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Cancer remains a leading health concern threatening lives of millions of patients worldwide. Peptide-based

drugs provide a valuable alternative to chemotherapeutics as they are highly specific, cheap, less toxic and

easier to synthesize compared to other drugs. In this review, we have discussed various modes in which

peptides are being used to curb cancer. Our review highlights specially the various anti-metastatic

peptide-based agents developed by targeting a plethora of cellular factors. Herein we have given

a special focus on integrins as targets for peptide drugs, as these molecules play key roles in metastatic

progression. The review also discusses use of peptides as anti-cancer vaccines and their efficiency as

drug-delivery tools. We hope this work will give the reader a clear idea of the mechanisms of peptide-

based anti-cancer therapeutics and encourage the development of superior drugs in the future.
Introduction

Peptides have emerged as a fascinating tool in the eld of
therapeutics due to their enhanced specicity, extensive bio-
logical activity, high membrane permeability and low
manufacturing costs. Intense research has contributed various
short therapeutic peptides, many of which are undergoing
clinical trials.1 These short peptides (20–30 residues) are
signicantly less immunogenic and more stable at room
temperature compared to full length proteins and antibodies.
They also show enhanced organ and tumor permeability.
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Therapeutic peptides can be classied as natural or synthetic
based on their source.2

Cancer remains a leading health concern threatening the lives
of millions of patients worldwide. Although the last two decades
have witnessed a phenomenal development in modes and tools
of cancer therapeutics, the most frequent treatment modalities
still include chemotherapy along with surgery and radiotherapy.1

Drug resistance, off-target effects and other adverse physiological
effects oen prohibit the use of many of these agents.1 Peptide
drugs may provide a valuable alternative to existing solutions as
tumor cells have been found to harbour receptors for peptides.1

Anti-cancer peptides (ACPs) have traditionally been grouped into
three categories, namely: pro-apoptosis, inhibitory and necrosis
inducing.1 Pro-apoptotic and necrosis inducing peptides bring
about apoptosis or necrosis of cancer cells respectively. Inhibitor
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Fig. 1 Types of peptides used in anti-cancer therapy.
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peptides function by binding to the integrin receptors on cancer
cells. Unlike pro-apoptotic or necrotic peptides, these peptides
are unable to penetrate within the cells. Instead they function as
adhesion molecules having the Arg–Gly–Asp (RGD) sequence
along with other functional groups derived from the conserved
sequences of integrin binding ligands. Peptide binding to
integrins compromises the motility of cancer cells, thereby
inhibiting migration and blocking metastasis.3 Deaths in cancer
patients are most oen associated with complications due to
metastasis. During malignant transformation, cells generate
a host of mutations which allow them to obtain the properties of
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cancer. These features allow a potential tumorigenic cell to
surmountmachineries that limit unchecked growth and division
of healthy cells.4

Developments in the last two decades has shed light on
unique modes via which ACPs block metastasis. Peptides have
been used as vaccines or fused with anti-metastatic agents.
Additionally, peptides designed to target a specic pathway or
protein involved in the metastatic cascade have been reported
(Fig. 1). In this review, we will discuss how peptides have been
used in various strategies to manage and inhibit metastatic
tumors. In this regard, we will give special importance to ACPs
that have already reached clinical trial. Additionally, we will try
to shed light on the uses of peptides as drug-delivery agents.
Types of ACPs and their mode of action

ACPs have been grouped as pro-apoptotic, necrotic and inhib-
itory based on their mode of action. Recently peptides have
been utilised in novel strategies to manage and eradicate
metastatic cancers. In this section, we will discuss the func-
tioning of these ACP classes along with their advantages and
drawbacks.
Pro-apoptotic peptides

Apoptosis allows the removal of irreparably damaged or
stressed cells in a programmed manner. The extrinsic pathway
of apoptosis is initiated when ligands bind to cellular death-
causing receptors, thus generating the death-inducing signal-
ling complex (DISC).5 The intrinsic apoptotic pathway is initi-
ated when a cell undergoes irrecoverable stress, thus causing
apoptotic proteins to be released from mitochondrial inter-
membrane space.5 Different players of the apoptotic cascade
serve as targets for anti-cancer therapy and peptides have been
designed to target them. These cause restoration of a defective
apoptotic pathway and lead to death of cancer cells. Pro-
apoptotic peptides have been reviewed in detail elsewhere.5

Researchers have developed mimics of ligands that bind death
receptors, which cause the formation of the DISC complex.5

Examples of such ACPs include the TRAIL (tumor necrosis
factor-related apoptosis-inducing ligand) mimicking M1
peptide. This peptide binds the TRAIL receptor 2 (TR2) thus
generating pro-apoptotic downstream signalling processes. The
peptide is effective in inducing apoptosis only in its multimeric
form, as TRAIL works as a homotrimer.6 The Bcl-2 family
composed of 25 pro and anti-apoptotic proteins, are major
determinants of fate of a cell. A disruption in the balance of pro
and anti-apoptotic members leads to either apoptosis or
unregulated cell survival. Anti-apoptotic Bcl-2 family members
have been targeted by BH3 mimetic peptides. Interaction
between these peptides and anti-apoptotic proteins free the pro-
apoptotic Bcl-2 members. Further, this leads to the formation of
oligomeric Bax and Bak, thereby causing apoptosis.7 In addition
to serving as ACPs, BH3 mimetic peptides have also been used
to characterize the interaction between Bcl-2 family members.
Pro-apoptotic peptides based on the BH3 domains of the Bim
protein were used for this purpose. The peptides were found to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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intrinsically self-associate in aqueous environments and this
interaction was alleviated in the presence of the anti-apoptotic
Bcl-xL component.8

The p53 protein is mutated in more than 50% of human
cancers and various agents have been designed based on p53.9

Peptides that have similar biological functions as p53 or can
restore p53 function are used.5 A few examples of such peptides
include the peptide C1 which binds one of the two negative
regulatory regions (NRR2) of p53, leading to its activation.10

Another example is given by the azurin based peptide P28.
Azurin is a protein from Pseudomonas aeruginosa that binds and
stabilizes p53. The P28 peptide is a short fragment from azurin
which penetrates the cell and stabilizes p53.10 Inhibitor of
apoptosis proteins (IAPs) contain a conserved baculovirus IAP
repeat (BIR) region. The BIR region in these proteins bind pro-
caspases and convert them to caspases, thus promoting
apoptosis. The expression of IAP proteins is altered in various
cancers.5 The mitochondrial SMAC (second mitochondria-
derived activator of caspases) proteins could bind IAPs, thus
freeing the active caspases. Thus, peptidomimetics mimicking
SMAC proteins based on the AVPF sequence have been designed
as ACPs.11 The effector proteins in the apoptotic cascade are the
caspases. Caspases once activated cleave various target proteins
bringing about cell death. RGD peptides, although mainly used
as inhibitory peptides, may activate pro-caspase 3 and function
as a pro-apoptotic peptide.12 The microtubule targeting agent
(MTA) paclitaxel (PTX) causes both cell-cycle arrest in the G2/M
stage and induces apoptosis by binding to Bcl-2. It was found
that the binding site of PTX on Bcl-2 and b-tubulin, mimics that
of Nur77 receptor. Two peptides (PEP1 and PEP2) mimicking
Nur77 domains were designed as pro-apoptotic agents. Of these
PEP2 showed higher biological activity and later cyclic peptides
derived from it were found to induce high levels of apoptosis in
both leukemic and solid tumor cell lines.13

Cells in the tumor micro-environment such as the tumor-
associated macrophages (TAMs) are altered to aid cancer
progression. TAMs consist of both M1 and M2 macrophages
and lead to a poor prognosis. An M1 macrophage is a pro-
inammatory form that is reported to be anti-cancer while the
M2 form is pro-cancer.14,15 M2-based TAMs have been targeted
by the pro-apoptotic peptide MEL-dKLA. Melittin (MEL) binds
to M2 while d(KLAKLAK)2 (dKLA) induces apoptosis. Death of
these TAMs inhibit tumor growth and angiogenesis.16 The KLAK
peptide has been fused with several peptide and non-peptide
conjugates for targeted apoptosis of cancer cells. For example,
it has recently been conjugated with an AP1-ELP domain. AP1
specically targets the IL4 receptor overexpressed in many
cancers and ELP (elastin-like polypeptide) forms a micelle
containing these two peptides in active state.17 Antimicrobial
peptides (AMPs) such as the peptide B1 can selectively bind
tumor cells by electrostatic interaction and induce apoptosis by
destabilizing the mitochondrial membrane. The sequence of
this peptide was further modied either by replacing lysine
residues with arginine or by insertion of hydrophobic residues
to obtain highly specic pro-apoptotic cell penetrating
peptides.18 Another human AMP that has shown anti-cancer
properties is the human cathelicidin LL-37 that is secreted
© 2022 The Author(s). Published by the Royal Society of Chemistry
from monocytes, macrophages and various epithelial cells. The
LL-37 peptide has been hypothesised to have dual effects on
cancer cells via interaction with the cell-membrane and various
receptors such as ERBb2 (or HER2), EGFR and FRP2.19 Various
shorter peptides have also been designed from the LL37 scaf-
fold, the shortest of which is named: 17BIPHE2. This peptide
has lower toxicity compared to LL37 and induces apoptosis of
cancer cells via modulation of multiple targets.20

Pro-apoptotic peptides have shown great potential as ACPs
but there remain hurdles in their development and clinical
application. Oen these peptides show poor abilities to be
internalized into tumor cells and thus they have been conju-
gated with various compounds like antibodies and nano-
particles to allow better uptake. Additionally, these compounds
suffer from drawbacks such as lack of selectivity against cancer
cells, poor pharmacokinetic proles, generation of an immu-
nogenic response, and sub-optimal accumulation within the
subcellular components.5
Necrotic peptides

A huge number of necrotic ACPs have been reported over the
years. Additionally, several peptides have been reported which
cause both apoptotic and necrotic cell death.15 The MDM2
binding site of p53 has been used to design the p53(15)Ant
peptide, wherein the p53 residues 12–26 was fused to Anten-
napedia (Drosophila carrier protein). The conjugated peptide
assumes a highly hydrophobic, a-helical structure and exhibits
increased membrane disruptive functions leading to necrosis.
The necrotic ability of the peptide does not depend on the p53
status of the tumor cells.21 The p53 residues in the above
peptide when conjugated with a membrane targeting sequence
independently bind plasmamembrane localizedMDM2 leading
to necrosis of cancer cells.22,23 This peptide was named PNC-27
and other p53 residues also showed lesser but signicant anti-
cancer activities.23 AMPs have been used widely to create both
pro-apoptotic and necrotic peptides. These possess a net posi-
tive charge and interact with bacterial cell membranes to kill
the pathogen. Cancer cells are also marked by a net negative
charge on their membranes due to the enhancement of anionic
membrane components. Membrane disruption due to AMPs is
dependent on factors such as secondary structure, overall
charge, size, amphipathicity and hydrophobicity.24 The effect of
hydrophobicity is clearly demonstrated by the AMP chensinin-
1B and its lipoanalog PA-C1b which has a higher hydropho-
bicity. It was observed in comparative studies that while the
parent peptide induce cell membrane disruption, PA-C1b
mainly induced apoptosis via upregulation of pro-apoptotic
Bcl2 family members. PA-C1b also increased ROS levels and
both peptides caused the loss of mitochondrial membrane
potential.25 Recently a tool named A-CaMP has been developed
by scientists which can identify AMPs and ACPs by analysis of
medical data throughout the literature. This tool may be highly
useful in characterization of novel AMPs useful in various
cancers.26 Harmoniasin, an AMP obtained from Harmonia
axyridis (ladybug), was used to generate synthetic analogues
including the homodimer HaA4 which was found to exhibit
RSC Adv., 2022, 12, 21353–21373 | 21355
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Fig. 2 Integrins activate metastasis through both intracellular and
extracellular signals. Both types of signals ultimately lead to oligo-
merization of integrins, leading to adhesome formation and
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high anti-cancer activity. HaA4 induced both caspase-
dependent apoptosis and necrosis in leukemic cell lines. The
prevalence of apoptosis or necrosis, in response to peptide
treatment, depends on HaA4 concentration.27 A similar mech-
anism has also been observed for piscidin-1, an AMP from
Morone saxatilis�M. chrysops (hybrid striped bass).28 A range of
AMPs causing necrosis in tumor cells have been reported
including D-K6-L9,29 Dermaseptin B2,29 MPI-1,30 etc. Lactoferrin
(LF) is an AMP found in mammals which is cleaved into lacto-
ferricin (LFC) upon digestion by pepsin. The LF11-322 peptide
designed from sequences of human LFC shows necrosis of
tumor cells.31 The peptide brevinin-1RL1 obtained from skin
secretions of the frog Rana limnocharis, induces both apoptosis
and necrosis of cancer cells due to its cationic nature and
intermolecular disulphide bridge.32 The reader is directed to
other reviews for knowledge on the action of AMPs against
cancer.33 A novel necrosis inducing peptide was reported by Seo
et al., involving the MTD (mitochondrial targeting domain) of
the Noxa protein. This peptide induces necrosis by promoting
calcium release from the mitochondria to the cytosol.34 Later Ji-
Young et al., fused this peptide with a tumor homing sequence,
binding to Neuropilin-1 (NRP-1) receptor. NRP-1 functions as
a co-receptor for VEGF and is present in most tumor types and
thus serves as a good target. The TU17:MTD peptide causes
necrosis of tumor cells within 30 minutes of application and
thus its serum-stability is not an issue.35 Nisin ZP, an AMP from
the Gram positive bacterium Lactococcus lactis induces pore
formation in the plasmamembrane of cancer cells. This peptide
has shown to be effective against various cancers and leads to
a decrease in the mitochondrial membrane potential leading to
apoptosis. Additionally, the peptide causes higher levels of
intracellular ROS in cancer cells which may lead to necrosis or
apoptosis.36 Another cathelicidin, named BMAP-27 from bovine
also has necrotic properties against cancer cells. This peptide
targets the cancer cell membrane leading to disruption.37 BMAP
was recently conjugated with a second peptide melittin which
increased its anti-cancer properties. This conjugated peptide
showed both apoptosis and necrosis of cancer cells.38 The
human AMP defensin beta-1 is also involved in suppressing
cancer cells in vivo and may serve as good target for the devel-
opment of therapeutic peptides. The peptide targets a range of
factors including proteins of the MAPK pathway and also
regulates other immune cells. The exact mode of action of the
peptide is as yet unknown and should be studied further.39 The
a-helical peptides with high hydrophobicity induces necrosis
through disruption of the cancer cell membrane. The specicity
of these peptides towards cancer cell membranes is due to
a lower deposition of cholesterol and different distribution of
phospholipids compared to normal cells.29

A major obstacle in the development and use of AMPs in
therapeutics is presented by their polyfunctional nature.
Structural optimization of AMPs to overcome this problem
proves difficult as well. Additionally, AMPs are oen unstable in
vivo and are cleared rapidly from the system. Scientists have
addressed this issue by inserting D-amino acids in the AMP
sequence. Additionally, cyclisation, PEGylation and liposomal
21356 | RSC Adv., 2022, 12, 21353–21373
delivery are used to protect AMPs from digestive enzymes and
other proteases.40
Integrins as targets for anti-cancer therapy

Cancer cells are oen characterized by an increased expression
of integrins and these mediate binding to extracellular matrix
(ECM) and act as receptors for extracellular signalling mole-
cules. Intracellular signals lead to integrin activation causing
exaggerated interaction with ECM ligands. The bidirectional
signalling via integrin receptors are categorised as outside-in
and inside-out respectively.41 Inside-out signals activate
proteins like talins and kindlins which alter the conformation
of integrins to an active form. Activated integrins bind ligands
which generate outside in signals and trigger oligomerization of
integrins. These oligomeric complexes lead to formation of an
adhesome which triggers pathways for cancer cell survival and
epithelial to mesenchymal transition (EMT)41 (Fig. 2). Ligand
binding to integrins also switches on several survival path-
ways.42 Proliferation of a cancerous mass necessitates the
formation of new blood vessels to provide nutrients to growing
cells. So angiogenesis is initiated and thereaer the cancer
mass proliferates rapidly and metastatic cells are generated.
Angiogenesis thus serves as a precursor to metastasis and
involves various types of integrins. The induction of angiogen-
esis enables cell-cycle re-entry of vascular cells and these oen
overexpress specic integrins. Thus peptides inhibiting angio-
genesis also block metastasis. ACPs specically inhibiting
angiogenesis have been discussed in detail elsewhere.43 All
integrins contain a- and b-subunits bonded by non-covalent
interactions. Metastatic cells have a predominance of b3
integrins.44 18 a- and 8 b-subunits interact in several stoichi-
ometries to form 24 heterodimers which interact with various
ECM ligands via Arg–Gly–Asp (RGD), Glu–Ile–Leu–Asp–Val
(EILDV), or Arg–Glu–Asp–Val (REDV) sequences.
Anti-metastatic peptides targeting integrins

The integrins most commonly targeted by ACPs for anti-cancer
therapy are the avb3 integrins, which are vital for EMT and cell
survival.45 These integrins are also used for treatment of
thrombosis46 and wound healing.47 RGD based peptides bind
metastasis.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Mode of action of two peptide-based motifs targeting avb3
integrins and avb1 integrins. (A) A tetrameric cRGD cyclo-decapeptide
scaffold binds multiple integrins and inhibits lateral movement of
integrins. Arrested integrins are then aggregated and internalized
within the cell. The scaffold is also internalized with the receptor. (B)
ATN-161 has the binding motif of fibronectin and upon binding to
fibronectin receptor downregulates MAPK phosphorylation and
angiogenesis.
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avb3 integrins mainly through electrostatic interactions sup-
ported by van der Waals forces and formation of water
bridges.48,49 It has been observed that tryptophan residues
although less abundant in protein sequences are widespread in
protein–ligand interacting motifs. The binding affinity of
integrins with RGD peptides can be improved via incorporation
of tryptophan residues modied with halogen atoms. This
modied tryptophan also enhances selectivity among various
integrin subtypes.50 These peptides may be used alone or with
nanoparticles.51,52 Along with acting as anti-metastatic thera-
peutic probes, the RGD peptide also acts an efficient targeting
domain. For example, recently a RGD peptide was conjugated
with an ACP obtained from bullfrog skin (modied temporin-La
peptides) for better tumor targeting. Temporin-La is an AMP
that kills cancer cells by membrane destabilization and the
chimeric peptide showed higher efficacy by altering mitochon-
drial membrane potential.53,54 The specicity and efficacy of
RGD based ACPs are controlled by the anking amino acids and
cyclised forms of these molecules are oen more potent,
specic and stable as cyclisation preserves specic RGD
conformations. Incorporation of one D-amino acid into a cRGD
(cyclic-RGD) induces kinks in the peptide backbone increasing
avb3 and avb1 selectivity.55 Among the various d-cRGDs studied,
cRGDfC showed highest integrin affinity followed by cRGDyK,
cRGDfK and cRGDfV respectively.55 cRGD motifs like RGDC4
and RGD10 linked by di-sulphide bonds are also used as ACPs.56

RGD10 was used to generate liposomes for selective drug-
delivery.57 N-Methylation enhances RGD specicity and
combined with cyclisation was used to develop cilengitide (cyclo
[Arg–Gly–Asp–D-Phe–N(Me)Val]).58 Cilengitide was developed
from cRGDfV and binds avb3, avb1 and avb5 integrins.59 Cil-
engitide reached phase III clinical trials for treatment of glio-
blastoma but failed,60 although it is being investigated for other
cancers. Cilengitide has also been found to increase the anti-
cancer properties of other drugs such as erlotinib (TGF-
b induced EMT inhibitor) when used as a combination
therapy.61 Cilengitide was further modied to develop ve new
analogues which showed enhanced integrin binding.62 Multi-
meric cRGD peptides have higher integrin binding efficiency63

and previous studies have explained the higher efficacy of poly-
RGD moieties.64 Lucie et al., generated a cyclo-decapeptide
scaffold containing four cRGD molecules. The tetrameric
cRGD showed improved avb3 binding and suppressed their
lateral motion on the membrane. This causes clustering and
aggregation followed by co-internalisation of the peptide and
the integrins leading to simultaneous drug-delivery and reduc-
tion of avb3 mediated angiogenesis65 (Fig. 3). It is now known
that the anti-cancer properties of multivalent ligands such as
multimeric RGD moieties are strongly inuenced by the nature
of the linker used. Liu et al., have previously demonstrated that
multivalent RGD peptides have the highest binding affinity to
avb3 when linked by four units of ethylene glycol.66,67 Since
activity of these ACPs are dependent on both association and
dissociation kinetics between ligand and integrin receptors,
Mizuno et al., have studied the effect of a semi-rigid (DPro–Gly)n
linker on dissociation kinetics of hexavalent RGD peptides.
They showed that this linker slowed the dissociation of
© 2022 The Author(s). Published by the Royal Society of Chemistry
hexavalent RGD via formation of additional bonds with avb3
integrins and resulted in better cellular uptake.68 RGD pepti-
domimetics like S247 also show antimetastatic and anti-
angiogenic activities in several cancers.58 RGD peptides are also
used for cancer cell imaging69–71 and gene delivery.72–74 Inter-
nalizing RGD (iRGD) peptides are used to deliver therapeutic
compounds to target cells. iRGD peptides contain an RGD
sequence fused with the cell-penetrating C-end rule (CendR)
motif.75 The CendRmotif has a sequence RXXR/K and binds the
NRP receptor initiating bulk import within cancer cells. This
interaction inhibits metastasis independent to the RGD
domain.75 The iRGD system allowed dual imaging and drug
delivery when conjugated with the cisplatin pro-drug and
a uorescent ligand. The specic delivery of cisplatin reduced
its associated side-effects.76 The iRGD peptide may also improve
the efficiency of irradiation therapy by decreasing hypoxia at the
tumor micro-environment. Hypoxia plays a key role in medi-
ating irradiation resistance and iRGD allows the diffusion of
oxygen molecules into tumor tissues alleviating hypoxia.77 The
ProteoChip system was used to develop twelve avb3-antagonistic
peptides from the hexapeptide library. Interestingly, the two
hexapeptides with the highest antiangiogenic and anti-
metastatic activities contained the Ser–Asp–Val (SDV) and Gly–
Asp–Val (GDV) sequences.78 Disintegrins are a family of non-
enzymatic proteins found in snake venom that strongly
inhibit integrin receptors. Disintegrins like atragin were used to
generate synthetic peptides which inhibit cell migration by
binding to integrins. These are enriched with cysteine disul-
phide bonds, resulting in enhanced proteolysis resistance.79

avb1 serves as a receptor for bronectin and is overexpressed
in metastatic cells. The ACP ATN-161 has a non-RGD based
RSC Adv., 2022, 12, 21353–21373 | 21357
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Fig. 4 Peptides targeting cellular signalling pathways involved in
metastasis. A range of peptides have been developed as antagonists
for binding receptors such as VEGF receptors, GRPR, and CXCR4.
MTP-NRP1 targets the TMD of NRP1, thereby inhibiting receptor
dimerization. Analogues for SST with higher half-lives induces
apoptosis of cancer cells and GHRH antagonists such as JMR-132
causes cell-cycle arrest followed by apoptosis. Peptide inhibitors of
CD44v6 such as NLN and NEW inhibit C-Met internalization and MAPK
phosphorylation. MAPK phosphorylation is also inhibited by the
dipeptide WL. Inhibitors of thymidylate synthase reduce cancer
proliferation as this enzyme is essential for DNA synthesis. Peptides
blocking interaction between galectins and TFAg blocks cell-adhesion
and reduces metastasis.
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sequence which matches the binding motif of bronectin and
upon integrin binding, signicantly downregulated MAPK
phosphorylation and several angiogenic cascades. The drug is
interesting as it does not inhibit cell motility and migration in
vitro but causes regression of tumor size in vivo and has reached
phase II clinical trial80,81 (Fig. 3). Peptidomimetic ligands with
specic functional groups endowing higher specicity to either
avb3 or avb1 have also been developed.82–84 Another integrin
overexpressed in several cancers and related to a poor outcome
in patients is the avb6 integrin. This integrin has been targeted
by Annette Altmann's group by two ACPs, namely, SFITGv6 and
SFLAP3 which were developed by incorporating RGD containing
octameric sequences into the sunower trypsin inhibitor 1
(SFTI1) scaffold. The ACPs are highly stable and were used for
cancer cell imaging in patients but need further improvement
as they show some accumulation in kidneys.85 Another study
utilised a RGD peptide sequence from the foot and mouth
disease virus as a starting point to develop enzymatically stable
cyclic peptide antagonists of avb6. The nal candidate had
a sub-nanomolar range affinity for avb6 without any signicant
cross-reactivity for other integrins.86 Another peptide has also
been found in this virus that binds the avb6 integrins. This
20mer peptide named A20FMDV2 has previously proved useful
as an imaging agent and avb6 antagonist but suffers due to its
limited serum stability.87 To alleviate this problem, A20FMDV2
has been modied via cyclisation, retro-inversion and amino
acid substitutions to yield more stable agents with higher
therapeutic potential.88 Serum stability of this peptide has also
been improved via conjugation with albumin binding compo-
nents which enhances the half-life and tumor uptake of the
peptide. These conjugates were further radiolabelled for
aggravated and targeted tumor inhibition.89 The avb5 integrin
heightens angiogenesis and metastasis and has recently been
targeted by an ACP named RGDechi15D. RGDechi15D was
developed by modication of the RGDechi peptide which
contains a cRGD motif fused to echistatin C-terminal domain.
RGDechi selectively binds avb3 without any cross-reactivity and
causes tumor cell death while also reducing EMT.90 RGDe-
chi15D was synthesised by mutating the 15th residue of echis-
tatin C-terminal domain from homocitrulline to Asp. This
homocitrulline residue is key to avb3 selectivity and aspartic
acid shis selectivity to avb5. RGDechi15D reduces cell adhe-
sion, migration, invasion, angiogenesis and proliferation of
cancer cells overexpressing avb5.91

Recently, a peptide mediated imaging technique for glio-
blastoma cells was reported. Transformed cells in glioblastoma
show high intracellular levels of reactive oxygen species (ROS)
and various imaging probes target these high ROS levels.92 The
novel peptide RWrNR (Arg–Trp–(D-Arg)–Asn–Arg) was fused with
a hydrocyanine moiety which serves as a ROS sensitive uo-
rophore. RWrNR shows higher affinity for avb3 compared to
RGD-peptides and the uorescent conjugate has high specicity
for glioblastoma cells both in vitro and in vivo. Although highly
efficient, the RWrNR peptide was limited due to its rapid
clearance from the system. To circumvent this it was fused to 8-
arm PEG to form PEGylated RWrNR which consisted of eight
RWrNR peptides and thus has increased antiangiogenic and
21358 | RSC Adv., 2022, 12, 21353–21373
antimetastatic properties. PEGylation also reduces its renal
clearance and increased its solubility and half-life.93 RWrNR
when fused with the pro-apoptotic peptide KLA increased its
specicity. Further, this conjugate was encapsulated in
a biodegradable acid-sensitive nanogel, which allowed
controlled peptide release within the acidic tumor cell micro-
environment thus improving tumor specicity. Poly-L-arginine
was a component of this nanogel and it upregulated the
production of nitric oxide from TAMs. This increased the
apoptosis of cancer cells expressing avb3 further.94
ACPs which alter tumor growth and block metastasis

The interaction of VEGF with its receptors switches on several
proliferative and angiogenic pathways. VEGF binding to KDR/
Flk-1 (kinase domain receptor) leads to cancer progression.
The K237 peptide acts as a competitor for VEGF binding to KDR
and reduces angiogenesis and metastasis in immunodecient
mice.95 The peptide CPQPRPLC derived from VEGF was ana-
lysed to identify the minimal motif for VEGF receptor binding.
The RPL domain was thus identied and modied by retro-
inversion to D(LPR). D(LPR) targets both VEGFR1 and NRP1
strongly inhibiting angiogenesis.43,96 The VEGF165 isoform
binds VEGFR2 and the 6a-exon of VEGF has been used to
develop competitors for this isoform43 (Fig. 4). Other growth
factors such as FGF and TGFb also play vital roles in cancer
progression. ACPs inhibiting these factors bind either their
soluble form or their receptors.43 The VEGF signalling axis is
strongly inhibited by the tryptophan containing dipeptide WL
leading to anti-angiogenic effects.97 The dipeptide drug IM862
(L-glutamine–L-tryptophan) also inhibits angiogenesis and
reached phase III clinical trial for AIDS-Kaposi's sarcoma. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
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molecule failed but may be used for design of modied candi-
dates98,99 (Fig. 4). NRP-1 acts as a co-receptor of VEGF and its
extracellular domain has been targeted by several ACPs.
Recently, its trans-membrane domain has also been targeted by
the peptide MTP-NRP1 which blocks receptor dimerization
thereby inhibiting proliferation and metastasis in breast cancer
and glioblastoma100 (Fig. 4). Growth factor receptors such as
EGFR also serve as cancer specic probes for targeting thera-
peutic molecules to tumor sites. For example, recently such
a liposome probe has been designed which encapsulated
doxorubicin and tariquidar. The probe contained an EGFR
binding peptide named EMC along with a sequence cleaved by
MMP2. The liposome specically targeted cancer cells and
showed high therapeutic potential.101

The bombesin/gastrin-releasing peptides (BN/GRP) stimu-
late cancer progression through interaction with GPCRs.
Peptide antagonists binding the GRP receptors inhibit cancer
growth in various cancers98 (Fig. 4). Growth hormone releasing
hormone (GHRH) interacts with its receptors in the pituitary
gland and helps to control the levels of growth hormone (GH)
secreted. Both GHRH and GH are involved in tumor growth,
development and metastasis either directly or by controlling
levels of other growth factors. Antagonists of GHRH like JMR-
132 have been reported. This peptide arrests cancer cells in
the S-phase and later induces apoptosis of cancer cells102

(Fig. 4). In 2011, Cardinale et al., designed multiple peptides
from a small fragment of human thymidylate synthase (TS)
which target the dimer interface of thymidylate synthase. These
octapeptides trap this enzyme in an inactive conrmation.
Inactivation of this enzyme reduces tumor growth as thymidy-
late synthase is vital for DNA synthesis98,103 (Fig. 4). XPNPEPZ
a subtype of aminopeptidase-P serves as the receptor for the
tumor metastasis targeting (TMT) peptide. The TMT decapep-
tide targets metastatic cancer cells specically and has been
used for targeted delivery of drugs. TMT conjugated liposomes
were constructed and loaded with doxorubicin for specic
inhibition of metastatic cancers.104 Lee et al., have developed
a biomimetic peptide derived from collagen IV which is able to
inhibit growth, angiogenesis and metastasis of triple negative
breast cancer. This peptide targets b1 integrin and an unknown
receptor to inhibit IGF1R and Met signalling pathways.105 The
NGR (Asp–Gly–Arg) peptide motif has been used for drug-
delivery through its receptor aminopeptidase-N (CD-13). CD-
13 is widely expressed in metastatic cells. The NGR motif has
been used for the targeted delivery of doxorubicin and c-myc
siRNA.106,107 Besides the RGD and NGR based peptides, other
peptides targeting tumor blood vessels include IF7, F3, cytotoxic
T-lymphocyte (CTL), and CREKA. IF7 and F3 target annexin-1
and cell-surface nucleolins respectively, while CREKA and the
cyclic decapeptides CLT1 and CLT2 target the proteins associ-
ated with blood clotting and induce more clotting thus ampli-
fying the target for efficient drug delivery.108 The FAK–PAX
interaction in breast cancer is associated with initiation of
downstream signalling processes that lead to cell-adhesion,
migration and survival. FAK (focal adhesion kinase) is acti-
vated by signalling cascades when extracellular ligands bind
receptors such as integrins. This protein has a FAT domain that
© 2022 The Author(s). Published by the Royal Society of Chemistry
is then bound by the paxillin protein. This leads to the phos-
phorylation and activation of Pax which then serves as an
adaptor for formation of multi-protein complexes leading to
metastasis and cell-survival. Khan et al., have screened a range
of reported anti-cancer peptides to identify those able to bind
Pax protein and inhibit FAK–Pax interaction. By bioinformatics
approaches they identied magainin as the best candidate
along with two other peptides with high binding efficiency.
Magainins were initially identied as ionophoric AMPs from
Xenopus laevis which caused lysis of cancer cells.109 Magainin
interacts with those Pax residues that are essential for FAT
binding, thus inhibiting their interaction.110

CXC cytokines are involved in maintaining the migratory
processes of both normal and cancer cells. The CXC12 cytokine
is vital for metastasis and is over-expressed in both breast and
prostate cancer cells. Additionally, its receptor CXCR4 is over-
expressed in breast cancer while normal breast cells are
devoid of both. The CXC12/CXCR4 signalling axis activates
a range of pro-cancer responses in cancer associated broblasts
(CAFs) of prostate carcinoma as well. The siRNA for CXC12 was
specically targeted to the CAFs by loading it onto a R9 cell
penetrating peptide and coating the surface with antibodies
against broblast activation protein-a, which is present on CAF
surface.111 CXCR4 is a GPCR which activates several down-
stream cascades ultimately contributing to tumor growth and
metastasis. Understandably, a wide variety of peptide decoys
that bind CXCR4 has been reported. These function by binding
CXCR4 and blocking its ability to activate downstream
processes (Fig. 4). Other articles have described the types and
functions of CXCR4 antagonists in vivid detail.112 Peptide
density may play an important role in reduction of CXCR4 based
signalling. CXCR4 molecules are present on lipid ras and
function as homodimers. Liposomes conjugated with a CXCR4
binding peptide named DV-1 shows maximum anti-migratory
activity when the density of the peptide was 24k molecules per
mm2. This effect is attributed to the similar distance of the
binding pocket in the CXCR4 homodimer and the consecutive
peptides.113 Peptide antagonists of CXCR4 like NT21MP and
Nef-M1 reduce migratory properties of breast cancer and colon
cancer cells. They also somewhat reverse the process of EMT
and reduce drug-resistance properties.114–116 Another CXCR4
antagonist named peptide R inhibits cancer progression by
altering the phenotype of TAMs from the M2 (pro-tumor) to the
M1 (anti-tumor) form.117,118 The effectiveness of CXCR4 antag-
onists may further be increased by their dimerization. This has
recently been achieved by Harms et al., who have shown that Y-
shaped peptide conjugates linked by an albumin binding
compound increased the efficacy and serum stability of the
CXCR4 peptide antagonist EPI-X4 JM#21. This trend was also
observed when other linkers such as PEG, PVA and PVP were
used.119

In addition to receptors on the cell surface, intracellular
signalling proteins have also been targeted via ACPs. For
example, adaptor proteins such as Grb7 mediate important
signalling cascades and serves as a therapeutic target. This
protein contains a Src homology 2 (SH2) domain through which
it interacts with cell-membrane based receptors such as HER2,
RSC Adv., 2022, 12, 21353–21373 | 21359
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HER3 and HER4. Interaction leads to phosphorylation and
activation of Grb7 followed by mediation of cascades enhancing
cell migration, invasion, growth and proliferation.120 The SH2
domain of this protein has been targeted by the 11 residue
peptide G7-18NATE. This cyclic peptide although highly active
was unable to appropriately penetrate the cell and thus was co-
delivered by fusion with the CPP, penetratin.121,122 The G7-
18NATE peptide has since been modied to increase its
affinity and selectivity for Grb7 and the peptide G7-B7 was
found to have the highest affinity but it was not delivered into
the cell even in presence of penetratin.123 Recently, further
modications have been made to allow better permeability with
increased affinity and specicity.120 It has now been recognised
that many proteins promoting cell-survival and metastasis may
contain cryptic segments that serve as growth inhibiting
domains. These domains may be naturally exposed due to the
presence of high concentrations of specic ligands in the
microenvironment or due to other factors. These may be
chemically synthesized to obtain the same effect. For example,
alpha-fetoprotein (AFP) promotes cell growth but contains
a growth inhibitory peptide (GIP) fragment which is exposed
when AFP is in the denatured molten globular state. This GIP
fragment has been chemically synthesized and has growth
inhibiting and anti-metastatic properties.124

The somatostatin peptide (SST) binds its receptor (SSTR)
thereby inhibiting proliferation and inducing apoptosis of
cells.125 The SST peptide has a nominal half-life of only about 3
minutes in plasma. Agonists of the SST peptide with higher
stabilities have been developed. The cyclic octapeptide, octreo-
tide is a SST agonist with a half-life close to 113 minutes.117

Another SST analogue is RC-160, which has a half-life lower
than 2 hours. The half-life of RC-160 was further increased by
conjugating it with fatty-acids of various lengths. Addition of up
to 16 carbons increases the stability of RC-160 by up to 10-fold,
thereby reducing the need for repeated dosage117,126 (Fig. 4).

A cyclic pentapeptide called PSAP was designed from the
sequence of the glycoprotein prosaposin. This glycoprotein
induces the secretion of thrombospondin-1 which is a tumor
suppressor. This peptide shows anti-neoplastic activities in case
of ovarian cancer.114,127 Lymph nodes serve as reservoirs of
metastatic cells and these cells then spread to other parts of the
body. Lymph node metastasis can be targeted by a nanovehicle
developed using the D-oligoarginine peptide r9, which is a cell-
penetrating peptide (CPP). The nanovehicle contained cab-
azitaxel (CTX), an anticancer drug which causes microtubule
disruption. The r9-CN nanovehicle showed efficient targeting to
cancer cells followed by deep penetration allowing CTX to work
more effectively. This 13 nm nanovehicle targets the primary
tumor mass along with the metastatic lymph nodes and distant
lung metastases.128 A 17 residue lysine–tryptophan rich cationic
peptide, KT2 inhibits migration in both colon cancer and
melanoma tissues. KT2 acts as a CPP due to its lysine rich
nature and suppresses the activity of various proteins involved
in cancer progression. The KT2 peptide displays higher toxicity
for cancer cells and induces minimal morphological change.129

Another family of proteins involved in mediating cellular
adhesion are the galectins. Galectin-3 participates in
21360 | RSC Adv., 2022, 12, 21353–21373
angiogenesis and metastasis of cancer cells by mediating adhe-
sion among cancer cells or among a cancer cell and the endo-
thelium. This is mediated via a galactose b1,3 N-
acetylgalactosamine disaccharide known as the Thomsen–Frie-
denreich glycoantigen (TFAg). Metastasis can be inhibited by
peptides blocking the interaction between galectin-3 and TFAg.
Such peptides were designed by Zou et al. and those blocked cell-
adhesion by 60–70% in MDA-MB-435 thereby inhibiting metas-
tasis130 (Fig. 4). Like integrins, CD44 also maintains cellular
contact with the ECMand controls cell differentiation, migration
and maintenance of tissue integrity.131 The CD44 isoform
CD44v6 (CD44 variant 6) is selectively expressed on highly
metastatic cancer cells and cancer stem cells.131 This variant
enables the interaction between hepatocyte growth factor and c-
Met receptor tyrosine kinase. Recently two peptide inhibitors of
CD44v6 were reported by Khan et al. with sequences
CNLNTIDTC (NLN) and CNEWQLKSC (NEW). These have
nanomolar range affinities for CD44v6 and inhibit c-Met inter-
nalization and phosphorylation of Erk and c-Met. This results in
inhibition of tumor cell migration and invasion. Additionally,
the efficacy of these peptides have been checked in combination
with crizotinib, a c-Met inhibitor and by fusion with the pro-
apoptotic peptide KLAKLAKKLAKLAK. Dual treatment with cri-
zotinib led to more vigorous metastatic reduction while the
NLN–KLA and NEW–KLA conjugates caused both apoptosis of
tumor cells and inhibition of metastasis (Table 1).132

The ACPs discussed so far have been summarised in table for
better understanding.
Anti-cancer peptide vaccines

Peptides are popular candidates for vaccine design as they are
cheap, easy to synthesize, stable and free of bacterial pathogens
or oncogenic properties. Antigens specically expressed by
cancer cells are known as tumor associated antigens (TAAs).
These are presented by major histocompatibility complex
(MHC) class I molecules and identied by cytotoxic T lympho-
cytes (CTLs)98,133 (Fig. 5). TAAs introduced into a hosts system as
pre-immunization or post-operatively aer primary tumor
removal may protect the host from cancer development and
metastasis. Since, TAAs alone do not confer signicant immu-
nogenicity in patients, they are oen administered with adju-
vants like toll-like receptors, cytokines and APCs to increase
their efficiency.134

TAAs are generally 8–10 amino acids in length and recognise
the MHC class I molecules through interaction of 2–3 primary
anchor residues. They also interact with the CTLs via 2–3 other
residues.98,133 TAAs are most usually altered forms of normal
proteins. Since the selection of potential TAA candidates from
a range of differently mutated proteins can prove challenging,
researchers have developed bioinformatics tools for the same.
These tools calculate the affinity of various TAAs for the patients
HLA and also consider their potential in activating a T-cell
response amon other parameters. Some bioinformatic tools
for this purpose include: NeoPredPipe, MuPeXI, pVAC-Seq and
CloudNeo.135–139 Examples of TAAs include the mutated forms of
the ras p21 proto-oncogenes. Immunization of mice and human
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Source, target and mechanism of action of ACPs

ACP Source Target Mechanism of action Class Reference

M1 peptide Binding domains of
TRAIL protein

TR2 Mimics TRAIL and induces pro-apoptotic signals Pro-
apoptotic

6

BH3 mimetics BH3 domains of pro-
apoptotic Bcl-2 family
members

Anti-apoptotic Bcl-2
proteins

Mimics the BH3 domains of pro-apoptotic Bcl-2
family proteins

7

P28 Azurin protein from
Pseudomonas aeruginosa

p53-DNA binding
domain

Stabilizes p53 10

Peptide C1 C-terminus of p53 p53-NRR2 Restores p53 function by binding its NRR2 10
AVPF-based peptides Binding domains of SMAC

proteins
BIR region of IAP
proteins

Peptides mimic SMAC, binding IAP proteins and
freeing active caspases

11

PEP2 based cyclic
peptides

Binding domains of
Nur77 receptor

Bcl-2 and b-tubulin Mimics the Nur77 domains binding Bcl-2 and b-
tubulin

13

MEL-dKLA Melittin from honey bee
venom fused to dKLA
(engineered)

M2 macrophage Melittin binds M2-like TAMs and dKLA induces
mitochondrial death

16

AMPs modied from
peptide B1

Cathelicidin-BF 15 Cancer cell membranes Cell penetration followed by destabilization of
mitochondrial membrane

18

LL-37, 17BIPHE2 LL-37 is a human
cathelicidin and
17BIPHE2 is its shortest
derivative

Cell membrane and
various receptors

Apoptosis via membrane depolarization and
DNA fragmentation

19 and 20

Temporin-La Bullfrog skin Mitochondrial
membrane

Increase in ROS levels and decrease in
mitochondrial membrane potential. The ratio of
pro and anti-apoptotic Bcl2 familymembers were
also altered

53 and 54

PA-C1b Skin secretions of Rana
chensinensis

Cell, mitochondrial
membrane and Bcl2
family proteins

Pore formation in cell-membrane along with
upregulation of pro-apoptotic Bax and
downregulation of anti-apoptotic Bcl2. Loss of
mitochondrial membrane potential and increase
in ROS levels

25

p53(15)Ant peptide p53 residues 12–26 Cancer cell membranes Highly hydrophobic, a-helical structure leads to
membrane disruptive functions

Necrotic
peptide

21

PNC-27 p53 residues 12–26 Plasma membrane
localized MDM2

Membrane disruption 23

D-K6-L9 Articially engineered Negatively charged
phosphatidylserines in
cell membrane

Induces membranolysis 29

MPI-1 Venom of Polybia paulista Possibly
phosphatidylserines on
cell membrane

Membrane destabilization 30

Dermaseptin B2 Skin secretions of
Phyllomedusa bicolor

Sulphated
glycosaminoglycans on
cancer cell membranes

Membrane destabilization 29

LF11-322 (PFR
peptide)

Human lactoferricin Anionic lipids on
cancer cell membrane

Membrane destabilization 31

MTD peptide MTD of Noxa protein Mitochondrial
permeability transition
pore protein

Induces calcium release from mitochondria to
cytosol

34

TU17:MTD MTD of Noxa protein
fused to a tumor homing
sequence binding NRP-1

Same as MTD peptide
with the TU17 domain
targeting NRP1
receptor

Same as above 35

BMAP-27 Bovine cathelicidin Cell membrane Membrane disruption 37
Chensinin-1B Skin secretions of Rana

chensinensis
Cell and mitochondrial
membrane

Disruption of cell membrane and loss of
mitochondrial membrane potential

Pro-
apoptotic
and
necrotic

25

HaA4 Analog of the protein
harmoniasin from
Harmonia axyridis

Cancer cell membrane
and caspase family
proteins

Induces caspase-dependent apoptosis and
necrosis of cancer cells

27

Piscidin-1 AMP fromMorone saxatilis
� M. chrysops (hybrid
striped bass)

Cellular and
mitochondrial
membrane

Membrane destabilization 28

Brevinin-IRL1 Skin secretions of Rana
limnocharis

Lipids or proteins on
the plasma membrane

Induces caspase-dependent apoptosis and
necrosis of cancer cells

32

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 21353–21373 | 21361
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Table 1 (Contd. )

ACP Source Target Mechanism of action Class Reference

Nisin ZP AMP from Lactococcus
lactis

Mitochondrial
membrane

Decreases the mitochondrial membrane
potential and increases the levels of intracellular
ROS

36

MELITININ-BMAP27 Bovine cathelicidin Cell membrane and
pro-apoptotic Bax

Membrane destabilization and apoptosis
induction

38

Defensin beta-1 Human AMP Multiple cancer
associated proteins and
immune cells

Unknown Not clear 39

RGD peptides Integrin binding ligands avb3 integrins and
caspase-3

Inhibition of metastasis, angiogenesis via
blockage of integrin–ligand interaction and
apoptosis

Inhibitory
and pro-
apoptotic
peptide

12, 48
and 49

d-cRGD peptides Integrin binding ligands avb3 integrins and
avb1 integrins

Blockage of integrin–ligand interactions Inhibitory
peptides

55

RGD4, RGD10 Integrin binding ligands avb3 integrins and
avb1 integrins

Blockage of integrin–ligand interactions 56

Cilengitide Integrin binding ligands avb3, avb5 and avb1
integrins

Blockage of integrin–ligand interactions 58

cRGD tetramer Integrin binding ligands avb3 integrins Aggregation and internalisation of integrins 65
iRGD peptide Integrin binding ligands avb3 integrins and NRP

receptor
Inhibition of metastasis and initiation of bulk
import within cancer cells

75

SDV and GDV
peptides

Identied from
hexapeptide library by
ProteoChip

avb3 integrins Blockage of integrin–ligand interactions 78

Atragin based
peptides

Snake venom Integrin family
proteins

Inhibition of cell migration 79

ATN-161 Binding domains of
bronectin

avb1 integrins Mimics bronectin and downregulates MAPK
phosphorylation upon integrin binding

80 and 81

SFITGv6 and SFLAP3 RGD containing
octameric sequences
incorporated into SFTI1
scaffold

avb6 integrins Blockage of integrin–ligand interactions 85

FRGDLA-Fp(NMe)K
and FRGDLA-
Fp(NMe)K(Ac) based
peptides

Foot and mouth disease
virus

avb6 integrins Blockage of integrin–ligand interactions 86

A20FMDV2 and
derivatives

Foot and mouth disease
virus

avb6 integrins Blockage of integrin–ligand interactions 87–89

RGDechi peptide cRGD peptide fused to
echistatin C-terminal
domain

avb3 integrins Blockage of integrin–ligand interactions 90

RGDechi15D peptide Same as above but 15th
residue of echistatin
mutated to aspartate

avb5 integrins Blockage of integrin–ligand interactions 91

RWrNR peptide Identied by structure
based drug design

avb3 integrins Blockage of integrin–ligand interactions.
PEGylation of this peptide increases anti-
metastatic and anti-angiogenic activities.
Conjugation to KLA peptide provides pro-
apoptotic nature

93 and 94

K237 peptide Engineered VEGF mimic Kinase domain
receptor (KDR)

Acts as a competitor for VEGF Signalling
modulator

95

D(LPR) peptide Minimal motif for VEGF
binding

VEGFR1 and NRP1 Acts as a competitor for VEGF 43 and 96

6a-exon based
peptides

6a-exon of VEGF VEGFR2 Acts as a competitor for the VEGF165 isoform 43

PTX3 derived
peptides

Long-pentraxin3,
a soluble pattern
recognition receptor

FGF2 Inhibits binding of FGF to receptor 43

P144 peptide Membrane-proximal
ligand-binding domain of
b-glycan

Soluble TGFb Sequesters TGFb disallowing receptor binding 43

21362 | RSC Adv., 2022, 12, 21353–21373 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

ACP Source Target Mechanism of action Class Reference

WL dipeptide Sequence present in the
primary structure of
multiple proteins

VEGFR2 Inhibition of VEGFR2 phosphorylation and
downstream signalling

97

IM862 Isolated from thymus Unknown Inhibits production of VEGF and activation of
natural killer (NK) cell function

98 and 99

MTP-NRP1 Transmembrane
sequence of NRP1

NRP1 Blocks receptor dimerization of NRP1 inhibiting
downstream signalling

100

GRP antagonistic
peptides

Engineered using
structure of GRP

GRP receptor GPCRs Inhibition of ligand–receptor interaction 98

JMR-132 Articially engineered,
structure-based design

Growth hormone
releasing hormone
receptor (GHRHR)

Inhibition of ligand–receptor interaction 102

hC20 derived
octapeptides

Engineered using
sequences from the dimer
interface of thymidylate
synthase

Dimer interface of
thymidylate synthase

Enzyme is trapped in an inactive conformation
and DNA synthesis is restricted

98 and
103

Collagen IV
biomimetic peptide

Engineered from
sequences of
transmembrane protein
45A

b1 integrin and an
unknown receptor

Inhibition of IGF1R and Met signalling pathways 105

IF7 Engineered peptide Annexin-1 Inhibition of hematogenous carbohydrate-
dependent cancer cell colonization

108

Magainins Ionophoric AMP from
Xenopus laevis

Cell membrane and
binding domains of Pax
protein

Formation of ion channels and inhibition of
Fak–Pax signalling

109 and
110

CXC12 decoys Articially engineered,
structure-based design

CXCR4 Inhibition of CXC12/CXCR4 signalling 112

DV-1 Engineered from
chemokine peptides

CXCR4 Inhibition of receptor–ligand interaction.
Activity is maximum when peptide density is 24k
molecules per mm2

113

NT21MP Derived from the viral
macrophage
inammatory protein II

CXCR4 Inhibition of CXC12/CXCR4 signalling 114 and
115

Nef-M1 Residues 50–60 of Nef
protein

CXCR4 Inhibition of CXC12/CXCR4 signalling 114 and
116

Peptide R Engineered from the RRX
motif of CXC12

CXCR4 Alters the phenotype of TAMs from M2 to M1 117 and
118

EPI-X4 JM#21 Derived from a 16-mer
fragment of human serum
albumin

CXCR4 Inhibition of CXC12/CXCR4 signalling 119

G7-18NATE, G7-B7 Identied by phage
display and engineered
for better action

SH2 domain of Grb7 Inhibition of Grb7 interaction 121–123

GIP fragment from
AFP

GIP domain of AFP Unknown Inhibits the function of multiple cytosolic
enzymes leading to alterations in MAPK cascades
and regulation of apoptotic events

124

Octreotide Engineered synthetic SST
analogue

SSTR Acts as an SST agonist with a longer half-life 117

RC-160 Engineered synthetic SST
analogue

SSTR Acts as an SST agonist with a longer half-life 117 and
126

PSAP based peptides Sequences of the
glycoprotein prosaposin

CD11b+/GR1+/Lys6Chi

monocytes
Induces secretion of the tumor suppressor
thrombospondin-1 by the monocytes which are
recruited at metastatic lesions

114 and
127

KT2 Engineered from
Crocodylus siamensis
leucocyte peptide

Multiple cancer
associated proteins

Acts as a CPP which downregulates the
expression of several proteins leading to
decreased cell migration and invasion

129

Galectin binding
peptides

Identied from phage
display library

Galectins Inhibits interaction between galectins and TFAg 130

NLN and NEW Identied from phage
display library

CD44v6 Inhibit c-Met internalisation and
phosphorylation of MAPK and c-Met

132

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 21353–21373 | 21363
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Fig. 5 Mode of action of anti-cancer peptide vaccines. Peptide
vaccines contain tumor-associated antigens. Upon vaccination, APCs
present these antigens to cytotoxic and helper T-cells, thereby acti-
vating them. Active T-cells can then recognise the TAAs on cancer
cells. Active CTLs kill cancer cells presenting TAAs.
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with synthetic mutant p21 leads to development of a T cell
based immunity.140–142 13-mer synthetic ras peptides with
mutations in codon 12 similar to the patient's own mutation
generated an immune response in 3 out of 10 patients.142

Various TAAs have now been characterized and many vaccines
based on these epitopes have reached clinical trials. It is known
that oncoviruses like Human Papillomavirus (HPV) harbour
proteins which induce oncogenic transformation. E7 of HPV is
one such protein and presence of antibodies against this
protein leads to worsening disease. TAAs derived from E7 were
used for immunization of patients with highly invasive cervical
and vulvar cancer. Only a fraction of the patients showed
complete disease regression but the CTL titre against E7 was
increased in all patients.143 Other vaccines showing similar
results include: a 100-mer peptide vaccine derived from the
glycoprotein MUC1 which is overexpressed in cancer cells in
hypoglycosylated state144,145 and the E75 peptide vaccine derived
from HER2/neu that is involved in prostate cancer.146,147 Adju-
vants also play a critical role in increasing the efficiency of
vaccination. Since peptides by themselves are prone to degra-
dation and lack sufficient antigenic properties, the choice of
adjuvants becomes critical for successful immunization. Adju-
vants can be as simple as water-in-oil emulsions which allow
slow release and epitope persistence to cytokines such as GM-
CSF.148 Recently the agonist of STING (stimulator of interferon
gene) protein has also found use as an adjuvant. Activation of
STING induces a strong interferon response leading to activa-
tion of macrophages and dendritic cells.148,149 The STING
protein along with acting as an adjuvant has also been for
delivery of peptide antigen. The C-terminal domain of STING
was fused with the fusion protein cGAMP. This forms a tetra-
meric complex that delivers the peptide vaccine and initiates
STING signalling.150

Anti-tumor immunity in humans is mainly CTL based but T-
helper cells activated by MHC class II associated peptides are
necessary for long-life and better immune clearance of tumor
cells by CTL. Knutson et al., vaccinated patients with peptides
derived from HER2/neu where the peptides contained TH-cell
epitopes. Activation of both T-cell subsets resulted in 86% of the
21364 | RSC Adv., 2022, 12, 21353–21373
patients generating increased CTLs post-vaccination.151 HER2/
neu based vaccines have been used for breast and ovarian
cancers. Higher immunization efficacy in vaccines containing
MHC class II targets was also observed for GV1001 derived from
hTERT.152 This vaccine also acts a CPP enabling the delivery of
macromolecules such as DNA, siRNA and proteins through
extracellular heat-shock protein complexes. This confers direct
anti-cancer activities to this peptide.153 Scientists have identied
a range of epitopes known as the universal cancer peptides
(UCPs) derived from TERT. These activate CD4 T cell responses
in cancer patients and vaccination of A2/DR1 mice model with
two such UCPs caused enormous TH1 activity leading to tumor
clearance via elevated activation of CD8 T cells.154

Peptide-based vaccines have been developed against mela-
noma using various melanoma specic TAAs. It was found that
GM-CSF works as a more efficient adjuvant for these TAAs.134

Melanoma vaccines that have shown efficacy in preliminary
studies but failed clinical trials are addressed elsewhere.155 The
MKC1106-PP vaccine targets multiple epitopes of melanoma
and induces immune response against preferentially expressed
antigen in melanoma (PRAME) and prostate-specic membrane
antigen (PSMA). The vaccine consists of a recombinant plasmid
which synthesises parts of both the antigens and peptides
derived from each of the proteins mentioned. More than 62% of
the patients were able to develop an immune response against
either PRAME or PSMA and the immunity lasted more than 6
months.156 Dendritic cells have been used in many cases to
stimulate the efficiency of peptide vaccines as they can activate
dormant T-cells. A range of vaccines have been developed using
dendritic cells including sipuleucel-T which reduces death risk
by up to 22%. The vaccine although not peptide-based warrants
a mention as it was sanctioned to be used clinically in prostate
cancer.157,158 A study was conducted to nd the efficiency of
vaccines containing dendritic cells loaded with antigenic
peptides from stage III melanoma. Patients were vaccinated
aer lymph node dissection to prevent relapse. It was found
that CD8-T cells were generated in 15 of 22 vaccinated patients.
Additionally, the 3 year overall survival and disease free survival
rate in vaccinated patients increased by 45.2% and 26.4%
respectively.159 Recently a neoantigen based vaccine dendritic
cell vaccine was tested in patients with advanced metastatic
lung cancer. The neoantigens selected were personalized for
each patient using data from whole exome sequencing, RNA
sequencing and HLA typing. The vaccine was found be safe,
tolerable and could efficiently lead to disease control.160

A cyclic peptide vaccine was developed using B-cell epitopes
from the tetraspanin family protein TM4SF5 (transmembrane 4
superfamily member 5) which is involved in EMT and metas-
tasis. This was tested against hepatocellular carcinoma and
colon cancer in addition with a humanized antibody which
targeted TM4SF5 and induced expression of E-cadherin and b-
catenin. Mice treated with the vaccine showed production of
antibodies along with reduction in tumor growth. Both the
synthetic monoclonal antibody and the vaccine reduced
metastasis and may be used for further studies.161 Wanzun
et al., have devised an ingenious method to identify TAAs by
irradiating H22 cells. This causes the overexpression of proteins
© 2022 The Author(s). Published by the Royal Society of Chemistry
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involved in cell survival and resistance to therapy. From the
overexpressed proteins CD151 was chosen for immunization as
it is overexpressed in various cancers and its expression corre-
lates with poor prognosis. Two TAAs from CD151 were used for
peptide synthesis and immunization of in vivo mouse models.
Signicant CTL responses against these were developed three
weeks post vaccination suggesting CD151 based peptide
vaccines could be used just aer tumor resection with radio-
therapy to inhibit tumor growth, progression and metastasis.162

The Prss14/ST14 membrane serine protease plays a vital role in
promoting disease progression andmetastasis of triple negative
breast cancer (TNBC). Antigenic peptides derived from the
autocatalytic loop of this protein were used to vaccinate relevant
mice models. Vaccination signicantly reduced the number of
metastatic secondary tumors in vaccinated mice.163

Personalized peptide vaccines (PPVs) offer a new approach for
more effective immunization in cancer patients. The peptides
chosen generate a faster CTL response as they are HLAmatched to
the patient. PPV immunization in patients with advanced colo-
rectal carcinoma showed positive outcomes in phase II clinical
study.164 For metastatic renal cell carcinoma (RCC) patients, the
UroRCC vaccine containing 10 TAAs were used for immunization
aer HLA matching. The vaccine generated signicant anti-tumor
immunity and increased the overall survival time.165 PPVs were also
tested on a patient with metastatic intrahepatic chol-
angiocarcinoma. This patient had relapses twice in the liver and
a metastatic secondary tumor in the lungs aer the surgical
removal of the primary mass. Patient was immunized with
a vaccine containing 7 epitopes identied by NGS aer removal of
relapsed andmetastatic tumors. The vaccine was improved also by
the addition of CD4 binding peptides. The vaccine caused strong
immune cell movement to the resected metastatic lesion along
with high levels of perforin which acts as a cytotoxic molecule. The
patient remained tumor free for three years before the study was
published while vaccination was continued.166 Other PPVs like
NeoVax had as many as 20 epitopes identied from 6 melanoma
patients by whole exome sequencing. The vaccine elicited response
from both the CTL and T-helper subsets and was able to prevent
relapse in four of the six patients. The other two patients showed
complete tumor clearance aer treatment with immune check-
point modulators.167,168 PPVs have also been used against anal
cancer, kidney cancer, leukemia, lung cancer, glioblastoma,
lymphoma, and brain tumors. Details about these can be found
elsewhere.167 PPVs although highly efficient are limited in use due
to higher cost as the patient is unable to develop T-cells against
many of the antigens used. To circumvent this, TAAs are loaded on
various formulations that allow precise delivery to APCs. Lynn
et al., have designed a peptide-based conjugate which folds into
nanoparticles of almost 20 nm size irrespective of the TAAs used.
This allows to develop a universal protocol for delivery of peptides
and adjuvants to increase T-cell response.169
Peptides as drug-delivery agents

Peptides were classied into three main categories by Boohaker
et al., namely: (i) cell-permeable peptides; (ii) antimicrobial
peptides; and (iii) tumour-targeting peptides.170 In this section
© 2022 The Author(s). Published by the Royal Society of Chemistry
we will focus on CPPs as these aid in the transport of cargo
containing small molecules and thus play an important role in
drug delivery.171 Several factors, like temperature, concentra-
tion, and size of the drug, are vital in the internalisation of the
cargo.172 The majority of CPPs have basic, positively charged
residues and hydrophobic amino acids, which increases the
efficiency of their internalisation.173 The TAT (transactivator of
transcription) peptide, discovered in the late 1980s derived
from human immunodeciency virus and the Drosophila
Antennapedia homeodomain, is well known for its ability to
easily penetrate the cell membrane.174 The ability of CPPs to
form alpha helices or beta sheets determines whether they are
incorporated into the cell.175 Cellular uptake of CPPs occurs in
a variety of ways, only few of which encourage direct trans-
location across the lipid bilayer. A more common mechanism
involves energy-dependent endocytosis, such as macro-
pinocytosis, clathrin-mediated endocytosis, or caveolae-
mediated endocytosis. This intake mechanism is followed by
peptides such as CADY, MPG, and Pep-1.176,177 A novel dipeptide
named melufen was designed by combination of melphalan
and para-uoro-L-phenylalanine. This compound acts as
a highly lipophilic tumor targeting CPP that crosses the plasma
membrane in a passive and fast manner. Melufen contains
a binding domain for aminopeptidases and esterases which
cleave the molecule thus releasing the encapsulated drug.178

These CPPs carry various types of cargo across the membrane,
such as liposomes, antisense oligonucleotides, nucleic acids,
therapeutic agents, and small interfering RNAs.179–181 Other
mechanisms for peptide translocation include membrane
thinning, pore formation, and inverted micelle formation.182

Peptide insertion into the cell depends on a multitude of
factors.

Peptide self-assembly. Peptides self-assemble into structures
such as alpha helices, beta sheets, and linear peptides. Peptide
amphipathicity and polycationicity play critical roles in peptide
internalisation. CPPs amphiphilic nature helps to protect their
hydrophobic domain and reduces contact with bulk water.
Other attractive and repulsive forces are stabilised by secondary
structure formation. One type of self-assembled structure is
beta strands and beta sheets, which can rearrange themselves
in parallel or antiparallel directions depending on the peptide
direction.183,184 The beta sheet peptide also self-assembles into
a hydrogel component responsive towards acidic pH.185 In an
aqueous solution, peptides can self-assemble into a gel matrix.
These peptides are made up of three components: a urokinase
plasminogen activator (uPA) protease-sensitive motif, a b-sheet
forming peptide, and a therapeutic peptide. The uPA compo-
nent aids in the destruction of the gel matrix, allowing the
peptide to be released. EAK and RADA are b-sheet forming
peptides with regenerative medicine applications.186,187 They are
known to be composed of alternated hydrophobic and hydro-
philic amino acids. In aqueous solution, these peptides remain
unfolded, but upon contact with the cancer cell membrane they
form beta sheet structures, which disrupts the membrane.188

The alpha helical peptide aggregates and evolves into
a nanobre structure as well. This arrangement exposes the side
chains, allowing the peptide to be easily accessed by the solvent.
RSC Adv., 2022, 12, 21353–21373 | 21365
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When interacting with the cell membrane, many well-known
peptides, including PEP1, TP10, MPG, and SAP, adopt
a helical conformation.189 van der Waals forces, hydrophobic
interactions, and p-interactions (p–p stacking, cation and
anion–p interactions) all help to organise self-assembled
structures. A peptide can be modied by hybridising an alkyl
or aromatic group, which serves as a driving force for self-
assembly via hydrophobic interactions190 (Fig. 6).

CPP design and modications. The main parameters for
peptide internalisation are guanidium content, amphipathicity,
and hydrophobicity, as well as other physio-chemical properties
of peptides such as charge, chirality, and aromatic content.
When the guanidinium group comes into contact with the
membrane, bidentate hydrogen bonds form, which assist
internalization.191 Peptides with high positive charge like PEP-1
play an important role in intracellular delivery.192 One of the
modied peptides, mitochondria-penetrating peptides, has
a positive charge and is lipophilic. Positively charged amino
acids such as lysin or arginin are commonly used, as are
phenylalanine and cyclohexylalanine for lipophilicity.193

Specic moieties, such as RGD or homing peptide sequences,
are added for specic cell or tissue targeting.

pH sensitivity. Because of the low pH of tumour cells pH low
insertion peptides (pHLIPs) are specically designed.194 pHLIPs
provide a new way of combating diseases inuenced by the
extracellular acidic environment. Several studies, such as X-ray
and NMR spectroscopy, were conducted to estimate the efficacy
of these drugs.195–197 Through the temperature and kinetic
studies, it was revealed that there are three prominent forms of
pHLIPs, namely, unstructured, coiled coil and a negatively
charged form with high hydrophobicity allowing insertion
through the bilayer in the alpha helical conformation.198,199

Within the endosome, pH sensitive peptides are eligible for
inter-conversion of structure, which leads to the successful
degradation of the endosome. Szoka et al. created a negatively
charged peptide mostly made up of glutamate residues which
Fig. 6 Different peptides can rearrange themselves into various
nanostructures via self-assembly, offering a promising approach to
drug internalisation.

21366 | RSC Adv., 2022, 12, 21353–21373
protonates in acidic pH. Protonation results in the formation of
a helix structure.200

Cell-membrane composition. Peptide internalisation also
depends on cell membrane composition. Several components
of the cell membrane, such as heparin sulphate proteoglycan
and syndecans are most important for electrostatic interac-
tion.201,202 Several endocytic pathways are also activated aer the
cationic peptide interacts with the guanidinium group via
electrostatic interactions and hydrogen bonding.203 The inter-
action with the lipid in the membrane causes the amphipathic
peptide to adopt various secondary structures. Because the
cancer cell membrane is negatively charged, the positively
charged peptide can be efficiently internalised.

Peptide synthesis and pharmacophore modelling. Develop-
ment of better ACPs necessitate an understanding of the tech-
niques of peptide design and pharmacophore modelling.
Bergman and Zervas invented tetraethyl pyrophosphite, which
acts as a coupling reagent, as well as the rst reversible Na-
protecting group and the carbobenzoxy (Cbz) group, both of
which are critical in peptide synthesis.204 The steps of peptide
synthesis include: N-terminal protecting group protection and
deprotection, isolation and purication, and peptide elonga-
tion. Initially, these steps were performed in solution but the
advent of solid state peptide synthesis (SSPS) made the process
easier. In SSPS the nascent peptide chain remains covalently
attach to the insoluble support (resin) and subsequent amino
acids are anchored by a series of successive cycles. Peptides are
synthesised sequentially from the C terminus to the N terminus,
with the use of N-protected amino acids. Limiting proteolytic
degradation is important for increasing circulation time of
ACPs and thus the enzymatic stability of peptides are studied
using kidney, serum, or liver extracts.205

Pharmacokinetic proling is critical in determining the
biologically active conformation of peptides. To determine the
structural elements of peptides responsible for biological
activity, a systematic approach is required. Aer identifying the
key amino acids, the next step is to determine the 3D relation-
ship of the pharmacophore elements. Following this study, it
may be possible to further modify the structure to overcome
proteolytic degradation, or improve its penetrating ability
through membrane.206
Internalization mechanisms of CPPs

Peptides are internalised in the cell by a variety of mechanisms.
Direct transfer. Peptide transfer occurs via electrostatic

interaction and hydrogen bonding between the phospholipid
bilayer and the peptides. This interaction happens as a result of
membrane destabilisation or pore formation. Three models are
used in the direct transfer of peptides: barrel-stave model,
carpet-like model, inverted micelle model.207 The barrel-stave
model is structured in such a way that peptides enter the cell
via pore formation. The hydrophobic end of the peptide join
with the phospholipid membrane and the other end attach with
the hydrophilic end of the phospholipid thus increasing
transmembrane movements.171 Peptides enter the cell via
charge interaction with the cell membrane in a carpet-like
© 2022 The Author(s). Published by the Royal Society of Chemistry
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model. Cargos are wrapped over the surface of the cell
membrane in this case, similar to carpet. Interaction occurs in
this case with the hydrophobic portion of the cell membrane.208

The membrane invaginates through the phospholipid bilayer,
resulting in the formation of an inverted micelle, according to
the inverted micelle model209 (Fig. 7).

Endocytosis. Endocytosis can be classied into several types,
including clathrin-mediated endocytosis, caveolin-mediated
endocytosis, clathrin-and caveolin-independent endocytosis,
and macropinocytosis.210,211 In the case of caveolin mediated
endocytosis, cavin-1 protein forms a complex with the caveolin,
thus a pit is generated, which leads to the production of cav-
eolin coated vesicle is formed. Proline-rich peptides contain
pyrrolidine rings capable of entering the cell through caveolae-
mediated endocytosis.172,208 Clathrin-mediated endocytosis
involves uptake by interaction between cell membrane and
epsin protein C, which causes a depression due to interaction of
clathrin and AP2 (hetero-tetrameric protein) resulting in the
production of clathrin-coated vesicles.212 Macropinocytosis is
mostly a lipid ra dependent process.213 This mechanism is
dependent on actin stimulation where the cargos are trans-
located inside the cell through mature vesicles. Endocytic
vesicles are formed by a collaboration of cellular factors that
cause cell membrane deformations and triggers protrusions.
Macropinocytosis also plays a great role in the uptake of
arginine-rich peptides.214

Nanoparticle-mediated drug delivery. Drug delivery should
be site-specic as well as time-specic based on the biological
environment, such as pH, temperature, and reducing condi-
tions. This requirement can be met through chemical conju-
gation with nanoparticles. Peptide nanoparticles can be
delivered in a physical encapsulated form, in which peptides are
engineered into a hydrophobic space that will naturally
degrade. In another mode of delivery, peptide and drug are
conjugated prior to the formation of nanomaterials. Specic
linkers can be introduced between the drug and the peptides to
aid in drug release via cleavage. Gu and colleagues reported an
enzyme-responsive drug delivery process using a designed
Fig. 7 The mechanism of cellular uptake of CPP cargos occurs by two
types of pathways: endocytosis and direct translocation. Direct
translocation models include the barrel-stave model, the carpet-like
model, and the inverted micelle model. Clathrin-mediated endocy-
tosis, caveolin-mediated endocytosis, and clathrin- and caveolin-
independent endocytosis are all endocytosis mechanisms.

© 2022 The Author(s). Published by the Royal Society of Chemistry
peptide dendrimer–doxorubicin (dox). Aer endocytosis, the
linker between the peptide and the drug is cleaved.215 The N-acyl
hydrazine linker is a pH sensitive compound that is cleaved at
acidic pH. This linker was used for the delivery of the antibody–
drug conjugate named Gemtuzumab Ozogamicin (Mylotarg®)
and efficient payload release was dependant on the lysosomal
pH.216 This technology also helps to increase half-life and
decrease cytotoxity, which increases therapeutic efficacy and
improves the pharmacokinetic prole.217,218 Peptide conjugation
with nanoparticles helps in the formation of value-added
constructs that add more functionality towards therapeutic
delivery.219 The enhanced permeability and retention effect that
suggests that nanoparticles and such conjugates show more
accumulation in the tumor tissues compared to normal tissues.
Thus, nano-drug delivery systems may naturally be more effi-
cient in reducing the toxicity and side-effects of the drug.220

Peptide-conjugation also reduces the overall radius of this
construct and also minimises immunogenicity. Multiple
peptide species can be arranged within specic nanoparticles,
resulting in multifunctionality that serves multiple purposes.221
Conclusions

Peptides have been widely studied as anti-cancer agents tar-
geting different cellular factors. They have also gained wide
popularity in the development of vaccines and as drug-delivery
vehicles. Although signicant milestones have been crossed,
there remains major hurdles in the development of peptide-
based drugs. Small therapeutic peptides may sometimes
harbour signicant immunogenicity222 and overcoming the
immunogenic nature of therapeutic peptides remains a major
challenge in developing peptide therapeutics. Short peptides
oen have low enzyme resistance and blood–brain barrier
penetration.223 This decreases its half-life while increasing its
probable toxicity. Therapeutic peptides may also possess poly-
functional properties. To overcome these problems,
researchers have fused peptides with stabilizing groups or
lipophilic radicals. Enzyme resistance of peptides have been
increased by substituting L-amino acids with D-amino acids and
by using unique drug delivery systems.223 Researchers are
working tirelessly to develop highly efficient and specic
peptides that have minimal side-effects. The eld of peptide-
based drugs has progressed enormously in the last two
decades and we hope that this review gives a glimpse of all the
ways in which peptides have been designed and modied to
target cancer cells.
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Yañez, C. Mohr, M. Sturm, H.-P. Nguyen, O. Riess,
P. Bauer, S. Nahnsen, S. Nadalin, D. Zieker, J. Glatzle,
K. Thiel, N. Schneiderhan-Marra, S. Clasen, H. Bösmüller,
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A. Königsrainer and H.-G. Rammensee, J. Hepatol., 2016,
65, 849–855.

167 L. Bezu, O. Kepp, G. Cerrato, J. Pol, J. Fucikova, R. Spisek,
L. Zitvogel, G. Kroemer and L. Galluzzi, Oncoimmunology,
2018, 7, e1511506.
RSC Adv., 2022, 12, 21353–21373 | 21371

https://doi.org/10.1155/2022/9749363
https://doi.org/10.1155/2022/9749363
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02062a


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 7
/1

2/
20

24
 9

:1
2:

54
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
168 P. A. Ott, Z. Hu, D. B. Keskin, S. A. Shukla, J. Sun,
D. J. Bozym, W. Zhang, A. Luoma, A. Giobbie-Hurder,
L. Peter, C. Chen, O. Olive, T. A. Carter, S. Li, D. J. Lieb,
T. Eisenhaure, E. Gjini, J. Stevens, W. J. Lane, I. Javeri,
K. Nellaiappan, A. M. Salazar, H. Daley, M. Seaman,
E. I. Buchbinder, C. H. Yoon, M. Harden, N. Lennon,
S. Gabriel, S. J. Rodig, D. H. Barouch, J. C. Aster, G. Getz,
K. Wucherpfennig, D. Neuberg, J. Ritz, E. S. Lander,
E. F. Fritsch, N. Hacohen and C. J. Wu, Nature, 2017, 547,
217–221.

169 G. M. Lynn, C. Sedlik, F. Baharom, Y. Zhu, R. A. Ramirez-
Valdez, V. L. Coble, K. Tobin, S. R. Nichols, Y. Itzkowitz,
N. Zaidi, J. M. Gammon, N. J. Blobel, J. Denizeau, P. de la
Rochere, B. J. Francica, B. Decker, M. Maciejewski,
J. Cheung, H. Yamane, M. G. Smelkinson, J. R. Francica,
R. Laga, J. D. Bernstock, L. W. Seymour, C. G. Drake,
C. M. Jewell, O. Lantz, E. Piaggio, A. S. Ishizuka and
R. A. Seder, Nat. Biotechnol., 2020, 38, 320–332.

170 R. J. Boohaker, M. W. Lee, P. Vishnubhotla, J. M. Perez and
A. R. Khaled, Curr. Med. Chem., 2012, 19, 3794–3804.

171 W. B. Kauffman, T. Fuselier, J. He andW. C. Wimley, Trends
Biochem. Sci., 2015, 40, 749–764.

172 M. M. Fretz, N. A. Penning, S. Al-Taei, S. Futaki,
T. Takeuchi, I. Nakase, G. Storm and A. T. Jones, Biochem.
J., 2007, 403, 335–342.

173 G. L. Bidwell and D. Raucher, Expert Opin. Drug Deliv., 2009,
6, 1033–1047.

174 E. Vivès, P. Brodin and B. Lebleu, J. Biol. Chem., 1997, 272,
16010–16017.

175 D. Kalafatovic and E. Giralt, Molecules, 2017, 22, 1929.
176 F. Simeoni, M. C. Morris, F. Heitz and G. Divita, Nucleic

Acids Res., 2003, 31, 2717–2724.
177 A. Rydström, S. Deshayes, K. Konate, L. Crombez, K. Padari,

H. Boukhaddaoui, G. Aldrian, M. Pooga and G. Divita, PLoS
One, 2011, 6, e25924.

178 J. Lindberg, J. Nilvebrant, P.-Å. Nygren and F. Lehmann,
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