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Abstract

Cell-penetrating peptides (CPPs) have been evaluated as enhancers in drug delivery, their addition in medical formulations
favors drug absorption allowing obtaining the pharmacological effect with lower doses. In vaccine formulations their inclu-
sion has been also explored with interesting results. Currently mucosal vaccination constitutes a promising alternative with
the main advantage of inducing both systemic and mucosal immune responses, which are crucial for control tumors and
infections at mucosal tissues. In the present work the nasal immune-enhancing effect of four CPPs was evaluated in Balb/c
mice. Animals were intranasally immunized with CPP and the recombinant hepatitis B surface protein (HBsAg) as model
antigen. The antibody response in sera and mucosal tissue was measured by ELISA. The IFN-y secretion response at spleen
was also evaluated by ELISPOT and ELISA. Among the CPPs studied one novel peptide stand out by its ability to potentiate
the humoral and cellular immune response against the co-administered antigen. Considering that the use of mucosal routes
is a promising strategy in vaccination, which are gaining special relevance nowadays in the development of novel candi-
dates against SARS-CoV-2 and other potential emerging respiratory virus, the searching and development of safe mucosal
adjuvants constitute a current need.
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Introduction

Currently, mucosal vaccination constitutes a compel-
ling strategy for infectious diseases and cancer due to its
several advantages: is able to induce both systemic and
mucosal immune responses, differing from parenteral
immunization that mainly induces a systemic response
(Kraehenbuhl and Neutra 2013), mucosal tissues cover a
wide surface area (~400 m? in a human adult) (Krachen-
buhl and Neutra 2013), and approximately 80% of total
immune cells in a healthy adult are associated to mucosal
surfaces (Czerkinsky and Holmgren 2010). In addition to
other advantages related with needle-free administrations.
Although, only one commercialized nasal vaccine has
been described so far (FDA Information Regarding Flu-
Mist Quadrivalent Vaccine 2019), there are several clinical
trials and research applying this route to vaccine delivery
(Al Mahtab et al. 2018; Lobaina and Michel 2017; Bomsel
et al. 2011; Brekke et al. 2014; Iglesias 2018; Thorstens-
son et al. 2014). Furthermore, nasal administration seems
to be a promising strategy to improve the performance of
cancer vaccines (Nizard et al. 2014, 2017; Sandoval et al.
2013). Nowadays the relevance of this route has been high-
lighted in the development of vaccines against respiratory
virus. The current coronavirus pandemic has imprinted an
unprecedented boost in vaccine research and has recalled
the significance of generate an effective immune response
at the portal of entry to reduce viral infection and trans-
mission (Russell et al. 2020).

However, the search for effective and safe mucosal vac-
cine adjuvants remains as a research focus. The general
characteristics of the mucosal tissues, and specifically
nasal mucosa (Lobaina 2019), limit the use of certain
established adjuvants like aluminum salts; and favor the
employment of other variants like bacterial toxins and viral
vectors (Kraehenbuhl and Neutra 2013; Nizard et al. 2014,
Rosenthal et al. 2015). Currently, with the boom of nano-
technology, several nano-carrier systems have emerged as
promising options (Marasini et al. 2017). Otherwise, cell
penetrating peptides (CPPs), described more than twenty
years ago as peptide sequences with the ability to potenti-
ate the entrance to cells, constitute an appealing alterna-
tive. Due to its intrinsic characteristics these peptides are
able to enhance drug delivery and improve cellular uptake
of other molecules, conjugated or not (Heitz et al. 2009).
CPPs are mostly peptides of less than 30 amino acids,
polycationic (basically comprising clusters of polyargi-
nine), or amphipathic (Heitz et al. 2009).

The first CPP was discovered in 1994 and called pene-
tratin (RQIKIYFQNRRMKWKK), a 16-mer-peptide com-
ing from the homeodomain of Antennapedia (Derossi et al.
1994). A few years later the CPP Tat (YGRKKRRQRRR)
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was identified as a derived sequence from an HIV-1 pro-
tein (Vives et al. 1997). Many other CPPs able to acti-
vate the movement of a cargo through the cell membrane
have been identified or designed since then (Heitz et al.
2009). In line with this, the cell-penetrating capacity of
the LALF;, 5, -derived peptides, comprising the amino
acids 35 to 51 of the Limulus antilipopolysaccharide
(anti-LPS) factor (LALF), was recently reported (Guerra-
Vallespi et al. 2015). Previously the LALF;, 5, peptide
(HYRIKPTFRRLKWKYKGKFW) was described to bind
and neutralize LPS-mediated activities, showing anti-
inflammatory properties and also exhibiting antiviral
activity mediated by the induction of o and y interferons
(Vallespi et al. 2000). Currently, a second generation of
LALF;, 5, -derived peptides has been studied for its anti-
tumor effect (Guerra-Vallespi et al. 2015; Astrada et al.
2018). Furthermore, based on its cell penetrating ability,
a recombinant fusion protein containing the LALFj3, 5,
peptide conjugated to E7 antigen from HPV-16 has been
evaluated, by parenteral route, as a novel vaccine candi-
date for the treatment of HPV related malignancies (Gra-
nadillo et al. 2011, 2017).

In spite of the increasing interest on CPPs research for
medical applications, mainly in cancer topics, currently
there are no FDA approved CPP-conjugated drugs (Habault
and Poyet 2019; Tripathi et al. 2018). However, more than
25 CPP-conjugated drugs are under clinical evaluation for
multiple uses and others are in preclinical studies (Habault
and Poyet 2019). Although, its employment in vaccine for-
mulations, with the aim to booster the immune response,
constitute a more recently strategy (Brooks et al. 2010). So
far, there are some promising results using CPPs as vac-
cine adjuvants (Granadillo et al. 2011; Belnoue et al. 2016;
Brooks et al. 2018; Rostami et al. 2018; Muto et al. 2016).
In the present work the adjuvant effect by intranasal route
of four CPPs (Penetratin, modified- Penetratin, Tat and
LALF;, 5;) formulated with the hepatitis B surface antigen
was comparatively evaluated for the first time. The antigen-
specific antibody and cellular immune response elicited by
each preparation was measured at mucosal and systemic
compartments. The obtained results support the employment
of CPPs as alternative immune-enhancers for nasal vaccines,
and also promote the screening of other similar compounds
and derived formulations.

Materials and Methods
Peptides and Antigen

The general description of the evaluated CPPs is shown on
Table 1. Peptides were synthesized by solid phase synthesis
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Table 1 Main characteristics of the CPPs evaluated

CPP Amino acid sequences (n) Original source Nature

Tat GRKKRRQRRRPPQ (13 aas) HIV virus Nonamphipathic
(highly cationic)

Penetratin RQIKIWFQNRRMKWKK (16 aas) Drosophila Antennapedia Secondary amphipathic

mod-Penetratin
LALF;, s,

RQIKIWFQNRRMKWKK (16 aas)

HYRIKPTFRRLKWKYKGKFW (20 aas)

homeodomain

Limulus polyphemus Primary amphipathic

The aas represented in bold lower case correspond to D-aas. The sites of substitutions correspond to theoretical trypsin susceptibility, according

to an analysis at Peptide Cutter-Expasy database

and purified using reverse-phase-HPLC to>99% purity
on an acetonitrile/H,O trifluoroacetic acid gradient (Pep-
tide Synthesis Lab, CIGB, Cuba). The peptide identity was
confirmed by ion-spray mass spectrometry (Micromass,
Manchester, UK). All CPPs were C-terminal amidated to
increase its stability against in vivo proteolytic degradation.
Apirogenic water (Biochrom AG, Alemania) with 1% dime-
thyl sulphoxide (DMSO) (Sigma, USA) was employed to
reconstitute the lyophilized peptides.

The HBsAg, subtype adw2 was expressed and purified
from Pichia pastoris yeast at>95% purity (CIGB, Havana,
Cuba) as ingredient of the commercial anti-hepatitis B pro-
phylactic vaccine Heberbiovac-HB (Hardy et al. 2000).

Mice and Immunization Schedule

Balb/c female mice (H-2d haplotype) of 8 to 12 weeks were
used (CENPALAB, Havana, Cuba). Groups of six animals
each were immunized with four doses administered weekly
by intranasal route. Each dose contains 2 mM of CPP +5 ug
HBsAg in a final volume of 25uL. As controls groups, mice
immunized with, 5 pg HBsAg in PBS intranasally (group
5), 5 ug HBsAg adjuvated in alum (0.5 mg/mL) by intra-
muscular route (group 6), and saline solution (group 7) were
used. All the immunogens were dissolved in sterile PBS. For
nasal administrations, mice were anesthetized by intraperito-
neal injection using 30pL ketamine (50 mg/mL), placed in a
supine position and the immunogens (25pL) were dispensed
slowly, alternating the nostril, using a pipette tip. For intra-
muscular route the immunogen was administered in a final
volume of 100pL. The dose of CPP and antigen evaluated in
this work was selected based on previous experiences (Muto
et al. 2016; Lobaina et al. 2010).

Mice were maintained at animal facilities under spe-
cific-pathogen-free conditions (CIGB, Cuba). All proto-
cols were reviewed and approved by the institutional ani-
mal care committees in compliance with Regulation No.
39/04 of the Cuban Regulatory Agency (CECMED) and
the European regulations on Animal Welfare.

Biological Fluids

The blood was collected by retro-orbital puncture. Samples
were centrifuged at 7 800 g for 10 min (centrifuge 5415C,
Eppendorf, Hamburg, Germany). The obtained sera were
stored at — 20 °C until evaluation. Vaginal washes were
obtained by a skilled technician to avoid trauma and blood
contamination. They were obtained by reflushing 100pL of
a sterile PBS solution with a micropipette. The collected
lavages were centrifuged as above, and the supernatant
stored at — 20 °C.

ELISAs

Anti -IgG, -IgA ELISAs were carried out as previously
described (Lobaina et al. 2010). Briefly, the plates were
coated with 5 pg/mL of HBsAg and blocked with 2% skim
milk solution. Samples were evaluated in duplicates using
different dilutions starting from 1/50 for sera. Vaginal
lavages were assayed directly, without dilution. Specific
horseradish peroxidase conjugates (Sigma, USA) were
employed and OPD (Sigma, USA)/hydrogen peroxide
substrate solution was used. After 15 min of incubation,
the reaction was stopped using 2 N sulfuric acid and the
optical density (0.D) was read at 492 nm in a multiscan
(SUMA, Cuba). In the case of the antibody responses
measured in sera data was represented in the graphics as
logl10 titers. The arbitraric units of titers were calculated
by plotting the O.D values obtained for each sample in a
standard curve (an hyper-immune sera of known titer). On
the other hand, in the case of the antibody response meas-
ured in mucosal lavages, the positive signals obtained are
usually lower and there isn’t a standard available, therefore
the results were represented as O.D at 492 nm.

IFN-y ELISPOT and ELISA

IFN-y ELISPOT assay was performed using a Mouse IFN-y
ELISpot kit (Mabtech, Sweden). Ten days after the last
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immunization (4th dose) the splenocytes were isolated in
RPMI culture medium (Gibco, EU). The samples (five mice
per group) were processed individualized, with the exception
of the control groups (HBs in alum and Placebo) which were
processed as pooled samples of three randomly selected
mice. Duplicates cultures (2x 103 and 5x 103 splenocytes
per well) were settled, for 48 h at 37 °C, 5% CO,, in a 96 well
round-bottom plate with 10 ug/mL of S,q 3o CTL peptide
(IPQSLDSWWTSL) from HBsAg (Schirmbeck et al. 1998),
10 pg/mL of ConA, or medium. After, the whole content of
this plate was transferred to an ELISPOT pre-coated plate
and incubated for 16-20 h at 37 °C, 5% CO,. The incuba-
tions with the detection conjugated antibodies and follow-
ing steps were done as recommended by the producers. An
AELVIS ELISPOT reader were used for spots count.

In parallel, a similar 96 well round-bottom plate were
incubated for measure by ELISA the IFN-y secretion at cul-
ture supernatant. With this aim an IFN-y standard and the
same antibody pair (Mabtech, Sweden) were used.

Statistical Analysis

For statistical analyses the GraphPad Prism version 5.00
statistical software (Graph-Pad Software, San Diego, CA,
USA) was used. All titers were transformed to log10 for a
normal distribution. For the non sero-converting sera, an
arbitrary titer of 1:50 was assigned for statistical processing.
The One-way Anova test followed by a Tukey's post-test was
used as parametric tests for multiple groups comparisons. In
case of non- parametric multiple comparisons, the Kruskal
Wallis test and Dunns post-tests was employed. A standard
P value consideration was followed, "p > 0.05; *p <0.05;
*#p<0.01; ***p <0.001.

Results and Discussion
Systemic IgG Antibody Response

To study the immune enhancer capacity of each evalu-
ated CPPs mice were intranasally immunized with a mix
of HBsAg, as model antigen, and each CPP described in
Table 1. Immunogens were administered in four doses,
weekly, and the sera were collected five days after each dose
for IgG response evaluation. The humoral immune response
results are representative of two independent experiments.
After the second dose, for the evaluated intranasal immu-
nized groups, anti-HBs positive IgG response was only
detected in 1/6 animals from the group that received Pen-
etratin, and 2/6 in the group immunized with LALF peptide
(Fig. 1a). On the other hand, in the positive control group,
that received HBsAg in alum by intramuscular route, all ani-
mals showed positive responses with titers > 10°. However,
after the third dose (Fig. 1b), all animals from the groups
receiving Penetratin and LALF seroconverted, differing from
the rest of intranasally immunized groups in which only few
animals seroconverted. The IgG titers detected for these two
groups were statistically similar, and significantly superior
(p<0.001) to the response generated by the other nasally
immunized groups (Tat, mod-Pen and HBsAg in PBS). The
IgG response obtained for the last three groups was not sta-
tistically different from the placebo group. Later on, after the
fourth dose (Fig. 1c), the groups immunized with Penetratin
and LALF showed an IgG response which only was signifi-
cantly superior to the generated by the groups immunized
with Tat and placebo. However, the IgG response generated
by the two former groups reached values more closer to the
obtained for the alum adjuvated control group (p <0.05).
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Fig. 1 Anti-HBsAg IgG antibody measured in sera following a two, b
three, and ¢ four doses. Six mice per group where nasally immunized
with 5 pg HBsAg plus 2 mM of each individual CPP [Tat, Penetratin
(Pen), modified-Penetratin (mod-Pen) and LALF;, 5,] or PBS. Two
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control groups were included, 5 pg HBsAg in alum by intramuscular
route, and nasally administered PBS (Placebo). Statistical differences
were represented using standard terminology
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Considering that the generation of a Thl pattern of
immune response would be of interest for several vaccine
candidates and the fact that the induction of IgG2a subclass
in mice correlates with this kind of response (Snapper and
Paul 1987) the HBs-specific IgG2a antibody response was
evaluated after the last dose (Fig. 2). Among the groups
receiving CPPs+HBsAg, the higher anti-HBs IgG2a
response was obtained for the immunized with Penetratin
and LALF, without significant differences between them,
neither with the group immunized in alum by intramuscu-
lar route, nor with the group receiving HBsAg in PBS by
intranasal route. The IgG2a response induced by the groups
immunized with Tat and mod-Penetratin was similar to that
one from the placebo group, and significantly lower than the
generated by the first three groups mentioned above.

The IgG results after three doses demonstrate a clear
immunoenhancing capacity by nasal route for two out of four
CPPs evaluated, Penetratin and LALF. This result is even
more relevant if we consider that the antigen selected for the

Log (titer)

Fig.2 Anti-HBsAg IgG2a antibody response measured in sera after
four doses. Groups of six mice where nasally immunized with 5 pg
HBsAg plus 2 mM of each individual CPP [Tat, Penetratin (Pen),
modified-Penetratin (mod-Pen) and LALF;, 5;] or PBS. Two controls
group were included, 5 pg HBsAg in alum by intramuscular route,
and nasally administered PBS (Placebo). Statistical differences were
represented using standard terminology

study is per se highly immunogenic by nasal route (Lobaina
et al. 2005), which increases the threshold to overcome. This
fact was even evident after the fourth dose, where the groups
immunized with Penetratin and LALF still showed a trend to
induce a higher HBs-specific IgG response compared with
the control of HBsAg in PBS.

The results obtained using Penetratin as immune enhancer
by nasal route are in line with a previously reported work,
where this CPP shows a similar capacity to enhance the
antibody immune response when administered with two dif-
ferent antigenic models, OVA and Influenza A (Muto et al.
2016). However, the results obtained here for the modified
Penetratin variant were unexpected. Based on the results
reported by Muto and cols (Muto et al. 2016), the complete
D-aas variant of Penetratrin shows a much better immune-
enhancer capacity compared with its L- variant. In our case,
considering the production cost that represents the complete
D-aas variant, we decided to introduced D-aminoacids only
in the positions theoretical predicted as more susceptible to
trypsin cleavage. Nevertheless, our results with the modi-
fied Penetratin variant were worse than the obtained for its
L-counterpart. For future studies we suggest to study the
in vivo stability of Penetratin in nasal mucus, to determine
which specific aas can be substituted for D-aas to improve
the enhancing capacity, and if it is possible to do that with-
out an all-D peptide variant.

Antibody Response at Vaginal Mucosa

It is recognized that immune stimulation through the nasal
mucosa is able to induce an antibody response (mainly IgA)
at distal mucosal tissues, being significant the response elic-
ited at vaginal mucosa (Johansson et al. 2001). Based on
this fact, the anti-HBsAg IgA and IgG response was studied
at vaginal lavages after four doses. As show in Fig. 3a, a
trend to elicited a higher IgA response were observed for
the groups immunized whit Penetratin and LALF, although
no statistical differences were detected among all evaluated
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treatments. As expected, the positive control group immu-
nized by intramuscular route was unable to induce a detect-
able IgA response at vaginal mucosa. This behavior is in
line with the current knowledge indicating that to efficiently
induce an immune response at mucosal surfaces a mucosal
delivery route should be used (Kraehenbuhl and Neutra
2013).

The IgG response results obtained in vaginal lavages
(Fig. 3b) followed a general pattern similar to that of IgA,
with the exception of the response elicited by the group
immunized in alum by intramuscular route, which showed a
marked trend to develop a higher reaction. However, no sta-
tistical differences were detected among all evaluated treat-
ments. This could be explained by the passive transudation
into vaginal mucosal tissue of part of the high IgG systemic
immune response generated by the intramuscular injection
of four doses of HBsAg in alum. Generally, the levels of IgG
found it at mucosal secretions are a reflex of the systemic
IgG response that reach the tissue by transudation, differing
from the IgA antibody response which is mainly generated
after a mucosal inductive site stimulation (Krachenbuhl and
Neutra 2013). Both antibody classes contribute to the protec-
tion of mucosal surfaces.

IFN-y Secretion Response by Splenic CD8 T Cells

In this study the effect of the evaluated CPPs in terms of
improve the cellular immune response against co-admin-
istered antigens was also explored. With this aim the HBs-
specific IFN-y secretion in spleen cells by ELISPOT after
the fourth dose was measured (Fig. 4). Surprisingly, the
group immunized with Tat, which showed a weak antibody
response in sera, generated a clearly positive response in
all the evaluated animals (5/5). The second better response
was obtained for the group immunized with LALF where
4/5 mice respond positively, following by mod-Penetratin
with 2/5, and Penetratin 1/5. On the other hand, the control
group immunized with HBsAg in PBS intranasally showed a
positive response in 3/5 mice. This last result correlates with
previous data reported showing that the HBsAg in PBS by
intranasal route is capable to elicit a positive IFN-y response
at spleen of a magnitude that trends to be lower than the gen-
erated by the HBsAg in alum administered intramuscularly
(Aguilar et al. 2004). Overall, although in statistics terms
we did not detected significant differences among the geo-
metric means for each evaluated group, a trend to induce a
higher IFN-y secretion response was observed for the groups
receiving Tat and LALF jointly with the HBsAg.

On the other hand, concerning the result obtained here
for the group that received HBsAg adjuvated in alum by
intramuscular route, as we mentioned above, this behavior
is not surprising for us, other previous experiences and
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Fig.4 HBsAg-specific IFN-y secretion response at spleen. The assay
was carried out by ELISPOT after four doses. Six mice per group
where nasally immunized with 5 pg HBsAg plus 2 mM of each indi-
vidual CPP [Tat, Penetratin (Pen), modified-Penetratin (mod-Pen) and
LALF;, 5] or PBS. Two controls group were included, 5 pg HBsAg
in alum by intramuscular route, and nasally administered PBS (Pla-
cebo). No statistical differences were detected

published data (Aguilar et al. 2004) support this finding.
Although alum is an adjuvant historically more asso-
ciated with the promotion of antibody response, in the
past years new data have arise challenging this paradigm
(Lobaina et al. 2010; Iglesias et al. 2006). The evidences
suggest that the pattern of immune response developed
after immunization with aluminum hydroxide adjuvant is
influenced by the nature of the antigens included in the
formulation, showing that alum doesn’t impose a tight
commitment with a Th2 pattern. In this case, the antigen
used is a virus-like particle, purified from Pichia pastoris,
that include in its structure some glycosilations and lipids
(Hardy et al. 2000). These specific features could explain
the change in the classical pattern of response expected
for alum adjuvated antigens and also could favor the non-
covalent interactions established between the HBsAg and
the different CPPs evaluated.

Furthermore, with the aim to corroborate the cellular
immune response measured by ELISPOT, the IFN-y con-
centration in splenocyte’s culture supernatant was also
evaluated by ELISA (Fig. 5). Considering practical issues,
in this assay only the groups immunized with Penetratin
and LALF (based on their better performance at humoral
immunity), as well as the required control groups (HBsAg
in PBS and placebo) were evaluated. The obtained results
were consistent with the ELISPOT data. The group immu-
nized with LALF showed IFN-y response levels of variable
magnitude in 4/5 animals (three of them > 500 pg/ml), while
in the group immunized with Penetratin responded only 2/5
animals (both with marginal values).

In general, the present work extends the knowledge
regarding the use of CPPs as immune-enhancer by nasal
route. As far as we know, there are only very few previous
publications on that line. One of them evaluates Penetratin
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Fig.5 HBsAg-specific IFN-y secretion response at spleen. The deter-
mination was carried out by ELISA in culture supernatant, after
four doses. Six mice per group where nasally immunized with 5 pg
HBsAg plus 2 mM of each individual CPP (Penetratin (Pen) and
LALF3, 5,) or PBS. A Placebo control group (PBS nasally adminis-
tered) was included. No statistical differences were detected

peptide, in its L- and D-aas variants, and is limited only
to the evaluation of IgG response in sera and IgA at nasal
mucosa (Muto et al. 2016). Another published work evalu-
ates the N-vinylacetamide-co-acrylic acid polymer linked
to D-octa-arginine as mucosal delivery system (Sakuma
et al. 2012). In both above mentioned works (Muto et al.
2016; Sakuma et al. 2012) the same model antigens, OVA
and Influenza A, and the same response parameters readout
were employed. Here we obtained, with a different antigen
(a VLP), similar results to those already reported for L-Pen-
etratin in terms of humoral response (Muto et al. 2016) and
we also expanded the data to the IFN-y secretion response
generated by splenic CD8 + T cells. In addition, interesting
information regarding a partial D-Penetratin variant (mod-
Penetratin) was obtained, posing new questions for future
studies.

On the other hand, Tat peptide, one of the classic
described CPPs; due to its origin has a closer relation
with vaccines. Since its identification, Tat was employed
for multiple developments in biomedicine field as a tool to
potentiate the transportation of cargoes into cells. Currently
there are some drug and vaccine candidates, some of them
in clinical phases (like the CIGB300 for cancer therapy),
that employ Tat as cell penetrating enhancer (Tripathi et al.
2018; Sarduy et al. 2015; Sahay et al. 2019; Tang et al. 2012;
Grau et al. 2018). Considering the present results obtained
for the evaluation of Tat in a simple mix with HBsAg by
nasal route, this CPP show the capacity to improve only the
cellular immune response, without an impact on humoral
response. This behavior, that should be evaluate using other
model antigens, could be interesting in the case of infec-
tions where the development of cellular immune response
correlates with protection and the generation of an anti-
body response could cause undesired immune-pathogenic
reactions.

Early this year a work evaluating the performance of
formulations based on CPPs (including the two mentioned
above) linked to liposomes as delivery systems in lipopeptide
vaccine candidates against Group A Streptococcus (GAS) by
intranasal route was published (Yang et al. 2021). The out-
come measures of this study was the antibody response in
serum and its opsonic capacity. Interestingly, in this specific
formulation the candidate using Tat peptide induced one of
the highest antibody titers. The combination of CPPs with
other strategies to develop more efficient and potent delivery
systems and/or adjuvants is in the spotlight nowadays (Yang
et al. 2019; Jiang 2021). Although this trend can generate
new potentialities, on the other hand it increases the com-
plexity of vaccine formulations. Considering the history of
human adjuvants development and approval, and the increas-
ing regulatory standards in biomedical industry, we think
that CPPs, either conjugated or co-administered, constitute
a promising option for the near future.

In our point of view, the data for the LALF peptide emerg-
ing from this work is very interesting. The humoral and cel-
lular immune responses generated by the co-administration
with LALF peptide are promising. This peptide had been
previously described as immune-modulator (Vallespi et al.
2000; Granadillo et al. 2011), but the present work consti-
tutes the first report of its use by nasal route as vaccine adju-
vant. Previously, based on its cell penetrating ability, LALF
peptide had been evaluated conjugated with E7 antigen from
HPV-16 by subcutaneous route as a vaccine candidate for
HPYV associated malignancies treatment (Granadillo et al.
2011, 2017). In line with our results, the inclusion of LALF
in the preparation favors the generation of cellular immune
response in mice (Granadillo et al. 2011). Considering the
relevance of elicit a mucosal immune response at vagina for
efficiently deal with HPV infection and related malignancies,
the evaluation of this vaccine candidate by the nasal route
is currently ongoing by our group with encouraging results.
The unpublished data with E7 protein antigen supports the
ability of LALF as immune-enhancer by nasal route.

In our opinion the behavior of each CPP as non-covalent
linked immune-enhancer is strongly influenced by the nature
of the co-administered antigen, and the type of interaction
they establish. The influence of these features is more rel-
evant in the case of simple mix formulations of CPPs plus
antigens (the variant studied in this work) than in conjugated
preparations. However, the present work reproduced pre-
vious results obatined for L-Penetratin (Muto et al. 2016)
as non-covalent enhancer of humoral immune response, so
far evaluated with three different model antigens. The use
of chemical conjugation of CPPs to antigens constitutes an
established way to ensure a more stable interaction between
them and therefore a higher guarantee that the cargo enters
the cell. However in our experiments we decided to test, as

@ Springer



2880 International Journal of Peptide Research and Therapeutics (2021) 27:2873-2882

first option, the simple mix formulation, considering that
the nature of the antigen employed (Hardy et al. 2000) could
facilitate the interaction whit the CPPs, and also based on
previous reports indicating the feasibility of non-conjugated
alternatives (Muto et al. 2016). In our opinion, this plain
option looks more rational for the preliminary screening of
multiple CPPs variants. Although we recognizes the advan-
tages of conjugation, the process increases the complexity
and costs of the vaccine production and also could introduce
some changes in antigenic sites. On the other hand, we think
that conjugation could potentiate the effects observed in this
work and even could impact in reducing the dose. Future
experiments to elucidate in more details the nature of the
interactions and the effect of conjugation in the case of the
more promising studied CPPs are in plans. So far we know
that there are not marked differences in charge between the
evaluated CPPs that could explain differences in electrostatic
interactions with the HBsAg. However, we consider that
the differential amphipathic character of the CPPs in study
plays a key role determining its interaction with HBsAg with
impact on the final outcome. As we mentioned above the
HBsAg is a virus-like particle and includes some lipids in its
structure (Hardy et al. 2000) which could favor the associa-
tion with amphipathic compounds. Supporting this idea the
good performance of primary and secondary amphipathic
CPPs as non-covalent carriers, with the ability to interact
preferentially with lipid membranes, had been previously
described (Gros et al. 2006; Crombez et al. 2009; Deshayes
et al. 2004).

Other possible explanation to the different behavior of
each CPP as immune-enhancer is the specific internalization
mechanisms they could followed. It is well recognized that
CPPs can be internalized by endocytic and non-endocytic
paths, arriving to endosomes and cytoplasm, respectively.
The internalization pathway may impact directly in the type
of processing and presentation to the immune system, ren-
dering different pattern of responses (Grau et al. 2018). In
general, CPPs internalization mechanisms are influenced
by different parameters like sequence and concentration of
the peptide, and specific features of the cargo (Madani et al.
2011). Primary and secondary amphiphatic CPPs, at low
micromolar concentrations, can directly enter through the
cell membrane; while non-amphiphatic CPPs mostly uses
endocytosis (Ziegler 2008). However, for Penetratin cellular
uptake endocytosis is the major mechanism suggested in
the literature, both in the absence or presence of cargoes
(Madani et al. 2011). On the other hand, the fact that LALF
peptide sequence and extend is more similar to Penetratin
than to Tat could support the similar behavior of the two
former as humoral immune response enhancers. Otherwise,
direct penetration is most probable for primary amphiphatic
CPPs (Madani et al. 2011) (like LALF); this pathway could
explain the high cellular immune response generated by the
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group immunized with LALF. However, direct penetration
has been also suggested for arginine rich CPPs like Tat (Gut-
erstam et al. 2009; Thoren et al. 2003). We hypothesized,
that the dual ability of LALF to enhance humoral and cellu-
lar immunity against the co-administered antigen could also
be explained by its capacity to penetrate cells by endocyto-
sis and direct membrane transduction, using both pathways
with appreciable rates. Without diminished the contribution
of the immunomodulatory intrinsic properties previously
described for LALF (Vallespi et al. 2000; Granadillo et al.
2011). Indeed, the use of both internalization mechanisms
has been previously described for CIGB-552 (a LALFj3, s,
derived peptide), although the contribution of each pathway
vary among different cell lines (Astrada et al. 2018).
Regarding the concentration, we used in our experiments
2 mM considering the findings reported by Muto and cols
(Muto et al. 2016), who described it as the best evaluated for
Penetratin nasal administration. This concentration is not so
high if we considered that mucosal administration has dif-
ferent requirements, compared with parenteral, related with
the several particular barriers to overcome. However, taking
into account the different CPPs performance, in future stud-
ies lower concentrations should be evaluated by nasal route.
Another issue of concern in the development of vac-
cines and immune-enhancers is the safety of the formula-
tion’s components. Although has been widely reported that
CPPs are usually nontoxic (Grau et al. 2018), a detailed
study should be done case by case, exploring the intended
administration route and evaluating different concentrations.
The present study was not designed with this aim, however
animals general conditions and behavior were observed
post-immunizations and along the study and no signals
of concern were detected. In addition, the low toxicity of
nonamphipathic CPPs like Tat and secondary amphipathic
like Penentratin has been previously reported (Madani et al.
2011). On the other hand, LALF peptide has been showed
its safety in several mice studies by subcutaneous route
(Guerra-Vallespi et al. 2015; Granadillo et al. 2011, 2017).

Conclusions

The present work extends the knowledge regarding the use
of CPPs as immune-enhancer by nasal route. In fact, the
results described here for Penetratin, LALF and Tat peptides
show potentialities for their future inclusion in nasal vac-
cine formulations. Considering the few vaccines adjuvants
approved for human’s use, CPPs seem to be a promising
option for the future, in view of their safety, easy production
and low cost. Certainly, deeper studies regarding the use of
CPPs as vaccine adjuvants by nasal and parenteral routes
are need.
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