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Abstract

The blood—brain barrier poses major hurdles in the treatment of brain-related ailments. Over the past decade, interest in
peptides-based therapeutics has thrived a lot because of their higher benefit to risk ratio. However, a complete knowledgebase
providing a well-annotated picture of the peptide as a therapeutic molecule to cure brain-related ailments is lacking. We
have built up a knowledgebase B3Pdb on blood—brain barrier (BBB)-penetrating peptides in the present study. The B3Pdb
holds clinically relevant experimental information on 1225 BBB-penetrating peptides, including mode of delivery, animal
model, in vitro/in vivo experiments, chemical modifications, length. Hoping that drug delivery systems can improve central
nervous system disorder-related therapeutics. In this regard, B3Pdb is an important resource to support the rational design
of therapeutics peptides for CNS-related disorders. The complete ready-to-use and updated database with a user-friendly

web interface is available to the scientific community at https://webs.iiitd.edu.in/raghava/b3pdb/.

Keywords Blood-brain barrier - Blood—brain barrier-penetrating peptides - Neurological disorders - Database - Drug

delivery

Introduction

According to the population statistics, the world population
is shifting towards the aging pyramid. Age-related disorders
are prevalent that includes brain cancer and other central
nervous system disorders (Gustavsson et al. 2011). Despite
the rapid development and advancement in medical tech-
nologies, the cure for central nervous system disorders is
far beyond the scope of currently used conventional thera-
peutics (Neuwelt et al. 2008). The delivery of therapeutics
to the brain is a major challenge in the drug development
process. This deadlock in central nervous system disorder
is due to the fact that almost 98% of small molecule-based
drugs and nearly 100% of large molecules-based drugs fail
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to cross the blood—brain barrier (BBB) (Pardridge 1998).
Several strategies are put forward in literature to circumvent
the BBB, but few have shown satisfactory results in terms of
efficiency to safety ratio. One of the spectra is marked by the
direct delivery of therapeutic molecules into the brain tissue
or in subarachnoid space, which poses discomfort and often
shows local effects in terms of clinical efficacy (Dong 2018).
Other includes the modification in therapeutics molecule,
which is done to improve their efficacy. But this process has
proven to be effective only for small molecules-based drugs
(Oller-Salvia et al. 2016). In the literature, several tech-
niques are put forward to deliver the therapeutic molecule
for treating CNS disorders, but each technique has its own
risk and benefits. Considering the high benefit to risk ratio,
the most feasible non-invasive approach for delivering the
therapeutic molecules to the brain tissue is BBB shuttles or
BBB-crossing peptides. The BBB-crossing peptides or BBB
shuttles have proven their efficacy in pre-clinical studies to
deliver therapeutic molecules into the brain tissue, and sev-
eral are in clinical trials for the same (Malakoutikhah et al.
2011). Over the past decade, the research into the peptide
as shuttle/carrier to deliver the drug molecule to the brain
tissue has thrived significantly because of their high benefit
to risk ratio. The peptide as a shuttle can also overcome the
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limitations of conventional protein-based carriers such as
complex derivatization, immunogenicity, and high cost of
production (Oller-Salvia et al. 2016).

The central nervous system disorders account for nearly
1/4th of the global disease burden in Europe and other devel-
oped countries. Across the translational neuroscience areas,
drug discovery and development is a risky, time-consuming,
and costly process. The researchers and industrial partners
are experimenting with the way of making drug discovery
more effective and efficient. The researchers should focus
on the advancement in drug discovery and drug delivery
for brain-related disorders (Pankevich et al. 2014). Unfor-
tunately, the pharmaceutical industry is more focused on
developing a drug molecule to cure brain-related disorders.
As a result of this, there are fewer biologics approved by
the Food and Drug Administration that can effectively carry
the cargo molecule to the brain tissue without altering the
integrity of BBB. This situation is less expected to change
if the pharmaceutical industries continue their conventional
practices of discovering drug molecules without focusing
on the delivery vehicles. Considering this scenario, the pre-
sent study focuses on the in-depth review analysis of BBB-
crossing peptides, mechanism of BBB-crossing peptides to
deliver the cargo, and a curated list of peptides along with
modifications, in vivo/in vitro results of pre-clinical and
clinical studies. The available information related to BBB-
crossing peptides in literature is shown in the form of a web
server https://webs.iiitd.edu.in/raghava/b3pdb/. We consider
that the BBB-crossing peptides present in our web server
will be highly beneficial for the pharmaceutical industry and
researchers for the development of a novel cargo that can
effectively cross the BBB.

Fig. 1 Different macromol-
ecules in blood and blood-brain
barrier; it also shows penetra-
tion of blood-brain barrier-
penetrating peptides from blood
to brain (created with the help
of biorender.com)
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Blood-Brain Barrier

BBB-crossing peptides: an ideal biological
therapeutic for CNS disorders

The BBB is a physical, metabolic barrier that ensures brain
homeostasis by controlling the transfer of molecules from
the blood to neural tissues. The BBB is characterized by
non-fenestrated endothelial cells. Tight junctions mark the
lining of the brain endothelial cells. The presence of tight
junctions in the brain endothelial cells dramatically reduces
the cell-to-cell communication and limits the transport of
substances to the central nervous system (Wong et al. 2012).
Despite the tight junction, the blood-brain barrier also con-
sists of some characteristics features such as I) insufficient
quantity of pinocytotic vesicles; II) presence of the high
amount of astrocytes; and III) permeability reduction via
ABC cassettes, multidrug resistance-associated trans-mem-
brane proteins, which further makes it nearly impossible for
any substance to cross the barrier (Ronaldson et al. 2008)
(Fig. 1).

Despite as a barrier, the BBB is also the gateway to the
brain as it allows necessary molecules, ions, nutrients to
reach the brain tissue. Literature evidence reveals that sev-
eral hydrophobic compounds of around < 500 Da and polar
molecules like glucose, amino acids, and peptides can
cross the BBB via specific transporters into the endothe-
lial cytosol. These selective molecules can diffuse into the
brain’s extracellular space from the endothelial cytosol
(Nagpal et al. 2013). Considering this scenario, a wide
variety of protein shuttle vectors has been investigated by
researchers, such as Apoplipoprotein A & E, leptin, met-
allotransferrin, and a non-toxic mutant of Diptheria toxin
(Oller-Salvia et al. 2016). Unfortunately, the protein-based
shuttle vectors to cross the BBB shows moderate efficacy

‘ ‘ Brain

‘ | Brain
|



https://webs.iiitd.edu.in/raghava/b3pdb/

Brain Structure and Function (2021) 226:2489-2495

2491

and selectivity in clinical studies. Several virus-based
shuttle vectors are also available in the literature to deliver
the cargo with high specificity (Lathwal et al. 2020a).
However, the use of the virus as a shuttle vector may pose
a greater risk due to its high immunogenic and pathogenic
nature (Lathwal et al. 2020b). To overcome the limita-
tion of protein and virus-based shuttle vectors, research-
ers have designed antibody-based vectors to enhance the
delivery of drug molecules across the BBB. Despite their
overwhelming specificity, the production, purification,
and immunogenicity are the major issues associated with
the use of antibodies as delivery vehicles (Almeida et al.
2014). This is the primary reason that research in the past
decade has focused mainly on peptides. Peptide offers
several advantageous features over other vectors in terms
of high specificity, low immunogenicity, small size, and
low-cost production.

By utilizing the mechanism of this endogenous trans-
port, several pre-clinical and clinical studies show that
peptides as a shuttle molecule can cross and transport the
cargo such as proteins, genetic material, nanoparticles,
and small molecule across the BBB (Pardridge 2012). Few
notable examples include—the use of RVG-9R peptide in
delivering the FVE siRNA in the neuronal cells of mice to
prevent viral encephalitis (Kumar et al. 2007), the use of
synB3 peptide in delivering morphine glucuronide across
the blood-brain barrier in mice model (De Boer and Gail-
lard 2007), and effective delivery of plasmid expressing
Angiopep-2 peptide across the blood—brain barrier in the
treatment of brain glial tumor (Ke et al. 2009). In addi-
tion, Angiopep-2 (Demeule et al. 2008b) and glutathione
(Gaillard et al. 2012) peptides and their formulations
are in clinical trials for the delivery of a wide variety of

pharmaceuticals to the brain tissues. Several peptides as
a BBB shuttle vector with high efficiency and selectivity
were found in the literature (Table 1).

B3Pdb: a database of BBB peptides

The development of an effective brain targeting treatment
strategy remains at the forefront of the research for the past
several decades. Recent advances in peptide-based therapeu-
tics have provided promising solutions to challenges faced
by the conventional approaches in treating central nervous
system disorders. Several clinical and pre-clinical stud-
ies highlight that cell-penetrating peptides can effectively
deliver proteins, peptides, siRNA, AS-DNA, plasmid DNA,
nucleic acids, and nanoparticles across the blood—brain bar-
riers. Brain-penetrating peptides possess great therapeutic
potential but scattered information in literature poses a
significant challenge to the researchers in further improv-
ing their clinical efficacy in customized conditions. Only
resource that maintain information about BBB-crossing
peptides is Brainpeps (Van Dorpe et al. 2012). It provides
chemical and functional information related to 259 BBB-
penetrating peptides. This database does not provide any
information regarding the in vivo/in vitro and therapeutic
efficacy of peptides. Over the years, it needed to be updated
with some additional experimental information. Keeping the
necessity of a unified platform that provides all the available
literature information related to the brain-penetrating peptide
and their clinical efficacy, we have designed a web resource,
B3Pdb. The present version of the database contains infor-
mation related to animal models, chemical modifications,
in vivo/in vitro activities, and therapeutic properties, which

Table 1 The representative

. . . Peptide Cargo Target Reference
blood-brain barrier-penetrating
pf:ptides (B3PPs) used to deliver B3PPs for protein delivery
frflf:rrsgfotl?c’il‘i molecules and FGF4 SOCS3 Brain (Vizioli et al. 2005)
RDP BDNF Brain (Xiang et al. 2011)
TAT-HA Bcl-xL Brain (Schwarze et al. 1999)
B3PPs for nucleic acid delivery
Penetratin Antisense nucleotide Brain (Caillé et al. 2004)
RVG-9R siRNA Brain (Alvarez-Erviti et al. 2011)
TAT-10H DNA Brain (Lo and Wang 2008)
B3PPs for small molecule delivery
Angiopep-2 Paclitaxel Brain (Kurzrock et al. 2012)
Angiopep-5 Doxorubicin Brain (Ché et al. 2010)
SynB5 Paclitaxel Brain (Drin et al. 2003)
B3PPs for nanoparticle delivery
Angiopep-2 Paclitaxel Brain (Demeule et al. 2008a)
Angiopep-2-PEG Doxorubicin Brain (Ren et al. 2012)
RVG-SSPEI miRNA Brain (Hwang et al. 2011)
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were absent in the previous version of the BBB-penetrating
peptide database. As shown in Fig. 2, B3Pdb has nearly two
times more entries and unique peptides in comparison to
Brianpeps.

Data collection and curation

The repository specifically dedicated to BBB-crossing pep-
tides was built up by curating the relevant research articles
from PubMed and Patents. The PubMed was searched with
different combinations of keywords such as ‘blood-brain
barrier’ or ‘penetrating/crossing/permeating peptides’ till
July 2020, as an advanced search query that should be
included in the research articles’ title/abstract. The freely
available articles were downloaded and look for clinically
relevant information. The relevant information of BBB-pen-
etrating peptides includes—‘name, sequence, length, confor-
mation, origin, nature, the cell line used, other information
like in vivo/in vitro model systems, subcellular localization,
uptake efficiency, and therapeutic properties, were manually
extracted after a thorough reading of the research articles.
The research articles that did not have such relevant informa-
tion are excluded from the study. The complete architecture
of the developed web resource is provided in Fig. 3.

B3Pdb: data content and analysis

All the curated information regarding the BBB-crossing
peptides was cataloged in 29 fields. The B3Pdb holds 465
unique and 1225 peptides as a total number of records and
several clinically experimental relevant information. Out of
1225, nearly 1107 peptides are in their native linear form,
while 26 peptides are in cyclic form. While curating the
research article, curators pay specific attention to the quality
of the content. We have specifically included some addi-
tional information such as chemical modifications, model

Fig.2 Total entries and number
of unique peptides in both data-
bases (Brainpeps and B3Pdb) is
shown by circles

a  Unique Peptides

465
(B3Pdb)
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259

(Brainpeps)

organisms for in vivo activities, as well as cell lines used
for in vitro activities, which was otherwise unavailable in
the previous version of the other published database. B3Pdb
holds information regarding 110 C-terminal modifications
and 115 N-terminal modifications in the peptides, which
was done to improve their efficacy. Further data analysis
reveals that out of 1225, 335 peptides record has bin size of
peptide length up to 5, 235 have 6-10, 90 have 11-15, 137
have 16-20, 76 have 20-30, and 53 peptide entries have the
length of more than 33 amino acids residues. Further data
analysis reveals that the preferred mode of delivery of BBB
peptide in the in vivo/in vitro condition is the intravenous
(318 records) followed by in situ brain perfusion (65), intra-
carotid (24), intraperitoneal (18), and intranasal (08). The
data analysis of B3Pdb reveals that the preferred choice of an
experimental model to check the efficacy of BBB-crossing
peptide was C57BL6 mice (64 records) followed by BALB/c
mice (36) and adult Sparague-Dawley rats (8) and so on. The
complete data analysis statistics is shown in Fig. 4.

Clinical aspects of the work and conclusion

Mounting evidence suggests that BBB-crossing peptides
hold great potential in pre-clinical studies for delivering
therapeutic molecules such as DNA, RNA, protein, small
molecules into the cell. Literature analysis reveals that
several BBB-crossing peptides already reached the clini-
cal trials, with some are in the advanced stage of their pre-
clinical testing. For example, the Angiopep-2 peptide was
used to deliver drugs like Paclitaxel, Doxorubicin, Etopo-
side and showed promising efficacy in phase-I clinical trials
(Bertrand et al. 2011). The conjugate of Angiopep-2 with
Bevacizumab already reached phase-II for the treatment
of high-grade glioma (NCT01480583). Also, the conju-
gate of Angiopep-2 with nanoprobe is used as a two-order

b Total Entries

1225
(B3Pdb)

490
(Brainpeps)
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Fig.3 Schematic description of B3Pdb database architecture and its modules

brain imaging system to diagnose brain tumors (Yan et al.
2012). To further improve the efficacy of BBB-crossing,
peptide chemical modifications and PEGylation are also
done. GSH is one such peptide that is mainly applied as a
PEGylated liposome loaded with drugs, commonly known
as G-technology. G-technology loaded with doxorubicin has
been investigated for the treatment of phase-1/Ila brain can-
cer (NCTO01386580). The apolipoprotein-derived peptides
have been successfully studied for the delivery of hydro-
phobic and enzymatic delivery across the BBB (Wang et al.
2013). The retro-enantiomer form of THR peptide has been
investigated to disrupt B-amyloid in the mouse brain tissue,
suggesting the improved therapeutic efficacy of chemically
modified peptides (Prades et al. 2012).

These pieces of evidence suggest that BBB-crossing
peptides hold great therapeutic potential. Despite the

considerable achievement in drug delivery, new pep-
tide-based shuttle vectors with enhanced selectivity and
transport capacity are still required. Thus, to improve the
existing BBB shuttle vectors or to design the new shut-
tle vectors, complete knowledge of the existing available
shuttle vectors is required. The information regarding BBB
peptides is scattered in the literature, which poses a prob-
lem in studying the versatile nature of these peptides. This
lacuna in literature motivates us to develop a web resource
that focuses primarily on manually curated information
regarding the BBB-crossing peptides. The peptide modi-
fication information is highly valuable for experimental
scientists and genetic engineers who wish to design new
peptides or modify existing peptides for a better therapeu-
tics regimen. In this regard, B3Pdb holds great promise as
it provides information on chemical modifications done to
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Fig.4 Organized Depiction of
peptide entries in B3Pdb on the
basis of a Linear and cyclic as
Chemical conformations b N
and C-terminal modifications ¢
Peptide length distribution and
d Various delivery methods of
BBB-penetrating peptides

NA

Modified/Cyclic peptide
2%

Linear peptide
92%

c PEPTIDE LENGTH

above 30
21to 30 6%
8%

6to 10
25%

improve BBB-crossing peptides’ efficacy. B3Pdb includes
information on chemical modifications done in peptides in
order to increase their efficacy, such as N-terminal (110
records), C-terminal (115 records), and cyclic modifica-
tions (30 records). Second, the B3Pdb helps genetic engi-
neers and experimental scientists in designing experimen-
tal protocols, as it stores data on 35 model organisms and
21 cell lines along with the other relevant experimental
details. Third, the data stored in the B3Pdb also facilitate
clinicians and researchers in guiding the route of admin-
istration of B3PPs. This will help in achieving the greater
benefits with minimum side effects. One of the major limi-
tations of the present version is that it lacks the structural
information related to BBB-penetrating peptides besides
the SMILES format. We have also not incorporated clini-
cal trial-related information due to the lack of data. Such
information can improve the quality of the database. We
have incorporated the data submission page for the users
to submit the experimental data to improve and up-gradate
the database. The curator of B3Pdb has developed the web
resource, keeping in mind that the scientific research com-
munity will get the maximum benefit from it. We foresee
that the developed unified single platform for blood-brain
barrier-penetrating peptides will be highly informative for
clinicians and genetic engineers.
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