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Abstract

The central nervous system (CNS) is prone to different CNS disorders such as stroke, tumor,
different neurodegenerative diseases such as Parkinson’s, Alzheimer’s disease, Huntington’s
diseases etc. There are several treatment strategies available such as surgery, radiotherapy,
chemotherapy, chemotherapeutic drugs etc. But the physiological barrier of CNS, the blood-
brain barrier (BBB) poses as a main hindrance in these treatments. In this regard, cell-
penetrating peptides (CPPs) mediated approach can be a promising treatment strategy to
deliver the drug to brain crossing the BBB. CPPs are small peptides containing positive
charge, can cross the cellular membrane and translocate different cargos containing protein,
peptides, nucleic acids. They also have proven their ability to cross the BBB and deliver the
cargos for efficient neural drug administration. They have less side effects and cytotoxcity. In
this review, the main objective is to explore the potentiality of CPPs in delivering the drug to

CNS for CNS disorders.

Keywords: Cell-penetrating peptides, central nervous system, neurodegenerative diseases,

blood-brain barrier, cytotoxicity
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Chapter 1

Introduction

1.1 Background of Cell-penetrating peptides

The nature of peptides and proteins are hydrophilic in nature which limits their permeability
in cell membranes. To successfully deliver these, Cell-penetrating peptides are promising tool
and have been successfully uses for protein delivery across the different epithelial cells as
well as blood-brain barrier(BBB) (Kristensen et al.,, 2016).In 1988, discovery of purified
trans-activator protein (TAT), from human immunodeficiency virus type 1 (HIV-1), first
CPPs was discovered by Frankel and Pabo (Ramsey & Flynn, 2015). According to research,
the majority of CPPs are less than 40 amino acids and are readily absorbed by cells without
generating cell toxicity. CPPs were once believed to be comparable to membrane-interacting
antimicrobial peptides (AMPs) based on their structural and functional similarities. In the
1990s, two CPPs were discovered: penetratin and trans-activating factor TAT from human
immunodeficiency virus type 1. Because of their short size, amphipathicity, widely scattered
cationic charges, and most critically its secondary structure- all facilitate the initial peptide-
membrane contact and subsequent cellular absorption, so making CPP a cargo delivery agent
(Boisguérin et al., 2015)(Bera & Bhunia, 2019). In 2000, pre-clinical studies of CPPs started
with the aim of understanding about cellular penetration and their pharmacokinetic
properties. First chimeric fusion was combination of Antp and a fragment of caveolin 1
peptide. This was developed to see anti-inflammatory properties of CPPs in mice. Then, a
series of studies were performed to explore the performance of CPPs in various tissues. For
example, conjugation of doxorubicin with two CPPs, D-Penetratin and SynB1 showed that
the cargo reaches to parenchyma of brain by crossing BBB and increases the drug

concentration compared to unmodified version of drug(Kurrikoff et al., 2016).CPPs have
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been proven to have a variety of both therapeutic and biological applications, including
cancer and enzyme replacement treatment, vaccine development, inflammation, diagnostics,
and even nose-to-brain transmission for central nervous system disorders (Hasannejad-Asl et
al., 2022). The standard constituents of a CPP are a CARGO peptide and an effector peptide.
As seen in Figure 1, the first peptide increases intracellular penetration, whereas the second
peptide inhibits a key protein-protein interaction and initiates a physiological response
(Antoniou & Borsello, 2010). Translocation of macromolecules without disrupting the
cellular membrane is one of the most unique traits of CPPs and this trait makes it less toxic

and highly desired for drug delivery (Foged & Nielsen, 2008).

Figure 1: A typical Cell-penetrating peptide with a Cargo molecule (blue) and an effector (light blue) (Antoniou &
Borsello, 2010).



1.2 Aim of the project

Brain and nerve system illnesses are among the most disabling, with effects that may last a
lifetime. Modern biomedical technology has made it possible for more effective medical
treatments, yet the progression of noninvasive therapeutic alternatives remain limited due to
the unique biological environment and complicated structure of the CNS. Therefore, it is
crucial to develop a carrier that enhances the delivery of therapeutic medications into the
brain without disrupting the BBB. And, CPPs can be considered as one of the candidates. The
aim of this literature review is to examine the potentiality of cell-penetrating peptides in the

treatment of central nervous system disorders.

1.3 Objectives of this study:

The objectives of this study are:

e To learn about how CPPs work

e To give an insight about how CPPs can be a potential candidates for drug delivery

to CNS for CNS-based disorder

e To explore more about future aspects and challenges of CPPs-mediated drug

delivery



Chapter 2

Methodology

The resources were collected from published peer-reviews studies, research articles found in
different well-known databases such as PubMed, ScienceDirect, Nature, Google Scholar,
MDPI, Cell, Frontiers etc. The articles were searched based on important keywords for
example, “Cell-penetrating peptides”, “Central nervous system” etc. Relevant articles were
collected and background information was reviewed based on this topic. After that, a research
gap was identified by going through all the articles. After deciding the topic, an outline was
prepared with relevant headings and subheadings. During writing process, information was
properly paraphrased and cited. The in-text citation and the bibliography were generated by

using Mendeley Desktop.



Chapter 3

Overview of Central nervous system (CNS) and CNS diseases

3.1 Anatomy of Blood-brain barrier (BBB):

The brain, which is the most critical and sensitive organ in our body. It is highly regulated to
maintain the homeostasis within the CNS for proper functioning of brain. To maintain the
homeostasis, the neural environment requires a tight regulation of cells, ions and molecular
transportation between the brain and blood (Serlin et al., 2015). This tight regulation is highly
maintained by a unique physical barrier known as Blood-brain barrier (BBB) and the Blood
cerebrospinal fluid (BCSF) (S. Zhang et al., 2022). BBB is mainly composed of highly
specialized endothelilal cells, basal membrane, pericytes and astrocyte endfoot. There is a
tight junction (Figure 2) among the endothelial cells which restricts the entrances of different
substances in the brain. The tight junction is composed of three types of transmembrane
proteins such as JAMs (Junctional adhesion molecules), caludin, occludin and cadherins
which works as adhesion junction. This four proteins are important for paracellular
permeabilities (Gupta et al., 2018)(Wilhelm et al., 2013).The basic and structural unit of the
CNS is neurovascular unit (NVU) which is composed of cells of BBB, capillary and an
astrocyte that helps in communication between the neuron and its surrounded capillary. The
NVU maintains the transfer of materials from blood to CNS as well as sends the waste
material back to vasculature. BBB has large surface area with a weight of 1.3-1.4 kg. The

volume of human cortex is Imm?® and this contains 10 ¢m? surface area of microcirculation.



This huge surface area of the BBB is an important structure for normal functioning of the

CNS and can be used as a potential target area of drug delivery (Yuan et al., 2020).

Figure 2: Schematic representation of tight junction (TJ) of BBB (Wilhelm et al., 2013).

3.2 Some common CNS diseases

Neurological illness is a major concern generally observed in older patients. Stroke, dementia
as well as epilepsy- are the leading causes of death and disability among the working-age
population (Birbeck et al., 2015). Epilepsy causes seizures and the cause of this disease is still
unclear which makes it difficult to treat (Riva et al.,, 2021). Neurodegenerative disorders
(NDs) are comprised of different group of diseases that cause partial or full loss of the
functions of neurons (Morén et al., 2022). Neurodegenerative disorders like Alzheimer's and
Parkinson's diseases, represent a grave threat to human health. Age-related disorders such as
dementia and Alzheimer's are on the rise, in part owing to the increase in the elderly
population in recent decades. Alzheimer's, Parkinson's, Huntington's, amyotrophic lateral

sclerosis (ALS), frontotemporal dementia, and spinocerebellar ataxias, to mention a few, are



neurodegenerative diseases. Some of them induce mental deterioration, while others make it
difficult to move, speak, or breathe (Mortada et al., 2021) (Lamptey et al., 2022). Because of
dementia, there is a decline of our cognitive ability interfering our daily activities.
Alzheimer’s disease is the most common type of dementia (Kumar Thakur et al., 2018).
Parkinson’s disease is the common ND which can be caused because of genetics,
environmental factors (Davie, 2008). However, the extraordinarily effective blood-brain
barrier (BBB) remains a significant barrier to the effective treatment of several CNS illnesses

(Chen et al., 2020) (Lamptey et al., 2022).

Chapter 4

Overview of Cell-penetrating peptides (CPPs)

One of the major challenges of delivering large molecules inside the cells is their low
permeability. CPPs have been one of the breakthrough discoveries for last 20 years because
of its capability of internalizing molecules into the cells without being toxic (Jobin et al.,

2015).

4.1 Classifications of cell-penetrating peptides

4.1.1 Classification based on the source of peptides

The peptide's origin is a relevant classification criterion for CPPs. Firstly, some peptides are
generated from natural proteins, also known as protein transduction domains (PTDs).
Examples of these peptides include TAT and penetrating. DNA-RNA-binding proteins, viral
particle envelope proteins, antimicrobial proteins, gene transcription transactivators, and plant
circular skeletal proteins are examples of natural CPPs (Kardani et al., 2019). Secondly, the
chimeric peptides that have two or more motifs from separate peptides fused together.

Transportan, which is composed of mastoparan and galanin, and its shorter counterpart



TP10are examples of chimeric peptides. And finally, 3) manufactured peptides that inclued
polyarginine family (Graslund et al., 2011) (Kardani et al., 2019). Synthetic or manufactured
CPPs that mimic the structure of natural CPPs (Holm & Langel, 2005); examples include

polyarginine and modeled amphipathic peptide (MAP) (Kardani et al., 2019).

4.1.1 Classification based on physicochemical properties

CPPs contain a wide range of sequences with minimal homology or overlap, yet they
nevertheless fall into two main categories: tissue-specific and non-tissue-specific. Cationic
CPPs, hydrophobic CPPs, and amphipathic CPPs are subsets of the non-tissue specific CPP
category. Tat and penetratin, the first two CPPs discovered, are both examples of cationic
peptides (Freslev et al., 2022). Homo-polymers of Arginine and Lysine, as well as the DNA-
binding protein from herpes simplex virus type 1, VP22, are further examples of cationic
peptides (Table 1). Research on Arginine-based homo-polymers (of lengths ranging from R3
to R12) has demonstrated that a sequence of six arginines is sufficient for cellular absorption,
and that an increase in the number of Arginine residues improves transduction effectiveness.
While it has been previously found equivalent cellular absorption has been observed with
both 8-mer homo-polymers of lysine or arginine, poly-lysine revealed decreased uptake in the
current investigation. There is a decline in transduction efficiency for Arginine and Lysine
homo-polymers greater than 12 amino acids (Zahid & Robbins, 2015) (Kardani et al., 2019).
The positive charge of cationic CPPs demonstrates high affinity for the cytoplasmic
membrane under normal physiological pH values. Through electrostatic contact, cationic
CPPs bind to the negatively charged cell membrane glycoprotein, and the resulting complex

is internalized into the cell without the involvement of a receptor (Xie et al., 2020).



More than 40% of all CPPs discovered to date are amphipathic CPPs. Both polar and non-
polar portions of amino acids are present in amphiphilic CPPs, with the latter being
particularly prevalent in hydrophobic amino acids (for example, alanine, valine, leucine, and
isoleucine). To facilitate their translocation through the cell membrane, amphipathic CPPs
have both lipophilic and hydrophilic domains (Xie et al., 2020). Many amphipathic CPPS
were created by covalently attaching a hydrophobic domain to a nuclear localization signal
(NLS). Two examples of such peptides are MPG
(GLAFLGFLGAAGSTMGAWSQPKKKRKYV) and Pep-1
(KETWWETWWTEWSQPKKKRVK), both of which are derived from the nuclear
localizing signal PKKRKV of SV40. Other main amphipathic CPPs including pVEC, ARF
(1-22), and BPrPr (1-28) are all generated from natural proteins (Zahid & Robbins, 2015).

(Kardani et al., 2019).

There aren't too many CPPs that are hydrophobic, and the ones that are tend to include a lot
of uncharged amino acids or a small number of charged ones (less than 20% of the sequence)
(Xie et al., 2020). Signal peptide sequences or vast peptide libraries shown on phage,
plasmid, microorganism surfaces, or ribosomes are mined for hydrophobic CPPs (Zahid &
Robbins, 2015). C105Y, Bip4, and K-FG are examples of naturally occurring hydrophobic

CPPs (Xie et al., 2020).



Table 1: Different types of CPPs (Zahid & Robbins, 2015) (Xie et al., 2020).

Category Peptides Sequence Origin
Cationic TAT RKKRRQRRR
CPPs DPV3 RKKRRRESKKRRRES Protein
DPV6 GRPRESGKKRKRKRLKP derived
Penetratin RQIKIWFQNRRMKWKK
8-Arginine RRRRRRRR Synthetic
8-Lysine KKKKKKKK n/a
Amphiphatic pVEC LLIILRRRIRKQAHAHSK Protein
CPPs ARF(19-31) RVRVFWHIPRLT derived
Transportan GWTLNSAGYLLGKINLKALAALAKKIL
MAP KLALKLALKALKAALKLA Synthetic
Hydrophobic Bip4 VSALK Protein
CPPs C105Y CSIPPEVKFNPFVYLI derived

4.2 Cellular uptake of CPPs:

There are two types of formulation approaches of CPPs: Covalent conjugation and physical

complexation. In covalent conjugation, CPPs is conjugated with protein cargos by disulfide

or amine bonds or linkers. The linkers help to release the cargo after internalization. In

covalent conjugation, CPP with its cargo represent well-defined molecular structure thus

facilitating further researches. On the other hand, hydrophobic or electrostatic interaction

between the CPP and cargo is known as physical complexation. Besides, non-covalent

interaction depends on the physic-chemical properties of both the CPP and the cargo as well

as the process of formulation (Kristensen et al., 2016). Though cellular uptake mechanism of

CPPs has not been fully understood, two mechanisms are widely known, direct penetration
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and endocytosis (Koren & Torchilin, 2012). Following the endocytosis, endosomal escape is
really important otherwise degradation takes place. So, before degradation, cargo must escape
from the endosome. This mechanism is also not fully understood. There are some suggested
mechanisms by which endosomal escape happens. One of them is proton sponge effect in
where endosome swells up and ruptures resulting releasing the cargo (Koren & Torchilin,

2012).

4.3 CPPs and Nanoparticles (NPs):

Combination of CPPs and nanoparticles (NPs) is valuable strategy (Gessner & Neundorf,
2020). Silver nanoparticles (AgNPs) have been widely applied in cancer treatment due to
better stability, biocompatibility and strong anti-microbial properties but with increased size,
cytotoxcity increase. Besides, gold NPs is also being explored to overcome the limitations of
AgNPs(Arib et al., 2022)(Tabujew et al., 2015). One of the safest strategies to deliver AgNPs
into the cells is using CPPs (Mussa Farkhani et al., 2017). Besides, to overcome the limitation
of the oral delivery of peptide-based drugs, cyclic R9-CPP, a polyarginine rich CPPs with
polylactide acid nanoparticles have been used and showed increased bioavailability (Uhl
et al., 2020). The CPPs and nanoparticle combination can be formed by non-covalent or
covalent bond (Figure 3). For carboxyl, sulthydryl, amino etc. reactive groups prefers
covalent bonding through thioester or disulfide bond. Linkage generally reduces the distance
between CPPs and nanoparticles. Covalent bond may alter biological activity of the
conjugation. On the other hand, non-covalent forms complex between them when they are

mixed (Y. Zhang et al., 2021).
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Figure 3: Conjugation between CPPs and nanomaterials (Y. Zhang et al., 2021).

Though nanoparticles have been researched for many years, NPs alone can increase drug
accumulation in the target organs. To reduce this side effect, conjugation theory was
proposed. As CPPs does not disturb biological barriers, thus CPPs with NPs can easily
overcome the biological barriers. In table 2, conjugated CPPs with NPs are discussed

(Kebebe et al., 2018) (Liu et al., 2022).
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Table 2: Different CPPs-NPs conjugate and their functions (Liu et al., 2022).

Barrier Conjugation of | Sequence Functions
CPP-NPs
Ocular barrier POD-PEG NP GGGG(ARKKAAKA) Enhancing the
outer nuclear layer
thickness
Mucous barrier Penetratin with | RQIKIWFQNRRMKWKK | Promoting mucous
mesostructured permeability
silica NP
BBB R8-liposome; RRRRRRRR Increasing drug
R8/Tf-liposome delivery to BBB
Skin barrier MEL/TAT- YGRKKRRQRRR Enhancing
MEL/PEO-b-PCL transdermal
gel-like nanovehicle delivery

4.4 CPPs based therapeutic

4.4.1 CPPs in Cancer treatment:

CPPs are capable of delivering chemotherapeutic agents, nucleic acids and proteins as anti-

cancer treatment. In cancer, multiple drug resistance (MDR) can be overcome by CPPs. It has

been found that taxol bound to R8 CPP by disulfide bond, increases the the pharmacokinetics

of the drug as well as overcomes the MDR compared to drug when used alone. Besides,

methotrexate (MTX), another chemotherapeutic drug combined with YTA2 and YTA4 CPPs

has shown improved performance in killing cancer cells than MTX alone (Borrelli et

13




al., 2018). Moreover, gene therapy can also benefit from CPPs as gene therapy is a good
candidate for cancer treatment in future. The main limitation of gene therapy is the nucleic
acids are large and hydrophilic thus they cannot cross the plasma membrane. So, they need a
vector which will help them to cross the cell membrane. The cationic CPPs like TAT can
bind to nucleic acids by a covalent or non-covalent bond, thus overcoming the limitations.
Another emerging anti-cancer treatment strategy is protein delivery. TAT is well established
to deliver several large protein molecules (120kDa (-galactosidase) into several organs. It has
been found that Penetratin bound to cytotoxic T lymphocyte epitopes that derived from
ovalbumin increases the stimulation of CD4+ and CD8+ T cells resulting inhibition of
melanoma cell growth both in vivo and in vitro (Habault & Poyet, 2019). Besides, peptides
are being used as imaging probes for diagnostic purposes because of their uptake specificity,
increased affinity of binding, stability and fast clearance from non-specific targets. Protease is
an enzyme which is seen increased amount in cancer cells. CPPs conjugated with optical
imaging moieties for example, activable probes, fluorohore can be used as diagnostic tools in
cancer treatment. Activable probes have flurophrobes which can cleave due to the presence of
protease enzyme and this cleavage causes fluorescence intensity in cancer cells.Thus CPPs
shows an immense possibility as a diagnostic approach in cancer treatment (Tripathi et al.,

2018). KAFAK is an anti-inflammatory CPPs (Bartlett et al., 2013).

4.1.1 CPPs in inflammation:

Cosmeceutical peptides are used as anti-aging, anti-inflammatroty purposes. But as peptides
are larger molecules, they cannot easily penetrate the skin. Here, CPPs have showed
promising performance in artificial human skin to deliver the peptide cargos (Fu et al., 2020).

Nuclear factor-kB (NF-«xB) plays a major role in inflammatory responses. Interleukin-1 (IL-
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1) and tumor necrosis factor (TNF) activate NF-kB and activates inflammatory responses for
rheumatoid arthritis, inflammatory bowel movement disorders (IBD) etc. (Guo et al., 2016).
Most of the inflammatory treatment is based on blocking the activation of NF-kB (Wang et
al., 2011). NEMO binding domain (NBD) conjugated with CPP has shown downregulation of
inflammatory factors in IBD mouse model. So, it has being considered as a treatment strategy

of IBB (Guo et al., 2016).

4.4.2 CPPs for Vaccination:

Vaccination has been used as a preventative treatment strategy against infectious diseases. In
live attenuated vaccine, weak pathogen is used to induce immune response and needs
multiple doses for standard efficacy. Then, vaccines containing whole pathogen trigger
unwanted side effects. Because of these limitations, recent focus is based on subunit vaccine
development approach. In this case, CPPs can work as a potential delivery system as they
have high cellular permeability without any receptors (Yang et al., 2019). In subunit and
nucleic acids (NAs) vaccines, only specific antigens are used to formulate the vaccines
resulting better safety profile than conventional ones (Hasannejad-Asl et al., 2022). Besides,
cancer vaccination based on peptides is being widely researched and has shown modest
success rate. To enhance the potency, peptides conjugated with CPPs are being explored for
enhanced intracellular vaccine delivery (Backlund et al., 2022). In addition to, there are still
no vaccines against viral infections which are major threat for human health. Nowadays,
protein based vaccination against virus infection has showed its potentiality. Since antiviral
agents and proteins have weak cellular permeability, CPPs delivery system can be used for

successful delivery (Delcroix & Riley, 2010) (Sadeghian et al., 2022).
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Chapter 05

CPPs mediated drug delivery to CNS

5.1 Barrier of drug delivery to CNS:

CNS has complex anatomy which makes it difficult to develop and formulate effective drugs
targeting brain to treat CNS disorders. But main barrier of the failure of developing effective
CNS drug is the Blood-brain barrier (BBB) which hinders the delivery of drugs to the brain.
Additionally, neurodegenerative diseases such as Alzheimer’s, Parkinson’s and Huntington’s
diseases. But successful treatment plans and strategies are very limited due to the poor
permeability of the drugs because of the presence of BBB. So, rather than developing a drug,
distribution of drug to the target site by overcoming the BBB is the major concern of
formulating CNS drugs (Patel et al., 2013). The BBB is highly selective towards what can
enter the brain and what cannot by strictly regulating the transportation of solutes and cells
(Upadhyay, 2014). Thus, BBB restricts the delivery of therapeutic substances to the brain and
causes obstruction of many drugs such as neuropeptides. Because of the strict selectivity,
BBB is one of the major reasons for poor drug delivery to the brain. Though molecules like
glucose or fat soluble drugs can cross the brain, many drugs face difficulty because of fat-
insoluble nature. Along with poor permeation properties, sometimes drugs bind to
nontransporting proteins which result lesser drug absorption in brain cells. Furthermore,
catabolic enzymes present in brain tissues can change the active form of drug making it

inactive and non-functional (Upadhyay, 2014).
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5.2 Different treatment strategies and Cell-penetrating peptides

Diverse methods, both invasive and non-invasive, have been developed to bypass the BBB
and enhance brain medicine absorption (Kasinathan et al., 2014). A primary disadvantage of
invasive methods (Table 3) is the trauma they create, in addition to their low therapeutic
effectiveness and considerable negative effects. Non-invasive techniques, on the other hand,
provide a number of advantages owing to their ability to retain the BBB while simultaneously
increasing the peptides' permeability, stability, bioavailability, and/or receptor affinity. The
peptide has been modified chemically, conjugated to shuttle molecules, and encapsulated in a
non-invasive carrier. Among these efforts, peptide-vector-mediated delivery strategies, such
as cell-penetrating peptides, have gained the most attention (CPPs). In recent decades,
scientists have investigated CPPs, a type of naturally occurring, small peptides capable of

translocating across cellular membranes (Ramsey & Flynn, 2015).
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Table 3: Different treatment strategies and their limitations (Dong, 2018) (Teleanu et al., 2022)

Procedures Strategies Limitations
1. Invasive Blood-brain  barrier | Not target specific, whole BBB disrupted
disruption
Intracerebroventricular | Administration by direct injection to brain,
. safety concerns
and intrathecal
infusion
2. Non- Virus-mediated Administration by direct injection to brain,
invasive safety concerns

blood—brain

barrier delivery

Exosome-mediated

delivery

Toxicity found in-vivo

Solid-lipid

nanoparticles

For smaller drug, administration, stability and

storage concerns

Modulating  blood—

brain

barrier permeability

Incompatible findings in rodents and humans

Liposome-based

Not currently used
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Protein translocation domains (PTDs), membrane translocation sequences, and Trojan horse
peptides are synonyms for CPPs. CPPs are a diverse set of peptides that typically include
between 5 and 40 amino acids (AA). Without engaging with receptors, CPPs may traverse the
tissues and membranes of mammals, plants, and microorganisms through energy-dependent
or energy-independent pathways. Due to their capacity to increase the cellular internalization
of covalently or non-covalently attached payloads while exhibiting low cytotoxicity in most
cases, CPPs have generated considerable attention in the drug delivery industry (Pescina et
al., 2018). CPPs are a viable method for transporting macromolecules across the BBB due to
their powerful ability to facilitate fast passage across cell membranes. At addition, they are
beneficial for treating CNS disorders because they prevent being filtered out by the P-

glycoprotein (P-gp) in the blood-brain barrier (BBB) (Y. Zhang et al., 2021).

5.3 Internalization of CPPs

Despite the well-established fact that CPPs can carry a broad variety of payloads into cells,
there is much dispute over the cell absorption processes, especially in terms of the desired
goals of high targeting efficiency and low toxicity. CPP features (e.g., charge, structure,
concentration, and length), cell types (e.g., membrane lipid composition, cell surface sugars,
and peptide-to-lipid ratio), and cargo quality (size, type and charge) are often cited as reasons
for the complexity of the transduction process. Many other (single or multiple) characteristics
may influence membrane translocation processes because of CPP and CPP-cargo conjugate
types and experimental conditions (pH, concentration and temperature). In Hela cell uptake
experiments, for instance, when the concentration of R9 was increased from 5 M to 10 M, the
mechanism moved from endocytosis to direct transport. Similar results were seen in
investigations using TAT, with higher TAT concentrations often resulting in internalization

of cells by direct translocation (Xu et al., 2019).Though CPPs have been used to research in
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various fields, still proper translocation process is still unclear. Endocytosis and direct

penetration are renowned mechanisms (Kwon et al., 2015).

2. Internalization

mmmm) | Direct penetrationor | HEEEp 3. Release of drug
endocytosis

1. Contact with the
membrane

Figure 4: Steps of uptake of a cargo (Kardani et al., 2019).

Cargo-carrying CPPs are taken up by cells in three separate ways (Figure 4), irrespective of
the kind of CPP or the targeted cell type. Electron transfer between peptides and negatively
charged glycosaminoglycans (GAG) such as heparin, heparan sulfate, chondroitin sulfate,
and proteoglycans on the cell surface promotes contact between cationic CPPs and anionic
phospholipid bilayers (Xu et al., 2019). Two very different amphipathic and hydrophobic
peptides rely on hydrophobic interactions with membranes; Wimley defined CPPs as
"interfacially active peptides" for their ability to bind at the bilayer-water interface and
perturb membrane structure by selectively activating some small GTPases, resulting in the
remodeling of the action network and the formation of lamellipodia, and thus, contact with

membrane is obtained (Pescina et al., 2018).
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Figure 5: Schematic representation of proposed mechanisms for cell-penetrating peptides (CPPs) endocytosis(purple) and
direct penetration(yellow) (Y. Zhang et al., 2021).

There are two naturally occurring forms of endocytosis: phagocytosis and pinocytosis.
Phagocytosis is the mechanism by which only certain kinds of cells can absorb large particles
(macrophages, monocytes and neutrophils). Nevertheless, all types of cells participate in a
process known as pinocytosis (Figure 5), which involves the uptake of fluids and solutes
(Ruseska & Zimmer, 2020). Endocytosis is triggered by electrostatic interactions with the cell
surface proteoglycans or direct involvement with the plasma membrane. CPPs may enter
cells when bound to glycosaminoglycans (GAGs) because GAGs undergo a continuous cycle
of endocytosis and recycling, or CPPs can promote endocytosis by aggregating GAGs,
activating intracellular signals, and altering actin (Graslund et al., 2011). The pinocytosis can
also be catagorized as macropinocytosis. Because of the inward folding of the plasma
membrane's outer surface, macropinosomes are generated during the process of
macropinocytosis. The membrane of the generated macropinosomes is extremely similar to

that of a cell membrane. Dynamin protein deficiency hinders membrane invagination. For
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uptake, receptor-mediated endocytosis employs clathrin or caveolin pits. Clathrin and
caveolin are the proteins that coat the intracellular membrane. After the extracellular
molecule attaches to the membrane receptor, these molecules are required to invade the
membrane and generate vesicles. Therefore, endocytosis is advantageous for bringing CPPs
into the cell. However, how CPPs really leave the endosome is not known (Bechara & Sagan,

2013).

Direct penetration is an energy- and temperature-independent strategy including three basic
mechanisms (Figure 6): pore formation, inverted micelle formation, and the -carpet-like
model. An early investigation shown that TAT is effective at both 4°C and 37" C. All of these
procedures begin with CPP interacting with the membrane's negatively charged heparan
sulfate (HS) and phospholipid bilayer. The folding of the peptide on the lipid membrane
causes the membrane to become destabilized. Following internalization is determined by the
lipid composition, peptide concentration, and peptide sequence of each model membrane. At
high CPP concentrations, primary amphiphatic CPPs like transportan analogues and MPG are
more likely to enter directly (Bechara & Sagan, 2013).In the second stage of absorption,
peptide sequence, dose, and the lipid makeup of the cell membrane all play a role. CPPs,
especially primary amphipathic peptides (e.g., MPG or transportan), may directly enter the
cell membrane at high concentrations (Kardani et al., 2019) (Graslund et al., 2011) Kardani et

al., 2019) (Xie et al., 2020).
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Figure 6: Schematic representation of direct penetration of CPPs (Nam et al., 2023).

This interaction between the positive side chains and phosphate groups is important for pore
formation. Peptides accumulate in the outer leaflet between the phosphate and carbon chains
of the lipids. Peptide accumulation thins the bilayer, and the attraction of arginine and lysine
side chains to the proximal layer's headgroups provides a brief gap through which additional
peptides diffuse, carrying with them the attached phospholipids. This shows that longer side
chains on arginine residues are more advantageous for insertion and translocation than shorter
side chains on lysine residues (Bechara & Sagan, 2013). In Figure 6, when an electrostatic
bond is established between a peptide and the cellular membrane, the interaction alters the
supramolecular structure of the lipids. As a consequence of this process, the membrane's
curvature may change. When the membrane is bent or invaginated, inverted micelles, which
trap the peptide, may form. The hydrophilic environment inside the inverted micelle
facilitates both the accumulation of peptides and the transport of hydrophilic molecules
bound to the peptide. The peptide-cargo combination is subsequently released into the
cytoplasm upon destabilization of the micelle. The internalization occurs either by direct
translocation or endocytosis, depending on penetratin concentration. In Figure 4, the
interaction between cationic CPPs (such as Tat peptide at high concentrations) and
negatively charged phospholipid led to membrane thinning and carpeting (Graslund et

al.,2011).
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5.4 Secondary structure of CPPs and Nuclear magnetic resolution (NMR):

CPPs when interact with cellular membrane, they tend to attain a secondary structure
(Eiriksdottir et al., 2010). Most CPPs tend to attain amphiphilic a-helical structure but shows
a chameleon-like characteristics that they are ready to change their structure according to the
membrane environment. Electrostatic interaction between positive charge of CPPs and
negatively charge cell membrane can cause secondary structure formation. This behavior can
influence how the CPPs will act on cellular membrane (Maler, 2013). There are different
methods to analyze the interaction of peptides and cellular membrane (Table 2). Interaction
ofCPPs with lipid bilayer and the conversion into secondary structure is mostly analyzed by
using nuclear magnetic resolution (NMR). Because NMR not only indentifies the structure of
macromolecules but also can analyzes their interaction (Zorko & Langel, 2022). Then,
interaction in biological cellular pathways can be analyzed by using NMR with the help of
cell line (Coronado et al., 2022). Generally, solution based NMR studies are performed to
analyze the interaction of CPPs (Mailer, 2012). RW16, a multi-purpose CPPs, has been

analyzed by using NMR (Jobin et al., 2019).
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Table 4: Secondary structure visualization methods (Neundorf, 2019).

Methods Application

Infrared(IR) spectroscopy To analyze secondary structures of peptides in

the presence of lipid phases

Circular To analyze secondary structures of peptides in

dichroism (CD) the presence of lipid phases , membrane vesicles or bacteria
spectroscopy

Methods Applications

To analyze three-dimensional(3D)

Nuclear magnetic structure of peptides in lipid
resonance (NMR) phases by the combination of artificial cell membrane and solid or
spectroscopy solution

NMR

5.5 Intranasal drug delivery to brain

Oral medicine delivery is the least invasive option in terms of patient comfort and safety.
However, oral delivery is challenging for protein and peptide distribution due to enzymatic
degradation and limited intestinal mucosal permeability (Khafagy et al., 2009). However,
intracranial injection is a direct but difficult approach for administering drugs to the brain.
For drugs such as biomacromolecular pharmaceuticals that cannot cross the BBB, intracranial
injection is the only treatment option, notwithstanding the high risk associated with surgical
operations. In addition to the BBB, however, the considerably more difficult problem of drug
diffusion across CNS compartments must be addressed. Due to their hydrophilic nature and

large size, protein distribution is restricted to injection sites, despite the fact that intra
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parenchymal or CSF administration may provide a high degree of targeting. Due to the BBB
and intracerebral diffusion, efforts to provide protein-based medications to the brain are often
futile. Consequently, research into innovative techniques for crossing the BBB and delivering
drugs to the CNS remains a vital need. Due to its ability to circumvent the BBB and its
accessibility, the transport of medications via the nose passages through the olfactory axonal
pathway from the epithelium into cerebral tissue has piqued scientific attention. There is
evidence that olfactory axonal transport transports proteins to the central nervous system. The
natural CPP, low molecular weight protamine (LMWP) has been shown (Figure 7) to
facilitate transit from the nose to the brain (Lin et al., 2016). For gliomas, cancer cells spread
all over the brain. Conventional treatments like radiotherapy, chemotherapy, anti-cancer
drugs have poor therapeutic efficacy. For this, siRNA (Small Interfering Ribonucleic
acid) loaded in PEG-PCL-Tat CPPs has been designed for nose to brain delivery (Kanazawa
et al., 2020). PEG-PCL-Tat CPPs has been proved efficient for delivering siRNA into the

brain by intranasal routes (Kurano et al., 2022).

Figure 7: The cell-penetrating LMWP peptide-mediated protein drug from nose to brain delivery (Lin et al., 2016)
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5.6 Clinical studies on drug delivery to CNS by using CPP

Genetically modified adeno-associated virus (rAAV) vectors are also seen as a potential
platform for the treatment of CNS disorders. Due to the difficulty of AAV vectors to
successfully cross the blood-brain barrier (BBB), intraparenchymal injection or high-dose
system administration is required for the treatment of CNS disorders using AAV-mediated
gene therapy. However, the majority of neurodegenerative illnesses, including as
amyotrophic lateral sclerosis, Huntington's disease, leukodystrophies, and lysosomal storage
diseases, involve cell destruction at various places across the brain, rendering
intraparenchymal injection of AAV vectors useless. CPP has thus been investigated as a way
of delivering AAV into the cell. Certain AAV serotypes may transduce neurons and other
types of brain cells; the most successful of them is AAV9. AAV9 can transduce neurons,
parenchymal brain cells, and even a portion of the BBB endothelium. The findings of this
research were published in (Meng et al., 2021) (Haery et al., 2019). On a laboratory plate, the

tests were performed.

5.6.1 CPPs mediated enhanced transduction of AAV9 in endothelial cells

(ECs) and human astrocytes (HAs):

The majority of the BBB is composed of microvascular endothelial cells (ECs) and
astrocytes. ECs in the brain's microvasculature serve a function in regulating the amount of a
chemical that enters and exits the brain, while astrocytes are essential for the formation and
maintenance of the blood-brain barrier. Astrocytes, the most common kind of glial cell in the
human brain, provide nutritional and metabolic support to their CNS neuronal partners in
addition to developmental guidance. After infecting human cerebral microvascular ECs and

Hashi cells with an AAV9 vector expressing green fluorescent protein (GFP) to assess the
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impact of CPPs on AAVY transduction in human cells, the transduction efficiency was

determined (Meng et al., 2021).

Figure 8: (A) LAH4, LEPTIN30, and APOE CPPs enhanced transduction of AAV9 to ECs and HAs. ECs or HAs were infected
with AAV9/GFP (MOI of 1,000) alone or precomplexed without or with 5 or 20 mM LAH4, LEPTIN30, or APOE. (B)
Quantification of GFP- expressing cellsin (A) (Meng et al., 2021).

AAV9 dosages were remained constant while CPP concentrations were increased from 0 to 5
to 20 mM. (MOI of 1,000). LAH4, LEPTIN30, and APOE improved the viral transduction
efficiency of ECs and Has, as shown in Figures 8 A and 8B. Negative control (NC) cells that
had not been transduced with AAV9 lacked fluorescence. It was discovered that cells treated
only with the AAV9 vector fluoresced very faintly. The number of GFP-expressing cells
increased by 310%, 142%, and 140% when the AAV9 vector was pre-incubated with the
peptide (5 mM) of LAH4, LEPTIN30, or APOE, followed by transduction with ECs or HAs.

Compared to cells transduced with AAV alone, the number of GFP-expressing cells
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increased by about 360%, 200%, and 170% when the concentration of CPPs was increased to

20 mM in ECs and HAs, respectively. LAH4 enhanced the viral transduction in ECs and HAs

more than LEPTIN30 or APOE. All of these findings indicate that CPPs may significantly

improve AAV9 transduction into ECs and HAs (Meng et al., 2021).

5.6.2 CPPs used for CNS

Table 5: Characteristics of CPPs that were selected for BBB transport property (Stalmans et al., 2015).

CpPP Sequence Molecular | Characteristic Uptake
weight(Da) mechanism
pVEC | LLILRRRIRKQAHAHSK-NH, 2208.8 Amphipathic- Direct
Cationic penetration
and/Endocytosis
TP10 | AGYLLGKINLKALAALAKKIL- 2181.8 Amphipathic- Direct
NH> Cationic penetration
and/Endocytosis
TP10- | AGYLLGKINLKPLAALAKKL- 2207.8 Amphipathic- Direct
2 NH> Cationic penetration
SynB3 RRLSYSRRRF- NH» 1396.7 Cationic Endocytosis
Tat YGRKKRRCRRR- NH; 1568.9 Cationic Direct
47-57 penetration
and/Endocytosis
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Chapter 6

Discussion

The BBB is the most essential of multiple barrier structures that protect the central nervous
system from the effects of exogenous medicines while permitting the passage of endogenous
substances. Because of this, it is very difficult to deliver drugs to brain lesions in a safe and
effective manner. Finding a secure, trustworthy, and effective technique to bypass the BBB is
an urgent matter that must be addressed quickly. CPPs have therapeutic promise as
medications, vectors, and ligands in the delivery system for treating CNS disorders. The
disadvantages of traditional techniques of delivering medications to the brain are many.
Surgeries, intravenous drug delivery are highly invasive resulting traumas in our brain. But
still, the drugs cannot reach properly to the target sites causing more side effects rather than
therapeutic efficacy. Besides, invasive approaches causes BBB disruption which can
aggregates the neurodegenerative disorders. CPPs, on the other hand, transport molecules
with a high degree of penetration. They can very effectively attach to the cell surface in an
almost endless number of instances, and have negligible cytotoxicity. CPPs considerably
promote the in vitro and in vivo delivery of physiologically active molecules, such as small
molecules, proteins, nucleic acids, and nanoparticles, because to their propensity for
subcellular localization, which increases the intracellular trafficking of transported
compounds. This has been proven many studies. So, to overcome the barrier of BBB, using

CPPs to deliver cargo can be a better approach to deliver the drugs for CNS disorders.
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Chapter 7
Limitations and approaches on how to overcome

While cationic and hydrophobic CPPs are able to transduce a wide variety of tissues in vivo,
their lack of cell selectivity raises the likelihood of off-target, non-specific effects, which may
result in undesired side effects (Zahid & Robbins, 2015). The overwhelming majority of first-
generation CPPs lack selectivity for individual cells. The membranes of mammalian cells and
non-mammalian cells vary significantly. In contrast, the CPPs lack selectivity in the cells,
tissues, and organs of the same organism. Varying cell types have very different
susceptibilities for CPPs, auxiliaries, and cargos, while having equal absorption efficiencies
(Reissmann, 2014). Cell penetrating peptides are peptides that can penetrate cells but are
generally inhibited by their membranes (CPPs). CPP-cargo conjugates specifically exhibit a
predisposition for endocytosis-mediated accumulation inside cells. However, they have
difficulty leaving endocytic organelles and entering the cytoplasm of cells, where they can
perform their functions. Consequently, the efficacy of CPP is lowered if they cannot undergo
endosomal escape. In addition, nothing is known regarding the mechanism of endosomal
escpae (Nam et al., 2023).While a healthy human body has a pH of 7.4, an inflammatory
lesion or cancerous location may have a pH in the more acidic range (5.5-6.0). It is usual
practice to maximize cellular absorption of CPPs at a predefined pH to selectively deliver the
cargo of interest and to promote successful endosomal escape. Histidine, one of the amino
acids that comprise CPPs, has a cationic charge at pH 6.0 or lower but is neutral at the normal
pH 7.4. Histidine-modified CPPs for pH-responsive drug delivery have been developed (Nam
et al,, 2023). Enhanced cell selectivity is a further advantage of liposomal nanocarriers
(Reissmann, 2014). Activatable cell penetrating peptides (ACPPs) have been used
extensively in tumor therapy and molecular imaging probes due to their unique control

mechanism based on the selective and local release of CPP. ACPPs may target matrix
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metalloproteinases (MMPs), thrombin, and lysozyme via the controlled release mechanism of

a well constructed linker (D. Zhang et al., 2016).

Chapter 8
Future aspects and conclusion

Fibroblast peptide research is a rapidly increasing field of study. These peptides may
transport antibodies, enzymes, chaperones, substrates, inhibitors, and nucleic acids including
nucleoside phosphates, oligonucleotides, mimics of them, interfering RNA, and DNA into
live cells. Consequently, they may be used as tools in the domains of cellular biology and
signal transduction/intracellular signaling research. CPPs are more therapeutically promising
than electroporation, magnetofection, lipidofection, and viral vectors. Due to their low
toxicity in mammalian cells, these agents may be used to distribute poorly permeable or
impermeable generic medications via the skin, conjunctiva of the eyes, and blood-brain
barrier. As a noninvasive means of providing medicine to the brain, CPPs also reduces the
hazards associated with intravenous drug administration. In addition, further study is
necessary to grasp CPPs and their activities inside the human body. In conclusion, CPPs

provide interesting applications in the field of brain-targeted drug delivery.
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