PDCs enhances drug delivery potential by forming self-
assembled particles capable of targeted delivery of drugs
through active and passive targeting.

3.2. Overcome Biological Barriers via Cell-Penetrat-
ing Peptides (CPPs). The development of efficient trans-
cellular peptides capable of overcoming biological barriers,
such as the BBB or epithelial barriers composed of multiple
layers of diverse cells, remains a major challenge. CPPs are
small molecules, typically S to 30 amino acids in length, known
for their ability to cross cell membranes without requiring a
receptor.65 While the exact mechanisms are still debated, most
CPPs enter cells via endocytosis. When conjugated with a
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payload, CPPs act as carriers, facilitating the delivery of
payloads, including drugs, nucleic acids, and probes, across
biological barriers.

CPPs are generally classified as cationic, hydrophobic, or
amphipathic based on their physicochemical properties. Early
examples, such as the HIV-1 transcription activator protein
(TAT) and the RGD sequence, have demonstrated the ability
to deliver various cargo molecules. TAT and penetratin are
cationic CPPs, rich in both lysine and arginine. Poly arginine
peptides enter cells more effectively than equal-length poly
lysine, although poly arginine peptides shorter than six amino
acids are ineffective.® Furthermore, CPPs rich in arginine
residues have shown renal toxicity in rodent models, limiting
their application.”” Improving the cell-penetrating ability of
CPPs remains an active and attractive research field.

Cyclizing CPPs limits the formation of secondary structures,
reducing the free energy required for binding the peptides to
membranes and enhancing their cell penetration.”® Recently, a
hydrophilic cell-penetrating cyclic peptide (EPP6) with no
positive charge demonstrated prominent transcytosis abil-
ities.” Another novel CPP, peptide—bismuth bicycles,
increased cellular uptake by more than 1 order of magnitude
compared to linear peptide.”” Cyclization also increased the
bactericidal activity of arginine-rich cationic CPPs compared
with their linear counterparts.”' Statistically designed trans-
cellular peptides conjugated with 6-paradol also exhibited
improved cell permeability and superior therapeutic efficacy in
human keratinocyte cells and mouse models of psoriasis.””
However, most CPPs lack cell specificity, limiting their
application in drug delivery. To address this challenge, labile
linkages can be introduced to prodrugs for stimuli-triggered
drug release. Another prodrug strategy involves developing an
activable CPP, where the cell-penetrating function of CPPs is
masked by an anionic peptide with a cleavable linker. Upon
reaching tumor tissue, proteolysis of the linker activates the
cell-penetrating function of CPP. An activable CPP, con-
jugated with antitumor drug DOX and shielded by 2,3-
dimethylmaleic anhydride, formed a novel prodrug for tumor-
targeted drug delivery, exhibiting remarkable tumor growth
inhibition.”* Further studies are needed to assess the toxicity of
these PDCs.

The BBB is a major hurdle for central nervous system drug
delivery. Several pathways enable molecules to cross the BBB,
such as passive diffusion, carrier-mediated transcytosis,
receptor-mediated transcytosis, adsorptive-mediated transcy-
tosis, and cell-mediated transcytosis.”* A distinctive character-
istic of the BBB is the expression of several receptors, including
those associated with angiogenesis, such as vascular endothelial
growth factor receptors (VEGFRs) and EGFRs, as well as
transferrin receptors (TfRs), integrin receptors, and low-
density lipoprotein receptors.

The angiopep family of peptides, derived from the Kunitz
domain of human aprotinin, includes angiopep-2, which
exhibits great transcytosis and BBB penetration.” Angiopep-
2 (sequence: TFFYGGSRGKRNNFKTEEY) is a 19-amino-
acid oligopeptide that binds to the low-density lipoprotein
receptor-related protein-1 (LRP1), facilitating brain penetra-
tion. ANG1005 (also known as GRN100S or PTX trevatide) is
a novel PDC consisting of three PTX molecules covalently
linked to angiopep-2 via a succinyl linker. This ester linker in
the conjugate is enzyme cleavable, such as esterases in
lysosomes, releasing PTX. ANG1005 has been shown to
cross the BBB via receptor-mediated transcytosis through
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LRP1 to penetrate malignant cells.’® Phase I studies of
ANG1005 showed activity in recurrent malignant glioma with
toxicity similar to PTX.”” A multicenter Phase II study of
ANGI100S also demonstrated notable systemic treatment
effects and prolonged overall survival (OS) in all patients
with breast cancer and recurrent brain metastases.”® A
randomized open-label, multicenter pivotal Phase III study of
ANG1005 is ongoing, comparing it with the physician’s best
choice in HER2-negative breast cancer patients with newly
diagnosed leptomeningeal carcinomatosis and previously
treated brain metastases (NCT03613181). Another novel
PDC was developed by conjugating the TfR-targeting peptide
(sequence: HAIYPRH) with the payload SN-38 via a cathepsin
B cleavable linker. This PDC successfully delivers SN-38 across
the BBB and selectively into glioblastoma cells, triggering a
cytotoxic response.79

3.3. CPP and CTP Combination Strategy. CPPs enable
efficient intracellular trafficking but lack targeting ability.
Therefore, the conjugation of CPPs and CTPs provides a
novel, efficient method for PDC design, enhancing drug
delivery efficacy (Figure 6).°° A chemically modified
polysaccharide was conjugated with integrin-target receptor
tripeptide (RGD) and vL-arginine as a cell-penetrating amino
acid for synergistic targeting and enhanced internalization by
cancer cells. This PDC showed a remarkable reduction in
cytotoxicity toward normal cells while enhancing efficacy
against cancer cells.”’ Combining the integrin arf; targeting
peptide, CPPs, and the payload daunorubicin, novel PDCs
demonstrated highly pronounced antitumor effects in cancer
cells.”” The cellular uptake of internalization is mainly
mediated by the CPP part, while the targeting unit directs
the conjugates selectively to a,f3; integrin-expressing cells. The
CTP—CPP—-PTX conjugate exhibited less cytotoxicity to
normal cells and enhanced antitumor efficacy.”” Another
strategy conjugates integrin-targeting peptide (RGDC) with
cyclic CPPs via a disulfide bond and the payload cabazitaxel via
an ester bond. This PDC reaches the tumor site, where the
disulfide bond is cleaved by glutathione, allowing the cyclic
CPPs to facilitate payload entry and release via esterase or
acidic pH. This conjugation strategy has been shown to
enhance antitumor activity and targeting in prostate and breast
cancer.*

These examples highlight the synergistic effects of CPPs and
CTPs in the design of PDCs to improve their treatment
efficacy.

3.4. Improving the Circulatory Stability of PDCs.
Proteolytic susceptibility and fast renal clearance have long
posed major challenges in the development of peptide drugs.
PDCs, with their low molecular weights, are vulnerable to
peptidase hydrolysis, resulting in short half-lives in the blood.
In most cases, a short plasma half-life is insufficient to deliver a
sufficient drug load to targeted organs and tissues, and
circulatory instability and rapid renal clearance persist in
clinical use. However, considerably rapid tissue distribution
may compensate for the short half-life in blood. Several
strategies have been employed to address these challenges,
including cyclization, albumin binding, and amino acid
substitution or peptide modifications (Figure 6). A novel
antibody-assisted PDC has also shown an extended circulation
half-life and improved treatment efficacy in a glioblastoma
mouse model.*®

3.4.1. Cyclic, Bicyclic, and Stapled Peptide Formation.
Cyclic peptides are more structurally and metabolically stable
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than linear peptides.”® Cyclization stabilizes peptides against
proteolysis by concealing the mobile ends of peptides in the
space, preventing exopeptidases from cleaving them. Studies
have revealed that cyclization improves the stability, target
affinity, and biological activity of linear peptides. For example,
cyclic RGD was found to be 30-fold more stable than linear
RGD in a neutral pH 7 solution.”” The increased stability of
cyclic RGD is attributed to decreased structural flexibility and
salt bridge formation between the side chains of the Arg and
Asp residues.*® Consequently, cyclization improves the binding
affinity of the peptide to targeted receptors. Cyclic-cRGDKLAK
exhibited selectively and specifically higher affinity for . f;-
integrin in glioblastoma cells compared to liner analogues.
Additionally, blockade of the interaction between programmed
cell death ligand-1 (PD-L1) and its receptor PD-1 has shown
great success in cancer immunotherapy. Cyclic anti-PD-L1
peptides, discovered through macrocyclization scanning,
demonstrated improved blocking activity, serum stability, and
excellent in vivo antitumor activity compared with their linear
counterpart&.90

Stapled peptides are a class of cyclic peptides modified by
the insertion of aliphatic bridges to increase proteolytic
stability and membrane permeability.”’ The stapling strategy
is a common macrocyclization strategy that promotes the a-
helical conformation of peptides. Various stapled peptides have
been designed as therapeutic drug candidates against different
diseases, including cancer, infectious diseases, inflammation,
and diabetes.” For instance, stapling a tumor-suppressing p33-
derived peptide improved its a-helical content, proteolytic
stability, and binding affinity.”® A novel stapled peptide, SP9,
can block mucus secretion and mucus accumulation in mouse
airways. Four non-natural amino acids were incorporated into
the SP9 sequence, and two hydrocarbon staples were formed
using Grubbs’ catalyst. Compared to the nonstapled peptide,
SP9 showed increased helical content, serum stability, and
treatment efficacy in mice.”*

Bicyclic peptides, a new class of cyclic peptides, have
constrained conformations. Compared to monocyclic peptides,
bicyclic peptides bind their targets with higher affinity and are
more resistant to proteolytic degradation.” Bicyclic peptides
have been developed as therapeutics in PDCs against a wide
range of diseases. Recently, metal bismuth was reported as a
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stable, nontoxic, and selective linker for the bicyclization of
peptides by reacting with cysteine residues. Peptide—bismuth
bicycles form instantaneously at physiological pH and remain
stable in aqueous solution for weeks. Bicyclic peptides are up
to 130 times more active and 19 times more proteolytically
stable than their linear analogues without bismuth.”

Several bicyclic peptide—conjugated PDCs have shown
positive results in preclinical studies and clinical trials.
BT8009 consists of a nectin-4-binding bicyclic peptide, a
cleavable Val—-Cit linker, and the cell-penetrant toxin
monomethylauristatin E (MMAE).”” The Val—Cit dipeptide
linker is cleaved by the enzyme cathepsin B, which is abundant
in lysosomes of tumor cells. BT8009 shows remarkable
antitumor activity in preclinical tumor models across various
cancer indications and is well tolerated in preclinical safety
studies.”® Clinical trials of BT8009 are ongoing for advanced or
metastatic solid cancers (Table 1). BT5528 is another novel
bicycle toxin conjugate comprising a bicyclic peptide targeting
the EphA2 tumor antigen linked to a payload MMAE. A Phase
I dose-escalation study of BT5528 demonstrated good safety
and antitumor activitg (NCT04180371).”

Knottin peptides'® and multicyclic peptides,'*" constrained
by covalent disulfide cross-links, are emerging as promising
candidates for drug discovery. A de novo disulfide-directed
method has been developed to design and discover diverse
multicyclic peptides with potent protein-binding capabil-
ities.'”” Knottin peptides, typically 30—50 amino acids in
length, exhibit high thermal and proteolytic stability and
potential for oral administration.'”> A novel knottin peptide—
drug conjugate (KDC) was designed to selectively deliver
gemcitabine to malignant cells expressing integrins. This KDC
binds to tumor cells with low-nanomolar affinity, is internalized
via an integrin-mediated process, and releases its payload
intracellularly.'”* These results make multicyclic peptides an
attractive molecular modality for the development of
therapeutic agents.

3.4.2. Albumin-Binding Strategy. Low molecular weight
(MW) of PDCs leads to their rapid removal from the
bloodstream through renal clearance. One approach to
overcome this issue is to increase their MW by conjugating
them to albumin. Albumin, the most abundant plasma protein,
is present in different body compartments, including the
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Figure 8. Chemical structures of albumin-binding fatty acids (in black color) used in long-acting peptide drugs and PDCs.

lymphatic, interstitial fluid, and blood. Human serum albumin
(HSA) plays key roles in maintaining osmotic pressure and
transporting exogenous drugs and endogenous small molecules
such as bilirubin, metals, hormones, and fatty acids. With a
serum halflife of ~19 days in humans,'”® HSA has prompted
the development of several albumin-binding moieties to
improve peptide stability and prolong their action time (Figure
7).1% For example, 4-(p-iodophenyl)butyric acid derivatives
form stable, noncovalent binding interactions of variable
affinity with both mouse and HSA."”” The addition of 4-(p-
iodophenyl)butyric acid motifs to ['’Lu]Lu-DOTA-TATE
enhanced its mean residence time in blood.'”® Cannabidiol
also binds to HSA and y-globulin in an exothermic manner
with high binding affinity.'”” Additionally, a series of truncated
Evans Blue (tEB) derivatives was developed, with N(tEB),
able to dimerize albumin to sandwich peptide therapeutics to
protect them from proteolysis.''” PDCs incorporating four
residues of either cationic lysine or anionic glutamate showed
that cationic lysine possesses a high albumin-binding capacity
and bioactivity."""

The albumin-binding strategy to prolong the action profile
of insulins through acylation with fatty acids (Figure 8) was
proposed and demonstrated in vivo approximately 30 years
ago.llz’]13 Two long-acting insulin drugs, detemir and
degludec, have since been approved by the FDA. In detemir,
the last residue (threonine amino acid) is removed, and a fatty
acid (meristic acid) is covalently bonded to the B29 lysine. In
degludec, a fatty acid (hex-decanedioic acid) is bonded to B29
via glutamic acid as a linker. Both markedly prolong the
average timespan of action.'* Insulin icodec, an ultralong-
acting drug with a plasma half-life of 196 h in humans,'"
once-weekly insulin analogue conjugated with a fatty diacid
acylation moiety (1,18-octadecanedioic acid) and a linker as

is a
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the albumin-binding motif. Icodec insulin was approved for the
treatment of type 2 diabetes in Europe in March 2024.

Glucagon-like peptide 1 (GLP-1) is a proglucagon-derived
peptide secreted from intestinal L-cells to lower postprandial
glycemic excursion by stimulating insulin secretion and
inhibiting glucagon secretion. The blood half-life of bioactive
GLP-1 is less than 2 min owing to inactivation by the protease
enzyme dipeptidyl peptidase-4 (DPPIV) and rapid renal
clearance. In 2003, a modified GLP-1 (CJC-1131) exhibited
a prolonged duration of action and long serum half-life in vivo
by substituting L-Ala® with p-Ala® at position 2 and adding a
Lys” to the C-terminus with selective attachment of an
albumin-binding residue. Novel fatty acid chain-modified GLP-
1 analogues were designed and synthesized, showing enhanced
stability and prolonged activity. These analogues introduced
cysteine into the parent peptide, with a half-life closely related
to the length of the aliphatic chain.''® Semaglutide, first
approved by the FDA in 2017 for type 2 diabetes and in 2021
for chronic weight management in adults with obesity or
overweight, features a long stearic (C18) fatty diacid on the
side chain of Lys26, which increases albumin-binding affinity
and considerably extends circulating half-life. Tirzepatide, a
dual glucose-dependent insulinotropic polypeptide and GLP-1
receptor agonist, includes a C20 fatty acid moiety similar to
semaglutide and icodec insulin (Figure 8). Several peptide
candidates for cancer immunotherapy have been designed,
showing improved stability and activity via fatty acid
modification.''” Recently, novel long-acting PDCs were
developed by conjugating peptides with fatty acid side chains
for albumin binding, demonstrating enhanced stability in
plasma and prolonged duration of antitumor action in mouse
models.""*

Although macromolecules such as polyethylene glycol
(PEG), polysialic acids, and hydroxyethyl starch can be
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attached to a PDC to reduce renal clearance, the resulting
polymerized PDC may lower tumor penetration ability and
limit treatment efficacy. A novel strategy involves using
polymer—drug conjugates to target tumor-associated myeloid
cells, converting cold tumors to hot tumors and improving
cancer immunotherapy.' "’

3.4.3. Amino Acid Substitution and Chemical Modifica-
tion. To enhance the bioactivity and stability of peptides,
researchers have explored various chemical modification
techniques, including substitution with D-amino acids or
unnatural amino acids, N-methylation, and the formation of
peptidomimetics or peptoids.

D-Amino acids render peptides much more resistant to
protease than their L-amino acid counterparts.'** Proteolytic
susceptibility of peptides is primarily owing to the presence of
L-chiral amino acids in their sequences. These poly-L
sequences are recognized by various receptors and enzymes,
triggering receptor-mediated endocytosis and proteolytic
cleavage in the endosome or lysosome, respectively. p- and
L-peptides bind to cellular heparan sulfates with similar
propensity and affinities but differ in their capacity to trigger
their endocytic uptake.'”' Pentapeptides with the sequence
Lys—Arg—Tyr—Arg—Arg (KRYRR), composed entirely of
both p- and L-amino acids, were evaluated, and p-amino acid
peptide enhanced cellular retention and tumor xenograft
targeting.'”” Increased stability in serum has been observed
not only in peptides composed entirely of p-amino acids but
also in those with partial p-amino acid substitutions at the
termini in small peptides.'”’ Both the all-p-amino acid
derivative and partial D-lysine substitution enhanced the
stability of the antimicrobial peptide polybia-CP while
maintaining its parental peptide activity.'”* D-Amino acids
were also introduced at the N- and C-terminus of LFP-6 to
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obtain a proteolysis-resistant peptide, which retained equiv-
alent blocking activity compared to the parental LFP-6
peptide.'*® However, it is important to consider that D-
amino acid substitution may affect peptide activity owing to
changes in three-dimensional conformation.

The stability of peptides can be improved by altering single
or multiple amino acids. The isoelectric point and net charge
of peptides are important factors in their systemic circulatory
half-lives and stability. Renal clearance occurs because the
glomerular basement membrane in the kidneys, constructed of
anionic carbohydrate moieties, acts as a strong barrier to the
filtration of anionic molecules into the urine."* In insulin
glargine, glycine replaces asparagine at position 21 of the A
chain, and two arginine amino acids are added at the C-
terminus of the B chain, greatly improving the time of
action.'”” These alterations shift the isoelectric point closer to
neutral, making insulin glargine highly soluble in acidic
environments but less soluble at physiological pH, thereby
prolonging bioavailability. These changes also favor the
formation of insulin hexamers, further delaying absorption
into the bloodstream. Therefore, the impact of the three-
dimensional structure must also be considered during amino
acid substitution.

Another strategy to improve peptide stability is to decrease
the substrate recognition and binding affinity of proteolytic
enzymes by introducing steric hindrance through amino acid
substitutions. As previously mentioned, native GLP-1 is
unsuitable for therapeutic applications owing to its short
half-life caused by DPPIV degradation, with the N-terminal
dipeptide serving as the proteolytic cleavage site for DPPIV.'**
A single amino acid substitution at position 8 (alanine to
glycine) in the GLP-1 sequence improves its stability against
DPPIV."* Amino-isobutyric acid (Aib), an a,a-disubstituted
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amino acid, is incorporated into peptide structures to stabilize
their secondary structure elements, such as a-helices and f-
sheets."*” Even a single Aib residue in heptapeptide sequences
induces helical structure."”' Aib and 2’-naphthylalanine
substitution in Ipamorelin improve its terminal half-life to 2
h in humans."** The GLP-1 analogue semaglutide, with two
amino acid substitutions compared to human GLP-1 (Aib®,
Arg*) and a side chain modification at lysine 26, substantially
prolongs its half-life to 165 h in humans through these
substitutions combined with albumin binding.'*

In addition to D-amino acid or other amino acid
substitutions, other strategies to improve the stability of
peptides include chemical modifications such as N-methyl-
ation'**"** and the development of peptidomimetics or
peptoids.*'*” Peptide glycosylation has also been used to
improve the stability of peptides.'*® N-methylation of the
amide bond in peptides forms an organized hydrogen bonding
network, thereby improving the stability of peptides. A notable
example of peptidomimetics is the clinical trial candidate
BMTP-11, which consists of a functional IL-11Ra-binding
peptide (cyclic CGRRAGGSC) fused to the apoptosis-
inducing peptidomimetic (KLAKLAK),, showing transla-
tional potential against malignant diseases.">” This peptidomi-
metic motif induces cell death via mitochondrial membrane
disruption upon cell internalization.'** The IL-11 receptor is
an established molecular target in osteosarcoma and secondary
bone metastases from solid tumors, such as prostate cancer. IL-
11 receptor is also a suitable cell surface target for human
leukemia and lymphoma. BMTP-11 demonstrated promising
antitumor activity in preclinical mouse models of human
osteosarcoma'”" and lung cancer.'** A Phase I clinical trial of
BMTP-11 was completed in patients with castrate-resistant
prostate cancer and osteoblastic bone metastases.'** Peptoids,
peptidomimetics that contain N-substituted glycines, provide
improved proteolytic stability, decreased immunogenicity, and
improved cellular permeability.'** A novel conjugate of
manganese tetraphenylporphyrin with a mitochondria-target-
ing peptoid boosted ROS production and induced cytotoxicity
in cancer cells, sparing normal fibroblasts.'** Peptoid—peptide
hydrogels also showed promising results in long-acting drug
delivery systems.'*

3.5. Conjugating Novel Functional Payloads. Owing to
biodistribution, uptake, and loss of conjugation in circulation,
only a small fraction of PDC payloads reach their intracellular
target. Thus, the payload must be potent enough to eradicate
target cells even at low accumulated concentrations. PDC
payloads are typically much more toxic than conventional
chemotherapies. Compared to ADCs, PDCs benefit from the
good permeability and low MW of peptides, allowing for
higher ICy, values for the payloads used. PDCs also offer a
wider range of payload options than ADCs (Figure 9),
including radionuclides such as '"’Lu, '"'In, and *°Y.

In addition to the potency of payload, drug loading markedly
impacts the release rate of the free drug, intracellular
accumulation, and ultimately, the bioactivity of the PDCs.
High drug loading is often desirable for low-potency drugs and
may also be beneficial for the treatment of drug-resistant
tumors. While high drug loading improves intracellular
accumulation, it can slow the release rate of the free drug
from the conjugate. Conjugates with balanced cellular uptake
and 1c}‘l;ug release rates are most efficient in killing cancer
cells.
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Traditional cytotoxic payloads for PDCs include micro-
tubule-targeting drugs like PTX, antimitotic agents such as
MMAE and maytansine derivatives (DM1), DNA-damaging
agents like pyrrolobenzodiazepine dimers, and topoisomerase I
inhibitors such as SN-38. Recently, novel payloads have
emerged, such as cytokines, lytic peptides, toxic proteins,
proteolysis-targeting chimeras, oligonucleotides, and PD-L1
degraders (Figure 9).

PD-L1 is an essential immune checkpoint receptor exploited
by cancer cells to evade immune surveillance. Increasing
evidence suggests that degradation of PD-L1 improves the
effectiveness of cancer immunotherapy.'**'*” By conjugating
the PD-L1 degrader BMS-8 with ¢cRGD, BMS-L1-RGD
exhibited improved PD-L1 degradation and tumor suppression
effects with minimal side effects in a melanoma mouse
model."*® Another novel PDC (PMT-09-1A) was synthesized
by conjugating an anti-PD-L1 peptide with the PD-L1
degrader palmatine via a disulfide linker. PMT-09-1A
substantially mitigated PD-L1 expression and improved its
treatment efficacy through both external PD-L1 blockade and
internal PD-L1 degradation mechanisms in lung cancer."’

Lytic peptides, usually composed of a 1S-amino acid
sequence containing leucine and lysine, eliminate cancer cells
by disrupting the phospholipid bilayer of cell membranes.
However, their application is limited by nonspecific toxicity. By
conjugating an EGFR-targeting peptide or interleukin-4
receptor—targeting peptide with a lytic peptide via a three-
glycine linker, these novel hszrid peptides displayed
remarkable antitumor activity.'””">? QR-KLU is a novel
PDC with a VEGFR-targeting peptide conjugated to a Iytic
peptide. QR-KLU showed strong antitumor effects’™* and
enhanced the efficacy of anti-PD-1 antibodies with good safety
in hepatocellular carcinoma (HCC).">*

EP-100 consists of a hormone-based peptide linked to a
cationic a-helical lytic peptide (CIIP-71) without a linker. The
a-helical domain of CIIP-71 interacts with negatively charged
membranes, causing cell death through membrane lysis.'*® EP-
100 was well tolerated in patients with advanced, LHRH-
receptor-expressing solid tumors."”” Even though EP-100
combined with PTX showed a similar ORR to PTX alone in
patients with refractory or recurrent ovarian cancer, a subset of
patients with liver metastases appeared to benefit from the
combination.””® A mechanism study revealed that EP-100
increased PD-L1 levels and enhanced immunotherapy,
particularly in 1csgmbination with an anti-PD-L1 antibody in
ovarian cancer.

Tumor necrosis factor alpha (TNF-a) is a cytokine that
initiates apoptosis and regulates cell survival and proliferation.
NGR-hTNF comprises a CD13-directed tumor-homing
peptide (sequence: CNGRC) fused to human TNF-a.
CD13, also called aminopeptidase N, is overexpressed on
tumor blood vessels. Neovasculature plays a crucial role in the
development and metastasis of tumors, making targeting
neovasculature a promising drug delivery method.'® Effective
drug delivery and penetration into neoplastic cells distant from
tumor vessels are critical for successful chemotherapy in solid
tumors. Malignant pleural mesothelioma (MPM) is an
aggressive cancer with highly vascularized tumors, poor
prognosis, and limited treatment options after first-line
chemotherapy failure, with no standard second-line therapy.
A Phase Ib study of NGR-hTNF combined with doxorubicin
showed g)romising activity in patients with advanced solid
tumors.'®" The NGR peptide targets tumor neovasculature,
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while hTNF alters endothelial barrier function and tumor
interstitial pressure, enhancing vascular permeability and
penetration of doxorubicin in tumors. NGR-hTNF was well
tolerated, with no grade 3 to 4 toxicities in metastatic
colorectal cancer (CRC),'** advanced HCC,'®® and MPM'**
in Phase II studies. In combination with capecitabine,
oxaliplatin, or doxorubicin, NGR-hTNF showed manageable
toxicity and promising antitumor activity in patients with
advanced CRC,'®® relapsed ovarian cancer,"® small cell lung
cancer (SCLC),"”” and other refractory solid tumors.'*® A
randomized, double-blind Phase III study (NGRO1S5) compar-
ing NGR-hTNF plus best investigator’s choice (BIC) versus
placebo plus BIC in previously treated patients with advanced
MPM (NCT01098266) showed no prominent difference in
OS Dbetween groups. However, a noticeable interaction
between a short treatment-free interval and improved OS
and PFS was observed.'®

4. PDC CLINICAL APPLICATIONS

In addition to the marketed Lutathera and Pluvicto, diverse
PDC drugs are under active investigation in preclinical or
clinical trials (Table 1).

Luteinizing hormone-releasing hormone (LHRH, also
GnRH) is a hormone-based peptide released by the
hypothalamus. LHRH receptor is overexpressed in ovarian
cancer, endometrium cancer (EC), prostate cancer, breast
cancer, etc. AEZS-108 (zoptarelin doxorubicin, AN-152, and
ZEN-008) is composed of doxorubicin chemically linked to
the carrier LHRH agonist, targeting the LHRH receptor. The
amide linker can be selectively cleaved by amidases in the
lysosomes. The ovary and endometrium are hormone-depend-
ent organs. There is no clear standard of care for advanced or
recurrent EC following platinum-based therapy. As binding
sites are present on tumors in higher concentrations than on
most normal tissues, these receptors represent a specific target
for AEZS-108."”° A multicenter Phase II trial demonstrated
that AEZS-108 has excellent activity and low toxicity in women
with advanced or recurrent LHRH receptor-positive EC."”"
Another Phase II trial of AEZS-108 showed an acceptable
safety profile and anticancer activity in castration- and taxane-
resistant prostate cancer.'”> However, a Phase III randomized
controlled study (NCT01767155) found that AEZS-108 did
not improve OS and PFS compared with doxorubicin or
dostarlimab as second-line therapy for locally advanced,
recurrent, or metastatic EC.'”> Recently, another group
proposed that the lack of efficacy was owing to linker
instability and payload potency. After replacing the linker
and payload, a novel PDC (p-Cys6-LHRH vedotin) showed
markedly superior bioactivity and selectivity over AEZS-108
(Gl 4 vs 453 nM) in ovarian cancers.'”*

G-202 (mipsagargin) contains a peptide (DyEyEyEE)
targeting PSMA linked to the small-molecule payload
thapsigargin. A Phase II, multicenter, single-arm study of G-
202 showed antitumor activity and prolonged disease
stabilization as second-line therapy following sorafenib in
adult patients with progressive advanced HCC.'” High
expression of sortilin (SORT1) was found in most clinically
annotated breast cancer, ovarian, and endometrial tumors.
Somatostatin is a hormone that inhibits the release of other
hormones and regulates digestion and cell growth. Somatos-
tatin receptor 2 (SSTR2) is frequently overexpressed in several
types of solid tumors. To overcome the limitations of natural
somatostatin, several somatostatin analogues have been
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synthesized, such as Lanreotide, Vapreotide, and Octreotide.
PEN-221 is a conjugate consisting of the microtubule-targeting
agent DMI linked to the C-terminal side chain of octreotide,
targeting SSTR2. The reducible disulfide linker is chemically
cleavable, and the excessive reductive environment in tumor
cells facilitates the release of the free drug at the cancer site.
The intracellular glutathione concentration is much higher
than the extracellular concentration in cancer cells. PEN-221
showed antitumor activity in xenograft mouse models and in
patients with SSTR2-positive SCLC.'”®

TH1902 (Sudocetaxel Zendusortide) is a newly developed
SORT 1-targeted peptide-docetaxel conjugate, showing superi-
or anticancer activity compared to unconjugated docetaxel in
SORT1-positive ovarian and triple-negative breast cancer
xenograft mouse models.'”” A recent mechanism study found
that TH1902 triggers the cGAS/STING pathwa_}r, enhancing
anti-PD-L1 immune-mediated tumor cell killing.1 ® This is the
first evidence that TH1902 exerts its antitumor activity, in part,
through modulation of the immune tumor microenvironment.

5. CONCLUSIONS AND PROSPECTIVES

PDCs possess unique characteristics that make them highly
desirable as pharmaceutical agents. Despite their considerable
success, their widespread clinical use remains limited, partly
owing to their insufficient cell-targeting ability and suscepti-
bility to enzymatic degradation. Cell-targeting ability can be
considerably improved through multivalency, bispecific, or
halogenation strategies. Stability and circulation half-life can be
improved by cyclic, bicyclic, albumin-binding, p-amino acids or
unnatural amino acid substitution, N-methylation, peptidomi-
metics, or peptoid formation strategies. However, each strategy
has limitations, and no single approach can achieve all the
desirable characteristics of an ideal PDC. While p-amino acid
substitution improves the proteolytic stability of peptides, it
may also compromise the biological activity of modified PDCs.
The development of efficient CPPs that overcome biological
barriers has been demonstrated to improve the treatment
efficacy of PDCs. Combining CTPs with CPPs or SAPs with
SRPs has also substantially improved the bioactivity of PDCs.

In recent years, continuous research has focused on
developing novel treatment strategies and combinations to
improve outcomes for various diseases. Bacteria loaded with
aptamer—drug conjugates (ApDC) have considerably en-
hanced the treatment efficacy in pancreatic cancer.'”” This
synergistic strategy combines the penetrative capability of
bacteria with the targeting and toxic effects of ApDC by
conjugating the ApDC to bacteria through straightforward,
one-step click chemistry. Bacteria prolong the serum stability
of ApDC for up to 48 h, resulting in increased drug
concentration at tumor sites. By utilizing the characteristics
of tumors and the different mechanisms of drug entry into
cells, novel PDCs can be developed to improve therapeutic
efficacy and reduce drug resistance. The Kirsten rat sarcoma
viral oncogene homologue (KRAS) mutation remains non-
targetable owing to the lack of conventional drug-binding sites.
Drugs bound to albumin can exploit the macropinocytic
features of KRAS mutant cancer to enable pan-KRAS tumor
targeting. A novel macropinocytosis-targeting PDC has been
developed to treat KRAS mutant cancers, showing escalated
apoptosis and enhanced payload accumulation within
tumors.'® Recently, covalent peptide with unnatural amino
acid that can target noncysteine residues (such as histidine'®")
and bind to flat protein surfaces of undruggable targets.'®”

https://doi.org/10.1021/acs.jmedchem.5c00007
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PDC containing the covalent peptide have the potential to
benefit for the therapeutics effects in cancer. In summary, the
field of PDCs is rapidly expanding in the pharmaceutical
industry. The key roles of peptide design, linker chemistry, and
novel payloads in PDCs in enhancing treatment efficacy make
this area worth exploring as our understanding of cell biology
grows.
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CTP, cell-targeting peptide; DMI1, maytansine derivatives;
DOTA, tetraazacyclododecane-tetraacetic acid; DOX, doxor-
ubicin; EC, endometrium cancer; EphA2, ephrin type-A
receptor 2; GEP-NETSs, gastroenteropancreatic neuroendo-
crine tumors; HA, hyaluronic acid; HCC, hepatocellular
carcinoma; HER2, human epidermal growth factor receptor
2; KDC, knottin peptide—drug conjugate; KRAS, Kirsten rat
sarcoma viral oncogene homologue; LRP1, low-density
lipoprotein receptor-related protein-1; '’Lu, lutetium-177;
mAb, monoclonal antibody; MMAE, monomethylauristatin E;
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MPM, malignant pleural mesothelioma; OS, overall survival;
PDC, peptide—drug conjugate; PD-L1, programmed cell death
ligand-1; PES, progression-free survival; pHLIP, pH-low
insertion peptides; PPD, polypeptide—polyethylene glycol
derivative; PSMA, prostate-specific membrane antigen; PTX,
paclitaxel; RGD, arginine—glycine—aspartic acid; SAP, self-
assembling peptide; SCLC, small cell lung cancer; SORT],
sortilin; SPAAC, strain-promoted azide—alkyne cycloaddition;
SRP, stimuli-responsive peptide; SSTR2, somatostatin receptor
2; TAT, transcription activator protein; TATE, tyrosine-
containing somatostatin analog Tyr3-octreotate; tEB, trun-
cated Evans Blue; TfR, transferrin receptor
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