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1. CPPsare amino acid sequences that can induce uptake processes by the cells.

2. CPPs can facilitate the intracellular delivery of a variety of anti-cancer thera-

peutic moleculars.

3. The mechanisms of the CPPs uptake can be generally categorised into energy-

dependent and direct penetration.

4. The optimisation of CPPs’ defects will promote their clinical applications as

drug delivery vehicles.
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Abstract

Due to the complex physiological structure, microenvironment and multiple
physiological barriers, traditional anti-cancer drugs are severely restricted from
reaching the tumour site. Cell-penetrating peptides (CPPs) are typically made
up of 5-30 amino acids, and can be utilised as molecular transporters to facil-
itate the passage of therapeutic drugs across physiological barriers. Up to now,
CPPs have widely been used in many anti-cancer treatment strategies, serving as
an excellent potential choice for oncology treatment. However, their drawbacks,
such as the lack of cell specificity, short duration of action, poor stability in vivo,
compatibility problems (i.e. immunogenicity), poor therapeutic efficacy and for-
mation of unwanted metabolites, have limited their further application in cancer
treatment. The cellular uptake mechanisms of CPPs involve mainly endocytosis
and direct penetration, but still remain highly controversial in academia. The
CPPs-based drug delivery strategy could be improved by clever design or chem-
ical modifications to develop the next-generation CPPs with enhanced cell pen-
etration capability, stability and selectivity. In addition, some recent advances in
targeted cell penetration that involve CPPs provide some new ideas to optimise
CPPs.

KEYWORDS
Anti-cancer therapy, cell-penetrating peptides, molecular cargoes, optimisation, tumour
immunity
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1 | INTRODUCTION

As a major cause of morbidity and mortality, cancer is
threatening human life and health in the world. A study
by the GLOBOCAN 2020 estimates indicated that there
were 19.3 million new cancer cases and almost 10 million
deaths from cancer in 2020. There are quite a few tra-
ditional tumour therapies, such as chemotherapy, radio-
therapy, targeted therapy, immunotherapy and endocrine
therapy. In recent years, to address the problem of effec-
tive delivery of exogenous substances from extracellular
to intracellular, short peptides carrying drugs and pene-
trating the cell membrane have attracted extensive atten-
tion. Cell-penetrating peptides (CPPs) can take exogenous
substances into cells, and most of them contain less than
30 amino acid residues. CPPs, also known as targeting
polypeptides, the protein transduction domain (PTD), and
trojan horse peptides,' are derived from natural or non-
natural proteins or chimeric sequences. They can cross
the cell membrane, delivering various compounds, such
as small molecules, nuclear acids, proteins, viruses, imag-
ing agents and drugs,>* carrying them into cells in the
process. CPPs are usually designed to enhance or inhibit
certain specific pathways of intracellular signal transduc-
tion. More molecular role refers to improving the anti-
cancer activity, inhibiting ubiquitination, inducing apop-
tosis and autophagy, mediates host immune responses and
so on. As of 28 August 2021, 1855 CPPs have been recorded
in the CPPsite 2.0 database. The first protein capable of
crossing the cell membrane was discovered by Frankel
and Pabo in 1988. When developing a method for detect-
ing the HIV-1 TAT protein activity, they found that cells
cultured in tissue could absorb the purified TAT protein
and then reversely activate the viral promoter.* In 1999,
Schwarze et al. fused the 120KD-galactosidase protein with
the PTD of the human immunodeficiency virus TAT pro-
tein and found that the bioactive fusion protein could be
delivered to all tissues of mice, including the brain.’ Later,
Pooga et al. found that a 21-peptide PNA complementary
to human galanin receptor type 1 mRNA could effectively
enter Bowes cells and eventually suppress the expression of
galanin receptor when coupled with the CPP transportan
or pAntennapedia.® Since then, a large number of CPPs
that are able to carry compounds penetrating the cell mem-
brane have been developed by researchers.”” At the cellu-
lar level, CPPs have intrinsic anti-tumour effects (Table 1).
Moreover, they can serve as delivery vehicles for different
types of cargoes into cells and interact with cell membranes
in various ways, such as delivery of chemotherapy drugs
or biochemical reagents to the body through their own
membrane penetration.'’'? Surprisingly, some CPPs were

found to penetrate the blood-brain barrier (BBB), and the
exact mechanisms can be unveiled in their cellular uptake
mechanisms."® In addition, featured with low toxicity and
efficient membrane permeability, the potential of CPPs can
be tapped for a wide range of applications in critical areas
such as tumour treatment.'*'® The use of CPPs, cationic
proteins and nano-carriers were proved an effective path to
penetrate BBB,!” CPPs combined with transferrin is a clas-
sical route targeting for delivery of therapeutic molecules
to BBB."* Combining R-targeting protein with CPP has
shown significant progress to overcome BBB as compared
to only single ligand receptor-targeting agents.'” Receptor-
mediated transcytosis (RMT) can overcome an impassable
penetration to BBB. The ligands such as CPPs, receptor-
targeting peptides and monoclonal antibodies (mAbs) and
drugs via nano-particles (NPs) conjugated with RMT sys-
tem can induce effective endocytosis to BBB."?

CPPs of different origins or compositions vary greatly
in physical, chemical and biological properties, mani-
fested as differences in length, charge, solubility and
hydrophobicity. At present, CPPs are usually classified
according to their source, conformation and physical and
chemical properties. The most common classification is
cationic, lipophilic and hydrophobic CPPs, in terms of
their physical and chemical differences. They can be
divided into D-type, L-type, mixed type and modified
type based on chirality/modification. Moreover, CPPs can
be classified according to the cargoes they transport.
The classification basis and the proportion of each cat-
egory are shown in Figure 1 (https://webs.iiitd.edu.in/
raghava/cppsite/statsl.php). This paper focuses on the
specific research or application of CPPs combined with
different drugs to treat related tumours in recent years
and some significant defects confronted by current CPPs
against the further progress of anti-tumour treatment
based on CPPs. More importantly, the timeline of some
well-established CPPs is shown in Figure 2. There has
been new progress in promoting CPPs’ tumour therapy
by delivering nucleic acids (NAs) and proteins, inter-
acting with ligands or receptors and combining NPs.
Combine with CPP-Dot 11 or incubation with DMSO is
another method to synergistically promote the delivery
of plasmid DNA mediated by 36+GFP.>° CPP-CaaX can
affect K-Ras downstream signalling to promote death
of tumour cells, especially K-Ras-4B.”! CPPs contain-
ing the progesterone receptor polyproline domain can
inhibit cell proliferation in lung cancer.”? CPP-modified
graphene oxide NPs loaded with Rictor siRNA significantly
inhibited TNBC progress by inhibiting PI3K/Akt/mTOR
signal transduction.??
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TABLE 1 Examples of intrinsic anti-cancer peptide

Name experiment Activity

TP10 In vitro TP10 improves the anti-cancer activity of cisplatin, and TP10
also has an anti-cancer effect on HeLa and OS143B cell
lines

P28 In vitro It can penetrate the nuclei of tumour cells and bind to
tumour suppressor protein P53 to inhibit ubiquitination.

FK-16 In vitro FK-16 peptide induces apoptosis and autophagy

KT2 In vivo By inducing apoptosis(HCT116)

Disruptin In vitro and in Inhibition of Hsp90 chaperone and dissociation of active

vivo asymmetric EGFR dimer to destabilise activated EGFR

RALA In vitro RALA complex enhanced the tumour growth, delaying
activity of alendronate in the PC3 xenotransplantation
model of prostate cancer.

Retaining pH sensitivity
TAT In vitro and in TAT-modified pH-sensitive liposomes significantly reduced
vivo cell viability by separating PEG fraction when exposed to

the acidic tumour microenvironment, enhancing cellular
uptake, delaying tumour growth and prolonging the
survival of 4T1 tumour-bearing BALB/c mice.

HNP1 In vitro and in

vivo

(A) CHIRALITY/ MODIFICATION

(C) ORIGIN OF PEPTIDES

Protein
derived
41.73%

HNPI mediates host immune responses to tumours in situ
through the recruitment and subsequent activation of
immature dendritic cells

Modified
10.57%
Y
Mix
S -73%
\ D Linear
3.40% peptides
94.50%

Nucleic

Cancers

Cervical cancer
Osteosarcoma

Breast cancer
Colon cancer
fibrosarcoma

Colon cancer

Colon cancer

Prostatic cancer
Breast cancer
ZR-75-1 cell line

Breast cancer

Colon cancer
Breast cancer

(B) LINEAR AND CYCLIC PEPTIDES

Cyclic
peptides
5.50%

(D) CARGOS DELIVERD BY CPPS

Proteins

Chimeric/

3.45% Synthetic
54.82%

acid %
16.10% 9.85%
\ Peptides
A 4.76%
Drugs /\

1.42%

Fluorophores
58.70%

30f38

Refs.
264

265,266

267
268

269

111,270

271
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FIGURE 1 Schematic diagram illustrating the types of CPPs. CPPs are classified in different ways: (A) CPPs can be classified as D type, L
type, mix type and modified type based on chirality or modification. (B) According to the conformation, linear peptides are in the majority.
(C) CPPs may be derived from different sources, with synthetic CPPs accounting for the largest part. (D) CPPs can be utilised as DDSs and be

divided into different subgroups based on their cargoes. Specific classification results and their proportions have been marked in the above

figure. The most popular classification is according to physical-chemical properties, in which CPPs can be classified into three subgroups:

cationic CPPs, amphipathic CPPs and hydrophobic CPPs
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2 | THE UPTAKE MECHANISM OF CPPs

The cellular uptake mechanism of CPPs remains highly
controversial in academia. Although the mechanism of
cellular uptake is far from being fully understood, it is spec-
ulated that there may be several independent mechanisms
for cellular uptake of CPPs or many mechanisms working
together, according to the different physicochemical prop-
erties of CPPs. In addition, many researchers also claimed
that the cellular uptake mechanism of CPPs depends on
the type, size, concentration and charge of the carriers.”*
A better and more comprehensive understanding of the
cellular uptake mechanism will contribute to the CPPs-
based research and application. Currently, the acknowl-
edged cellular uptake mechanisms of CPPs mainly con-
tain endocytosis-mediated and energy-independent path-
ways, as shown in Figure 3. More information about
the uptake mechanism of CPPs can be found in the
review.>*

The penetration ability of CPPs was related to their
net charge and peptide length to some extent. Peptides
with positive net charge have better cell membrane pen-
etration ability than those with negative net charge or
no net charge.”> The more efficient uptake of CPP with
cation may be explained by the presence of anionic proteo-
glycans and phospholipids on the cell membrane, which
leads to the electrostatic interaction between the cationic
CPPs and the membrane for internalisation. It is proved
that CPPs with a sequence length of more than 12 amino
acid residues had better penetration ability than shorter
peptides. In addition, peptides with a higher helix orien-
tation tend to have greater penetration ability.”® Molec-
ular dynamics simulations have demonstrated that the

ing CPPs can be seen in Part 4

identified benzene dithiol linker can greatly facilitate the
a-helicity of a variety of peptide substrates to enhance the
penetration ability of CPPs.?” Due to the instability of the
helix structure of the short peptide in solution, it can be
speculated that peptides with sequence lengths less than
13 amino acids are insufficient to maintain a stable alpha-
helix conformation. The hydrophobic interaction of CPPs
also has a positive effect on the penetration ability of CPPs.
The aromatic tryptophan can be considered hydrophobic,
and the penetration ability of CPPs is reported to be posi-
tively correlated with the number of tryptophan residues.?
Arginine residues play an important role in cell membrane
interactions, uptake mechanisms and hydrophobic a-helix
structures, which was demonstrated by the comparison
of the delivery efficiencies of TP10 and Pen-Arg.”’ At the
same time, the concentration of CPP affected the uptake
mechanism of CPP, which means that high concentrations
of primary hydrophobic CPP were more likely to penetrate
cell membrane directly, whereas endocytosis was the pri-
mary absorption mechanism at the low concentrations.*’
Researchers have found that the permeability enhancer
can be used to improve the penetration ability of CPPs. The
permeability efficiency of 36+GFP protein can be remark-
ably improved by fusing with CPP-Dotll or treating with
the permeability enhancer dimethyl sulfoxide (DMSO)
in vitro.?’

2.1 | The endocytosis-mediated pathway
Endocytosis is regarded as an internalisation process of

peptides or macromolecules. The endocytosis-mediated
pathway, also known as the energy-dependent pathway
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FIGURE 3 Mechanisms of the intracellular entry of CPPs. Schematic representation of mechanisms for CPPs internalisation. The

involved pathways can be divided into two groups: endocytosis (blue) and energy-independent mechanisms (pink). Endocytosis pathways
consist of macropinocytosis, caveolin-mediated endocytosis, clathrin-mediated endocytosis and clathrin and caveolin-independent
endocytosis. Energy-independent mechanisms have been proposed to occur through: the ‘barrel-stave’ model, the ‘carpet-like’ model, the
inverted micelle model, the membrane thinning mode and another hypothesis of ‘membrane thinning’. The small molecules involved in the
uptake progress have been marked in the domain of the relevant pathway

mechanism, serves as the dominant cellular uptake path-
way for most CPPs.?! As a natural and energy-dependent
process, the endocytosis-mediated pathway exists in all
cells. There are four identified pathways: macropinocy-
tosis, caveolin-mediated endocytosis, clathrin-mediated
endocytosis and clathrin- and caveolin-independent endo-
cytosis.

Macropinocytosis is a rapid receptor-independent cel-
lular uptake process that involves the formation of mem-
brane protrusions driven by actin polymerisation.**3* The
process of macropinocytosis includes the interaction of
CPP/cargoes and membrane proteoglycans, which acti-
vates the rac protein in the cytoplasm. Then, the rac

protein releases signals to stimulate the F-actin organ-
isations, followed by the contraction of actin micro-
filaments, the deformation, protrusion and endocyto-
sis of cell membrane, and then the cellular uptake of
CPPs.** Clathrin-mediated endocytosis, sometimes called
as receptor-mediated endocytosis, is receptor-guided and
clathrin-mediated endocytosis necessary for the cellular
uptake of essential nutrients.’ Its mechanism involves
the following processes. Firstly, CPPs interact with recep-
tors and induce the clathrin assembly to form a new
cytoplasmic membrane. The membrane then undergoes
progressive clathrin-coated invagination and eventually
forms clathrin-coated vesicles with a size of 150 nm. After
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that, the clathrin-coated vesicles are converted into endo-
somes and then released into the cytoplasm.*® Similar to
clathrin-mediated endocytosis, caveolin-mediated endo-
cytosis occurs, whereas the difference lies in the fact
that the former is associated with caveolin. Caveolin-
mediated endocytosis is a clathrin-independent process
concerning the formation of intracellular vesicle invagi-
nation and is mediated by the membrane protein cave-
olins and the peripheral protein cavins.’’ In this mecha-
nism, to induce endocytosis, CPP/cargoes specifically tar-
get the receptors on lipid rafts, which are hydrophobic
areas rich in cholesterol and sphingomyelin (also known
as lipid rafts).>® Cavin connects to caveolin, which then
will generate and invaginating a pit as cavin and cave-
olin complexes increases gradually. Then cell takes in a
caveolin-coated vesicle to form an endosome. Caveolin
is the main surface marker protein and exists predomi-
nantly in the vesicles, Golgi apparatus, and partially sol-
uble lipoprotein complexes on the membrane. It is a mem-
brane integrin that functions as a molecular signalling plat-
form. Studies have shown that the mechanisms of these
three endocytosis pathways are minimally affected by the
dose and sequence of CPPs.* Different from the above-
mentioned pathways, clathrin- and caveolin-independent
endocytosis mainly occurs in animal cells for internal-
isation of fluids, membrane components and receptor—
ligand complexes.*’ Additionally, opsonins can also recog-
nise and label CPP/cargoes, and the process is as follows:
CPP/cargoes firstly attach to the Fc receptor on the cell
membrane, activate actin and subsequently are coated by
the cell membrane. Then, CPP/cargoes translocation is
complete.*!

2.2 | Direct penetration

Direct penetration, also referred to as the non-endocytosis
pathway or energy-independent pathway, is a cellular
uptake process independent of energy. This mechanism is
based on the interaction of cationic CPPs with the anionic
components of the cell membrane, such as heparan sul-
phate (HS) and the phospholipid bilayer. The interac-
tion later leads to temporary destabilisation of the plasma
membrane via or pore formation, which usually happens
at low temperatures without the participation of recep-
tors. According to the differences of corresponding uptake
mechanisms, they are proposed to occur through the
‘barrel-stave’ model, ‘carpet-like’ model, inverted micelle
model and membrane thinning model.

The ‘barrel-stave’ model (also known as the pore for-
mation model) describes an antibacterial peptide that
destabilises the bacterial cell membrane, which undergoes
depolarisation after being destabilised by the antibacte-

rial peptide.*? In this mechanism, some pores form on the
surface of the cell membrane. When amphiphilic CPPs or
CPP/cargoes penetrate the cell membrane, their hydropho-
bic regions interact with the phospholipids on the cell
membrane, and their hydrophilic sections combine with
the hydrophilic heads of phospholipids to produce barrel-
shaped pores, facilitating transmembrane mobility.*>**
Thus, CPPs can penetrate the cell membrane and enter the
cytoplasm.

The ‘carpet-like’ model is also described as an antibac-
terial peptide translocation model, featured by a transient
increment in membrane fluidity.*> CPPs or CPP/cargoes
penetrate the cell membrane via charge interaction in
the ‘carpet-like’ model.*® CPPs or CPP/cargoes cover the
surface of the cell membrane in a carpet-like pattern,
with their hydrophobic sections interacting with the cell
membrane’s hydrophobic regions.”> When the concen-
tration of CPPs or CPP/cargoes reaches a certain level,
their hydrophobic parts would be overturned by the
cell membrane’s hydrophobic core, increasing cell mem-
brane mobility. The membrane thus becomes locally desta-
bilised, expediting the delivery of CPPs and their cargoes
into cells.

To describe the transmembrane protein family of CPPs,
the inverted micelle model has also been proposed.*’*3
Transmembrane protein CPPs are polypeptides rich in
lysine and arginine that can penetrate the cell membrane
at low temperatures, indicating that no energy is required
for the process. According to the hypothesis, cationic
residues (arginine and lysine) firstly combine with anionic
phospholipids on the cell membrane*’ to form pocket
micelles that encapsulate CPPs.”’>! Next, CPPs penetrate
the cell membrane in the micelle towards the cytoplasmic
side. When these micelles cross the membrane, CPPs and
their carriers are released into cells.

The ‘membrane thinning’ effect of alternative carpet
models was initially suggested using a peptide toxin,
magainin.”” In this model, anionic lipids are laterally rear-
ranged, which is caused by external charge interactions,
and then the membrane becomes thinner. The interaction
with CPPs and the membrane surface reduces the local sur-
face tension and allows the insertion of CPPs into the mem-
brane, thus achieving effective penetration of CPPs. More-
over, after the internalisation of CPPs onto corresponding
targets, the membrane will reseal naturally.

To be more specific, uptake pathways of CPPs depend
on their properties, concentration, type of cargo, cell lines
used and experimental conditions. At such a circumstance,
the same experiment may obtain different results regard-
ing the uptake mechanisms, so a better understanding of
the role of these factors and standardisation of the experi-
mental methods will undoubtedly lead to the agreement of
uptake mechanisms of CPPs.
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3 | CPPs AND ANTI-CANCER CARGOES
DELIVERY

In recent years, ‘precision medicine’ has received increas-
ing attention in tumour treatment. The combination of
CPPs, other drugs such as chemotherapy drugs, NA
molecules, peptide NAs, proteins, peptide vaccines and
NPs, greatly expands the application prospect of CPPs in
tumour treatment. The anti-cancer applications or pre-
clinical studies described in this section are mainly shown
in Table 2.

3.1 | Delivery or conjugation with NPs

For the past few years, with the rapid advances in
nanoscience and technology and remarkable achieve-
ments in the medical field, a nano-based diagnostic and
therapeutic system has broadened a new strategy for can-
cer. Nano-medicine products offer opportunities to realise
complex targeting and develop multifunctional therapeu-
tic strategies. Overall, the applications of NPs in clinical
practice are confronted with barriers due to their short-
comings. For example, in vivo, the intracellular delivery
efficiency of NPs is far from desirable so that they cannot
effectively cross the BBB.”** Despite the unknown uptake
mechanisms of CPPs/CPP-cargoes, many CPPs have been
used to enhance intracellular delivery of various NPs effi-
ciently, as evidenced by several excellent reviews. In 1999,
Josephson et al.>> were the first to disclose the conjuga-
tion of CPPs to NPs. The coupling of NPs and CPPs can
reduce the side effects of anti-cancer drugs, enhance the
specific cellular uptake and extend the cycle time, provid-
ing controlled release and package for multiple drugs in
combination therapy. In addition, CPPs can also bind to
transport drugs to form nano-micro molecules, in which
efficient transport can also be achieved. The newly formed
NPs have considerable advantages, such as good biocom-
patibility, low cytotoxicity, high cell membrane permeabil-
ity, large surface area, easy modifiability and abundant
functional groups on the surface.’*>° CPPs, as a func-
tional material, may address not only the issue of geo-
graphical localisation, but also the issue of intracellular
internalisation. CPPs’ role of modifying several polymers
to enhance their cell-penetrating capability is also indi-
cated in the CPPs and NPs conjugation strategies, where
the complex interplay (which can be mainly divided into
two types—covalently and non-covalently) between CPPs
and NPs eventually allows for their implementation in var-
ious fields such as cancer targeting, imaging and therapy.
Moreover, the coupling of CPPs to the surface of NPs has
also been shown to improve the tumour-targeting abil-
ity of NPs.®® Compared with CPPs-mediated NPs, NPs

3

modified by targeting molecules (such as hyaluronic acid
and folic acid) have their own characteristics. Depend-
ing on the specificity of targeting molecules, NPs mod-
ified by them may exhibit higher selectivity. As target-
ing molecules are mainly naturally occurring compounds,
such polysaccharide-coated NPs can increase their bio-
compatibility, but the attachment of CPPs to NP surfaces
is much more convenient. In addition, X-ray + TAT-GNSs
treatment was confirmed a distinct tumour inhibitory
ability, which illustrated the highest radiation sensitis-
ing ability of TAT-GNSs.%! In general, some of the most
popular CPPs-NPs combinations were described in this
section.

3.1.1 | Gold nano-particles

In 1857, Faraday published the first scientific article about
gold NPs (AuNPs). For centuries, AuNPs with sizes rang-
ing from 1 to 120 nm have been recommended to treat vari-
ous diseases. Due to some significant properties of AuNPs,
such as adjustable local surface Plasmon resonance, good
surface modifiability and biocompatibility, easy synthe-
sis and stable properties, AuNPs have long been thought
to have significant potential in cancer diagnostics and
medication delivery applications, according to researchers.
In addition, the non-toxicity and non-immunogenicity
of AuNPs and the enhanced permeability and retention
(EPR) effect can make therapeutic drugs permeate and
accumulate more easily at the tumour site, providing an
additional benefit for therapeutic use.®* Additionally, their
nanometre size as well as magnetic and luminescent prop-
erties are adequately bodied in the application of AuNPs in
cancer diagnosis and treatment.%>%*

As for the combination of CPPs and NPs, the former
can be used not only to improve the intracellular deliv-
ery of GNPs but also to reduce their cytotoxicity.®> Func-
tionalised GNPs have been showed no cytotoxicity against
host cells. A complex of covalently bound GNPs to PEG and
the mAb Herceptin were found to recognise breast cancer
cells expressing specific tumour-related antigens and had
better stability and activity in vivo and in the blood of a
nude tumour xenograft-bearing mouse model.®® Lupusoru
et al.%” synthesised TAT-DOX-PEG-irradiated AuNPs con-
jugates to investigate the cytotoxic effect on tumour cells
of irradiated AuNPs in green light, followed by function-
alisation with HS-PEG-NH2. A cell viability test proved
that irradiated and non-irradiated NPs coated with PEG
were non-toxic to normal cells. The results indicated that
the PEGylated NPs modified with DOX and TAT pep-
tides were more effective than pristine DOX. To enhance
drug delivery to inhibit breast cancer cells, Ramin A. Mor-
shed et al.®® designed a cell-penetrating GNP platform
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of TAT peptide-modified AuNPs carrying DOX. When
compared to free drugs, cytotoxicity to two breast can-
cer cell lines was significantly improved as evidenced
by noticeable reduction in IC50. Furthermore, in vitro
investigations revealed substantial particle accumulation
in tumour foci and enhanced survival in an intracranial
MDA-MB-231-Br xenograft mouse model.

3.1.2 | Nano-micelles

According to the polarity and non-polarity of the solu-
tion, nano-micelles can be classified into common nano-
micelles and reverse nano-micelles.”” Due to inherent
and easily modified characteristics, nano-micelles are
suitable for drug delivery, especially when used with
CPPs. Additionally, CPPs can promote the penetration
of nano-micelles into cells to achieve better therapeutic
effects.”” The use of CPP-conjugated polymer micelles
is becoming an increasingly hot topic under investiga-
tion in the field of tumour-targeted therapy. For exam-
ple, researchers have successfully applied micelle systems
containing TAT peptides to specifically deliver anti-cancer
drugs to solid tumours and found promising experimental
results.”!”?

Ya qin Zhu et al.”® proved that tandem nano-
micelles could achieve efficient and specific anti-glioma
chemotherapy effects if they are co-functionalised with
the brain tumour-targeted CPPs Angiopep-2 and TAT. The
complex not only showed high selectivity to glioma cells
and a long blood circulation time, but also enhanced the
penetration effect of BBB. This experiment powerfully
demonstrates that the tandem nano-micelle loaded with
DTX could achieve a better anti-tumour effect in situ
U87MG human gliomas without significant adverse
effects than the single peptide-functionalised counterpart
of Angiopep-2.

In addition, we have noticed that the PH-targeting sys-
tem is becoming increasingly popular in anti-cancer ther-
apy. That system can specifically release the carried sub-
stances based on the specific pH in the tumour microen-
vironment. In other words, there is no release at pH 7.4,
but when it enters the tumour microenvironment (pH 5.5-
6.5), a complete release can be observed.” This remark-
able pH-specific release mechanism can be exploited to
develop targeted delivery systems for anti-cancer drugs.
Jingwen Shi et al.”> synthesised RGD-decorated PEG-PTX
self-assembly micelles to achieve targeted therapy against
carcinoma of stomach. The growth of carcinoma of stom-
ach cells was significantly inhibited by the conjugate. The
conjugate’s tumour targeting and inhibitory efficacy was
validated in a carcinoma of stomach xenograft mouse
model.

3.1.3 | Liposomes

Liposomes with phospholipid vesicle structures were first
discovered in the 1960s. They are hollow bilayer structures
formed by one or more concentric lipid bilayers. Lipo-
somes can be degraded rapidly during systemic circula-
tion due to their size, surface charge, hydrophobicity and
fluidity of the lipid membrane.”®”® Researchers modified
liposomes with PEG to avoid their recognition by the RES
system, which showed increased liposomal stability, pro-
longed circulation half-life, improved biodistribution pro-
file and enhanced anti-cancer potency of the drug pay-
load. In conclusion, their surface can also be modified
by attaching CPPs.”” Compared with other drug delivery
systems (DDSs), liposome-related ones exhibit many sig-
nificant characteristics, such as local compatibility, low
immunogenicity and self-assembly capabilities. In addi-
tion, they are found to carry macro-molecular drugs, pro-
tect the delivered drugs from external media and simulta-
neously load hydrophilic drugs and hydrophobic targeting
ligands. They are also found to reduce the toxicity of trans-
port drugs, avoid toxic drugs from damaging sensitive tis-
sues of the body and possess a better site-specific target-
ing and enhanced drug penetration ability.®*-%* The use
of CPPs to modify the surface of liposomes has received
increasing attention because their combination allows for
superior cell permeability.®*

Biswas et al.** functionalised DOX-loaded PEGylated
liposomes (commercially available DOXIL or LipoDOX®))
with CPPs octaarginine (R8) . According to results, this
simple surface modification of liposome-DOX can resolve
the poor permeability of PEGylated liposomes and pro-
vides a strategy to significantly boost their anti-cancer
activity. Many drug delivery examples of the combination
of CPP and liposome are found to help overcome the obsta-
cle of BBB for a better therapeutic effect on neurologic
tumours. Yayuan Liu et al.*® conjugated the RGD reverse
sequence dGR to R8 and synthesised a CendR motif con-
tained tandem peptide R8-dGR. The dual receptor (inte-
grinavf33 and neuropilin-1 receptors) recognising peptide
R8-dGR showed increased cellular uptake and efficient
penetration ability into glioma spheroids in vitro. When
PTX was loaded into liposomes, PTX-R8-dGR-Lip could
induce the most substantial anti-proliferation effect and
inhibit angiogenesis in vitro. The CPP-modified liposomal
formulation can show significantly higher tumour sup-
pression efficacy with minimum collateral toxicity.

3.1.4 | Carbon nanotubes

Carbon nanotubes (CNTs) are considered to be a very
potent drug delivery vehicle for small molecules and
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biologics due to their properties, such as high surface
area to volume ratio, superior efficacy, enhanced speci-
ficity and mild side effects.®® To our knowledge, CNTs
are widely applied in tumour treatment.’”*® However,
the further application of CNTs in cancer treatment is
limited by the lack of water solubility and cytotoxicity
due to their hydrophobic surfaces.®® Research has been
conducted based on the use of biocompatible polymers
to functionalise CNTs and combine them with other
biomolecules to enhance their cell penetration and reduce
toxicity, and CPPs serve as a wonderful option.”” Xidong
et al.° non-covalently functionalised multi-walled CNTs
(MWCNTs) with low molecular weight chitosan conju-
gated with TAT, whose results showed that MWCNTSs-TC
(TAT-chitosan-conjugated MWCNTs) had low cytotoxicity
and good water solubility. Its targeted delivery capacity to
human breast cancer cell line MD-MBA-231 tumour cells
was superior to chitosan-modified MWCNTs (MWNTs-CS)
in both in vitro and in vivo experiments, demonstrating
the great application potential of MWCNTs-TC in tumour
treatment. Houmam Kafa et al.®® investigated the ability
of ANG (Angiopep-2)-targeted chemically functionalised
multi-walled CNTs (f-MWNTSs) to cross the BBB in vitro
and in vivo. They discovered that conjugating ANG to f-
MWNT significantly enhanced their transport across the
porcine brain endothelial cell monolayer in vitro and in
vivo and cerebral uptake of fMWNT.*® F-MWNT-ANG
exhibited enhanced uptake in the glioma brain compared
to the non-targeted conjugate, demonstrating the potential
of ANG-conjugated -MWNTs for effective drug delivery to
brain malignancies.

3.1.5 | Other NPs

In addition to the most common NPs mentioned above,
several other NPs can also be used to combine with CPPs to
enhance their anti-cancer efficacy. In a study, researchers
combined Mn-doped ZnS NPs (Mn:ZnS NPs) and a CPP to
deliver chemotherapeutics, PTX. PTX-loaded Mn:ZnS NPs
with different CPPs (PEN, pVEC and R9) showed improved
anti-cancer efficacy compared with bare PTX. Moreover,
they studied the in vivo biological distribution and anti-
cancer effect of the conjugate on a breast cancer xenotrans-
plantation model. The H/E staining result confirmed that
R9:Mn:ZnS NPs have the maximum PTX loading capabil-
ity, especially in an acidic environment, which can lead to
higher toxicity against cancer cells.”!

AgNPs are mainly used for antibacterial and anti-cancer
treatment and to promote wound repair and bone healing,
or as vaccine adjuvants, anti-diabetic agents and biosen-
sor adjuvant therapy.”” For the sake of cellular uptake
improvement, just like other targeted drugs, AgNPs must

CLINICAL AND TRANSLATIONAL MEDICINE

be targeted to the tumour site to exploit their anti-tumour
effect potential. Functionalisations with different CPP of
AgNPs were developed in MCF-7 cell lines. AgNPs mod-
ified with CPPs were found to reduce the survival rate
of MCF-7 cells in a dose-dependent manner because the
chances of cell-particle interactions after peptide coupling
were increased, and higher uptake and subsequent toxicity
of AgNPs were realised.”

3.2 | Delivery of biological molecules

3.21 | Nucleic acid

In most cases, the anionic charge and spontaneous bind-
ing to the cation CPPs by electrostatic interaction make
CPPs appropriate for NA delivery. CPPs have a variety
of functions in CPP/NA complexes, including protecting
NAs from nucleases, enhancing cell uptake and target-
ing specific cells. In addition to the direct complexation
of CPPs with NAs, CPPs are also used to target NA-loaded
NPs to specific organs and cells.”* Furthermore, CPPs can
be delivered to plasmids through four steps: firmly con-
densing and protecting DNA, targeting specific cell surface
receptors, destroying endosome membrane and transport-
ing DNA goods to nucleus.”

Cancer is usually triggered by mutations in key genes,
and studies have found that NA gene therapy can achieve
a satisfying anti-tumour effect.”> Common NA thera-
pies include plasmid DNA (pDNA),”® messenger RNA
(mRNA), small interfering RNA (siRNA)”’ and antisense
oligonucleotide (AON).”® NAs are highly charged anionic
macromolecules that can be rapidly eliminated from the
fluid circulation. Thus, one of the greatest challenges in
gene therapy is to address the issue of specific deliv-
ery. Previously, viral vectors were used to deliver NAs,
but they have been gradually replaced by CPPs due to
inherent immunogenicity, limited ability to deliver macro-
molecules and high treatment cost.”” As non-viral gene
delivery vectors, CPPs are capable of delivering membrane-
impermeable compounds into living cells and show a low
immunogenic response with a safer and higher gene load-
ing capacity than viral systems.”® Coupling CPPs with NAs
solves the poor permeability and stability of NAs while
achieving effective intracellular delivery. The following
examples are mainly about siRNA and DNA.!%0

SiRNA

It is known that siRNA is a double-stranded RNA con-
sisting of 20-25 nucleotides that can be used in distinct
areas in biology.!’! Additionally, siRNA is mainly involved
in RNA interference (RNAIi) to regulate gene expression
and is easily filtered by glomerulus in vivo and excreted
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through urine with the disadvantages of easy degradation,
short half-life and uncontrollable effective drug concentra-
tion. Therefore, it has become a widely accepted method to
deliver siRNA into cells via CPPs and improve the limita-
tion of siRNA drug application.

At present, CPPs have been a universally used deliv-
ery vehicle for the efficient delivery of siRNA into cells.
For example, siRNA-CPPs conjugates have been linked
to thermo-magnetic double-responsive liposomes (TML).
In vivo experiments have demonstrated that siRNA-
CPPs/TML exhibits superior in vivo targeted delivery, anti-
cancer efficacy and gene-silencing efficiency in the MCF-
7 xenograft mouse model.!’? In addition, another study
published by Hayashi et al. showed that NPs composed
of crotamine and DNA/RNA could be delivered as NAs
drugs to in vitro and in vivo systems. Crotamine, prepared
by recombination, chemical synthesis and fluorescence
labelling, is a polypeptide with 42 residues derived from
snake venom. It has been studied that a complex formed
by crotamine-coupled DNA/RNA can be selectively deliv-
ered to HCT116 colorectal cancer cells in mice for tumour
targeting therapy.'”> WEEL is found to be overexpressed
on many cancer cells.'* A novel siRNA delivery system
(RRCPP) was constructed experimentally due to the ther-
apeutic effect of siRNA targeting the WEE1 gene on pul-
monary melanoma. The system consists of the CPP (R8),
cholesterol, PEG and cyclic RGD that binds to the inte-
grin av33 receptor. The results showed that the RRCPP/si
WEEI1 complex loaded with WEE1L siRNA drugs could
significantly inhibit tumour growth in melanoma cancer
models with high stability and feasibility.'*

Based on the above experimental results, CPPs show a
broad prospect as an effective and safe carrier for siRNA
targeting to tumours in preclinical studies. Many peptides
have been combined with the siRNA to target cancer with
great success in animal models.'?%~1%8

DNA

CPPs can also help deliver DNA into cells and, in some
cases, even into the nucleus. The delivery of macro-
molecules can facilitate gene transfection and impact gene
expressions.'”” A unique double conjugated molecule (six
double-stranded DNA bundles formed by folding six DNA
chains) that can improve cellular uptake and effectively
target Ramos cells has been developed.'"”

Another example is the study of a novel amphiphilic
peptide consisting of repetitive RALA units, which over-
comes biological barriers to transfer genes. The results
indicated that RALA made a significant contribution to
the systemic delivery of NA therapy. In RALA, the lysine
residue was replaced by arginine, and the use of arginine
in RALA offered a few significant advantages, such as the
bind of pDNA and active delivery of DNA to the nucleus

within a minimum of a few milliseconds. Additionally,
when the peptide was conjugated with pDNA, the NPs
loaded with cationic DNA spontaneously self-assembled
to form a stable self-assembled NP. The RALA/pDNA NPs
complex could protect NA drugs from enzymatic degrada-
tion and deliver drugs to target sites, achieving the gene
delivery and targeted treatment of human breast cancer.'!!

3.2.2 | Delivery of proteins

Antibody

Anti-tumour antibodies binding to CPPs can overcome
membrane barriers produced by the antibody size. A few
strategies have been developed to successfully transport
antibodies to cancer cells with CPPs. The team of Shin
designed a therapeutic strategy for colon cancer using anti-
cancer embryonic antigen mAb (CEA mAb)-TAT-gelonin.
The complex CEA mAb -TAT-gelonin showed higher pen-
etration in vivo and in vitro, so it can transport more anti-
bodies into cancer cells."'? In addition, CPP-3E10 is an
antibody that can recognise and physically bind to the N-
terminal of RADS51, which is then isolated in the cytoplasm
and prevented from binding to DNA to avoid damage and
cancer.'”® By fusing CPPs with the IgG antibody, Gaston
et al. found that a specific set of CPPs, the CPP-antibody
compound PEP-1-BH or PEPth-BH, could promote anti-
body entry into cancer cells by combining an antibody
specific to CEA with several different CPPs. However, it
is also related to the fusion site of IgG and CPP, so it is
imperative to select the correct fusion site on IgG.""* In
addition, by binding domain Z, a combination of the Fc
region of immunoglobulin G (IgG) and a polymer of THE
LK sequence, an alpha-helical CPP has been designed to
deliver antibodies to cells at the nano-molar concentra-
tion level. Among them, the IgG/LK domain Z complex
penetrates cells through the energy-dependent endocyto-
sis pathway, and most of the delivered IgG can escape from
the endosome into the cytoplasm. Simple yet incredibly
successful, this intracellular protein delivery approach for
nano-molar level antibodies represents one of the recent
achievements in protein delivery. It is expected to promote
the development of anti-cancer therapies based on intra-
cellular antibody delivery.'”®

Fusion protein

Fusion protein is a new type of recombined protein
produced by the fusion of immunoglobulin and target-
ing protein including cytokines, receptors, antigenic pep-
tides and other biologically active functional proteins.
And a subgroup of CPP fusion proteins are constructed
so that they can deliver tumour associated antigens to
APCs to induce tumour-specific immune responses and
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improve CTL responses.''® In such a case, identification
or purification of tumour antigens is not necessary for
the application of CPP fusion proteins in various tumour
immunotherapies. Andrini and Rebollo et al. combined
CPP with the interacting peptide PP2A, an essential modu-
lator of tumour-involved signalling pathways and a tumour
suppressor complex, to synthesise a therapeutic peptide
DAPT-C9H that can penetrate cells, inhibit the interaction
of PP2A and caspase-9 and induce apoptosis."” In addi-
tion, they added the explanation of SET. Moreover, the
therapeutic peptide was found to effectively inhibit tumour
growth, including lung and breast cancer, in various ani-
mal models. The group of Rebollo also identified the motif
that binds PP2A to SET, which is involved in the initia-
tion and development of cancer cells. Furthermore, SET,
a universally famous tumour suppressor, is an oncopro-
tein that decreases PP2A activity. SET also plays a critical
role in promoting the development of therapeutic resis-
tance, so it may be a biomarker that predicts drug sen-
sitivity and a therapeutic target to enhance current anti-
cancer treatments.'”® The motif was fused with a CPP to
synthesise a chimeric protein, which was shown to be
effective in inhibiting tumour progression, indicating that
it could block the interaction between PP2A and SET.!
Recent advances have demonstrated the anti-tumour activ-
ity of this peptide in xenograft models of chronic lympho-
cytic leukaemia and breast cancer.!”” In addition, FOXM1
is a transcription factor that controls DNA replication and
mitosis in cells and can inhibit its own transcriptional
activity. The inhibition of FOXM1 can terminate the pro-
liferation of cancer cells. Therefore, an anti-cancer drug
with FOXM1 protein peptides coupled with CPP can be
designed to make therapeutic proteins enter cancer cells
and play an anti-cancer role. Zhang et al. fused a CPP-
R9 with a domain of FOXM1 and expressed the chimeric
structure in bacteria successfully, demonstrating that the
complex R9-FOXM]1 can inhibit the tumorigenic ability of
cancer cells and tumour growth in nude mouse xenograft
tumour models.'?’

Anti-cancer peptides

Anti-cancer peptides (ACPs) are short peptides that can
be obtained from natural and modified peptides. Numer-
ous studies have explored their advantages, such as high
tissue permeability, low incidence of drug resistance, low
production cost and easy modification, which are sim-
ilar to CPPs.!?! To maximise their anti-tumour effects,
many studies have combined ACPs with CPPs to make the
drug targeted more precisely to kill tumour cells. Before
being used as an effective anti-cancer drug, they were only
considered as cationic polypeptides isolated from various
organisms.'”> Compared with conventional chemotherapy
drugs, ACPs show better performances in inhibiting the

3

proliferation and migration of tumour cells and tumour
blood vessels.!*3 The safety, side effects and effectiveness of
carrier peptides that target cancer cells directly and/or by
activating immune responses have been widely confirmed
in clinical trials.'**1%>

Vaccine peptide

Currently, a novel polypeptide-based vaccine, known as
vaccine peptides, has gained popularity among researchers
to improve the anti-cancer effect. CPPs in the vaccine
show the ability to induce strong cellular responses and
exhibit long memory times, and adjuvants are not neces-
sarily required.

Many tumour vaccines were being measured in clin-
ical trials. Pre-clinical and clinical studies have shown
that using CPPs as a vaccine vector can generate a robust
cancer-specific immune response, particularly against
‘cold tumours’ that are less immunogenic. CPPs improve
treatment by activating CD8 and CD4 T cells and inducing
an adaptive immune response.'”® For OVA-specific CD8
T cell immune responses'?’ and penetratin,'?® these vac-
cine peptides based on CPP (Z12) have been shown to
induce long-lasting immune responses.'*” Furthermore,
TAT immunity with OVA or HPV-E7 fusion has shown to
be memory-induced in tumour re-attack experiments.'*"

Overexpressed in several malignant tumours (includ-
ing gastric cancer), LY6K derives peptide LY6K-177 (RYC-
NLEGPPI) designed for this target, and the latter can
be seen as a promising CPP in immunotherapy. The
vaccine peptide can induce specific CD8+ cytotoxic T
lymphocyte (CTL) responses and antigen-specific cellular
immune responses and suppress LY6K expression, thus
effectively reducing tumour size and volume.° A spe-
cial CPP, GV1001, a 16-amino acid peptidase derived from
human telomerase reverse transcriptase (hTERT), was
reported in 2013."*! Compared to other CPPs that pierce
cell membranes by electrostatic interaction with proteo-
glycan, GV1001 can deliver macromolecules into the cell
by forming complexes with extracellular heat shock pro-
teins 90 and 70."*"'*? Its role as an anti-cancer vaccine
peptide has been reported in treating advanced pancreatic
cancer,*>"3* non-small cell lung cancer,'*> melanoma'°
and prostate cancer.”®’ In clinical trials, the complex of
Hsps with endogenous tumour antigens was extracted and
manufactured as a vaccine to cancer patients."*® The ulti-
mate success of cancer vaccination depends on the genera-
tion of the tumour-specific CTL."**'? In preclinical mod-
els of HPVI16-induced cervical cancer, it was found that
inoculation of the unadjuvanted LALF(32-51) (an antigen-
associated Limulus polyphemus protein) -E7 (an HPV anti-
gen) fusion protein significantly improved the presenta-
tion of E7-derived peptides to T cells in vitro and inhibited
tumour growth.'*” Tumour cells can evade the immune
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system through various monitoring mechanisms, includ-
ing negatively regulating T cell function by inhibiting the
expression of immune checkpoint ligand and blocking the
interaction between ligand and receptor antibodies, such
as CTLA4-Ig G, PD1-Ig G and PD-L1-Ig G that have been
shown to inhibit various forms of melanoma and several
advanced malignancies.'*!

CPPs suffice for the delivery of proteins. Vaccine pep-
tides can induce a variety of immune responses.'*> CPP
such as P28 can produce a post-translational increase in
p53 in tumour cells by inhibiting its ubiquitination.'*?
Thiol-reactive arginine-rich peptide additives can enhance
the uptake of protein-CPP conjugates in a non-endocytic
mode.'** Peptides can interfere with Ras/Raf pathways,'*
destroy the SET-PP2A interaction'® and target the
sites of interaction to terminate downstream pathways
for tumorigenesis.'*® Based on the above results, the
immunotherapy that combines immune checkpoint
suppression with CPP-based tumour vaccines represents
a promising future direction.

3.3 | Delivery of chemotherapeutic
compounds

CPPs are positively charged peptides, usually 5-30 amino
acids long, which overcome the plasma membrane in
a non-invasive manner by endocytosis or the direct
translocation pathway without disrupting the membrane
integrity.'*"'8 Traditionally, chemotherapy drugs are used
to treat cancer due to their capacity to prevent cancer
cells from proliferating, attacking and metastasising. Gen-
erally speaking, most chemotherapeutic drugs are short
of tumour cell specificity, whereas CPPs can mediate the
translocation of conjugated products (such as anti-cancer
drugs) to cross the cell membrane. In addition, the combi-
nation of anti-cancer drugs and CPPs can increase the cell
membrane permeability, drug delivery, drug half-life and
accumulation in tumour cells.'*

Next, based on the combination of CPPs and various
anti-tumour drugs, we will discuss the targeted inhibition
effects on different tumour cells. Five anti-tumour drugs
are natural anti-tumour drugs, antibiotic antineoplastic
drugs, platinum chemotherapeutic drugs, antimetabolite
antineoplastic drugs and hormone anti-tumour drugs.

3.3.1 | Natural anti-tumour compounds
Epigallocatechin gallate

Epigallocatechin gallate (EGCG), originally derived from
green tea, has an anti-cancer effect. The design of DDSs
was based on three components: EGCG (anti-cancer drug),

colloidal mesoporous silicon dioxide (CMS) (drug carrier)
and PEGA-pVEC peptides. The in vivo experiment and HE
staining were perfected to confirm that it had the effect of
targeted therapy for breast cancer. Moreover, the coupling
of EGCG with CMS and PEGA-pVEC peptides enhanced
its own anti-cancer effects according to the results of CCK-
8 detection, confocal imaging, cell cycle analysis and west-
ern blot.!!

Camptothecin

As a natural product, Camptothecin (CPT) is derived from
Camptotheca acuminata and exhibits anti-cancer activ-
ity by inhibiting topoisomerase I, which causes DNA
damage.”™” Although CPT has significant tumour inhibi-
tion ability, it is too hydrophobic to be soluble in water,
which limits its further clinical application.””! By design-
ing a novel pH-activatable CPP, LHHLLHHLHHLLHH-
NH 2(LH), the conjugate showed more significant pH-
dependent anti-cancer activity than free CPT after binding
CPT to LH.">?

Curcumin

Curcumin (CUR), a component of the turmeric plant, can
make dishes yellow and be used as spices. As a natu-
ral substance, CUR shows anti-inflammatory and anti-
oxidant effects but low toxicity in overdose.””® The anti-
tumour property of CUR has also been confirmed on
some tumours.”* A CPP-mediated CUR nano-micelle was
proposed for the efficient accumulation of chemothera-
peutic drugs in glioblastoma multiforme(GBM) tumour
cells. Extensive researches have demonstrated the multi-
targeting ability of CUR to tumour cells and the low tox-
icity to normal cells. Moreover, it has also been spec-
ulated to inhibit MDR-related proteins.”> In another
recent study, the tumour-targeting mechanism and the
effect of the cellular uptake of MMP-reactive CUR NPs
on the breast cancer cell line MCF-7 were analysed in
vivo and in vitro, respectively. In vivo pharmacokinet-
ics demonstrated that CUR-P-NPs are more targeted to
MCF-7 xenografts than normal tissues, causing significant
increase in bioavailability.'>

Paclitaxel

Based on the advantage that most CPPs are hydrophilic,
the water solubility of PTX-CPP is developed, thereby
avoiding the consequences of using inorganic solvents to
reduce the drug efficacy. The conjugates, PTX-TAT and
PTX-LMWP, were designed to address the poor resistance
and solubility of PTX. PTX-CPPs were proven to enhance
cellular uptake and induce apoptosis in A549 and A549T
cells compared to free PTX. The analysis of cell cycle
distribution showed that PTX-LMWP inhibited the mito-
sis of drug-resistant A549T tumour cells by a different
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mechanism from PTX, further proving that PTX-CPP was
more effective than free PTX in inhibiting the growth of
tumour-bearing mice."’

In addition, a novel CPP-RRRRRw (R7) was designed
to inhibit tumour growth by accelerating the transloca-
tion of PTX to HeLa cells. In vivo animal experiments
with tail vein injection of the R7/PTX complex showed sig-
nificant tumour inhibition.'*® However, due to the insta-
bility of the non-covalent bond between R7 and PTX,
heparin caused the dissociation of the R7-PTX complex.
Therefore, they constructed a novel CPP 9 (rrrrrrrwpp),
which has the same hydrophilic and modified hydropho-
bic moieties as R7. In vivo experiments showed that
the intravenous P9-PTX complex significantly inhibited
tumour growth and was not easily degraded. In addi-
tion, almost all cells survived even at 1 mM, indicating
that P9 was non-toxic at physiological pH. This latest
study was based on the CPP(R7) coupling experiment with
PTX."?

Docetaxel

Docetaxel (DTX), similar to PTX, belongs to the fam-
ily of toxoids.'® DTX has been confirmed to show
inhibitory activity on breast cancer, NSCLC, and other
tumours.'®! Cyclodextrin can be used to form a complex to
increase the solubility and bioavailability of DTX. A novel
DDS—D-CNP (DTX-cyclodextrin-polylactic acid-glycolic
acid (PLGA) NPs)-R7 synthesised by a double emulsifica-
tion method can remarkably improve the absorption and
bioavailability of DTX as well as its cellular uptake, which
is verified by its excellent treatment efficacy on breast can-
cer cells.'%?

3.3.2 | Antibiotic antineoplastic drugs
Doxorubicin

As an anti-cancer drug for treating solid tumours, small
molecule DOX has cardiotoxicity, and some tumours may
be DOX-resistant, limiting its further clinical application.
Compared with the single drug DOX, the combination of
CPPs and DOX (CPP-DOX) has been proved to possess bet-
ter therapeutic effects and lower cytotoxicity.'> In addi-
tion, anti-DOX properties found in human breast cancer
cell lines do not affect tumour cell apoptosis induced by
the CPP-DOX complex.'*

Thermosensitive liposomes (TSLs) consisting of a heat-
activated CPP-DOX conjugate have been constructed, tak-
ing asparagine-glycine-arginine (NGR) peptides as a target
to improve the specific therapeutic effect of tumours. The
CPP-DOX conjugate in TSL is designed to mask and pro-
tect CPPs. In vitro experiments of HT-1080 and MCF-7 cell
lines, researchers verified the specific targeting ability of

the liposome to HT-1080 cells and enhanced the drug deliv-
ery ability of tumour cells.'6*1%5

A CPP-KRP rich in lysine is different from common
CPPs used as drug carriers. Moreover, KRP is a polypep-
tide composed of 54 amino acids that can achieve long-
term inhibition in solid tumours. Through stable connec-
tion with DOX, KRP-DOX has multiple synergistic func-
tions, one of which is the protection of normal tissues from
the toxicity of DOX.'® Therefore, KRP is used to enhance
penetration and retention.'°®!%” In addition, targeted to
osteosarcoma (MG63) with specificity and stability, the
KRP-DOX conjugate hardly releases free DOX in blood cir-
culation, thus avoiding toxicity to normal tissues.?’*

Clotrimazole

Experimental groups have reported the synthesis of novel
CPP2-thiazole conjugates that successfully bond to PTX
and clotrimazole (CLZ) as well as produce enhanced anti-
cancer effects and synergistic inhibition of cancer cell pro-
liferation, mainly in PC-3 cells. Interactions with drugs can
be enhanced by peptides with osmotic properties. As cell
lines are distinct in metabolism with specific characteris-
tics, more research should be conducted on other cell lines
such as breast and lung cancers. Further studies in animal
models and clinical trials are highly requested to confirm
these preclinical results.'%

3.3.3 | Platinum chemotherapeutic drugs
Oxaliplatin

Platinum-based drugs are one of the main active drugs to
treat colorectal cancer. A CPP—RS8-oxaliplatin conjugate
enables the rapid and successful delivery of oxaliplatin to
colon cancer cells. Moreover, the conjugate can effectively
inhibit tumour growth and showed relatively high tumour
target ability in vivo.'®’

3.3.4 | Antimetabolites

Methotrexate (MTX) is a high-dose chemotherapy drug
used to treat malignant tumours in children and adults,
such as acute lymphoblastic leukaemia, osteosarcoma,
lymphoma, lung cancer and breast cancer.'”” However,
MTX is unsatisfactory in tumour targeting ability and
stability and might exert toxicity on normal organs
and tissues of the body. Additionally, a certain degree
of drug resistance has been reported.””’ The selective
CPP (RLWMRWYSPRTRAYGC)-functionalised polymer
(SCPP-PS) was found to mediate efficient and targeted
delivery of MTX to human lung cancer cells in vivo. MTX-
SCPP-PS showed much lower IC values and the slowest
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tumour growth rate than the free groups, MTX and MTX-
PS.'”2 Two different CPPs, YTA2 and YTA4, were conju-
gated to MTX. The two conjugates were quantified by the
fluorescence quantitative method. At a concentration of
1 mM, the peptide-MTX conjugates were shown to over-
come MTX resistance and kill cells more efficiently than
MTX alone. It was found that the DDS increased the tar-
geting ability of breast cancer and solved the problem of
drug resistance to a certain extent.'”?

3.3.5 | Hormone therapy agents

As a widely used oral hormone anti-tumour drug, tamox-
ifen (TAM) can be used to treat ER-positive breast
cancer,'” ovarian cancer'” and so on. Researchers have
investigated anti-tumour activities of Ridaifens (RIDs),
which are a series of synthesised TAM derivatives. It
was reported that (RID)-A,'7° -B, -D and -F could inhibit
the protease activity of the 20S proteasome by detecting
the proteasome inhibition of TAM derivatives. Among
them, the inhibition of the RID-F proteasome was the
strongest. The TAM derivative RID-F inhibits the human
20S proteasome,'”” but it showed poor inhibition on the
26S proteasome. Various RID-F peptide conjugates have
been prepared experimentally to overcome their draw-
backs. Firstly, the peptide fragment was recognised as a
substrate, thereby facilitating the entry of the conjugate
into the catalytic chamber. Secondly, the polypeptide frag-
ment promoted penetration of the conjugate into cells
and increased intracellular RID-F concentration to a level
sufficient to inhibit the proteasome. The results denoted
that the R8-containing conjugate of RID-F inhibited the
26S proteasome and intracellular proteasome in KMS-11
cells.'”® Reports have evidenced that the use of CPP for the
delivery of chemotherapy may be therapeutically valuable
due to enhanced pharmaceutical features.

In conclusion, CPPs can transport exogenous molecules
across the plasma membrane barrier to target sites. CPPs
firstly bind to the plasma membrane through electro-
static interaction, and then induce membrane instability
or reversed micelles in the lipid bilayer to achieve uptake
of CPPs. CPPs are usually used to transport different kinds
of goods due to their high permeability. Coupling CPP with
chemotherapeutic drugs such as SynBl1 delivers paclitaxel
to breast cancer cells to induce tumour cell cycle arrest and
tumour cell apoptosis,'”” TAT and LMW deliver paclitaxel
to drug-resistant lung cancer to affect tumour cell mitosis
and inhibit tumour growth'®” and that D-MCa can deliver
cisplatin to human glioblastoma cell to trigger the ROS-
ERK/AKT-p53 pathway to induce apoptosis.'®! However,
some CPPs still have intrinsic activity on tumour cells, just
as P28, which can combine with wild-type and mutant

p53 to exert anti-cancer effect. As mentioned above, the
role of CPPs in penetrating the cell membrane and deliv-
ering therapeutic molecules to specific intracellular sites
is proved to be robust against different cancers. Despite
the overall satisfying results reviewed here, few treatments
achieve the expected clinical efficacy. Related limitations
should be settled urgently to achieve satisfactory clinical
therapeutic efficacy.

4 | OPTIMISATION STRATEGIES OF
CPPs
4.1 | Increasing stability

CPPs can function as molecular drug transporters to effec-
tively promote the carrying substances crossing the phys-
iological barrier. The function of CPPs depends on phys-
ical and chemical integrity and stability. However, tradi-
tional CPPs have a short half-life in vivo, mainly due to
their impaired resistance to proteases and their inability
to escape from the endosome. On this basis, a new gener-
ation of peptides with optimised properties has been con-
tinuously developed.'®?

There is a need to develop CPPs with the better pene-
trating ability and higher stability. At present, the stabil-
ity of CPPs can be improved by different methods. When
their structure is changed, they cannot be recognised by
proteases or be degraded.

411 | Chemical modification

The degradation of CPPs is mainly caused by proteases.
Therefore, CPPs can be chemically modified to improve
stability, including terminal improvements, employment
of unnatural amino acids, side-chain modifications, pep-
tide backbone modifications, chiral changes and enzyme
cleavage site modifications. In this way, the recognition by
proteases can be avoided.

N-terminal acetyl capping (deacetylation) and C-
terminal amidation were used to improve the stability of
exopeptidase degradation. As the tetrapeptide Arg-Leu-
Tyr-Glu(RLYE) can be degraded by aminopeptidases B
and N, its N-terminal deacetylation can extend the half-life
of the tetrapeptide from 1.2 to 8.8 h.'®> The conversion
of natural peptides to synthetic peptides increases the
resistance to cleavage. The most representative example
of non-natural amino acids is a-aminoisobutyric acid
(Aib), which improves peptide stability through artificial
intervention (e.g. a-helix restriction on the conformational
freedom of the opposite side chain).'®* A fluorine thiol
displacement reaction (FTDR), which renders a class
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of peptide analogues, especially the FTDR-stapled lead
Axin and p53 peptide analogues demonstrated enhanced
inhibition of tumour cells.”” As the peptide bond is the
true hydrolytic substrate, the peptide can be protected
from proteolytic degradation by modifying the structure of
the peptide bond, such as N-methylation and N-alkylation.
Another common chemical modification strategy is using
D-amino acid instead of its L-amino acid counterparts
because of its protease resistance, which has been utilised
to enhance the stability of CPPs, such as TAT, R9, osmotic
protein, hLF, pVEC and sweet arrow peptide. The in vivo
half-life of D-peptide is longer than that of L-peptide,
and D-polyacrylate CPP has been successfully designed
as a cancer contrast agent.!®> Thus, it is feasible to use
D-isomers to substitute L-amino acids to increase the half-
life for overcoming protease susceptibility.'*® In addition,
there is an enzyme cleavage site for peptide degradation
in vivo, which can be modified in different ways to
avoid degradation by proteases and enhance metabolic
stability.'®”!%¢ Metabolic study of Tat peptide has shown
that the primary initial degradation fragment occurs at
the C-terminal Arg residue.'®® Therefore, substituting this
Arg residue with Lys, Asn or Ala may help to improve
peptide stability and without altering penetration.'®” In
addition, CPPs can be coupled to polymers to protect
their integrity and stability. Polyethylene glycol (PEG) is a
polymer, and the half-life of Tat conjugated with PEG and
phosphatidylethanolamine is three times higher than that
of unconjugated peptide.'®? Moreover, the CPP-coupled
NPs can also resist the hydrolysis of protease and protect
themselves from degradation. PH-sensitive PEG lipo-
somes are modified by TAT and target-specific part (mAb
2C5), allowing specific injection of chemotherapeutic
agents into tumour cells.”” In addition, the determina-
tion of specific protease cleavage sites can improve the
stability of CPP. The use of polysaccharides as the outer
shell can protect the protease cleavage site of the cell-
penetrating polypeptide complex, thus greatly improving
the stability.'®

412 | Conformational change

Conformational changes can improve the structural sta-
bility of CPPs and protect peptides from protease degra-
dation, including backbone cyclisation, disulphide and
conformational freezing. At present, when short peptides
rich in arginine and hydrophobic residues are embed-
ded in small and medium cyclic peptides (7-13 amino
acids), backbone cyclisation can be applied to arginine-
rich CPPs that are bound to the cell membrane. Accord-
ing to confocal microscope analysis, the chimeric pep-
tide was found to have higher cellular permeability and

stability than linear low-arginine peptides, with two to
five times higher permeation efficiency than the origi-
nal peptides.'”! Construction of intramolecular disulfide
bonds in the therapeutic peptide GLP-1, a cyclic conforma-
tion mimetic (TY70517), extended the half-life from 2 min
to 52 h.'? Disulfide induction enhances thermodynamic
stability and improves the endosome escape, largely sta-
bilising the peptide structure.'”® Conformational freezing
can be achieved by covalent cross-linking between amino
acid side chains.

In summary, focusing on the synthesis of CPP
sequences, the optimisation of CPP sequences and
the modification of CPP structure is important to improve
the stability of CPP. Good stability can be ultimately
achieved, ensuring the drug delivery to the target cellular
components in complex with CPP.

4.2 | Increasing specificity

The specific targeting ability and good cell penetration are
two important characteristics that must be possessed by
the tumour drug-targeted delivery system.'** To improve
the specificity of CPPs, many researchers have proposed
improvement schemes. In addition to improving speci-
ficity, some methods can also improve other defects of
CPPs, such as the endosome escape rate. In 2004, Tsien’s
group proposed the concept of activatable CPPs.'*> Based
on this idea, a series of similar targeted delivery systems
can be designed and developed to control the activity
of CPPs by introducing environment-sensitive ‘switches’.
Another conventional strategy is to introduce certain
tumour cell-targeting ligands, ranging from sugars to pep-
tide sequences and even full-size antibodies. These ligands
can bind to CPPs biologically or chemically, making them
eligible to design targeted transport systems for tumour
cells. In the following sections, some popular and effec-
tive strategies from current studies are presented in detail
for improving the tumour targeting of CPPs, as shown in
Figure 4.

421 | Activatable CPPs

The first proposed activated CPPs (ACPPs) are novel carri-
ers that can be activated by special enzymes at tumour tis-
sue sites to induce cell penetration. The molecular struc-
ture generally included three functional regions: polyca-
tion active domain with the cell-penetrating ability (e.g.
CPPs), a cleavable connecting arm and a polyanionic
shielding domain.'”® In particular, the electrostatic inter-
action between the polycationic part and the polyan-
ionic part temporarily inhibits the cell penetration of the
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Mechanisms to enhance the specialty of CPPs. Several schematic diagrams of CPP compounds to improve the specificity: (A)

The polycation active domain is cationic and the shielding domain is anionic. The cleavable linking arm is the key to specificity. (B) The

cationic peptide allows selective entry of the cargoes into cells. (C) The combination of CPPs with the antibody has been proved to improve
the specificity. (D) Works by targeting receptors or ligands. (E) EPR refers to the enhanced permeability and retention effect. Passive targeting

based on EPR can be utilised to improve the specificity of CPPs

polycationic part, whereas the connecting part between
them can be broken upon stimulation by factors such
as protease. It solves the problem of insufficient tumour
targeting and masks cations in the serum, which pro-
longs drug circulation.'”® The dependent cleavage trigger-
ing conditions include highly expressed proteases at the
tumour site, internal environmental factors such as low
pH and external physicochemical stimulation such as light
and exogenous substances.'”® All these descriptions can be
seen in Figure 5.

In 2009, Nobel laureate Tsien’s team developed the first
ACPP protease, targeting multiple xenograft tumour mod-
els at different cancer sites and transgenic models of spon-
taneous breast cancer. Membrane-bound and secreted pro-
teases (mainly matrix metalloproteinases) of cancer cells
can cleave the junction between the polycationic CPP and
the polyanionic neutralising agent, thereby activating CPP.
After activation, the released peptides can transport car-
goes into cancer cells, thereby improving cell selectivity.
To further evaluate the applicability of ACPPs to can-
cer types, the team studied subcutaneous fibrosarcoma,
melanoma and various xenografts models, including cervi-
cal, prostate, colon and breast cancer. The results showed
that compared to the negative control group (type D),
ACPPs consisting of L-type amino acid substrate peptides
exhibited significant distribution selectivity with a 2-fold

to 6-fold increase in their accumulation at the tumour
site 197198

Due to the heterogeneity of protease expression levels
and intratumoral pH,'” the above-mentioned ACPPs sen-
sitive to the tumour microenvironment may not be effec-
tively activated in some patients. External stimuli like light
are certainly an ideal choice. This factor is unaffected by
the extracellular conditions of the tumour microenviron-
ment, and the chemical bonds of the photoreactivity can
be cleaved or isomerised at specific times and locations,
thus activating CPPs on demand.'® Xie et al.*°° developed
a liposomal delivery method based on a photo-responsive
peptide and an NGR peptide. The positive charges of the
lysine residues on CPPs were temporarily locked, which
can be unlocked via near-infrared (NIR) light to form
photo-sensitive peptides (PSPs). The findings showed that
the suggested PSP/NGR-L improved cancer cell recogni-
tion and selective uptake. In a nude mice with HT-1080
tumour, greater anti-tumour effectiveness was established
under NIR illumination.

CPP Pd-TAT can regulate tumour cell migration under
mild laser irradiation and improve photothermal thera-
peutic performance.’’! In addition to the cleavage func-
tions of proteases and the microenvironmental speci-
ficity of tumour tissues, the intervention of other exoge-
nous factors can lead to the dissociation of the anionic
domain from the cationic CPPs. Huang et al.”’> devel-
oped a protein complex consisting of two parts: an
antibody targeting part bound to molecular heparin
(Hep); a part of the moiety connecting Asparaginase
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FIGURE 5 The activation and cellular uptake of ACPPs. ACPPs are a new type of carrier that can be activated by special enzymes in the
tumour tissue site to induce cell penetration. The molecular structure generally includes three functional regions: polycation active domain
with the cell-penetrating ability (e.g. CPPs); a cleavable connecting arm; polyanion shielding domain. As shown in the figure, there is the
high-expressed protease at the tumour site. Certain internal environmental factors such as low pH, and external physicochemical stimulation
such as light and exogenous substances are the conditions that can dependently trigger cleavage between polycation active domain and
polyanion shielding domain. This schematic diagram selects the most potential protease MMP2/9 as a shear to activate the activatable CPP
compound. After cleavage in specific sites, they can enter tumour cells by uptake mechanisms. The dashed arrow means the entrance into the

nucleus is sometimes observed, and the mechanism is not fully understood

(ASNase) and TAT peptide by disulfide bonds. After 4272 | Tumour-homing CPPs

reaching the target site, the exogenously introduced pro-

tamine sulphate binds more tightly to heparin, displac-  The most direct way to improve the cellular specificity of
ing the TAT drug moiety from the heparin antibody  CPPs is to develop corresponding tumour-homing CPPs.

complex. Tumour-homing CPPs are oligopeptides that consist of
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TABLE 3 Some examples of tumour-homing peptides
Peptide Sequence Cargo Cancers Refs.
Angiopep-2 TFFYGGSRGKRNNFKTEEY TAT-PAPTP Glioblastoma 293
CREKA CKDEPQRRSARLSAKPAPPKPEPKPKKAPAKK F3 Triple negative breast cancer 28
gHo - pVEC Glioma 25
iRGD CRGDK/RGPD/EC ST-4 Breast cancer melanoma 220
PL3 AGRGRLVR AgNPs Glioblastoma prostatic cancer 27
TT1 AKRGARSTA NPs Breast cancer 2
iNGR - PEG-PTX8 Triple negative breast cancer 299
LyP-1 - - Breast cancer e

30 or fewer amino acids and can effectively and specifi-
cally bind to tumour cells. It has potential applications in
establishing a new non-invasive tumour-imaging system
for diagnostic and therapeutic purposes. Tumour-homing
peptides like iRGD have three independent modules,
namely a vascular homing motif, an R/KXXR/K tissue
penetration motif and a protease recognition site. These
three parts cooperate together to achieve tumour target-
ing. Among them, the second sequence motif, R/KXXR/K,
is more critical in the tumour-penetrating properties of
iRGD. In addition, it is only when the second basic
residue is exposed at the C-terminus of the peptide that
this C-end Rule (or CendR) motif can be active.?03204
More details can be seen in reference.’’* And to put it
another way, unlike ab-targeting, the targeting effect of
tumour-homing peptides belongs to ligand-receptor tar-
geting with higher bioactivity and applicability.”> So far,
many tumour-homing CPPs have been put into research
(as shown in Table 3).

One of the most common methods for identifying
tumour-homing CPPs is biopanning, using a peptide
library based on in vivo phage display technology.”® Phage
display technology has been widely used in the devel-
opment of tumour-targeting drugs. RGD peptide is com-
monly employed as a specific ligand for the integrin
avp3 family, which is overexpressed on many malignant
cancer cells. The binding of them can induce endocy-
tosis and extracellular matrix remodeling.??”?%® Vascular
endothelin-2 (Angiopep-2, ANG) peptide from the apro-
tinin Kunitz domain can specifically target brain cells
and bind to low-density lipoprotein receptor-associated
protein-1(LRP1) to achieve targeted delivery, which is over-
expressed in the BBB and glioma.?’”?!' IRGD (CRGD-
KGPDC) binds to avB3 integrin, which is encapsulated
by neuropilin 1 (NRP 1) after its cleavage, and then
enters tumour cells through endocytosis. Due to the speci-
ficity of these two receptors, iRGD can target multiple
tumour cells.”’? PL3 can be taken in by glioblastoma and
prostate cancer cells through endocytosis by binding to
Tenascin C and NRP 1, thereby improving the targeting

specificity of the delivery system.’’® A tumour-targeted
CPP with high efficiency derived from heparin-binding
domain (HBD) of Midkine (named HMD) was discov-
ered in 2022. HMD exhibited higher delivery efficiency
than classic CPPs (Tat and R9) and manifested selec-
tivity in tumour cells.”’® Another strategy for targeting
tumours is coupling CPPs with tumour-homing domains
(e.g. pVEC binding to PEGA homing domains). The hom-
ing domain is ordinarily impermeable to the cell mem-
brane, but its attachment to CPPs allows effective and
selective entry of drugs into the tumour.** Myrberg et al.?'*
conjugated the PEGA homing domain that was previously
shown to be capable of accumulating in breast tumour
vessels to pVEC. In vitro experiments showed that the
PEGA-pVEC complex had a strong tumour targeting abil-
ity, and the complex mainly accumulated in the blood ves-
sels of breast tumour tissues. Moreover, when the anti-
cancer drug chlorambucil was conjugated to PEGA-pVEC
chimeric peptide, its anti-tumour efficacy was increased
by more than 4-fold compared with that of the anti-cancer
drug alone.

4.2.3 | Antibody-combined CPP delivery

In addition to the homing substances already described
above, there are many other homing substances such as
antibodies or ligands (peptides, oligonucleotides, sugars
or vitamins). They can be coupled with CPP to achieve
tumour cell targeting specificity through antigens or recep-
tors on the tumour cells’ surface. The carried drugs can
also be targeted to tumour tissues by these homing sub-
stances to enable targeted therapy. Ye et al.’’® devel-
oped a system called ‘antibody-targeted triggered electri-
cally modified pro-drug type strategy’ (ATTEMPTS). The
ATTEMPTS system consists of an antibody linked to hep-
arin and a drug component modified by a CPP. Once the
complex accumulates at the targeted site, the CPP-cargoes
will be triggered by the subsequent release of the sec-
ond trigger. The complex remains inactive in the humoral
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circulation of the targeted tumour to avoid its toxic effects
on normal tissue cells.

Researchers have combined a CPP TAT-Mu (TM) and a
targeting ligand HER2 antibody mimetic-affibody (AF) to
design a complex TMAF that can deliver NAs to cells. The
effectiveness of TMAF protein to transfect DNA has been
confirmed in a xenotransplantation mouse model. It can
be seen that the AF-based chimeric polypeptide with the
property of binding to NAs can hint an effective tumour-
specific strategy for the delivery of therapeutic NAs.?'°
Shin et al.""? used a non-internalised CEA mAb to design a
novel therapeutic strategy based on tumour targeting using
a non-internalised CEA mAbD. This strategy exploited the
property of CPPs to deliver an extremely effective and cell-
penetrating protein toxin gelatin peptide intracellularly. In
a preliminary in vivo study using LS174T s.c. xenografts in
tumour-bearing mice, TAT-gelonin/T84.66-Hep was selec-
tively and significantly delivered to tumour target sites,
with a 58-fold increase compared to TAT-gelonin alone.
In addition, significant tumour growth inhibition (46%)
and the absence of gelonin-induced systemic toxicity were
observed.

4.2.4 | Receptors/ligand-combined delivery
Compared with many other normal cells, another manifes-
tation of the special microenvironment of tumour tissues is
the presence of some overexpressed receptors and enzymes
on the surface of tumour cells,?” which can also be used
for the targeted design of CPP-based DDS. The folate
receptor is highly expressed in various cancers, including
endometrial cancer, renal cell carcinoma, lung adenocar-
cinoma, mesothelioma and some breast cancers, and can
be regarded as a therapeutic target region.?'® Kang et al.?®
designed a new double ligand-modified liposome, which is
a liposome nano-carrier (FP-Lipo) conjugated with folate
and Pep-1 peptide. The experiment results showed that the
dual ligand-modified liposomes have a higher tumour tar-
geting delivery capacity, providing ideas for treating folate
receptor-positive tumours such as certain lung cancers and
bladder cancers.’'” Similarly, integrin av/33, which is abun-
dant on many tumour cells, is able to recognise the RGD
sequence in native ligands. Liu et al.?*° coupled a specific
cyclic RGD peptide ligand with CPP-R8 to design a mul-
tifunctional peptide R8-RGD. In contrast to using R8 and
RGD alone, the cellular uptake of R8-RGD complex lipo-
some was increased significantly. R8-RGD, a multifunc-
tional peptide, efficiently penetrated three-dimensional
glioma spheroids and the BBB in vitro. During in vivo
experiments, R8-RGD-lipids were efficiently transported to
the brain and selectively accumulated in glioma foci in C6
glioma mice following systemic injection.

Some researchers also employed two strategies to
achieve tumour-targeted delivery simultaneously for bet-
ter anti-tumour effects. The epidermal growth factor recep-
tor (EGFR) is another valuable target site for tumours.
In the previous study, researchers designed a conju-
gate of synthetic CPP (corresponding to amino acids
38-59 of human lactoferrin) and the recombinant llama
single-domain antibody (VHH) 7D12, which can bind
to human EGFR and is generated through sortase A-
mediated transpeptidation. The complex blocked EGF-
mediated activation of EGFR and inhibited tumours more
efficiently than when the drug was used alone, whereas
the binding between VHH and EGFR endowed the tumour
selectivity of the conjugate.’”! In addition, Lu et al.?** con-
structed a tandem peptide TAT-AT7 and tested its abil-
ity to bind to VEGFR-2 and NRP-1 to target blood vessels
and cross the BBB. They synthesised TAT-AT7-modified
PEI polymer (PPTA) and prepared pVAXI-En-loaded PPTA
nano-composites (PPTA/pVAXI-En). The results showed
that PPTA/pVAXI-En significantly inhibited the formation
and migration of vascular endothelial cells, inhibited the
growth of gliomas, and reduced the number of microves-
sels in nude mice with U87 glioma in situ.

425 | Passive targeting with intracellular
specificity

The EPR effect, also known as passive tumour targeting,
is a phenomenon achieved by taking advantage of the
anatomical features of tumour tissue (including large vas-
cular endothelial cell gap, lack of smooth muscle layer of
the vascular wall and the reduction of lymphocytes at the
tumour site affecting lymphatic return).??* These charac-
teristics improve the cell permeability of macromolecular
therapeutic drugs in tumours, prolonging their residence
time in tumour tissue sites. On the contrary, the normal
tissues do not have these structural characteristics, which
means that anti-tumour strategies based on these anatom-
ical characteristics can shield the toxic effects of drugs.
This effect can improve the specificity of anti-tumour
drugs in tumour imaging or treatment with combina-
tion systems of CPPs and NPs.?”* HPMA is a copolymer
that specifically targets tumour tissue by a passive tar-
geting process (EPR effect). Xiang et al.?”® designed a
new tumour-targeting DDS by linking dNP2 to HPMA.
The human-derived CPP-dNP2 can promote more specific
uptake of anti-cancer drugs in tumour cells and improve
anti-cancer effects. More importantly, dNP2 is less toxic
than the traditional CPP-R8. The results indicated that
DDSs based on dNP2 have good prospects for clinical
anti-cancer treatment. In addition, some researchers have
utilised the hypoxia characteristics that are common in
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most tumours. Hypoxia-inducible factor (HIF) is the main
effector of the cellular response to hypoxia, promoting the
survival and development of cancer cells. Moreover, over-
expression of ETD (ERK targeting domain) variants can
result in the inactivation of HIF-1.72%?%" In order to directly
introduce these ETD forms into cancer cells, Karagiota
et al.”?® designed a CPPP by fusing ETD with the HIV TAT-
sequence. The results showed that the transduced nuclear
TAT-ETD peptides limited the migration of cancer cells
grown under hypoxic conditions and triggered the death
of tumour cells, whereas they did not work in cells with
normal oxygen content.

4.3 | Increasing efficiency

In the current application of CPPs, such as intracellular
delivery of peptides and proteins, NAs, chemotherapeu-
tic drugs and NPs, endosomal escape is a non-negligible
problem. However, these processes are usually achieved
by endocytosis and are trapped in endosomes.’” In the
absence of endosomal escape, the ultimate result is degra-
dation. Only the cargoes that escape the endosome can
enter the cytoplasm and reach the cytoplasm or nucleus,
exhibiting a variety of biological activities and exerting the
corresponding therapeutic effects. Biomolecules trapped
in the endosomes cannot exert a therapeutic effect because
they cannot reach the target sites in cytoplasmic.* In
addition, CPP-cargoes are degraded by acidic environ-
ments or hydrolases when entering into advanced endo-
somes or lysosomes.?*! In 2022, a tricyclic TAT compound
can deliver functional IgG antibodies and Fab fragments
and overcome endosome to inhabit proliferation of tumour
cells.???

A study in 2016 showed that endosomal escape domain
(EED) plays an important role in endobody escape,
which significantly enhances cytoplasmic transfer effi-
ciency without cytotoxicity.?** Several researchers com-
bined VH of EpCT65-AAA with VL of EpCTO05 to syn-
thesise EpCT65 with endosomal escape ability, which has
shown tumour cell-specific cytoplasmic penetration activ-
ity. EpCT65 can be effectively localised in the cytoplasm
of only EpCAM-expressing tumour cells, with an approx-
imately 2-fold increase in endosomal escape ability com-
pared to CTs with endosomal escape in VH or VL.>**

Recent studies have identified a group of highly active
CPPs that enter cells through endocytosis. Unlike most
previous CPPs, they can effectively escape from the early
endosomes into the cytoplasm.?* The specific mechanism
is that cyclic CPPs combined with the endosomal mem-
brane form a lipid structure domain including abundant
CPPs. The domain from the endosome lipid structure is
formed by budding with CPPs vesicles, and the budding

from the endosome membrane can be released into the
cytoplasm. For the first time, it has been demonstrated that
CPPs and a non-peptidic cell-penetrating molecule can
boost vesicle budding and rupture mechanisms in mam-
mal cells to escape from the endosome. It provides an idea
for cancer treatment to improve the endosomal escape effi-
ciency of CPPs. In addition, strategies to enhance the endo-
somal release of CPP cargoes have also been proposed.’*
By screening previously reported peptides without nor-
mal cytotoxicity and capable of destroying microbial mem-
branes, the endosomal escape efficiency of the ultra-
positively charged Aurein 1.2 peptides was found to be 5-
fold higher.”*° The CPP L7EBI enhances cellular uptake
by inducing apoptosis in vitro in cell lines PanC-1 and
NCI-H226 using A3B lactose microsomes (a biocompati-
ble and biodegradable polymer nano-micelle that accumu-
lates in tumours in vivo by enhancing permeability and
preserving EPR effects). The photosensitiser 5,10,15,20-
tetraflorophenyl (pentaflorophenyl) porphyrins can photo-
induce endosomal escape and effectively deliver ABCG2
siRNA into the cytoplasm to achieve gene silencing.?’’
Some well-defined mechanisms are as follows.

4.3.1 | Poly-CPPs

Polycationic peptide dendrimers can serve as effective
delivery carriers to solve the problem of endosomal
interception.”*® Based on this study, poly CPP has become a
hot topic in tumour endosomal escape. FI-TAT3 was found
to deliver molecules to the cytoplasm in a direct binding
or simple co-incubation mode.?*” The drug amiloride can
inhibit this effect, suggesting that macrophagocytosis is
necessary and that MCPP can release molecules from the
lumen of the endocytic organelle. Overall, trimer MCPP
seems to escape from endosomes more efficiently than
monomeric and dimeric CPPs. However, MCPP shares
structural similarities with multiple antigenic peptides
(MAPS).?*0 Therefore, the use of MCPP may produce
abnormal cellular immune responses.

An earlier study designed a model of polymeric TAT-
3TAT entering the cytoplasm of living human -cells
through the membrane of late endosomes. It demonstrated
that 3TAT cells have higher osmotic activity than their
monomeric TATs, reflecting the advantage of CPPs in
endosomal escape.”*!

4.3.2 | Endosome escape mediated by
PH-dependent membrane-active peptide CPPs

Conceptually, the PH-dependent membrane-active pep-
tide (PMAP) CPP chimera has two independent func-
tions: CPP functions in inducing effective endocytosis
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of cargo and PMAP functions in increasing endosomal
escape. Several studies have emphasised how these com-
binations affect their intracellular transmission. Although
cargo affects the PMAP activity, PMAP affects the trans-
portation characteristics of CPP-cargo complexes. In addi-
tion, destruction of the endosomal membrane requires
the lipophilicity of PMAP, which may alter the transport
and function of the accompanying cargo.’*? Therefore, the
ways to conjugate CPPs to achieve targeting delivery and
minimising toxicity remain to be considered. Endosomal
retention of cargoes fused with the PMAP-CPP construc-
tion remains a problem even after endosomal cleavage. The
preferred design is suggested to include a cracking joint
between the PMAP-CPP and its cargo.’* In principle, this
design can increase endosomal escape and cytoplasmic
transfer, providing a new direction for anti-cancer therapy.

4.3.3 | Photochemical internalisation
Photochemical internalisation (PCI) is a method using
light and photosensitisers to capture peptides or proteins
for endosomal escape and release into the cytoplasm.
Mediated PCI can be used in vivo to deliver drugs to cancer
cells by irradiating light only to the targeting tissues, and
PCI facilitates temporal and spatial control.>** CPP-cargo
photosensitiser complexes can enter the cytoplasm via the
PCI. For instance, TAT-U1A-PS (Tat [CPP], UlA RNA-
binding protein [cargo] and PS) can deliver RNA into the
cytoplasm under light-dependent action, and TAT-BIM-
PS (Tat [CPP], Bim [cargo] covalent complex and PS) can
induce apoptosis in mammalian cells.?”” These results can
guide the design of CPP-cargo-PS conjugates and enable
PCI and photodynamic therapy with a wide range of target
functions.

4.3.4 | Lipid fusion

Escape requires contact and fusion of membrane lipids.
CPP (3TAT) can cause aggregation and fusion of PG (phos-
phatidylglycerol) and bis (monoacylglycerol) phosphate
(BMP) LUV (large unilamellar vesicles of late endosomes).
The research explains how the CPP leads to the specific
escape of late endosomes and the subsequent release of
endosomally entrapped macromolecular cargoes. The CPP
interacts with BMP, an anionic lipid found in late endo-
somes. The presence and abundance of BMPs are the main
determinants of endosomal escape. BMP has the unique
ability to encapsulate the CPP, which is an event that opens
pores at contact sites.”*! The 3TAT used in this experiment
was applied in previous studies to design dfTAT to medi-
ate endosomal leakage. The dfTAT is used to deliver pro-
teins, peptides or small molecules, which is effective in

3

the cytosol of the cell. More interestingly, the mechanism
described in this study is different from other membrane
translocation models, indicating that membrane transloca-
tion requires encapsulation of CPP between multiple bilay-
ers in close contact, contrary to the idea that CPP spans
a single bilayer. This view may explain the unresolved
phenomenon of endosomal escape and become a tool for
future cell delivery, providing the molecular basis.’**

4.3.5 | Membrane-disruptive peptides

In terms of antifungal treatment, MDP can increase the
permeability of cell membranes through its unique mem-
brane destruction mechanism. It improves the transmem-
brane efficiency of drugs and increases the sensitivity of
cells to anti-cancer agents. This function may represent
a promising future direction in the design of anti-cancer
treatment. In addition, the combination of MDPs and
chemotherapeutic drugs can treat cancer.’*® Melittin is a
naturally occurring membrane cleavage peptide that can
act as a transduction domain for peptides in the develop-
ment of peptide-mediated transfection.”*” Moreover, the
combination of melittin and docetaxel can reside in breast
cancer cells.’*® In a word, membrane cleavage peptide may
be a suitable assistant for tumour therapy drug delivery
similar to CPP, facilitating endosomal escape and even pos-
sessing anti-cancer effects.

4.4 | Optimisation of the
immunogenicity and cytotoxicity

Due to their polypeptide properties, CPPs can increase
the risk of adverse immune reactions in patients, result-
ing in lower drug effects and adverse immune response.?*®
Although the immunogenicity of CPPs is defective in anti-
cancer therapy, some studies have exploited the immuno-
genicity of CPPs and demonstrated their contribution to
tumour immunotherapy. CPPs linked to antigens encap-
sulated in nano-vaccines can influence intracellular local-
isation of antigens in time and space, promote cross-
presentation of antigens and stimulate antigen-specific
immune responses, especially CTL responses. There-
fore, CPP modification to antigens is an effective strat-
egy to enhance the efficiency of nano-vaccines in can-
cer immunotherapy.”*’ CPPs-PepFects (PFs) have demon-
strated efficient NA delivery in both in vitro and in vivo
experiments, making it important to assess their possi-
ble toxic effects. The cytotoxicity and immunogenicity
of PF3, PF4 and PF6 peptides have been analysed in
mononuclear leukaemia and peripheral blood mononu-
clear cell lines. In addition, the most widely used trans-
fection reagents were analysed, including TP10, TAT,



CLINICAL AND TRANSLATIONAL MEDICINE
24 of 38 5 ey

ZHOU ET AL.

3

stearyl-(RxR)4 polypeptides, Lipofectamine 2000 and
Lipofectamine RNAiMAX.?" Suhorutsenko®' linked the
potential toxicity and immunogenicity to PF peptides and
compared them to the widely used cationic CPP, stearyl-
(RxR)4 polypeptides and the amphiphilic TP10. This study
proposed that the charge and mol ratio in the peptide/NA
complex is a possible factor. The complex has been shown
to be stable in serum and highly effective in transfect-
ing different cell lines.”>” The results showed that after
24 or 48 h of incubation with PF polypeptide, the viabil-
ity of THP-1 cell lines was reduced without showing pri-
mary inflammatory effects. Even at low concentrations of
10 uM, PF peptide had no toxic effect on THP-1 cell via-
bility. In addition, liposome agents showed strong cytotox-
icity, decreasing cell viability by up to 55%. IL-1 B, IL-18
and TNF-a were not overexpressed in THP-1 cells treated
with TP10, TAT, stearyl-(RxR)4 polypeptide or PF peptide.
Similarly, no evidence of enhanced IL-1 8 production in
vitro was observed in non-cancer PBMC cell lines. Accord-
ing to the different expression of IL-1 3, researchers esti-
mated that PF peptide may be a factor triggering apoptosis
of immune cells. Caspase-1 and caspase-3 were also evalu-
ated in this study. PF3, PF4, PF6 polypeptides and PF pep-
tides obtained by chemical modification of TP10 peptide
sequence showed similar effects to TP10, TAT and stearoyl-
(RxR)4 polypeptides, with no effect on the host system.
These peptides have no evidence of inflammatory effects
in vivo and may be one of the keys to avoiding immuno-
genicity in anti-cancer therapy.”>?

Several independent experiments on cell viability, mem-
brane integrity and toxicity showed that amphiphilic pep-
tides such as Transportan 10 could affect cell metabolism
in 5-10 uM. In contrast, cationic CPPs, osmotin, TAT
and non-arginine did not have toxic effects in the same
range. As PF peptides are designed based on TP10 pep-
tide sequences, the possibility of inducing adverse toxic
and inflammatory effects in vivo and in vitro cannot be
excluded. Overall, the use of TAT does not induce a sig-
nificant immune response, but long-term toxicity remains
unclear.?*?

Recent studies have also shown that a novel CPP, LDP12,
can be used to internalise the HIV-1 Nef-MPER-V3 protein
into eukaryotic cell lines without toxicity, and its immuno-
genicity evaluation is currently being investigated. It is
a promising CPP with the potential to further lessen
immunogenicity problems.?>*

5 | STRATEGIES FOR ANTI-TUMOUR
IMMUNOTHERAPY

So far, antibodies have played a vital role in treating var-
ious diseases, especially cancer. However, because they

cannot penetrate the cell membrane to target intracellular
molecules, some enter cells but hardly achieve the desired
effect because they are also cleared by cellular efflux
and lysosomal dissolution. For tumour immunotherapy,
new advances have been made in cell-penetrating anti-
bodies, but further tests and determination of the opti-
mal dose are needed. Thus, the most effective antago-
nistic or excitatory antibodies can be screened for ben-
eficial targets to develop antibodies fitting the human
sequence.”* Aftabizadeh et al.”>> developed a therapeu-
tic peptide that can effectively and specifically target can-
cer. They demonstrated that systemic injection of cell-
penetrating C-MYC and Gpl30 peptides could prevent
pancreatic cancer growth and induce the anti-tumour
immune response and indirectly producing anti-tumour
effects through anti-tumour immunity response. In addi-
tion, linking thio-phosphorylated DNA oligonucleotides to
antibodies allows their cells to penetrate tumour cells. Effi-
cient cellular internalisation is achieved without interfer-
ing with antigen recognition by antibodies, leading to tar-
get blocking and regulation of target downstream genes.
This modification enables antibodies to detect and regu-
late intracellular molecules in vivo and in vitro, providing
the basis for immunotherapy of tumours.?>* Although the
critical function of MYC in human cancer makes it an ideal
target for therapeutic interventions, long-term inhibition
of MYC has been considered infeasible. These experiments
have proved the importance of CPP combination and con-
jugation in tumour immunotherapy. More effective CPPs
also need to be developed in the future to better control
difficult-to-transfect cells (e.g. stem cells, monocytes and
APCs). In the context of the COVID-19, using CPPs as a
vaccine vector is costly and requires the transduction or
transfection of immune cells.

Recently, a new research experiment has proposed an
innovative point about immunotherapy: drugs can target
both PD-1 and PD-L1 sites. The primary technologies used
are organismal and single-cell sequencing, which are also
worth attending. Part of the mechanism is that down-
regulation of BRD1 reduces some immune cell dysfunc-
tions driven by the tumour microenvironment, thereby
improving the efficacy of immunotherapy.>*® In addition,
BsAbs is a novel immunotherapy with a primary strategy
to recruit and activate T cells by simultaneously target-
ing the CD3 domain of the TCR complex and antigens
abnormally expressed on the surface of tumour cells.?”’
The main progress of BsAbs before 2018 can be seen in
this review.”® The use of the CPP-iRGD is the key to
facilitating tumour penetration and T-cell activation. In
2021, bifunctional iRGD-anti-CD3 was found to enhance
the anti-tumour potency of T cells by facilitating tumour
infiltration and T-cell activation.?*° Furthermore, the com-
bination therapy with iRGD-antiCD3 and PD-1 blockade
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enhances the anti-tumour capacity of cord blood-derived T
Cells.”®® The mechanism of iRGD is illustrated in Figure 6.
The development of more effective CPPs will be the focus
of future research, providing a new direction for the ther-
apy of tumours.

6 | CONCLUSIONS AND PROSPECTS

Over the past 30 years, tremendous efforts have been made
to discover novel cancer therapies, and many new anti-
cancer drugs have come to our attention. The discovery of
CPPs greatly facilitates the development of DDDs, which
have gained increasing attention for their ability to deliver
many macromolecular therapeutic drugs with different
properties into cells, especially in tumour therapy. The
poor stability can be solved by chemical modification, con-
formational change and barrier strategy. ACPPs, tumour-
homing CPPs, antibody combined delivery, receptor or lig-
and combined delivery and passive targeting with intra-
cellular specificity are proven to improve the specificity

of CPPs. In terms of efficiency improvement, poly-CPPs,
endosomal escape mediated by PMAP CPPs, PCI, lipid
fusion, proton sponge and disruptive membrane peptides
can be the options. Certain anti-cancer drugs based on
CPPs are currently in the clinical experimental stage (as
shown in Table 4). However, no such treatment method
has been approved by FDA because of its drawbacks. In
addition, the lack of a more comprehensive understand-
ing of CPPs, such as their cellular uptake mechanisms,
also imposes restrictions on their use in anti-cancer ther-
apy. The lack of a better understanding of structural and
environmental factors affecting their activity under physi-
ological conditions also hinders the progress of clinical tri-
als. Current clinical trials are in the state of studying drug
efficiency, whereas in contrast to small-size drugs, clas-
sical adsorption, distribution, metabolism and excretion
(ADME) pharmacokinetic issues play a very important role
in peptide drugs. Timing, dosing and modes of administra-
tion are the main focus of later clinical trials. The trans-
port efficiency, the cytotoxicity of each CPP cargo complex
and required auxiliaries must be estimated for each target.
These properties differ among CPPs, cargoes and cell types.
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TABLE 4 Some CPPs-based anti-cancer therapies under clinical development
Therapeutic ClinicalTrial.gov
CPPs Cargoes Drugs in the trial application Status ID
A highly charged SN38 SN38 alone Tumour Phase 1 NA
oligopeptide of
human origin
P28 P28 P28 alone Solid tumours that Phase I NCT00914914
resist standard completed in
methods of 2014
treatment
ACPPs Cy5 and Cy7 AVB-620 Tumour imaging Phase 1 NCT02391194
completed in
2017
P28 Non-HDM2- azurin-derived CPP Central nervous system  Phase I NCTO01975116
mediated p28 tumours completed in
peptide 2013
inhibitor of
P53
ALRN-6924 Palbociclib ALRN-6924 alone Solid tumour, Phase 2a NCT02264613
and in lymphoma and completed in
combination peripheral T-cell 2020
With palbociclib lymphoma
ALRN-6924 Cytarabine ALRN-6924 alone Acute myeloid Phase 1 NCT02909972
and in leukemia and completed in
combination advanced 2019
with cytarabine myelodysplastic
syndrome
ALRN-6924 Paclitaxel ALRN-692 in Advanced, metastatic Phase 1 NCT03725436
combination or unresectable solid
with paclitaxel tumours
ALRN-6924 Cytarabine ALRN-6924 alone leukemia, pediatric Phase 1 NCTO03654716
or in brain tumour,
combination pediatric solid
with cytarabine tumour, pediatric
lymphoma
ALRN-6924 Topotecan Phase 1b Small cell lung cancer Phase 1a NCT04022876
ALRN-6924 with completed in
topotecan Phase 2019 Phase 1b
2 topotecan alone Phase 2
and in
combination
with ALRN-6924
BT1718 - BT1718 alone Advanced solid Phase 1 Phase 2 NCT03486730
tumours, non-small
cell lung cancer,
non-small cell lung
sarcoma and
esophageal cancer
PEP-010 Paclitaxel PEP-010 alone Metastatic solid Phase 1 NCT04733027
PEP-010 in tumour cancer
combination
with paclitaxel
ATP128 BI 754091 ATP128 alone and Stage IV colorectal Phase 1a NCT04046445
in combination cancer completed in
with BI 754091 2020 Phase 1b
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All of these are underpinned by time and adequate clinical
trials.

This review included many pre-clinical and clinical
research progresses, showing some CPPs’ major advan-
tages as determinant molecules for cellular internalisa-
tion and tumour targeting. In addition, some defects that
restrict the further application of CPPs in tumour treat-
ment are summarised, such as lack of cell specificity, short
action time and poor stability in vivo. The above strate-
gies have successfully improved the defects of CPPs dur-
ing in vitro experiments, and some of them have achieved
satisfactory results in pre-clinical animal models. By sum-
marising the role of CPP on potential anti-cancer strat-
egy, CPPs can be more eligible for novel anti-cancer
pharmaceutics soon. The optimisation strategy gaps and
other drawbacks remain challenges to be overcome in the
future.

Notably, computational methods are receiving increas-
ing attention in predicting novel CPP sequences.’®'~%63
Substantial efforts have been made to design and mod-
ulate novel CPP sequences, exhibiting increased mem-
brane permeability and improved target specificity. Quan-
titative analysis tracking non-fragmented peptide drugs
has a high possibility to contribute to the development
of CPP-based therapeutic. Development in peptidomimet-
ics, stealth techniques, high-throughput selective ligand
screening, bio-orthogonal conjugation and biodegradable
bonds may also facilitate the creation of the next genera-
tion of CPPs. Focusing on uptake mechanisms and explor-
ing the relationship between properties of distinct CPPs,
cell types and cargoes can enable the theoretical prediction
of optimal partners and conditions for a given task. With
the special probabilities of CPPs for internalising antibod-
ies, enzymes, chaperons and other large functional pro-
teins into live cells, new therapeutics can be developed,
which may support the further development of clinical tri-
als based on CPPs.
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