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1. Introduction

Peptides exert multifunction during human life', such as repairing
cells, improving cell metabolism, preventing the cell from
degeneration, etc. Peptides have biologically active as well as
have an excellent capacity for targeted transport™’. This feature
can apply not only in oncology but also in targeted therapeutics
for coronavirus disease 2019 (COVID-19), diabetes, rheumatism,
and rheumatoid arthritis*. Peptide—drug conjugates (PDCs) with
equivalent potency have a much broader application than
antibody—drug conjugates (ADCs) now’. In addition to cancer
treatment, PDCs can be applied to many other diseases such as
COVID-19’. We examine the advantages and disadvantages of
peptides used in PDCs to drive targeted therapy, as well as how
specific tumor microenvironments can aid in the design of PDCs®.
The stability, permeability, and targeting of PDCs in the body
transport could be improved by chemical modifications and for-
mulas rarely reports’ '', which is valuable for the research and
development of novel drugs, providing a technical basis for the
development and clinical application of PDCs'?. As an anticancer
drug delivery modality, PDC has the advantage of covalently
modifying a ligand peptide that can target the specific cell surface
receptors or biomarkers at the tumor site, exert a long-lasting
function and expand the effect of time, thereby conferring an
overall desirable pharmacokinetic profile. A sufficient amount of
drug is delivered to the cancer site while minimizing contact with
healthy tissue.

In this review, we provide an overview of the overall and each
part of PDCs function for therapeutics, summarise the targets, and
the way of improving PDC drug bioavailability. We also discuss
changes in clinical delivery and the future direction of PDCs based
on PDC design, and the latest developments in current clinical
trials.

2. Targeted tactics of therapy

Worldwide, cancer is the second leading cause of death and a
major public health problem'?. Patients were given one or more of
the following treatments depending on their stage and tumor type:
surgery, radiotherapy, or chemotherapy'®. In the past three years
since the end of 2019, the COVID-19 epidemic has swept the
world and new drug developments have emerged'”. Drug therapy
has different degrees of poisonous and side effects, some severe
poisonous and side reactions are direct causes for limiting the dose
or use of drugs. Chemotherapy inhibits cell mitosis rapidly, with
serious side effects'®. Even if the neoplasm is successfully erad-
icated, healthy tissues may keep affected by chemotherapy lasting
damage'’.

Fortunately, drug-targeted therapies can direct the character-
istics of tumor cells (including cell pH, cell GSH content, cell
morphology, and enzymes) to improve patient prognosis and
reduce toxicity'®. In cancer therapy, there are three targeted
therapeutic modalities used to enhance the non-specific and anti-
tumor activity of cancer treatment. Firstly, Targeted therapeutic
agents can inhibit the expression of the protein, such as protein
kinases or enzymes'’; another approach is to fuse a potent

molecular structure (e.g., ADC, phalloidin, or CAR-T) to an
overexpressed protein on the surface of tumor cells and collabo-
ratively inhibit tumor cell division while delivering a cytotoxic
payload or stimulating a tumor-directed immune response®”; the
third approach is the application of PDC, which drives the accu-
mulation of toxic payloads in tumor stem cells. The biggest
challenge with transporting proteins and peptides in vivo is their
instability. We should take consider molecular size, molecular
charge, protein internal structure, solvent effect, lipid membrane
packing and hydration, stability, affinity toward receptor and so
on. Turning proteins and peptides into nanoparticles are prominent
for refining delivery capacity. In ADC, the idiosyncrasy mono-
clonal antibody (mAb) targeting antigens expressed on cancer
cells can be applied to the transportation of a cytotoxic substance,
while reducing injuries to the normal cell, having better thera-
peutic effects, and enhancing the drug metabolism. However, mAb
can cause immunogenicity. The targeting mechanism of PDC is
related to many factors>'. The function of receptors will determine
the mechanism of action®”. Similar to ADC, firstly, the homing
peptide target the surface of cell membranes. triggering receptor-
mediated drug endocytosis and internalization”’. Then intracel-
lular lysis leads to the release of cytotoxin®*. In another situation,
PDCs are not bound by receptors when lysis occurs extracellularly
and then the cytotoxin internalizes in endosomes®. The homing
peptides play a crucial role in the mechanism of action”®?’. PDC
and ADC are conceptually similar and have immensely different
structures and properties. Antibodies have higher specificity and
longer half-life time, whereas homing peptides have a better drug
loading potency and tissue penetration capability. Moreover, the
versatile linear or cyclic peptides are easier to change. The com-
parison of PDCs and ADCs is shown in Table 1.

You et al.”® have reported that the PDC binding with doxoru-
bicin (DOX), which is targeting metastatic breast cancer is cleaved
by MMP-2 (matrix metallopeptidase 2) before internalization.
Different pathways are involved after PDC enters the tumor
environment. Adriamycin can diffuse to the membrane of tumor
cells and exert its biological activity®. It is critical to consider the
target receptor and influencing factors when designing PDC to
ensure that the hypothetical mechanism can be realized™.

3. General consideration factor of PDC and clinical trials of
PDCs

PDC is a targeted therapeutic whose function is similar to
ADCs?!. It is the connection between different types of peptides
with drugs. PDC consists of three important components: homing
peptides, linkers, and cytotoxic drugs*® (Fig. 1). All three parts
synergistically deliver chemotherapeutic agents by targeting re-
ceptors on tumor cells, expanding their therapeutic effect to
accommodate peptide therapies®.

The peptide is an important part of PDC. Bicyclic toxin pep-
tides (BTPs), dendritic peptides, and self-assembly augment
peptides have been shown as drug delivery systems. Bicyclic toxin
peptides are typically composed of 9—20 amino acids and have
three Cys residues™. These cys residues connect with small
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Table 1 The comparison of PDC and ADC.

Property

PDC

ADC

Molecular weight

Pharmacokinetic

Cost

Cytotoxic payload

The weight of the molecule (2—20 kDa) is
small, which makes it easier to penetrate the
tumor stroma and enter the tumor cells
Rapidly eliminated by the kidneys, making it
less toxic to the bone marrow and liver

It can be expressed in situ or chemically
synthesized for simple production and easy
scale-up

Targeted formulations can be coupled with a
variety of clinically proven cytotoxic
molecules such as adriamycin, paclitaxel,
camptothecin, cisplatin, and so on

Large molecular weight (~ 160 kDa) limits
passive transport through epithelial cell
membranes

Non-specific uptake by the liver and
reticuloendothelial system results in dose-
limiting toxicity to the liver and bone
marrow

Relatively difficult to manufacture and
costly to produce and qualify

Cytotoxic molecules are limited to a very
few highly toxic candidates such as MMAE
(monomethyl auristatin E), and DM-1
(mertansine)

molecules to constrain the peptide in a rigid conformation®*. The
bicyclic ring can combine with transporter protein for transporting
drug molecules. The larger molecular footprint allows for targeted
protein interactions. It combines the advantages of the pharma-
cology of a biological drug and the pharmacokinetics of a small
molecule drug, without immunogenicity. These PDC offer several
advantages, such as tumor deeper penetration, less immunoge-
nicity, and a faster renal clearance®. The drug is linked to the
BTP, which ensures conformational stability.

In 2021, Bicycle Therapeutics (Nasdaq: BCYC) announced
three investigational BTC (bicyclic peptide—toxin coupled) drugs:

development. BT1718 is a novel bicyclic peptide anticancer drug
targeting membrane type I matrix metalloproteinase to release its
toxic payload DM1. BT5528 has shown preliminary anti-tumor
activity as a drug targeting EphA2°°. EphA2 (Ephrin type-A re-
ceptor 2) is a transmembrane tyrosine kinase receptor (RTK) that
regulates cell migration, proliferation, and differentiation in the
nervous and vascular systems®’. EphA2 is overexpressed in a
variety of refractory tumors, including breast, colon, uroepithelial,
lung, cervical, and ovarian cancers”'. BT8009, as a nectin-4 tar-
geting drug, has demonstrated anti-tumor activity. Nectin-4 (nec-
tin cell adhesion molecule 4), is a type I membrane protein that is

BT1718, BT5528, and BT8009°° *%. All in phase I/II clinical

Figure 1 A schematic of a peptide—drug conjugate structure, consisting of a target peptide, linker, and drug, with different payloads.
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uroepithelial, breast, pancreatic, and triple-negative breast cancers
(TNBC), which could influence cell proliferation, differentiation,
migration, and invasion®?,

Dendritic polymers have been applied in many scientific fields:
pharmaceuticals, nanotechnology, and biomedicine. they are
characterized by their highly branched structure, which consists of
several parts, including a core that exposes functional groups, a
daughter, and a shell, among others. Dendritic polymers have
several key properties unique, such as thermal properties, vis-
cosity, and properties for encapsulation, which are different from
linear peptides. Peptide dendritic polymers can be divided into
two categories: covalent type and non-covalent type. Covalent
peptide dendrimers are based on natural or non-natural amino
acids; non-covalent peptide dendrimers are linked to multiple
frameworks ™.

The success of dendrimer peptide drug conjugates has been
reported in selectively delivering DOX to cancer target sites™.
PEG is a good biocompatible material in vivo because of its good
solubility, less toxicity, less immunogenicity, high flexibility, and
high protein fusibility. The PK properties of the dendrimer pep-
tides were enhanced and the half-life extend by incorporating PEG
into the dendrimer. The designed PEG dendrimer peptide conju-
gated with DOX uses a tetrapeptide (GFLG) as a linker by “click”
chemistry. Overexpression of histone protease B cleaves the linker
when cytokinesis, resulting in the release of the drug**. This study
determined that the use of dendrimer nanoparticles in combination
with DOX in mice with breast cancer in comparison with DOX,
significantly reduced tumor size and the weight of the tumor
decreased throughout the study, indicating that the modification of
nanoparticles works in vivo.

The research of Falciani et al. demonstrated how dendrimers
peptide is effective for the treatment of colorectal cancer by
controlling the delivery of gemcitabine (GEM)*’. Carboxymethyl
chitosan/poly (amidomethylamine) (CMCht/PAMAM) dendrimer
nanoparticles can form specific delivery vehicles through a short
peptide conjugation with gemcitabine. YIGSR peptide conjugated
dendrimer peptides are selective for HCT-116 cells with LR
(Leptin receptor)*®. Gemcitabine was released intracellularly
which led to cell death®’.

Wang et al.*® design a PDC composed of three modules: RGD
targeting motif, assembly motif, and CPT molecule. This PDC
binds cellular receptors and the assembly principle strategy im-
proves PDC cell-permeability efficiency and increases intracel-
lular drug bioavailability and therapeutic effect. and raises the
maximum tolerated drug dose. which is of great significance in the
future.

In the clinical trials of PDCs, two therapeutic PDCs are
currently approved on the market: '”’Lu-dotatate (lutathera) and
melflufen. Others are in various stages of R&D (Table 2). The first
PDC approved by the US Food and Drug Administration (FDA),
77 u-dotatate, is used to treat gastrointestinal, pancreatic, and
neuroendocrine tumors®’. Growth hormone is an affinity peptide
that can bind to the cytotoxic radiotherapeutic agent via the amide
bond*’. Melflufen is used for the early treatment of refractory
multiple myeloma (MM)°*°!, which can rapidly release alkylating
agents to tumor by aminopeptidase in the cell’’. However, in
October 2021, The company oncopeptides AB announced the
decision of withdrawing melflufen from the US market due to the
failure of the phase III clinical trial because unsuccessfully
reducing the risk of death in people with relapsed refractory
multiple myeloma (HR = 1.104). Cybrexa’s CBX-12 was
developed based on the alphalex™ technology platform. The

alphalex technology is a drug delivery platform that allows the
entry of the anti-cancer drug into the body without binding to cell
surface antigens and directly into cancerous cells. The treatment
process involves receiving the drug into the body, adjusting the pH
environment in the body, loosening the cellular structure in a low
pH environment, and delivering the drug into the cells. Alphalex is
a therapeutic solution for patients who take drugs periodically and
prevents cellular resistance’>. The technology consists of pHLIP®
peptides, linkers, and small molecule drugs™. pHLIP® peptides
were first developed by Yale University and the University of
Rhode Island. In April 2021, CBX-12 has received IND approval
for the treatment of advanced solid tumors in phase I clinical
trials. SNG1005 is in phase III clinical in China. It is the fastest
progressing PDC program in China. With the core technology
platform, Coherent Biopharma has developed a series of anti-
tumor conjugated drugs. Among them, CBP-1008, a dual-
targeted-ligand conjugation, is the most recent and is currently
in phase Ia. Many PDC products are still in the preclinical stage.
PDCs targeting GPCRs is currently seeking for an angel round
funding to support the clinical development of Tye-1001 and Tye-
1002. The primary product, peptide-coupled drugs targeting
CXCR4, MB1707, is expected to initiate clinical trials in China
and USA. While another product, MBO10, is expected to expand
therapeutic options in combination with the PD-L1 drug this year.
In May 2022, innovative drug TH1902 announced phase 1b
clinical trial in solid tumors.

These PDCs mentioned above are therapeutic agents, however,
through the coupled of radionucleotides, PDCs can also act as
diagnostic agents™. It is critical to understand the role of each
component when designing a PDC. The considered design in-
cludes the mechanism of action and alternative approaches which
can ameliorate current limitations’”.

4. Peptides in PDCs

The choice of peptide affects the efficiency of drug endocytosis in
PDCs, once the target has been selected, the selection of a suitable
peptide for the PDC is also important and has a significant impact
on efficacy, pharmacokinetic/pharmacodynamic profile, and ther-
apeutic indices. The ideal peptide for PDCs should have a strong
target binding affinity, high stability, low immunogenicity, effi-
cient internalization, and a long plasma half-life.

Homing peptides are specific target overexpressed protein re-
ceptors in tumor tissue™. It direct transmitted the loading drug to
the target cell, limiting chemotherapeutic agent delivery off-
target’® (Table 2). These homing peptides have previously been
reported to have a high binding affinity for target sites in nano-
molar concentrations®’. To determine their binding affinity, a va-
riety of techniques can be used, including surface-enhanced raman
scattering (SERS)’®, bio-layer interferometry (BLI)*’, isothermal
titration calorimetry (ITC), and drug affinity responsive target
stability (DARTS) (Fig. 2).

The homing peptide’s secondary structure influences their
binding affinity significantly. As a result, it is critical that linkers
improve homing peptide binding affinity by stabilizing the sec-
ondary structure®”. When the linker binds to the chemotherapeutic
drug, the secondary structure of the homing peptide must be
maintained. A homing peptide database by Kapoor et al.°' details
a variety of homing peptides for many targets (https://webs.iiitd.
edu.in/raghava/tumorhope/).

In addition to their targeting properties, some peptides also act
as cell-penetrating peptides (CPPs), which are summarized on the
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Table 2  Various types of peptide—drug conjugates in clinical trials and approved for marketing.

Name TTP Payload Linker Indication Development Clinical trials registry Ref.
phase
ANG1005 Angiopep-2 Paclitaxel Succinic acid Leptomeningeal Phase IIT NCT03613181 (2021) 135,136
metastases
Glioma Phase II NCT00539344 (2014) 137
Glioblastoma brain
tumor, recurrent
Breast cancer brain Phase 11 NCT02755987 (2016) 138
metastases NCT01967810 (2020)
Advanced solid Phase I NCT02048059 (2020) 139
tumors with and NCT00539383 (2016)
without bain
metastases
GRN1005 Angiopep-2 Paclitaxel Succinic acid Breast cancer brain Phase II NCT01480583 (2016) 89,140
metastases; non-small NCT01497665 (2019)
cell lung cancer NCT01679743 (2019)
(nsclc) with brain
metastases
BT1718 MT1-MMP binder DM1 Disulfide Advanced solid Phase I/II NCT03486730 (2020) 38
tumours non-small
cell lung cancer
non-small cell lung
sarcoma
oesophageal cancer
BT5528 EphA2 binder MMAE Amide Solid tumours Phase I NCT04180371 (2021) 36,39,141
EphA2-positive
NSCLC
BT8009 Nectin-4 binder MMAE Amide Solid tumors Phase I NCT04561362 (2021) 142,143
TH1902 TH19P01 Docetaxel Succinic acid Solid tumors Phase I NCT04706962 (2021) 144
TH1904 TH19P0O1 Doxorubicin Succinic acid Solid tumors None None
G-202 (mipsagargin) DyYEYEYEYE Thapsigargin Amide Solid tumors Phase II NCT02381236 (2017) 145
NCT02067156 (2017)
NCT02607553 (2017)
NCT02876003 (2017)
NCTO01777594 (2016)
NCT01056029 (2015)
NGRO15 (NGR-hTNF) CNGRCG (1,5 SS) hTNF Amide Malignant pleural Phase IIT NCT01098266 (2019) 146
mesothelioma
tTE-NGR GNGRAHA tTF Amide Malignant solid Phase I NCT02902237 (2020) 147
tumors lymphomas
PEN-221 fCYWKTCC (2,7 SS) DM-1 Disulfide Neuroendocrine Phase I/I1 NCT02936323 (2021) 148,149
tumors carcinoma,
small cell lung
Zoptarelin doxorubicin D-Lys6-LHRH Doxorubicin Amide Pre-treated advanced/ Phase IIT NCTO01767155 (2020) 150
metastatic recurrent
endometrial cancer
CBP-1008 CB-20BK MMAE Amide Advanced solid tumor Phase 1 NCT04740398 (2022) 151
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CBP-1018
SOR-C13

Melflufen (delisted)

771 u-dotatate (Lutathera)

1771 u-PSMA-617
['®F]AIF-NOTA-octreotide
['®F]Fluciclatide
['®FIRGD-K5
%8Ga-NODAGA-E

[cyclo (RGDyK)],
%8Ga-NOTA-BBN-RGD

*0Y-DOTATOC
99mTc_3PRGD2

h-DTPA-octreotide

LDC10B
folate

Flufenamide

Tyr-3-octreotate

Glu-urea-R
octreotide
RGD

cyclo (RGDfK)

E [cyclo (RGDyK)],
cyclo (RGDyK) and BBN

*Tyr-octreotate
3Tyr—octreotate

3Tyr-octreotate

MMAE
MMAE

Melphalan

177
Lu

68Ga
68Ga

90Y
99mTC

111
In

Amide
Amide

AcOH

DOTA

DOTA

NOTA

PEG

NOTA

NODAGA

NOTA

DOTA
3PRGD2

DTPA

Lung tumor
Advanced malignant
solid neoplasm
Multiple myeloma

Neuroendocrine
tumors

Prostate cancer
PET or GEP-NETs;
Neuroendocrine
tumors

PET imaging

PET imaging

PET imaging

PET/CT and PET
imaging

PRRT

Breast cancer
SPECT/CT scan
Brain and central
nervous system
Tumors

PET imaging

Phase I
Phase 1

Approved
for marketing

Approved
for marketing

Phase 1
Phase I/II/IIT
Phase II

Phase 1T

Phase 11
Phase |

Phase II
Phase I

Phase I

NCT04928612 (2022)
NCT03784677 (2021)
NCTO01578564 (2016)
NCT04534322 (2021)

NCT03325816 (2021)
NCTO01456078 (2019)
NCTO01578239 (2017)
NCT02125474 (2019)
NCTO05079698 (2021)
NCTO03511768 (2018)
NCT04552847 (2020)
NCT03883776 (2020)
NCTO00918281 (2014)
NCTO00565721 (2014)
NCTO00988936 (2012)
NCT02490891 (2018)
NCT03364270 (2020)
NCT03445884 (2020)
NCT03271281 (2021)
NCT02749019 (2016)
NCT02747290 (2016)
NCT03273712 (2019)
NCT02742168 (2020)
NCT02615067 (2019)
NCTO00002947 (2014)

151
152

157

158,159

160,161

162—164

165,166

167,168

169
170,171

172
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following website  (http://crdd.osdd.net/raghava/cppsite/)
These peptides exhibit some properties such as hydrophobicity,
amphiphilicity, and a negative charge that facilitates across cell
membranes®. The cell-penetrating peptide not only transmits
drugs to the targeted tissue but also allows cell internalization.
CPPs with positive charge have disadvantages, such as the un-
stable of target selectivity, resulting in non-specific cellular up-
take. Therefore, anionic CPPs are often used in PDC to improve
the specificity of tumor cells®.

Peptides are ideal carrier molecules as they have the same
ability as monoclonal antibodies. They have a high affinity for
receptors overexpressed on the surface of tumor cells without
exhibiting the disadvantages of mAb. However, the binding of the
payload to the peptide molecule is particularly critical as the
spatial structure of the payload affects receptor binding and
selectivity, thus interfering with receptor recognition. Therefore,
an understanding of peptide—receptor interactions is required for
rational drug selection. Amino acids such as lysine, cysteine,
glutamate, and serine that are not involved in receptor recognition
can be used directly for payload binding on the side chain or
unwanted sites can be replaced by these amino acids to introduce
possible modification sites. Many peptides also allow for simple
N-terminus modifications as their N-terminus is not involved in
receptor recognition. Ideally, peptide carriers contain multiple
modified side chains so that multiple payloads can be incorporated
into each peptide molecule, allowing for increased concentrations
of drug at the tumor site and thus enhanced therapeutic efficacy.

Al and peptide libraries could be used in innovative peptide
screening, which offering unique advantages in activity, drugg-
ability, and safety, deciding different routes of administration and

clinical outcomes in various molecular forms for a better clinical
use. Peptide libraries are constructed using overlapping or non-
overlapping peptides with target antigen fragments, called peptide
library methods or array-based epitope mapping, from which
fragments with high affinity for the target antibody are selected to
analyze the conformation of the antigen and antibody binding
site®°7. Peptide discovery can also use Al autonomous algo-
rithms to find peptide molecules with high activity and specificity
for specific targets and to design and optimize their structure and
sequence for the characteristics of the drug to obtain better cell
penetration, structural stability, and longer half-life, thus greatly
improving its drug-forming properties®®. We can establish a
mature Al biologic drug discovery tool and platform with deep
integration of efficient predictive algorithms, experimental data,
and experience for peptides of expert, recombinant proteins, small
proteins, antibodies, and other biologic drug discovery areas.

4.1.  The pharmacokinetics of peptides

It is critical to study pharmacokinetics (PK) and pharmacody-
namics (PD) when designing drugs®’. Traditionally, peptides and
small molecules have significantly different pharmacokinetic
properties’’. One limitation of these peptides is their low
bioavailability and drug intake, unfortunately, these properties
make oral administration of peptides impossible. However, oral
administration is one of the most convenient methods, by which
the patient is more likely to comply with medication’" (Fig. 3).
Peptides have a shorter half-life and circulating than bio-
macromolecule, which needs frequency dosing, and caused the
slow pace of research in both ADC and PDC’. The half-life of
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hydrophilic peptides is determined by several soluble enzymes in
the blood and on the cell membrane. Exopeptidase is among the
most predominant soluble enzymes. which is related to peptide
catabolism and plasma chemical instability. Exopeptidases are
classified into two types: aminopeptidases and carboxypeptidases,
which respectively target the N- and C-terminal >,

The rapid renal clearance rate and short half-life hinder the
study of peptides in vivo, and the factors affect their properties of
drug forming. The glomerular capillaries in the kidney are
approximately 8 nm. Peptides molecular-weight less than 25 kDa
are filtered out from the glomerulus and are not reabsorbed by the
tubules’’. Formulations can have an ameliorative effect in this
context and have been successfully developed in the new drug
semaglutide, FDA recently approved the oral peptide N-[8-(2-
hydroxy benzoyl)aminocaprylic acid] (SNAC) as an adjunct to
albiglutide for the treatment of type 2 diabetes’'. SNAC acts as a
buffer in the stomach and reduces the activity of proteolytic en-
zymes. Although semaglutide is approved for use by FDA, there is
still a long road for the delivery of oral peptides before clinical
application’.

Several approaches improve the ADME properties of peptides,
such as increasing cell permeability, enhancing chemical stability,
the resistance of protein hydrolysis, and reducing renal clearance,
leading to a prolongation of the circulating half-life””. Half-life
extension is beneficial for economic rationality and patient
compliance. Based on this feature, there can be a large scope for
dose adjustment for PDC administration.

4.2.  Improvement of peptide stability and cell permeability

4.2.1.  Cyclization modification
Cyclization reactions are widely used in peptide synthesis and
include head-to-tail cyclization, head-to-tail cyclization, side-

. . . . . . . . . 76
chain cyclization, and side-chain and side-chain cyclization'®.
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Peptide anastomosis is often used to determine the secondary
structure of peptides, such as a-helix and B-sheet, which can
improve the binding affinity of peptides to the target and increase
their ADME"".

Peptide stapling (PS) has two subtypes: single-component PS
(1C-PS) and two-component PS (2C-PS)’®. In 1C-PS, usually
depending on the higher-order hierarchical structure, the presence
of intramolecular bonding between non-natural amino acid side
chains can be cyclized. The first example of 1C-PS is the closed-
loop complexation (RCM) of Blackwell and Grubbs using O-allyl
serine residues’’. The first stapling peptide, ALRN-6924, has
entered clinical trials and completed phase 1. Recently, the focus
on stapling peptides has shifted from 1C-PS to 2C-PS. 2C-PS
performs late modifications to the binding peptide when needed,
and 2C-PS developed by Christian Heinis and Greg Winter has
been widely used in bicyclic peptide therapy™.

The bicyclic structure is formed by the cross-linking between
three cysteine residues and three functionalized linker groups. Its
emphasis on the advantage of a low “blood-to-tumor ratio”, thus,
by increasing a few times the dose of PDC, the molar dose of the
chemotherapeutic drug can reach similar levels; at the same time,
due to the targeted of the peptide, the chemotherapeutic drugs can
reach the tumour site precisely, it is promising to improve the
therapeutic effect and reducing toxic side effects.

4.2.2.  Amino acid modifications

One way to increase peptide stability is to use D-amino acids
instead of L-amino acids. Amino acid sequence substrate recog-
nition and binding affinity are reduced for proteolytic en-
zymes'”’?. The octreotide, a peptide for the treatment of
gastrointestinal tumors®, two amino acid sites are replaced by the
p-amino acids, The final half-life of octreotide has increased from
several minutes to 1.5 h, resulting in the improvement of PK

properties®’. Although this example highlights the benefit of p-
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amino acid substitution, in some cases, b-amino acid peptides
have a shorter half-life than the L-amino acid peptides’’. In some
cases, a strategy for targeted conjugation through the incorpora-
tion of unnatural amino acids (UAAs) to explore the effects of
epidermal growth factor receptors (EGFR). It is shown that protein
stability and targeting delivery is enhanced by tuning EGFR li-
gands and aggregating these ligands®”. At the same time, a
chemical approach was explored based on highly efficient
conserved sites of the protein, the use of epitope mimicry to
achieve fully synthetic peptides, which mimic amino acid se-
quences that inhibit their biological activity when bound to anti-
bodies®>**. They also have a high bioavailability, and stablility
in vivo. It is important to consider these types of modifications
may affect the higher-order structure of the peptide and intra-
molecular or intermolecular interactions.

4.2.3.  The modification of binding with chemical
macromolecules

The charge of the peptide is related to renal clearance. Negatively
charged peptides have longer half-lives than positively charged
peptides. The presence of anionic charges on the glomerular inner
membrane limits the filtration of anionic compounds in urine. The
binding of peptides which has a larger molecule’s weight
(>450 kDa) can increase peptide lipid solubility. In addition,
binding with albumin could enhance the site-blocking, preventing
peptides from being filtered out through the kidney with longer
periods of blood circulation. Typically, peptide chains catabolize
the active site by exonucleases in the N- or C- terminus. Changes
in the N- and C-terminal lead to decreased renal clearance®.
There are several ways to increase hydrolytic resistance by
modifying N- or C- termini. Such as cyclic amide binds the C- and
N-termini of the peptide together to prevent enzymatic degrada-
tion, enhance enzymes hydrolysis resistance’® and prolong the
half-life. Furthermore, N-methylation of the amide bond can also
enhance metabolic resistance®”.

Polyethylene glycol (PEG) is a candidate for peptide modi-
fication: inexpensive, high bioavailability, bioaccessibility, and
non-immunogenic. HM-3 peptide has a short half-life and re-
quires twice-daily dosing, which makes it need to extend the
half-life to prolong the intracellular drug retention time. mPEG-
Ald (methoxy-poly (ethylene glycol)-aldehyde) is the preferred
PEG-modified linker to the N-terminal. With this modification,
the half-life of the HM-3 peptide has been extended by 5.86-
fold®**’.  Another PEGylated peptide is Bayer’s PEG-
adrenomedullin (PEG-ADM), which is used to treat patients
who have acute respiratory distress syndrome (ARDS) with less
ability to breathe®®.

Other widely used macromolecules for peptide modification
are polysialic acid (PSA) and hydroxyethyl starch (HES)%.
Modifying the fat chains can also extend the half-life of pep-
tides”’. Glucagon-like peptide (GLP-1) receptor agonists have
been used to control blood glucose levels in patients with type 2
diabetes. For example, exenatide is administered twice daily with
a half-life of 30 min’'. Liraglutide is an analog of human GLP-1
which has a fatty acid chain that is attached to the peptide back-
bone to bind albumin. It exhibits a significant improvement of
GLP-1 and increased intravenous half-life of 8—10 h, adminis-
tered once daily’”. The semaglutide is also an agonist of GLP-1
with a yGlu-2xOEG linker to the C;g fatty acid chain. Studies
in animal minipigs demonstrate that the semaglutide contributed a
significant improvement with a half-life of 46.1 h, allowing for
weekly dosing, compared to earlier GLP-1 agonists’>.

4.2.4.  Modification by dosage form

Intracellular protein delivery systems generally rely on the fusion
of genetic proteins with membrane-penetrating tags and protein-
encapsulating carriers based on cationic liposomes, polymers, and
inorganic nanomaterials’*. Several approaches have been reported
to enhance the oral bioavailability of peptide therapeutics through
dosage forms, such as penetration enhancers and acid-stable
coatings’>”°. Penetration enhancers can transport peptides across
epithelial cells by interfering with cell-to-cell junctions and
adhesion proteins. Another way for improved oral utilization of
drugs using acid-stabilized coatings which are pH-sensitive and
able to remain intact at low pH levels in the stomach. Conversely,
when they are transported to the colorectal, the pH increases,
causing coating ruptures and the releasing of the inclusions. Citric
acid can help to neutralize the optimal synergies with multiple
gastrointestinal peptidases at alkaline pH to delay peptidase-
induced degradation.

The dosage form also increases the bioavailability of intrave-
nous polypeptides. For example, in the FDA-approved Sandostatin
LAR, the octreotide is encapsulated in a dextrose-poly (lactide)
star polymer (Glu-PLGA)’’, making polypeptides into hemi-
solvent form. The use of hemi-solvents showed varying degrees
of PLGA solubility due to the L:G ratio. The lactic acid selectivity
of this hemi-solvent allows for the deconstruction and analysis of
complex PLGA formulations. Hemi-solvents can be used as
quality control and reverse engineering tools for pharmaceuticals
containing PLGA polymer mixtures. Thus, improving the overall
chemical and enzymatic stability of peptides through these ap-
proaches may reveal new therapeutics, including targeted thera-
pies such as peptide—drug conjugates’. The four ways of
modifying PDC stability and cell penetration in this section are
shown in Fig. 4.

5. Linker in PDCs

The choice of the linker is one of the key factors in the design of a
PDC and needs to take into account the microenvironment in
which the PDC is located so as not to interfere with the binding
affinity and drug efficacy of the peptide to its receptor. There are
different types of linkers used in PDCs depending on their length,
stability, release mechanism, functional groups, hydrophilicity/
hydrophobicity, and other characteristics”. Linkers used in PDCs
must exhibit stability to prevent premature and nonspecific drug
release. The linker is one of the keys to drug stability and treat-
ment window. Firstly, the linker needs to have a certain level of
stability so that it can ensure the integrity of the PDC during
circulation before it reaches the tumor cells, avoiding the early
release of toxin drugs leading to off-target toxicity and affecting
the treatment window of the PDC. And after entering the target
cells, the linker has to ensure the effective release of the toxin drug
to play its killing effect.

Linkers can be cleavable or non-cleavable. Cleavable linkers
can be cleaved enzymatically or chemically. Among these, the
chemically cleavable linkers include several chemical motifs, such
as a pH-sensitive linker, —S—S~- linker, and cleave the linker by
exogenous stimuli'® (Fig. 5). Usually, endogenous stimuli are
easier to control and have the advantage that in vivo biological
activity should not affect the cleavage rate of the linker, and the
cleavage effect persists when the concentration of the endogenous
trigger substrate is low. Detailed reviews on various aspects of
cleavable linkers were published by Alas et al.”” and Liang'®" in
2021 and 2018°”'°". The non-cleavable linkers cannot be
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activated by external stimuli. The non-cleavable linkers are
worked after peptide metabolism release the payload. Although
cleavable linkers are better in developing targeted therapeutic
agents, non-cleavable linkers are more stable in metabolic cycling
in vivo. The choice of cleavable or non-cleavable linker depends
on the design of the targeted therapeutic agent and the needs of the
mode of action'’%,

5.1.  Non-cleavable linkers

Chemical components such as succinimidyl thioethers, oximes,
and triazoles have been used in non-cleavable linkers to bind
chemotherapeutic drugs to target peptides' > '%°. However, there
are chemical groups present in the linker that link not only the

I |
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Different methods used to improve the stability and permeability of peptides.

drug, but also the peptide, non-cleavable functional groups
existing in the middle of the linker as well. After PDC adminis-
tration, the most unstable site is cleaved first and becomes a
mixture including unmodified drugs, drugs with partial linkers, or
linkers with amino acids. The advantage of non-cleavable linkers
is that these may not cleave in the plasma as other linker chem-
istries do and release some drugs prematurely in the plasma before
reaching the target cancer site.

5.2. GSH concentration-sensitive linkers

GSH concentration in the tumor medium is 4 times that of normal
cells'”. Disulfide bond linkers are very stable in the blood and
have tumor specificity. Thus, GSH concentrations are also tumor-

B 000 (-
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|Glutathione (GSH) concentration wi’th'

We-sensitive linkers

Figure 5
cellular uptake or under in vivo conditions.

The chemical structures of different linker chemistries are shown with the plausible method of release of the drug from PDC after
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dependent. The colorectal cancer has GSH levels in the range of
90 nmol/mg compared to normal GSH levels of 10—20 nmol/
mg'%. Tumor cells cause oxidative stress, which results in high
GSH levels and promotes payload release. Glutathione cleaves a
variety of chemical bonds, including disulfides, thioethers/sele-
nium/tellurium,  diesel/disulfides, ferrocene, and metal
thiolsl(ﬂ,]()x.

5.3.  pH-Sensitive linkers

The pH value of healthy human tissue and cells is 7.4, whereas
around 6.8 for the tumor microenvironment. Lysosomes in tumor
cells are acidic organelles which pH values ranging from 4.7 to
5.0'. Intracellular hypoxia generates energy via anaerobic
glycolysis and produces lactic acid, which causes pH value to
decrease. Numerous chemical bonds are pH-sensitive, including
acetals, hemiacetals, imines, hydrazines, and various
metal—organic frameworks (MOFs). In general, they are stable in
the normal body environment but hydrolyzed at an acidic pH
value''”.

The chemically cleavable linkers rely on lysosomal pH. The N-
acyl hydrazine linker induces drug release directly. This linker
could cleave in lysosomes and is successfully applied in Mylotarg
(gemtuzumab ozogamicin, Pfizer) approved by FDA'''. It has
shown good stability in vivo and in vitro in mice at
pH = 4.5—7.4'">. Hydrazone bond is also pH sensitive. Struc-
turally stable at neutral pH in the bloodstream, while it is hy-
drolyzed to release payload in acidic cellular compartments such
as lysosomes (pH 4.8) or late endosomes (pH 5.5—6.2). However,
the junction is not stable during circulation, is slowly hydrolyzed
in the blood, and shed toxin drugs. So its application is currently
limited mainly to hematologic tumors. The linker technique has
been applied successfully as mentioned above. However, the
linkers field has shifted from acid-cleaved to enzyme-cleaved''?
(Table 3).

Table 3

5.4. Enzyme-sensitive linkers

Proteases are involved in many biological functions in the
human body. Their dysregulation leads to cancer, hematological
disorders, and neurodegenerative diseases. The proteases family
which was found in cancers is matrix metalloproteinases
(MMPs), a class of lysosomal proteases''®. Elevated levels of
MMPs have been observed in the tumor microenvironment in a
variety of cancers. Therefore, MMPs are an ideal stimulator to
initiate chemotherapeutic drug release in targeted therapies''”.
There are limitations to the application of MMPs, so designing
PDC targeting selective is challenging. Other proteases trigger
targeted releases, such as histone B and cardamom proteases.
They lead to cancer progression, recolonization, and invasion''°.
And the proteases, especially histones, are overexpressed in
specific cancers. For example, histones L, K, and D overexpress
in breast cancer, while histone E overexpresses in pancreatic and
gastric tumors. These proteases are not only overexpressed in
cancer, but also overexpressed in a variety of other diseases,
such as Alzheimer’s disease and atherosclerosis. The acidic
environment prevents disease irreversible denaturation, which
facilitates the activation of drug release.

Enzyme-cleaved linkers are a common choice applied to ADCs
and PDCs, which the drug selectively released at the target protein
site. Dipeptides are widely a practical substrate for enzyme
cleaved linkers: such as Val—Ala and Val—Cit show good stability
in circulation. Cleavage of the dipeptide occurs in the presence of
histone or carboxylesterase 1 (CES-1) in mouse plasma''’. The
cleavage subsequently triggered the drug release is also through
para-aminobenzoate (PABC)!'®, However, the cleaving of linkers
in mouse plasma caused by hydrolysis has led to preclinical
problems in vivo studies. The efficiency of in vivo studies was
further compromised.

The latest advance in cleavable linkers is aryl sulfate linkers
cleaved by lysosomal sulfatases''®. After cleaving, the aryl sulfate

pH of each part of the tumor microenvironment and its corresponding pH-sensitive structure, pH-sensitive carrier function.

Tumor microenvironment pH pH-Sensitive groups

pH-Sensitive structure

pH-Sensitive carrier
function

1) Imine bond
(pH < 5—7)

1) pH-Responsive
drug release

2) Target exposure
of target mole-
cules or mem-
brane penetrating
peptides to pro-
mote carrier
uptake

3) Charge flipping
promotes carrier
uptake

1) Intracellular

2) Dimethyl maleate
bond (pH < 6.8)

Extracellular pH 6.5-7.2 1) Poly-histidine
tumors 2) Polysulfonamide

3) Poly-(-amino
ester (PAE)

4) Poly (2-N,N
diethylamine)
ethyl methacry-
late (PDEA)

Intracellular Endosome: pH 1) Maleic acid
tumors 5.0—6.5 derivatives
Lysosomes: pH 2y Carboxylated
4.5-5.0

poly (glycidyl
ether)

3) Acrylic acid
derivatives

1) Hydrazone bond
(pH < 5)

2) Acylhydrazone
bond (pH < 5)

3) Protic acid ester
bond (pH < 5)

4) Oxime bond
(pH < 5)

5) Acetal/ketone
bond (pH < 4-5)

carrier degrada-
tion for rapid
intracellular drug
release

2) Proton sponge
action promotes
endosome escape




Table 4

Types of enzymes aberrantly expressed in tumor tissues and their specific cleavage substrates, corresponding vector functions.

Types of enzyme

High expression site

Specific cleavage substrate

Carrier design and function

Matrix metalloproteinases
(MMP-2 and MMP-9 also
known as gelatinase class)

Prostate-specific antigen (PSA)

Tissue proteinase B (CaB)

Phospholipase A2 (PLA2)

a-Amylase

Lysyl oxidase (LOX)

B-Glucuronidase

Fibroblast activation protein (FAP)

Tumor extracellular
microenvironment

The extracellular
microenvironment of
prostate cancer

Tumor cell endosomes

Tumor extracellular
microenvironment or site
of inflammation

The extracellular
microenvironment of the
tumor or necrotic tumor
area

Highly expressed in the
tumor extracellular matrix
(ECM)

Necrotizing tumor area

Cell-associated
fibroblasts (CAF) surface

GPLGIAGQ xGPLGV.PVGLIG

MuHSSKLQL.AcOmASKLQSL
AcHypSSChgQSSP

GFLG

DPPC, DSPE, DSPC, POPC, PLA, PCL, etc.

Catalyzes the formation of small glucose
molecules from polysaccharides. For example
B-cyclodextrin, glycolic acid, etc.

Antibody

Glucuronide

Hydrolysis of the N-terminal closed pro-X bond

1) Target exposure of target
molecules or membrane
penetrating peptides

2) Tumor extracellular enzyme
responsive drug release

3) Degradation of large parti-
cle size carriers to small
particle size carriers for
deep tumor penetration

4) Targeted removal of PEG
shell to enhance uptake of
nanocarriers by tumor cells

1) Rapid release of precursor
drug targets

2) Diagnosis of prostate cancer

1) Rapid intracellular drug
release in tumor cells

2) Enzyme-activated  nanop-
robes for diagnostic therapy

1) Enzyme-responsive  drug
release

2) Phospholipase sensor

3) Targeted drug delivery

the enzymatic action of drug

release

Targeting LOX in the
extracellular matrix of tumors,
thereby altering the structure of
ECM and inhibiting tumor
growth and invasion

The enzymatic action of drug
release

Targeting CAF, killing the
microenvironment on which
tumor cells live, and thus killing
tumor cells
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linker will release the unmodified drug by 1,6-elimination. This
linker has high stability and hydrophilicity in human and mouse
plasma120 (Table 4).

6. Drugs in PDCs

Toxin drugs are integral to tumor-killing. After the PDC enters the
cell, the toxin drug is the primary agent that ultimately causes the
death of the target cell; therefore, the toxicity and physicochem-
ical properties of the toxin drug can directly affect the ability of
the drug to kill the tumor and therefore the efficacy. Cytotoxins for
coupling must have four requirements as followed: a clear
mechanism of action, a small molecular weight, high cytotoxicity,
and retained anti-tumor activity after chemical coupling to the
peptide'?’.

Each drug often presents its limitation, such as undesirable PK
properties. However, the non-selectivity of the drug is the biggest
drawback, causing serious side effects. The peptides allow for
specific targeting and therefore broaden the therapeutic field. As
the chemotherapeutic drug attaches to the peptide, it is often
required an increased dose for delivery to compromise the cyto-
toxic dose decreasing. There are many criteria to determine the
cytotoxicity of PDCs, such as circulatory stability in vivo, high
efficiency of drug effect, and the presence of viable ligand sites to
connect to the linker. The chemotherapeutic agent of choice
typically has a low ICso, usually in the nanomolar range.
Chemotherapeutic agents in PDC include adriamycin, paclitaxel,
Zoloft Melphalan, etc.”®, also includes radionuclides, such as the
7"Lu-dotatate®.

Drugs in the PDC are not only therapeutic agents but also
imaging agents, such as In-DTPA-octreotide (octreoscan), the first
FDA-approved PDC containing a radioactive nucleotide, which is
primarily used for diagnosis. The radioactive nucleotides allow
imaging of tumors by various techniques to determine the precise
location of the tumor because homing peptides bind specifically to
receptors on the target, and ectopic targeting is very rare. PET
imaging is possible when the binding is labeled with positron-
emitting radioisotopes, such as gallium (®3Ga), copper (**Cu), and

PDC administration route
== o
oral administration ( 5

o] S

intravenous injection

Figure 6
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fluorine ('®F)'*?. Single-photon emission computed tomography
(SPECT) imaging can also be used for tumor visualization when
using gamma-emitting radioisotopes, such as iodine (‘**I) and
Tech”m (*mTc)'>* !>, Bifunctional chelators are often used to
imaging agent: including 1,4,7,10 tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA) and diethylenetriaminepenta-
acetic acid (DTPA)'*°. The virus inhibitor, GRL0617, can also be
linked to peptides to treat COVID-19, which provides promising
opportunities for antiviral drug design’.

7. PDC stability

Similar to peptides, the main disadvantage of PDC is the unde-
sirable circulatory stability and rapid renal clearance. PDC should
be stable within the circulation to prevent pre-release chemo-
therapy and systemic exposure. Nanoparticles have been investi-
gated to enhance PDC stability now. One way to overcome poor
cycling stability is to combine PDCs with gold nanoparticles
(AuNPs). Overall stability can be improved due to their desirable
physicochemical properties, safety, relative ease of synthesis, and
long-circulating half-life. Kalimuthu et al. have reported an in-
crease of 90-fold in PDC circulating half-life when PDC devel-
oped for the treatment of murine lymphoma cells were coupled
with PEG-coated AuNP to produce selective PEG-AuNP-PDC'*,
Zhang and his colleagues'’ have recently demonstrated that
nanoparticles improve the stability of pre-drug PDCs with a
bifunctional approach. The design principle is based on a non-
invasive anti-tumor therapy via near-infrared light called photo-
thermal therapy (PTT), The enhancement of the PK properties of
PDC by nanomaterials is an ongoing area of research and makes
PDC great potential for clinical trials'*®,

8. PDC administration route

PDC is not oral and must be given to patients via intravenous
injection, which is similar to ADCs. The delivery system for the
peptides and proteins requires more research. Recently, Liu

eliminate

faeces

urine

The relationship between the PDC delivery route and drug stability in vivo.
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et al.'* have published a novel method for delivering peptides by
the oral route using the peptides self-assembly method to create
pectin-dihydroartemisinin/hydrooxycampothecin ~ nanoparticles
(PDC-H-NPs). The PDC-H-NPs were combined with a hydro-
philic pectin and anticancer drugs dihydroartemisinin or hydrox-
ycamptothecin, which could increase drug loading, improve water
solubility, and achieve drug release (Fig. 6)'*°. Ezhilarasan et al.
found the route of administration, size, pharmacokinetic proper-
ties, immune clearance and so on hamper nanomedicines’ clinical
application. they focus on the benefits, avenues and challenges of
nanoparticle-based oral systems for lung cancer treatment'’'.
Casazza et al.'*? focus on the characterization of PhAc-ALGP-
Dox, a targeted tetrapeptide prodrug with a novel dual-step
mechanism, designed to circumvent Dox-related toxicities and
coupling to the phosphonoacetyl (PhAc)-capped tetrapeptide
forms a cell-impermeable, inactive compound, PhAc-ALGP-Dox.
Cardoso et al.'*® address advances in the principles of dosage
form selection, employing lipid-based nanoparticles and cell-
produced exosomes as drug delivery systems. In the future, oral
administration may be a new strategy for using PDC candidates in

.- . 1134
clinical trials .

9. Conclusions

PDC is a combination of the peptide and chemotherapeutic agent,
combining the selectivity of a peptide with the lethality of a
chemotherapeutic agent. By modifying the amino acid sequence
of the peptide, PDC can change the hydrophobic and ionizing
properties of the conjugate, solving the problems of poor water
solubility and untimely metabolism, while promoting cell
permeability and avoiding the high wear and tear of small mole-
cule drugs in clinical development due to their poor
physical—chemical properties. In addition, PDCs with lower
molecular weight can be more easily purified, which is essential in
pharmacokinetics.

Peptides are currently deficient in clinical compared to small
molecule and biologics, however, they exhibit excellent versatility.
Peptide conjugated drugs can enhance tumor cell permeability,
reduce immunogenicity, and cut down the cost. Although peptides
have a smaller molecular weight and have rapid renal clearance,
these problems have been solved by several methods such as
chemical modification and physical techniques (cyclization,
binding peptides, dosage forms). These well-established methods
have been shown to slow down the rate of renal clearance and
therefore, significantly give support to clinical studies. PDCs are
at the forefront of research and are promising for the future, as
witnessed by the two PDCs on the market. PDCs with rational
design and precise targets can have an impact on the target ther-
apeutic market. Peptides already exist in clinical trials in the form
of BTC to treat a variety of cancers. Combining materials science
through nanoparticles with peptides is an effective strategy to
address the stability issues encountered with peptides. This review
highlights the potential of peptides as a diverse tool for targeted
drug delivery. Despite that PDCs can achieve enhanced efficacy,
increased circulation time, and lowered toxicity, the synthetic
technology for a peptide with better stability used in PDCs is
needed to overcome. In the future, dual-function PDC technology
is set to shine. There is still a long way to go in trying to achieve a
bifunctional combination by focusing drugs on tumor tissue
through tumor-specific targets (TSA) and another target as an
endocytic target, and we expect pharmaceutical companies to
make a breakthrough. Research and development is a very

complex discipline that opens a window and closes a door for you
at the same time.

PDC drugs have strong tumor penetration, low production cost
and no immunogenicity. Compared with other conjugated drugs,
PDC drugs have a broader industrial base and clinical value. China
is experiencing the era of biosimilars, PD-1/L1, and ADC drugs
are piling up. With the resolution of related technical issues and
breakthroughs in supporting technologies, PDC drugs will also
become a hot spot for R&D and a crowded track for investment in
the next decade. More innovative biopharmaceutical companies
will join in to enable the rapid development of PDC drugs for the
benefit of more patients.

In conclusion, As an emerging research field in the fight
against cancer, PDC has its advantages in comparison with ADC,
but there are still many “hard bones” to overcome. Fortunately,
with the experience of ADC, PDC research may have some
shortcuts and fewer detours. Meanwhile, as the technology
becomes more innovative, it is believed that PDC
research will gradually be clinically validated, thus driving the
development of the field and bringing more choices to therapy.
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