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Abstract: Current influenza vaccines target highly variable surface glycoproteins; thus, mismatches
between vaccine strains and circulating strains often diminish vaccine protection. For this reason,
there is still a critical need to develop effective influenza vaccines able to protect also against the
drift and shift of different variants of influenza viruses. It has been demonstrated that influenza
nucleoprotein (NP) is a strong candidate for a universal vaccine, which contributes to providing
cross-protection in animal models. In this study, we developed an adjuvanted mucosal vaccine using
the recombinant NP (rNP) and the TLR2/6 agonist S-[2,3-bispalmitoyiloxy-(2R)-propyl]-R-cysteinyl-
amido-monomethoxyl-poly-ethylene-glycol (BPPcysMPEG). The vaccine efficacy was compared with
that observed following parenteral vaccination of mice with the same formulation. Mice vaccinated
with 2 doses of rNP alone or co-administered with BPPcysMPEG by the intranasal (i.n.) route showed
enhanced antigen-specific humoral and cellular responses. Moreover, NP-specific humoral immune
responses, characterized by significant NP-specific IgG and IgG subclass titers in sera and NP-specific
IgA titers in mucosal territories, were remarkably increased in mice vaccinated with the adjuvanted
formulation as compared with those of the non-adjuvanted vaccination group. The addition of
BPPcysMPEG also improved NP-specific cellular responses in vaccinated mice, characterized by
robust lymphoproliferation and mixed Th1/Th2/Th17 immune profiles. Finally, it is notable that
the immune responses elicited by the novel formulation administered by the i.n. route were able to
confer protection against the influenza H1N1 A/Puerto Rico/8/1934 virus.

Keywords: BPPcysMPEG; MALP-2; influenza; mucosa; adjuvant; vaccine; nucleoprotein; TLR2/6 agonist

1. Introduction

The vast majority of the current vaccines used to fight seasonal influenza outbreaks are
formulated with antigens from inactivated viruses and administered by the intramuscular
(i.m.) route. Thereby, vaccine efficiency is based on the induction of neutralizing antibodies
directed against an antigen, such as the viral hemagglutinin (HA) [1]. This type of immunity
is mainly specific for each virus strain included in the vaccine, therefore, its effectiveness
decreases significantly against other heterologous strains [2]. One major handicap of
parenterally administered vaccines is that they do not induce significant mucosal and T
cell immune responses, which are very important in order to induce effective protection
in the human population [3–5]. This scenario becomes more problematic in case of the
emergence of new pandemic strains for which the world’s population does not have any
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type of immunological coverage [6]. In order to overcome these hurdles, multiple strategies
have been tested to generate new influenza vaccines:

(i) improvement of the performance of current vaccines with new adjuvants and alterna-
tive routes of vaccine administration [7–13],

(ii) development of new recombinant antigens able to promote the elicitation of cross-
neutralizing antibodies to generate sterilizing immunity against all influenza
strains [14–20], and

(iii) utilization of relatively conserved influenza antigens (e.g., nucleoprotein) capable of
inducing strong T cell responses that display a high degree of cross-reactivity against
various influenza strains, [13,21–24].

Several conserved antigens have been identified, such as the ectodomain of viral
protein M2 (M2e), the M1 protein, and the viral NP, which are able to induce protection
against a broader range of influenza strains mediated by non-sterilizing immunity [25–27].

When viral NP is used for the development of a universal T cell vaccine, protection
is mediated by the elimination of infected cells through the action of NP-specific CD8+

cytotoxic T-lymphocytes [28–30]. Antigen-specific CD8+ T cells are known to contribute
to protection against influenza virus infections by limiting the duration and severity of
the disease [22]. However, there is growing evidence that CD4+ T-lymphocytes also
play a remarkable role in the protection against infection. In several studies, it has been
demonstrated that the induction of robust CD4+ T cell memory responses is important
to provide help to B-lymphocytes, whereby conserved MHC Class II-restricted epitopes
within HA are essential for B cells to respond to drifting influenza [31]. Mice studies have
also revealed that even non-neutralizing NP-specific antibodies can help T-lymphocytes to
induce protective immune responses. Thus, anti-NP IgG antibodies cooperate by forming
immuno-complexes with the antigen, which are then recognized by the Fc receptors on
cells of the innate immune system, such as dendritic cells and macrophages, enhancing
the activation and presentation of antigens to T-lymphocytes [32–34]. LaMere et al., also
highlighted the correlation between the anti-NP IgG antibody titer and the long-term
hetero-subtype protection [33].

In addition, memory CD4+ T cells not only support B cells but also cytotoxic responses
during influenza infection [35]. CD4+ influenza-specific T cells also support specific CD8+ T
cells while maintaining their cytolysis activity by producing IFNγ and perforin [31,36–38].
Moreover, it has been demonstrated that memory CD4+ T cells recognizing immunodomi-
nant epitopes of the M1 and NP proteins were associated with the reduction in influenza
symptoms and the limitation of viral replication in experimentally infected humans [39].

It is important to note that in the case of a possible influenza pandemic, there is still
an urgent need to produce safe, cost-effective, and scalable universal vaccines that can
be produced in developing or low- and middle-income countries. Recombinant proteins
offer the advantage of rapid manufacture but often have poor immunogenicity. Therefore,
the incorporation of adjuvants is necessary to stimulate efficient antigen-specific immune
responses. Several adjuvants, such as toll-like receptor agonists such as TLR2, TLR4,
TLR7/8, and TLR9, squalene oil-in-water mixtures, or stimulators of interferon genes
(STING) agonists, have been exhaustively investigated for their ability to elicit efficient
humoral and cellular responses; however, there is limited knowledge on the ability of
mucosal adjuvants to induce effective immunity [40].

It has been emphasized in recent years that the generation of an effective immune
response on mucosal surfaces is important for protection against respiratory tract infec-
tions [41,42]. For vaccines aiming to protect the body against pathogens that enter the host
through the airways, the mucosal route should be preferred in comparison to parental
administration [43]. Thus, the vaccination via mucosal application, e.g., intranasal (i.n.)
route, is able to induce systemic but also local immune responses on mucosal surfaces,
which play a major role in the combat against influenza infection. For example, there is a
significant contribution of mucosal antigen-specific IgA antibodies as well as lung-resident
cellular immunity to influenza virus clearance [44]. Thereby, Askovich et al., provided ex-
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perimental data that early activation of Il-17 production correlates with increased protection
against influenza virus challenge in mice [45,46]. Furthermore, it has been demonstrated
that frequencies of Th17 and Tc17 cells mediate protective immunity against highly virulent
influenza strains in humans [47].

The aim of this study was to develop a universal vaccine capable of rapid and easy
production and capable of inducing efficient mucosal and cellular responses that confer
protection against influenza infection. For this purpose, the vaccine was designed with
the NP antigen, which was obtained as recombinant protein, and it was adjuvanted with
a TLR2/6 agonist, the BPPcysMPEG adjuvant [48,49]. There are some limitations for the
parenteral compound Malp-2, such as poor biosolubility in liquid solutions. Moreover,
this compound is able to stimulate the immune system by strong induction of various
inflammatory mediators, which can influence the biocompatibility. To overcome these
limitations, various physicochemical properties and surface modification strategies have
been employed for the novel BPPcysMPEG, such as pegylation. In contrast to aluminium-
adjuvanted vaccines, which have certain limitations, such as no Th1 reactivity and low
stability at low temperatures, BPPcysMPEG showed high stability at low temperatures,
enhanced biosolubility in liquid solutions, and was able to induce both antigen-specific cel-
lular (Th1) and humoral (Th2) immune responses. Moreover, the synthetic TLR2/6 ligand
BPPcysMPEG, a pegylated synthetic derivative of the macrophage-activating lipopeptide
2kDa (MALP-2) [50–52], is a powerful adjuvant capable of promoting enhanced immune
responses given by the mucosal route [53–55]. Previous studies have shown that anti-
gens co-administered with MALP-2 by the mucosal route induced an enhanced B- and
T- cell response and improved antigen presentation by dendritic cells, similar or even
superior to those observed following parenteral immunization with the same formula-
tions [51,52,56,57]. In comparison to the parent compound MALP-2, BPPcysMPEG showed
improved water solubility while retaining its agonistic capacity to stimulate the TLR-2/6
heterodimer [58–61]. Furthermore, MALP-2 has been described to exert beneficial effects on
organ damage and the further course of trauma and sepsis [62]. These findings lead us to
believe that BPPcysMPEG could be a safe adjuvant candidate for influenza vaccines, which
would be capable of inducing mucosal immunity, T cell responses, and humoral immunity.

The studies described here evaluate the immunogenicity and the protection efficacy
of rNP plus BPPcysMPEG in a murine model. Moreover, our vaccine candidate not
only stimulated protective immune responses in mice following application by the more
classical parenteral route but also following intranasal administration, highlighting its
intrinsic potential.

2. Material and Methods
2.1. Vaccine Design

The nucleoprotein gene derived from influenza strain A/PR/8/34 (H1N1) was cloned
into the pET30a plasmid, and the protein was expressed in Escherichia coli BL21, (DE3) bac-
teria, purified, and LPS decontaminated. The recombinant NP was used in previous works
by Cargnelutti et al. [48,49]. The BPPcysMPEG, International Patent Classification (IPC):
A61K 47/48 (2006.01), Pub. No.: WO/2007/059931, a pegylated derivative of MALP-2, was
synthesized at the Helmholtz Centre for Infection Research (HZI), Braunschweig, Lower
Saxony, Germany. 38 µmol (34 mg) of fluorenylmethoxycarbonyl (Fmoc)-protected BPPcys
(Pam2cys) compound was dissolved in 25 mL dimethylformamide (DMF, (reagent-grade,
7032) J.T. Baker, Deventer, Netherlands), #7032 di-chlormethan (DCM, 7053, J.T. Baker, De-
venter, Netherlands) in a 2:1 ratio. Subsequently, 38 µmol (36 µL) di-isopropylcarbodiimide
(DIC, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany), #38370 and 38 µmol (6 mg) of
anhydrous hydroxylbenztriazole (HOBt, #A28536, Merck Millipore, Darmstadt, Germany)
was added to the solution. Afterwards, 38 µmol (76 mg) monomethoxy-amino-PEG (Mw:
5000 Da, Rapp Polymere GmbH, Tuebingen, Germany), #12 5000-2 was added to the mix-
ture and incubated for 24 h at RT. After the separation of the Fmoc-protection group with
10 mL (20%) piperidine (Fluka, #80640)—DMF solution for 15 min at RT, the compound
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was purified by column chromatography with silica gel 60 (Merck Millipore (Darmstadt,
Germany, #9385)) and DCM—methanol in a ratio of 95:5 and 90:10. The resulting BPP-
cysMPEG compound was characterized by Maldi-MS and NMR-spectral analysis. The
different synthesis steps for the production of BPPcysMPEG were described in detail in
different articles [63,64]. To rule out LPS contamination during the production process,
each BPPcysMPEG batch was analyzed by the HEK-Blue™ LPS Detection Kit (#rep-lps2,
InvivoGen EUROPE, Toulouse, France).

2.2. Mice

Six- to eight-week-old female BALB/c (H-2d) mice (Harlan Winckelmann GmbH,
Borchen, Germany) were bred at the animal facility of the Helmholtz Centre for Infection
Research under specific pathogen-free (SPF) conditions. For vaccination studies, groups of
5 mice were immunized with 10 µg/dose rNP derived from the influenza strain A/PR/8/34
(H1N1) alone or combined with 10 µg/dose BPPcysMPEG (HZI research-grade quality),
administered by the i.n. (20 µL) or s.c. (100 µL) route on days 0 and 21 [48,49]. Control mice
were vaccinated with PBS. To facilitate i.n. immunization, mice were briefly anesthetized
with isofluorane (Abbott Animal Health, Chicago, IL, USA).

2.3. Ethics Section

All animal experiments, including the sublethal challenge with influenza strain
A/Puerto Rico/8/34 (H1N1), were approved by (i) the animal safety and ethical board of
the Helmholtz Centre for Infection Research (HZI), (ii) the independent §15 Commission
for animal safety (§15 TierSchG), and conducted in accordance with the regulations of the
(iii) local government of Lower Saxony (Germany; No. 509.42502-04-017.08). All animals
used for experiments in Argentina (e.g., lethal challenge) were cared for in accordance with
the Guiding Principles for the care and use of animals of the US National Institute of Health.
All procedures were approved by the Institutional Animal Care and Use Committee of the
Medical Science School, Universidad Nacional de Cuyo (Protocol approval No. 213/2022).

2.4. Influenza Challenge Studies

For challenge studies, the influenza strain A/Puerto Rico/8/34 (H1N1) was used.
Virus titers were determined by a focus formation assay as described in Srivastava et al. [65].
Groups of mice (n = 6) were shortly anesthetized by intraperitoneal (i.p.) injection of
Ketamin-Rompun with a dose adjusted to the individual body weight according to the
manufacturer’s instructions (Inresa Arzneimittel GmbH, Freiburg, Germany). Furthermore,
mice were challenged on day 60 with a lethal dose of 2 × 103 focus forming units (ffu), or a
sublethal dose of 103 ffu of the mouse-adapted H1N1 influenza strain A/Puerto Rico/8/34.
Mortality and clinical symptoms of illness, such as weight loss, ruffled fur, hunched posture,
and lethargy, were monitored for 14 days after the challenge. Animals showing a weight
loss of up to 20% for a sublethal challenge and 25% for a lethal challenge were immediately
killed painlessly by slow flooding with CO2.

2.5. ELISA

NP-specific IgG, IgG1, IgG2a, and IgG2b antibody titers were analyzed in sera from
mice collected on days 0, 21 and 42 or 60. Sera were separated from whole blood by
centrifugation at 3000× g for 10 min and stored at −20 ◦C. For the measurement of the
NP-specific IgA antibody titers in mucosa, animals were sacrificed on day 42, and nasal
(NL) and broncho-alveolar lavages (BAL) were obtained by flushing the specific organs
with 1 mL of PBS supplemented with 50 mM EDTA, 0.1% bovine serum albumin (BSA)
and 10 mM of phenylmethanesulphonyl fluoride (PMSF, Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany). Debris and flushes were eliminated by centrifugation for 10 min
at 3000× g, supernatant fluids were collected and stored at −20 ◦C until processing. To
perform ELISA assays, plates were coated with 100 µL of rNP [2 µg/mL] and incubated
overnight at 4 ◦C. Twenty-four hours later, plates were blocked with 1% BSA in PBS for



Pharmaceutics 2023, 15, 912 5 of 19

1 h at 37 ◦C to avoid unspecific binding. Next, serial two-fold dilutions of sera in 1%
BSA-PBS were added to the plates (100 µL/well) and incubated for 2 h at 37 ◦C. After
six washes with an auto plate ELISA washer (Biotek ELX405RS, Friedrichshall, Germany)
using PBS–0.1% Tween 20, plates were incubated for 2 h at 37 ◦C with the secondary
antibody. For the evaluation of IgA in mucosal lavage samples, we used a biotinylated
chain-specific goat anti-mouse IgA (Southern Biotech, Birmingham, AL, USA), whereas
for the evaluation of IgG antibodies in serum, biotinylated chain-specific goat anti-mouse
IgG (Sigma) or biotinylated rat anti-mouse IgG1, IgG2a, and IgG2b (BD Pharmingen
(Heidelberg, Germany) were used. After six washes, 100 µL/well of peroxidase-conjugated
streptavidin (BD Pharmingen, Heidelberg, Germany) was added to each well, and plates
were incubated at room temperature for 1 h. After another six washes, the detection was
performed with the ABTS [2,2-azinobis(3-ethylbenzthiazoline-6-sulfonic acid)] substrate in
a 0.1 M citrate-phosphate buffer (pH 4.35) containing 0.05% H2O2. The ELISA endpoint
titers were shown as the reciprocal of the highest sample dilution that yielded an optical
density (OD) that was 2-times above the mean value of the blank.

Measurement of TGFβ levels in supernatants of antigen-restimulated splenocyte
cultures was performed using the Human/Mouse TGF beta 1 ELISA Ready-SET-Go!
kit (2nd Generation/eBioscience/Thermofisher (Waltham, MA, USA)) according to the
manufacturer’s instructions.

2.6. ELISPOT

Spleens from vaccinated mice were harvested and disaggregated using cell strainers.
To lysate red blood cells, the pellet was resuspended in ammonium-chloride-potassium
(ACK) lysis buffer. After washing, splenocytes were resuspended in complete RPMI, and
the cell number was determined using a Z2 cell counter (Beckman Coulter GmbH, Krefeld,
Germany). For IFN-γ, IL-2, IL-17, and IL-4 ELISPOTs, splenocytes were seeded in culture
plates in triplicates (1 × 106 or 5 × 105 cells/well) and incubated in the absence or presence
of 2 µg/mL of rNP, 24 h for IFN-γ or 48 h for IL-2, IL-17 and IL-4, at 37 ◦C and 5% CO2.
After 24 h or 48 h IFN-γ, IL-2, IL-17 and IL-4 ELISPOT kits (BD Pharmingen, San Diego, CA,
USA) were used according to the manufacturer’s instructions. The plates were analyzed
using an ELISPOT reader and ImmunoSpot image analyzer software v3.2 (CTL, Cleveland,
OH, USA).

2.7. Proliferation Assay

For the proliferation assay, splenocytes from vaccinated groups (5 × 105 cells/well)
were incubated for 96 h in the presence of the indicated concentrations of rNP. After 72 h,
1 µCi of [3H] thymidine (Amersham Biosciences Europe GmbH, Freiburg, Germany) was
added to each well. After 16–18 h of incubation, cells were harvested on filter mat A
(Wallac /PerkinElmer, Rodgau, Germany) using a cell harvester (Inotech, Au, Switzerland),
and the [3H] thymidine uptake into the DNA of proliferating cells was determined using
a scintillation counter (Wallac 1450 Micro-Trilux/PerkinElmer, Rodgau, Germany). The
results are presented as stimulation index (SI), which is represented by the counts per
minute (cpm) of antigen-stimulated samples (0.1, 1, 2, and 4 µg/mL) divided by the cpm of
unstimulated samples (0 µg/mL).

2.8. Flow Cytometric Analysis of Multifunctional T Cells and Cytokine Profiling

The capacity of the NP vaccine formulations to stimulate antigen-specific multifunc-
tional CD4+ and CD8+ T cells producing different T helper cytokines was evaluated by flow
cytometry as described previously [66,67]. In brief, splenocytes (2 × 107 cells per well) were
incubated (37 ◦C, 5% CO2) in RPMI containing 5 µg/mL of rNP or without antigen to de-
termine the basal cytokine production. After 16–20 h, 5 µg/mL brefeldin A (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) was added, and cells were further incubated for
an additional 6 h. Subsequently, immune cells were stained for CD3, CD4, and CD8 sur-
face markers (BD Pharmingen, Heidelberg, Germany); CD4, eBioscience/Thermofisher
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(Waltham, MA, USA) and dead cell markers (Fixable Dead Cell Stain, Invitrogen, Waltham,
MA, USA). Furthermore, cells were fixed using 2% (w/v) p-formaldehyde (PFA), permeabi-
lized for 60 min on ice using 0.5% (w/v) Saponin in PBS/0.5% (w/v) BSA and finally stained
for intracellular cytokines (i.e., IL-2, IFN-γ (BD Pharmingen, Heidelberg, Germany), IL-17,
IL-4 and TNF-α (eBioscience / Thermofisher, Waltham, USA). After 30 min of incubation,
stained immune cells were washed twice using PBS and resuspended in PBS for FACS anal-
ysis using the BDTM LSRII flow cytometer (BD Pharmingen, Heidelberg, Germany). After
spectral overlap compensation with the BD FACS Diva software, data were analyzed using
FlowJo v10 (Tree Star, Ashland, OR, USA) on the basis of the following gating strategy:
viable singlet leukocytes were gated for CD3+, CD4+, CD8+ and subsequently analyzed for
the expression of IL-2, IL-4, IL-17, TNF-α and IFN-γ.

2.9. Multiplex FlowCytomix (Cytometric Bead Array)

Supernatants of antigen-restimulated splenocytes have been used to characterize
the cytokine profiles using the Th1/Th2/Th9/Th17 FlowCytomix immunoassay from
Biolegend (San Diego, CA, USA) according to the manufacturer’s instructions.

2.10. Statistical Analysis

Data from each experiment are presented as mean values ± SEM. Statistical analysis
between the adjuvanted and non-adjuvanted groups was performed by two-tailed Stu-
dent’s t-test and a two-way ANOVA. Values of p < 0.05 (*), p < 0.05 (**), p < 0.001 (***),
p < 0.0001 (****) were considered statistically significant. All statistical analyses were per-
formed using the GraphPad Prism 8 software (GraphPad Software, Boston, MA, USA).

3. Results
3.1. Mucosal Administration of rNP with BPPcysMPEG Stimulates Strong NP-Specific Systemic
and Local Humoral Immune Responses

Previous studies suggested that anti-NP IgG antibodies contribute to enhancing cel-
lular immune responses and protecting against influenza [33,34,68]. In order to evaluate
NP-specific systemic humoral immune responses, anti-NP IgG antibodies titers were mea-
sured in the sera of mice vaccinated by either i.n. or s.c. routes. At day 42, mice vaccinated
with two doses of rNP with BPPcysMPEG, indicated a significant increment of anti-NP
IgG antibody titers (**** p < 0.0001 and ** p < 0.01) by both routes, compared with the
non-adjuvanted formulation (Figure 1A,B).

Remarkably, while the subcutaneous administration of rNP with BPPcysMPEG re-
sulted in about a 3-fold increase of NP-specific antibody titers compared with the non-
adjuvanted formulation, anti-NP IgG titers were more than 100-fold increased after i.n.
administration of the same formulation (Figure 1A,C). In addition, the administration of
rNP plus BPPcysMPEG by s.c. route did not substantially modulate the anti-NP IgG1,
IgG2a, and IgG2b antibody subtype ratio (IgG1/IgG2a ratio 5.3) compared with the one
stimulated by rNP alone, (IgG1/IgG2a ratio 9.5). The mucosal application of rNP co-
administered with BPPcysMPEG by the i.n. route resulted in a IgG1 > IgG2a > IgG2b
dominated response with higher titers (>2 × 105) and a IgG1/IgG2a ratio of 2.4. In contrast,
the mucosal administration of rNP alone resulted in low IgG subclass titers with a balanced
IgG1/IgG2a ratio of 0.75 (Figure 1B,D).

IgA mucosal immunity plays an important role in protecting against airborne viruses,
and it is mainly induced by mucosal vaccination [43,69,70]. In order to evaluate local
humoral immune responses, anti-NP IgA antibodies were measured in respiratory mucosal
lavages of mice vaccinated intranasally. It was found a significantly increment of anti-NP
IgA titer in NL (* p < 0.1) and BAL (** p < 0.01), compared with the non-adjuvanted rNP
formulation (Figure 2A,B).
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with BPPcysMPEG vaccinated by (A,C) i.n. or (B,D) s.c. route, measured by ELISA. The results are
expressed as mean endpoint titers with SEM. Statistical analysis between the adjuvanted and non-
adjuvanted groups was performed by two-tailed Student’s t-test and two-way ANOVA. Differences
were statistically significant (* p < 0.1), (** p < 0.01), (*** p < 0.001) and (**** p < 0.0001) with respect to
values obtained in control mice and/or mice receiving rNP alone.
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Figure 2. Evaluation of IgA antibody response in mucosal compartments of mice vaccinated with the
formulations by i.n. route. NP-specific IgA antibody of (A) broncho-alveolar-(BAL) and (B) nasal
lavages (NL) from mice vaccinated with PBS (control), rNP and rNP co-administered with BPPcysM-
PEG. The results are expressed as mean endpoint titers with SEM. Statistical analysis between the
adjuvanted and non-adjuvanted groups was performed by two-tailed Student’s t-test. Differences
were statistically significant (* p < 0.1) and (** p < 0.01) with respect to values obtained in control mice
and/or mice receiving rNP alone.
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3.2. Mucosal Administration of rNP with BPPcysMPEG Promotes Strong Th1/Th2/Th17 Cellular
Immune Responses

Previously, Prajeeth et al., described that BPPcysMPEG was able to trigger co-stimulatory
signals to induce a more efficient antigen presentation and, thereby, enhanced T cell prim-
ing when co-administered with soluble antigens in mice [61]. In order to analyze and
characterize cellular immune responses in mice immunized with rNP plus BPPcysMPEG,
antigen-specific lymphoproliferative ELISPOT assays and Th1/Th2/Th9/Th17 FlowCy-
tomix immunoassays were performed.

Mice vaccinated with rNP plus BPPcysMPEG intranasally showed significant spleno-
cyte proliferative capacity (**** p < 0.0001) following ex vivo restimulation with increasing
concentrations of rNP, compared with the non-adjuvanted formulation (Figure 3A). In
contrast, mice vaccinated with the adjuvanted formulation subcutaneously did not show a
significant difference in the proliferative capacity after ex vivo restimulation with increasing
rNP concentrations (Figure 3B).
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Figure 3. Analysis of the NP-specific cellular responses of mice vaccinated with the formulations
by i.n. and s.c. route. Proliferation of splenocytes from mice with PBS (control), rNP and rNP
co-administered with BPPcysMPEG, stimulated with increasing concentration of NP measured by the
incorporation of the radioactivity of [3H] thymidine. Results are expressed as stimulation index (SI),
which is the ratio of [3H]-thymidine uptake of stimulated versus unstimulated samples (A,B). Number
of IFN-γ, IL-2, IL-4, and IL-17-producing cells were evaluated in splenocytes by ELISPOT. Results are
expressed as the number of spots of cytokine-producing cells per 106 spleen cells after subtraction
of background values of unstimulated cells (C,D). Statistical analysis between the adjuvanted and
non-adjuvanted groups was performed by two-tailed Student’s t-test. Differences were statistically
significant (* p < 0.1), (** p < 0.01), (*** p < 0.001) and (**** p < 0.0001) with respect to values obtained
in control mice and/or mice receiving rNP alone.

The number of cells producing the cytokines IFNγ-, IL-2-, IL-4-, and IL-17- was evaluated
by ELISPOT assays three weeks after boosting. High numbers of IL-17- (**** p < 0.0001), fol-
lowed by IL-2- (**** p < 0.0001), IFNγ- (**** p < 0.0001), and IL-4-secreting cells (**** p < 0.0001),
were shown in mice vaccinated with rNP plus BPPcysMPEG intranasally, compared with
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the non-adjuvanted formulation (Figure 3C). On the other hand, a significant increase
in the number of IL-4- secreting cells (**** p < 0.0001), followed by IL-2- secreting cells
(**** p < 0.0001) was observed in mice vaccinated with the adjuvanted formulation subcuta-
neously. Nevertheless, the numbers of IFNγ-secreting cells were almost equivalent to those
of the non-adjuvanted formulation (Figure 3D).

FlowCytomix analysis showed that splenocytes from mice vaccinated with the ad-
juvanted formulation intranasally produced mainly significant levels of Th1 cytokines
as IFNγ (**** p < 0.0001) and IL-2 (* p < 0.1), and Th17 cytokines as IL-17F (** p < 0.01),
whereas the non-adjuvanted formulation stimulated mainly IFNγ and IL-2 (Figure 4A
and Supplementary Figure S3A). On the other hand, mice vaccinated with the adjuvanted
formulation subcutaneously produced mainly IL-2 (** p <0.01), compared with the non-
adjuvant formulation (Figure 4B and Supplementary Figure S3B).
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Figure 4. Cytokine profiles stimulated by rNP co-administered with BPPcysMPEG. The presence of
mouse IFN-γ, IL-2, IL-13, IL-17F and IL-22 were determined using a cytometric bead array. Results are
presented as a heat map of Th1, Th2 and Th17 cytokines secreted by antigen-restimulated splenocytes
derived from (A) mice vaccinated by i.n. and (B) by s.c. route. Statistical analysis between the
adjuvanted and non-adjuvanted groups was performed by two-tailed Student’s t-test and two-way
ANOVA. Differences were statistically significant (*, p < 0.1; **, p < 0.01; ****, p < 0.0001), compared to
control mice.

These results were indicative that i.n. administration of rNP plus BPPcysMPEG
induced a strong Th1/Th2/Th17 immune response, whereas s.c. administration induced
a weaker Th1/Th2 immune response. Therefore, co-administration of BPPcysMPEG to
rNP by the s.c. route did not substantially improve the cellular immune response that had
already been mounted by immunization with rNP alone.

3.3. Mucosal Vaccination of Mice with rNP Co-Administered with BPPcysMPEG Enhances the
Quality of Antigen-Specific Cellular Response by Stimulating Multifunctional CD4+ T Cells

There is previous evidence that multifunctional T cells were associated with enhanced
protection against certain infections [71–73]. Consequently, the quality of the NP-specific T
cell responses was evaluated by their capacity to produce several cytokines by intracellular
Flow cytometry. As can be seen in the vaccination, rNP co-administered with BPPcysMPEG
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by the i.n. route efficiently stimulated multifunctional CD4+ T cells as indicated by 9%
of bi-functional (IFNγ+/TNFα+, IFNγ+/IL-2+, TNFα+/IL-2+) and 11% of trifunctional
(IFNγ+/TNFα+/IL-2+) antigen-specific CD4+ T cells, whereas the non-adjuvanted formu-
lation was ineffective to stimulate trifunctional CD4+ T cells (Supplementary Figure S1A).
In contrast, mice immunized by the s.c. route showed no significant differences in the
amount of multifunctional CD4+ T cells in both the adjuvanted and non-adjuvanted groups,
with around 10% of bi- and trifunctional cells (Supplementary Figure S1B).

However, only mice immunized with rNP alone by the s.c. route showed significant
NP-specific IFNγ+-producing CD8+ T cells (Supplementary Figure S1B). This is in line
with the levels of transforming growth factor-beta (TGF-β) obtained following vaccination
with rNP alone and rNP co-administered with BPPcysMPEG by both immunization routes.
TGFβ is a crucial regulator of T cell responses. It plays a vital role in regulating responses
of innate and adaptive immune cells, e.g., the downregulation of effector functions of
CD8+ cytotoxic T cells (CTLs) [74]. Thus, mice vaccinated with the adjuvanted and non-
adjuvanted formulations by the i.n. route showed substantial concentrations of TGFβ, while
mice vaccinated by the s.c. route showed a higher TGFβ titer only when the adjuvanted
formulation was used (Supplementary Figure S2A,B).

3.4. Mucosal Vaccination of Mice with rNP plus BPPcysMPEG Confers Protection against
Influenza Infection

We next determined whether the immune responses induced by the formulations
were able to provide protection against influenza infection. Body weight loss as well as
symptoms of infection, such as huddling, ruffled fur, and lethargy, were monitored daily
for at least two weeks.

In a first attempt, mice were challenged on day 60 with a sub-lethal dose of the mouse-
adapted H1N1 influenza strain A/Puerto Rico/8/34. Mice vaccinated with BPPcysMPEG
by the i.n. route showed enhanced protection with almost no influence on the loss of
weight after sub-lethal challenge with homologous influenza strain A/Puerto Rico/8/34
(H1N1) and were statistically significant (***, p < 0.001) compared with rNP alone on day 7
(Figure 5C). Notably, the efficacy of the formulation encompassing rNP alone was increased
after s.c. application compared with the i.n. vaccination strategy, highlighting the necessity
of an adjuvant for i.n. vaccination approaches. Mice vaccinated with adjuvanted rNP
formulation by the s.c. route showed a stronger protection level than mice vaccinated with
rNP alone; however, differences weren’t statistically significant compared with rNP alone
(Figure 5D). It was observed, that mice vaccinated with rNP plus BPPcysMPEG by the i.n.
route showed no influence on the weight after sub-lethal challenge with homologous in-
fluenza strain A/Puerto Rico/8/34 (H1N1). Moreover, animals vaccinated with rNP co-ad-
ministered with BPPcysMPEG by the i.n. route showed reduced morbidity and statistically
relevant (***, p < 0.001) gradual weight with only mild weight loss and recovery after 7 days
post-infection. Subsequently, mice vaccinated with rNP plus BPPcysMPEG intranasally
were challenged with a lethal dose of influenza strain A/Puerto Rico/8/34 (H1N1).

It was observed that mice vaccinated with rNP co-administered with BPPcysMPEG
were protected and recovered their weight within 10 days, whereas all mice vaccinated
with rNP alone as well as control mice showed severe symptomatology and high mortality
between the 6th and 8th day (Figure 5A,B). Animals showing a weight loss of up to 25% at
day 7 were immediately killed painlessly by slow flooding with CO2 (Figure 5A,B).
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Figure 5. Protection of mice vaccinated with the formulations against influenza A virus infection.
Vaccinated BALB/c mice groups were challenged with a lethal dose of the homologous influenza
strain A/Puerto Rico/8/34 (H1N1) on day 60. Bodyweight loss in percentage (A) and survival
rates (B) were measured after lethal challenge for a period of two weeks. SEM are indicated by
vertical lines. Vaccinated BALB/c mice groups were challenged with a sublethal dose (103 ffu) of
the homosubtypic influenza strain A/Puerto Rico/8/34 (H1N1) on day 60 by the i.n. (C) or the s.c.
(D) route. Bodyweight loss was measured daily after challenge for a period of two weeks. SEM are
indicated by vertical lines. Statistical analysis between the adjuvanted and non-adjuvanted groups
was performed by two-tailed Student’s t-test. Differences were statistically significant (***, p < 0.001)
compared to NP.

4. Discussion

Current influenza vaccines are designed to target specific strains and therefore must
be updated annually. In addition, they mostly induce immune responses mediated by
antibodies specific for the surface glycoproteins but are incapable of inducing strong cel-
lular immune responses, resulting in reduced vaccine efficacy [75]. It is assumed that the
induction of immunity requires balanced humoral and cell-mediated immunity. Most
current vaccines lack the ability to induce robust cytotoxic and long-term immunity, as
well as heterosubtypic responses [76,77]. Vaccines formulated with conserved antigens
could be the key inducing robust cellular immune responses able to protect against anti-
genic variants of influenza [78]. Mathematical models showed that if just 10 percent of
current influenza vaccinations were replaced by a “universal” flu vaccine, approximately
5.3 million fewer people would be infected. Moreover, approximately 6000 fewer people
would die each year in the US, and there would be over one billion dollars saved in health-
care expenses [79]. Furthermore, it has been demonstrated previously that vaccination
against influenza by the i.n. route has considerable benefits over the conventional i.m.
administration route [80]. Thus, besides stimulating a more appropriate immune response
that mimics a natural infection, i.n. vaccination provides a longer-lasting effect and is
characterized by the ease of administration and increased acceptance by the public [81].
Therefore, the aim of this study was to evaluate an experimental mucosal influenza vaccine
based on recombinant NP formulated with a diacylated lipopeptide ligand of the TLR2/6
heterodimer, the BPPcysMPEG. Nucleoprotein was selected as a candidate antigen since it
has been demonstrated that it is able to induce lymphocyte-mediated protection against
different influenza virus strains [82–84]. Numerous examples of influenza vaccines based
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on viral vectors, which include NP, have been successful in inducing very strong cellular
and humoral immune responses resulting in heterologous protection in pre-clinical models
and clinical trials [26,27,85–87]. Nevertheless, viral vector-based vaccines are cumbersome
and costly to produce, and many of them have several concerns related to pre-existing
vector immunity.

In this study, we proposed a subunit vaccine that contains the recombinant nucleopro-
tein; however, it is well known that recombinant proteins are generally poor immunogens,
especially when administered by the i.n. route [80]. Therefore, we planned the addition of
an adjuvant in order to enhance its immunogenicity. BPPcysMPEG is a compound with
a specific recognition and signaling pathway through TLR2 via heterodimerization with
TLR6. BPPcysMPEG is a synthetic analogue of MALP-2, whose adjuvanticity has been
improved by enhancing its bioavailability through pegylation [61]. Previous studies have
shown that MALP-2 acts as a strong adjuvant by promoting DC activation and maturation
as well as modulating their protein processing pattern from proteasomes to immunoprotea-
somes, showing increased proteolytic activity and antigen presentation [52,58,61,88].

Our results demonstrated that the addition of BPPcysMPEG to rNP induced significant
improvements in antigen-specific humoral and cellular responses. The results underscored
the activity of BPPcysMPEG as an adjuvant, as indicated by the remarkable high serum
IgG titers elicited after i.n. and s.c. immunization compared with those obtained when
immunizing with rNP alone. Interestingly, it was observed that only when rNP was
co-administered with BPPcysMPEG intranasally, NP-specific IgG2b subclass titer was in-
creased. Similar to IgG1 and IgG2a, IgG2b has also been shown to be involved in protection
against influenza infection [89]. Thus, while IgG1 is characterized by its neutralizing func-
tion, IgG2a and IgG2b initiate the antibody-dependent cellular cytotoxicity (ADCC) [90].
Although the described effects mainly focus on antibodies specific for influenza HA and
NA, there is growing evidence that NP-specific IgG antibodies also play a significant role in
animal and human influenza protection [33,34,91]. These antibodies form antigen-antibody
complexes that are recognized by dendritic cells through Fc receptors. This phenomenon
triggers subsequent antiviral reactions that cooperate with CD8+ T cells to eliminate virally
infected cells [33,34]. In addition, it has been demonstrated in humans that anti-NP IgG
also promoted ADCC contributing to heterosubtypic protection [32]. Probably one of the
most relevant features of BPPcysMPEG shown in this work is its ability to induce signif-
icant NP-specific IgA antibody secretion in the mucosal territories of the lung and nose.
While an influenza-specific IgG titer in the sera prevents the disease and to some extent
limits viral lung pathology, IgA titers are needed to eliminate nasal viral shedding, thereby
reducing viral transmission rates [92]. Moreover, in contrast to influenza-specific IgG,
IgA seems to be highly cross-reactive and protects against infection by both homologous
and heterologous viruses [10]. Based on the present results, it is likely that these anti-NP
IgA antibodies in mucosal territories have contributed to the protection against challenge.
In fact, other works have reported protection in mice against influenza virus challenge
partially mediated by anti-NP specific IgA [70,93]. Regarding the significance of the IgA
antibody, other viral infection models have demonstrated that IgA directed against other
internal proteins of the virion may have access to the infected cell interior and neutralize
the virus by interfering with the mechanism of replication [94,95]. The mechanism of this
phenomenon postulates that extracellular virus-specific antibodies can get access to the
cytosol of infected cells through the process of transcytosis, and we think that a similar
mechanism of transcytosis might be considered in our work.

Recently, it has been shown that cellular responses against different influenza antigens
strongly enhance vaccine performance. Since several studies have demonstrated previ-
ously that BPPcysMPEG is able to enhance cellular immune responses against different
antigens [57,58,60,88], we analyzed the potential of the NP vaccine to stimulate cellular
immunity. When rNP was administered together with BPPcysMPEG intranasally, not
only was the proliferative capacity of splenocytes significantly increased, but there was
also an increase in cytokine responses with a mixed Th1/Th2/Th17 response. In line
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with previous studies showing that mucosal vaccination promotes the stimulation of Th17
responses [58,96–98], the i.n. administration of rNP with BPPcysMPEG stimulated strong
NP-specific IL-17 responses. Interleukin-17 acts as a potent pro-inflammatory cytokine
and plays a crucial role in pulmonary host defense against diverse pathogens [98–100].
However, the role of IL-17 during influenza infection is not yet fully defined. For example,
IL-17-secreting CD4+ T and CD8+ T effector cells seem to have a protective role in the
lung of mice following a primary challenge with influenza A, whereas neutralization of
IL-17 abrogates this effect [101]. In addition, H5N1-infected IL-17 knockout mice exhibit
increased morbidity and mortality when compared with infected wildtype controls [102].

In contrast, Gopal et al., demonstrated that mucosal pre-exposure to Th17-inducing
adjuvants resulted in increased morbidity and exacerbated lung inflammation upon subse-
quent infection with different influenza A strains [103]. However, this potentially negative
effect of our vaccine formulation might be compensated by the increased levels of the regu-
latory T cell effector cytokine TGFβ, which we observed in vaccinated mice. Egarnes and
Gosselin demonstrated that increased levels of TGFβ correlated with a significant decrease
in Th17 cells and an anti-inflammatory environment, allowing better control of inflamma-
tion in influenza-infected patients [104]. In addition, TGFβ also controls the function of
CD4+ and CD8+ T cells during influenza infection, which could also explain the marginal
CD8+ responses obtained after immunization of mice with rNP plus BPPcysMPEG [105].
Nevertheless, incorporation of BPPcysMPEG in the intranasal vaccine not only increased
the strength but also the quality of the NP-specific CD4+ T cell response, as indicated by
the increment of bi- and trifunctional CD4+ T cells. It has already been demonstrated that
multifunctional CD4+ T cells contribute to protection against influenza infections [106].
For example, Trieu and co-workers revealed that annual vaccination results in a booster of
multifunctional memory CD4+ T cells following each vaccination. Moreover, incorporation
of the same influenza antigen in subsequent annual vaccines can significantly impact the
influenza immune response [107].

The addition of BPPcysMPEG to the rNP formulation improved the efficacy of protec-
tion compared with vaccination with rNP alone when given by the i.n. route, as well as by
the s.c. route, as demonstrated in the sublethal challenge. However, the lower efficacy of
the rNP alone formulation shown in the i.n. vaccination strategy highlighted the power
of BPPcysMPEG to enhance mucosal protection. This was also verified after the lethal
challenge, where all animals were protected. Although the sublethal challenge dose-based
infection model showed a clear trend toward effective protection due to the s.c. formulation
compared with rNP alone, the protective efficacy against lethal infection remains elusive.
Thus, even though the infection model based on a sublethal dose resulted in robust efficacy
data, it would be important to perform a lethal challenge in a future experiment to measure
the protective efficacy of the s.c. formulation. The immune responses induced by the
BPPcysMPEG i.n. formulation were consistent with the improved protection efficacy. Mice
vaccinated intranasally showed improved protection against sub-lethal and lethal chal-
lenges with the homosubtypic H1N1 strain as compared with those vaccinated with rNP
alone. The same seems to be true when mice were immunized by the s.c. route. However,
the protective performance of the s.c. formulation against lethal infection remains elusive.
Thus, although the infection model based on a sub-lethal dose resulted in robust efficacy
data, it would be important to perform a lethal challenge in a future experiment to measure
the protective efficacy of the s.c. formulation. In this regard and in view of the goal of
developing a universal influenza vaccine, further experimentation and efforts are needed to
make our rNP + BPPcysMPEG formulation a candidate for a universal vaccine. Therefore,
further studies need to be performed to investigate whether our vaccine candidate is able
to stimulate protective immune responses against not only homo- but also hetero-subtypic
influenza strains. To this end, we are aiming to perform immunogenicity and efficacy
studies in the highly accepted influenza ferret model.

Regarding the NP antigen used, several clinical trials of NP-containing vaccines have
been conducted, and although the use of NP antigen in influenza vaccines is not yet
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available, it is possible that this antigen will be a strong candidate in universal vaccines
in the near future [108,109]. Another point to bear in mind is that there are few mucosal
vaccines on the market, and one of the reasons for this limitation is the lack of effective and
safe mucosal adjuvants. Since the COVID-19 pandemics, progress in the use and approval
of new vaccines has accelerated dramatically, and there is growing confidence that new
mucosal vaccines could be introduced into human vaccines [110]. In sum, this work
clearly demonstrates that BPPcysMPEG is a promising adjuvant that could be considered
for the development of innovative mucosal vaccines against respiratory pathogens, such
as influenza.

5. Patent

CAG is named as an inventor in a granted patent covering the use of BPPcysMPEG as
an adjuvant (PCT/EP 02007640).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics15030912/s1, Figure S1: NP-specific multifunctional
CD4+ and CD8+ T cell activity; Figure S2: NP-specific TGFß production; Figure S3: Cytokine profiles
of antigen-restimulated splenocytes derived from vaccinated mice.

Author Contributions: Conceptualization: M.V.S., T.E., E.A.S. and C.A.G.; Methodology: M.V.S.,
T.E. and K.S.; Software: M.V.S., T.E. and K.S.; Validation: M.V.S., T.E., K.S., D.E.C., E.A.S. and
C.A.G.; Formal analysis: M.V.S., T.E., K.S., D.E.C., E.A.S. and C.A.G.; Investigation: M.V.S., T.E.
and K.S.; Resources: M.V.S., T.E., K.S., D.E.C., E.A.S. and C.A.G.; Data curation: M.V.S., T.E. and
K.S.; Writing—original draft preparation: M.V.S., T.E., K.S., E.A.S. and C.A.G.; Writing—review and
editing: M.V.S., T.E. and K.S.; Visualization: M.V.S., T.E. and K.S.; Supervision: E.A.S. and C.A.G.;
Project administration: E.A.S. and C.A.G.; Funding acquisition: T.E., K.S., M.V.S., E.A.S. and C.A.G.
All authors have read and agreed to the published version of the manuscript.

Funding: The work at the HZI was mainly supported in part by grants from the EU (PANFLU-
VAC, #044115 and TRANSVAC, #228403), and BMBF in the context of the programs Gerontosys 2
(Gerontoshield, #0315890) and EuroNanoMed (HCVAX, #13N11739). In addition, M.V.S. was in part
supported by a fellowship from the German Academic Exchange Service (DAAD) and a fellow-
ship from the National Scientific and Technical Research Council (CONICET- Argentina, (ANPCYT)
FONCYT/PICT 04393-2018).

Institutional Review Board Statement: All animal experiments in Germany were approved by (i) the
animal safety board of the Helmholtz Centre for Infection Research (HZI), (ii) the independent §15
Commission for animal safety (§15 TierSchG) and conducted in accordance with the regulations of
the (iii) local government of Lower Saxony (Germany; No. 509.42502-04-017.08). All animals for
experiments in Argentina (e.g., lethal challenge) were cared in accordance with the Guiding Principles
in the Care and Use of Animals of the US National Institute of Health. All procedures were approved
by the Institutional Animal Care and Use Committee of the School of Medical Science, Universidad
Nacional de Cuyo (Protocol approval No. 213/2022).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable request.

Acknowledgments: We are deeply indebted to Elena Reinhard for assistance with ELISA and ELISPOT
and Blair Prochnow (BP) and for critical readings of the manuscript and style suggestions.

Conflicts of Interest: The authors declare no other conflict of interest or competing interests than the
above-mentioned patents.

References
1. Jang, Y.H.; Seong, B.L. Options and Obstacles for Designing a Universal Influenza Vaccine. Viruses 2014, 6, 3159–3180. [CrossRef]
2. Lee, L.Y.-H.; Ha, D.L.A.; Simmons, C.; de Jong, M.D.; Chau, N.V.V.; Schumacher, R.; Peng, Y.C.; McMichael, A.J.; Farrar, J.J.; Smith,

G.L.; et al. Memory T cells established by seasonal human influenza A infection cross-react with avian influenza A (H5N1) in
healthy individuals. J. Clin. Investig. 2008, 118, 3478–3490. [CrossRef]

https://www.mdpi.com/article/10.3390/pharmaceutics15030912/s1
https://www.mdpi.com/article/10.3390/pharmaceutics15030912/s1
http://doi.org/10.3390/v6083159
http://doi.org/10.1172/JCI32460


Pharmaceutics 2023, 15, 912 15 of 19

3. Brokstad, K.A.; Eriksson, J.-C.H.; Cox, R.J.; Tynning, T.L.; Olofsson, J.; Jonsson, R.; Davidsson, Å. Parenteral Vaccination against
Influenza Does Not Induce a Local Antigen-Specific Immune Response in the Nasal Mucosa. J. Infect. Dis. 2002, 185, 878–884.
[CrossRef]

4. Sridhar, S.; Begom, S.; Bermingham, A.; Hoschler, K.; Adamson, W.; Carman, W.; Bean, T.; Barclay, W.; Deeks, J.J.; Lalvani, A.
Cellular immune correlates of protection against symptomatic pandemic influenza. Nat. Med. 2013, 19, 1305–1312. [CrossRef]

5. Saletti, G.; Gerlach, T.; Rimmelzwaan, G.F. Influenza vaccines: ‘tailor-made’ or ‘one fits all’. Curr. Opin. Immunol. 2018, 53,
102–110. [CrossRef]

6. Osterholm, M.T.; Kelley, N.S.; Sommer, A.; Belongia, E.A. Efficacy and effectiveness of influenza vaccines: A systematic review
and meta-analysis. Lancet Infect. Dis. 2012, 12, 36–44. [CrossRef]

7. O’Hagan, D.; Ott, G.; De Gregorio, E.; Seubert, A. The mechanism of action of MF59—An innately attractive adjuvant formulation.
Vaccine 2012, 30, 4341–4348. [CrossRef]

8. Scheifele, D.W.; Ward, B.J.; Dionne, M.; Vanderkooi, O.G.; Loeb, M.; Coleman, B.L.; Li, Y. Compatibility of ASO3-adjuvanted
H1N1pdm09 and seasonal trivalent influenza vaccines in adults: Results of a randomized, controlled trial. Vaccine 2012, 30,
4728–4732. [CrossRef]

9. Ainai, A.; Suzuki, T.; Tamura, S.-I.; Hasegawa, H. Intranasal Administration of Whole Inactivated Influenza Virus Vaccine as a
Promising Influenza Vaccine Candidate. Viral Immunol. 2017, 30, 451–462. [CrossRef]

10. Tamura, S.-I.; Ainai, A.; Suzuki, T.; Kurata, T.; Hasegawa, H. Intranasal Inactivated Influenza Vaccines: A Reasonable Approach
to Improve the Efficacy of Influenza Vaccine? Jpn. J. Infect. Dis. 2016, 69, 165–179. [CrossRef]

11. Kaur, A.; Piplani, S.; Kaushik, D.; Fung, J.; Sakala, I.G.; Honda-Okubo, Y.; Mehta, S.K.; Petrovsky, N.; Salunke, D.B. Stereoisomeric
Pam2CS based TLR2 agonists: Synthesis, structural modelling and activity as vaccine adjuvants. RSC Med. Chem. 2022, 13,
622–637. [CrossRef]

12. Kaur, A.; Kanwar, R.; Kaushik, D.; Sakala, I.G.; Honda-Okubo, Y.; Petrovsky, N.; Salunke, D.B.; Mehta, S.K. Combined delivery of
TLR2 and TLR7 agonists by Nanostructured lipid carriers induces potent vaccine adjuvant activity in mice. Int. J. Pharm. 2022,
613, 121378. [CrossRef]

13. Girkin, J.L.; Maltby, S.; Bartlett, N.W. Toll-like receptor-agonist-based therapies for respiratory viral diseases: Thinking outside
the cell. Eur. Respir. Rev. 2022, 31, 210274. [CrossRef]

14. Hossain, M.J.; Bourgeois, M.; Quan, F.-S.; Lipatov, A.S.; Song, J.-M.; Chen, L.-M.; Compans, R.W.; York, I.; Kang, S.-M.; Donis, R.O.
Virus-Like Particle Vaccine Containing Hemagglutinin Confers Protection against 2009 H1N1 Pandemic Influenza. Clin. Vaccine
Immunol. 2011, 18, 2010–2017. [CrossRef]

15. Impagliazzo, A.; Milder, F.; Kuipers, H.; Wagner, M.V.; Zhu, X.; Hoffman, R.M.; Van Meersbergen, R.; Huizingh, J.; Wanningen, P.;
Verspuij, J.; et al. A stable trimeric influenza hemagglutinin stem as a broadly protective immunogen. Science 2015, 349, 1301–1306.
[CrossRef]

16. Schwartz, J.A.; Buonocore, L.; Suguitan, A.; Hunter, M.; Marx, P.A.; Subbarao, K.; Rose, J.K. Vesicular Stomatitis Virus-Based
H5N1 Avian Influenza Vaccines Induce Potent Cross-Clade Neutralizing Antibodies in Rhesus Macaques. J. Virol. 2011, 85,
4602–4605. [CrossRef]

17. Hessel, A.; Schwendinger, M.; Holzer, G.W.; Orlinger, K.K.; Coulibaly, S.; Savidis-Dacho, H.; Zips, M.-L.; Crowe, B.A.; Kreil, T.R.;
Ehrlich, H.J.; et al. Vectors Based on Modified Vaccinia Ankara Expressing Influenza H5N1 Hemagglutinin Induce Substantial
Cross-Clade Protective Immunity. PLoS ONE 2011, 6, e16247. [CrossRef]

18. Steitz, J.; Barlow, P.G.; Hossain, J.; Kim, E.; Okada, K.; Kenniston, T.; Rea, S.; Donis, R.O.; Gambotto, A. A Candidate H1N1
Pandemic Influenza Vaccine Elicits Protective Immunity in Mice. PLoS ONE 2010, 5, e10492. [CrossRef]

19. Haveri, A.; Ikonen, N.; Savolainen-Kopra, C.; Julkunen, I. Long-lasting heterologous antibody responses after sequential
vaccination with A/Indonesia/5/2005 and A/Vietnam/1203/2004 pre-pandemic influenza A(H5N1) virus vaccines. Vaccine
2021, 39, 402–411. [CrossRef]

20. Van Reeth, K.; Gracia, J.C.M.; Trus, I.; Sys, L.; Claes, G.; Versnaeyen, H.; Cox, E.; Krammer, F.; Qiu, Y. Heterologous prime-boost
vaccination with H3N2 influenza viruses of swine favors cross-clade antibody responses and protection. NPJ Vaccines 2017, 2, 11.
[CrossRef]

21. Pica, N.; Palese, P. Toward a Universal Influenza Virus Vaccine: Prospects and Challenges. Annu. Rev. Med. 2013, 64, 189–202.
[CrossRef]

22. Jansen, J.M.; Gerlach, T.; Elbahesh, H.; Rimmelzwaan, G.F.; Saletti, G. Influenza virus-specific CD4+ and CD8+ T cell-mediated
immunity induced by infection and vaccination. J. Clin. Virol. 2019, 119, 44–52. [CrossRef]

23. Li, S.; Qiao, Y.; Xu, Y.; Li, P.; Nie, J.; Zhao, Q.; Chai, W.; Shi, Y.; Kong, W.; Shan, Y. Identification of Linear Peptide Immunogens
with Verified Broad-spectrum Immunogenicity from the Conserved Regions within the Hemagglutinin Stem Domain of H1N1
Influenza Virus. Immunol. Investig. 2020, 51, 411–424. [CrossRef]

24. McMahon, M.; Arunkumar, G.A.; Liu, W.-C.; Stadlbauer, D.; Albrecht, R.; Pavot, V.; Aramouni, M.; Lambe, T.; Gilbert, S.C.;
Krammer, F. Vaccination With Viral Vectors Expressing Chimeric Hemagglutinin, NP and M1 Antigens Protects Ferrets Against
Influenza Virus Challenge. Front. Immunol. 2019, 10, 2005. [CrossRef]

25. Fiers, W.; De Filette, M.; El Bakkouri, K.; Schepens, B.; Roose, K.; Schotsaert, M.; Birkett, A.; Saelens, X. M2e-based universal
influenza A vaccine. Vaccine 2009, 27, 6280–6283. [CrossRef]

http://doi.org/10.1086/339710
http://doi.org/10.1038/nm.3350
http://doi.org/10.1016/j.coi.2018.04.015
http://doi.org/10.1016/S1473-3099(11)70295-X
http://doi.org/10.1016/j.vaccine.2011.09.061
http://doi.org/10.1016/j.vaccine.2012.05.029
http://doi.org/10.1089/vim.2017.0022
http://doi.org/10.7883/yoken.JJID.2015.560
http://doi.org/10.1039/D1MD00372K
http://doi.org/10.1016/j.ijpharm.2021.121378
http://doi.org/10.1183/16000617.0274-2021
http://doi.org/10.1128/CVI.05206-11
http://doi.org/10.1126/science.aac7263
http://doi.org/10.1128/JVI.02491-10
http://doi.org/10.1371/journal.pone.0016247
http://doi.org/10.1371/journal.pone.0010492
http://doi.org/10.1016/j.vaccine.2020.11.041
http://doi.org/10.1038/s41541-017-0012-x
http://doi.org/10.1146/annurev-med-120611-145115
http://doi.org/10.1016/j.jcv.2019.08.009
http://doi.org/10.1080/08820139.2020.1834579
http://doi.org/10.3389/fimmu.2019.02005
http://doi.org/10.1016/j.vaccine.2009.07.007


Pharmaceutics 2023, 15, 912 16 of 19

26. Vitelli, A.; Quirion, M.R.; Lo, C.-Y.; Misplon, J.A.; Grabowska, A.K.; Pierantoni, A.; Ammendola, V.; Price, G.E.; Soboleski, M.R.;
Cortese, R.; et al. Vaccination to Conserved Influenza Antigens in Mice Using a Novel Simian Adenovirus Vector, PanAd3,
Derived from the Bonobo Pan paniscus. PLoS ONE 2013, 8, e55435. [CrossRef]

27. Berthoud, T.K.; Hamill, M.; Lillie, P.J.; Hwenda, L.; Collins, K.A.; Ewer, K.J.; Milicic, A.; Poyntz, H.C.; Lambe, T.; Fletcher, H.A.;
et al. Potent CD8+ T cell Immunogenicity in Humans of a Novel Heterosubtypic Influenza A Vaccine, MVA-NP+M1. Clin. Infect.
Dis. 2011, 52, 1. [CrossRef]

28. Grant, E.; Wu, C.; Chan, K.; Eckle, S.; Bharadwaj, M.; Zou, Q.M.; Kedzierska, K.; Chen, W. Nucleoprotein of influenza A virus is a
major target of immunodominant CD8+ T-cell responses. Immunol. Cell Biol. 2013, 91, 184–194. [CrossRef]

29. Grant, E.; Quiñones-Parra, S.M.; Clemens, E.B.; Kedzierska, K. Corrigendum to ‘Human influenza viruses and CD8+ T cell
responses’ [Curr. Opin. Virol. 16 (2016) 132–142]. Curr. Opin. Virol. 2016, 19, 99. [CrossRef]

30. Grant, E.J.; Quiñones-Parra, S.M.; Clemens, E.B.; Kedzierska, K. Human influenza viruses and CD8+ T cell responses. Curr. Opin.
Virol. 2016, 16, 132–142. [CrossRef]

31. Gage, E.; Van Hoeven, N.; Cauwelaert, N.D.; Larsen, S.E.; Erasmus, J.; Orr, M.T.; Coler, R.N. Memory CD4+T cells enhance B-cell
responses to drifting influenza immunization. Eur. J. Immunol. 2018, 49, 266–276. [CrossRef]

32. Jegaskanda, S.; Co, M.D.T.; Cruz, J.; Subbarao, K.; Ennis, F.A.; Terajima, M. Induction of H7N9-Cross-Reactive Antibody-
Dependent Cellular Cytotoxicity Antibodies by Human Seasonal Influenza A Viruses that are Directed Toward the Nucleoprotein.
J. Infect. Dis. 2016, 215, 818–823. [CrossRef]

33. LaMere, M.W.; Lam, H.-T.; Moquin, A.; Haynes, L.; Lund, F.E.; Randall, T.D.; Kaminski, D.A. Contributions of Antinucleoprotein
IgG to Heterosubtypic Immunity against Influenza Virus. J. Immunol. 2011, 186, 4331–4339. [CrossRef]

34. LaMere, M.W.; Moquin, A.; Lee, F.E.-H.; Misra, R.S.; Blair, P.J.; Haynes, L.; Randall, T.D.; Lund, F.E.; Kaminski, D.A. Regulation
of Antinucleoprotein IgG by Systemic Vaccination and Its Effect on Influenza Virus Clearance. J. Virol. 2011, 85, 5027–5035.
[CrossRef]

35. Cullen, J.G.; McQuilten, H.A.; Quinn, K.M.; Olshansky, M.; Russ, B.E.; Morey, A.; Wei, S.; Prier, J.E.; La Gruta, N.L.; Doherty, P.C.;
et al. CD4+ T help promotes influenza virus-specific CD8+ T cell memory by limiting metabolic dysfunction. Proc. Natl. Acad. Sci.
USA 2019, 116, 4481–4488. [CrossRef]

36. Boonnak, K.; Subbarao, K. Memory CD4+ T cells: Beyond “helper” functions. J. Clin. Investig. 2012, 122, 2768–2770. [CrossRef]
37. McKinstry, K.K.; Dutton, R.W.; Swain, S.L.; Strutt, T.M. Memory CD4 T Cell-Mediated Immunity against Influenza A Virus: More

than a Little Helpful. Arch. Immunol. Ther. Exp. 2013, 61, 341–353. [CrossRef]
38. McKinstry, K.K.; Strutt, T.M.; Kuang, Y.; Brown, D.M.; Sell, S.; Dutton, R.W.; Swain, S.L. Memory CD4+ T cells protect against

influenza through multiple synergizing mechanisms. J. Clin. Investig. 2012, 122, 2847–2856. [CrossRef]
39. Wilkinson, T.M.; Li, C.K.F.; Chui, C.S.C.; Huang, A.K.Y.; Perkins, M.; Liebner, J.C.; Lambkin-Williams, R.; Gilbert, A.; Oxford, J.;

Nicholas, B.; et al. Preexisting influenza-specific CD4+ T cells correlate with disease protection against influenza challenge in
humans. Nat. Med. 2012, 18, 274–280. [CrossRef]

40. Rudicell, R.S.; Garinot, M.; Kanekiyo, M.; Kamp, H.D.; Swanson, K.; Chou, T.-H.; Dai, S.; Bedel, O.; Simard, D.; Gillespie, R.A.;
et al. Comparison of adjuvants to optimize influenza neutralizing antibody responses. Vaccine 2019, 37, 6208–6220. [CrossRef]

41. Bernasconi, V.; Norling, K.; Bally, M.; Höök, F.; Lycke, N.Y. Mucosal Vaccine Development Based on Liposome Technology.
J. Immunol. Res. 2016, 2016, 5482087. [CrossRef]

42. Lycke, N. Recent progress in mucosal vaccine development: Potential and limitations. Nat. Rev. Immunol. 2012, 12, 592–605.
[CrossRef]

43. Rose, M.A.; Zielen, S.; Baumann, U. Mucosal immunity and nasal influenza vaccination. Expert Rev. Vaccines 2012, 11, 595–607.
[CrossRef]

44. Lau, Y.-F.; Wright, A.R.; Subbarao, K. The Contribution of Systemic and Pulmonary Immune Effectors to Vaccine-Induced
Protection from H5N1 Influenza Virus Infection. J. Virol. 2012, 86, 5089–5098. [CrossRef]

45. Aevermann, B.D.; Pickett, B.E.; Kumar, S.; Klem, E.B.; Agnihothram, S.; Askovich, P.S.; Bankhead, A.; Bolles, M.; Carter, V.; Chang,
J.; et al. A comprehensive collection of systems biology data characterizing the host response to viral infection. Sci. Data 2014,
1, 140033. [CrossRef]

46. Askovich, P.S.; Sanders, C.J.; Rosenberger, C.M.; Diercks, A.H.; Dash, P.; Navarro, G.; Vogel, P.; Doherty, P.C.; Thomas, P.G.;
Aderem, A. Differential Host Response, Rather Than Early Viral Replication Efficiency, Correlates with Pathogenicity Caused by
Influenza Viruses. PLoS ONE 2013, 8, e74863. [CrossRef]

47. Bao, J.; Cui, D.; Wang, X.; Zou, Q.; Zhao, D.; Zheng, S.; Yu, F.; Huang, L.; Dong, Y.; Yang, X.; et al. Decreased Frequencies of Th17
and Tc17 Cells in Patients Infected with Avian Influenza A (H7N9) Virus. J. Immunol. Res. 2019, 2019, 1418251. [CrossRef]

48. Cargnelutti, D.E.; Sanchez, M.; Alvarez, P.; Boado, L.; Mattion, N.; Scodeller, E.A. Enhancement of Th1 immune responses to
recombinant influenza nucleoprotein by Ribi adjuvant. New Microbiol. 2013, 36, 145–151.

49. Cargnelutti, D.E.; Sanchez, M.V.; Alvarez, P.; Boado, L.; Glikmann, G.; Mattion, N.; Scodeller, E.A. Improved Immune Response to
Recombinant Influenza Nucleoprotein Formulated with ISCOMATRIX. J. Microbiol. Biotechnol. 2012, 22, 416–421. [CrossRef]

50. Switalla, S.; Lauenstein, L.; Prenzler, F.; Knothe, S.; Förster, C.; Fieguth, H.-G.; Pfennig, O.; Schaumann, F.; Martin, C.; Guzman, C.;
et al. Natural innate cytokine response to immunomodulators and adjuvants in human precision-cut lung slices. Toxicol. Appl.
Pharmacol. 2010, 246, 107–115. [CrossRef]

http://doi.org/10.1371/journal.pone.0055435
http://doi.org/10.1093/cid/ciq015
http://doi.org/10.1038/icb.2012.78
http://doi.org/10.1016/j.coviro.2016.08.015
http://doi.org/10.1016/j.coviro.2016.01.016
http://doi.org/10.1002/eji.201847852
http://doi.org/10.1093/infdis/jiw629
http://doi.org/10.4049/jimmunol.1003057
http://doi.org/10.1128/JVI.00150-11
http://doi.org/10.1073/pnas.1808849116
http://doi.org/10.1172/JCI65208
http://doi.org/10.1007/s00005-013-0236-z
http://doi.org/10.1172/JCI63689
http://doi.org/10.1038/nm.2612
http://doi.org/10.1016/j.vaccine.2019.08.030
http://doi.org/10.1155/2016/5482087
http://doi.org/10.1038/nri3251
http://doi.org/10.1586/erv.12.31
http://doi.org/10.1128/JVI.07205-11
http://doi.org/10.1038/sdata.2014.33
http://doi.org/10.1371/journal.pone.0074863
http://doi.org/10.1155/2019/1418251
http://doi.org/10.4014/jmb.1106.06021
http://doi.org/10.1016/j.taap.2010.04.010


Pharmaceutics 2023, 15, 912 17 of 19

51. Borsutzky, S.; Fiorelli, V.; Ebensen, T.; Tripiciano, A.; Rharbaoui, F.; Scoglio, A.; Link, C.; Nappi, F.; Morr, M.; Buttò, S.; et al.
Efficient mucosal delivery of the HIV-1 Tat protein using the synthetic lipopeptide MALP-2 as adjuvant. Eur. J. Immunol. 2003, 33,
1548–1556. [CrossRef]

52. Link, C.; Gavioli, R.; Ebensen, T.; Canella, A.; Reinhard, E.; Guzmán, C.A. The Toll-like receptor ligand MALP-2 stimulates
dendritic cell maturation and modulates proteasome composition and activity. Eur. J. Immunol. 2004, 34, 899–907. [CrossRef]

53. Becker, P.D.; Fiorentini, S.; Link, C.; Tosti, G.; Ebensen, T.; Caruso, A.; Guzmán, C.A. The HIV-1 matrix protein p17 can be
efficiently delivered by intranasal route in mice using the TLR 2/6 agonist MALP-2 as mucosal adjuvant. Vaccine 2006, 24,
5269–5276. [CrossRef]

54. Borsutzky, S.; Ebensen, T.; Link, C.; Becker, P.D.; Fiorelli, V.; Cafaro, A.; Ensoli, B.; Guzmán, C.A. Efficient systemic and mucosal
responses against the HIV-1 Tat protein by prime/boost vaccination using the lipopeptide MALP-2 as adjuvant. Vaccine 2006, 24,
2049–2056. [CrossRef]

55. Rharbaoui, F.; Drabner, B.; Borsutzky, S.; Winckler, U.; Morr, M.; Ensoli, B.; Mühlradt, P.F.; Guzmán, C.A. The Mycoplasma-derived
lipopeptide MALP-2 is a potent mucosal adjuvant. Eur. J. Immunol. 2002, 32, 2857–2865. [CrossRef]

56. Palma, C.; Iona, E.; Ebensen, T.; Guzmán, C.; Cassone, A. The Toll-like Receptor 2/6 Ligand MALP-2 Reduces the Viability of
Mycobacterium tuberculosis in Murine Macrophages. Open Microbiol. J. 2009, 3, 47–52. [CrossRef]

57. Schulze, K.; Ebensen, T.; Chandrudu, S.; Skwarczynski, M.; Toth, I.; Olive, C.; Guzman, C.A. Bivalent mucosal peptide vaccines
administered using the LCP carrier system stimulate protective immune responses against Streptococcus pyogenes infection.
Nanomed. Nanotechnol. Biol. Med. 2017, 13, 2463–2474. [CrossRef]

58. Pandey, S.P.; Chandel, H.S.; Srivastava, S.; Selvaraj, S.; Jha, M.K.; Shukla, D.; Ebensen, T.; Guzman, C.A.; Saha, B. Pegylated
Bisacycloxypropylcysteine, a Diacylated Lipopeptide Ligand of TLR6, Plays a Host-Protective Role against Experimental
Leishmania major Infection. J. Immunol. 2014, 193, 3632–3643. [CrossRef]

59. Krishnaswamy, J.K.; Jirmo, A.C.; Baru, A.M.; Ebensen, T.; Guzmán, C.A.; Sparwasser, T.; Behrens, G.M.N. Toll-Like Receptor–2
Agonist–Allergen Coupling Efficiently Redirects Th2 Cell Responses and Inhibits Allergic Airway Eosinophilia. Am. J. Respir. Cell
Mol. Biol. 2012, 47, 852–863. [CrossRef]

60. Knothe, S.; Mutschler, V.; Rochlitzer, S.; Winkler, C.; Ebensen, T.; Guzman, C.; Hohlfeld, J.; Braun, A.; Muller, M. Local treatment
with BPPcysMPEG reduces allergic airway inflammation in sensitized mice. Immunobiology 2011, 216, 110–117. [CrossRef]

61. Prajeeth, C.K.; Jirmo, A.C.; Krishnaswamy, J.K.; Ebensen, T.; Guzman, C.A.; Weiss, S.; Constabel, H.; Schmidt, R.E.; Behrens,
G.M.N. The synthetic TLR2 agonist BPPcysMPEG leads to efficient cross-priming against co-administered and linked antigens.
Eur. J. Immunol. 2010, 40, 1272–1283. [CrossRef]

62. Xu, D.; Horst, K.; Wang, W.; Luo, P.; Shi, Y.; Tschernig, T.; Greven, J.; Hildebrand, F. The Influence of Macrophage-Activating
Lipopeptide 2 (MALP-2) on Local and Systemic Inflammatory Response in a Murine Two-Hit Model of Hemorrhagic Shock and
Subsequent Sepsis. Inflammation 2021, 44, 481–492. [CrossRef]

63. Metzger, J.; Wiesmüller, K.-H.; Schaude, R.; Bessler, W.G.; Jung, G. Synthesis of novel immunologically active tripalmitoyl-S-
glycerylcysteinyl lipopeptides as useful intermediates for immunogen preparations. Int. J. Pept. Protein Res. 1991, 37, 46–57.
[CrossRef]

64. Mühlradt, P.F.; Kieß, M.; Meyer, H.; Süssmuth, R.; Jung, G. Isolation, Structure Elucidation, and Synthesis of a Macrophage
Stimulatory Lipopeptide from Mycoplasma fermentans Acting at Picomolar Concentration. J. Exp. Med. 1997, 185, 1951–1958.
[CrossRef]
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Figure S1. NP‐specific multifunctional CD4+ and CD8+ T cell activity. The pie charts show the pro‐

portion  of  single  (light  grey),  double  (IFNγ+/TNFα+,  IFNγ+/IL‐2+;  dark  grey)  and  triple 

(IFNγ+/TNFα+/IL‐2+; black) cytokine producers; the bars represent the frequency (mean + SEM) of 

single IFNγ+ CD4+ and CD8+ T cells derived from mice vaccinated by (A) i.n. or (B) s.c. route. The 

number of unstimulated cells was subtracted from the respective number of stimulated cells. Statis‐

tical analysis between  the adjuvanted and non‐adjuvanted groups was performed by  two‐tailed 

Student’s t‐test and two‐way ANOVA. Differences were statistically significant (*, p < 0.1; *** p < 

0.001) with respect to values obtained in control mice and/or mice receiving rNP alone. 
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Figure S2. NP‐specific TGFß production. The presence  of mouse TGF‐ß was determined  by  an 

ELISA according to the manufacturerʹs instructions (eBioscience). (A) i.n. (B) s.c. SEM are indicated 

by vertical lines.   
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Figure S3. Cytokine profiles antigen‐restimulated splenocytes derived from vaccinated mice. The 

presence of mouse IFN‐γ, IL‐2, IL‐13, IL‐17F and IL‐22 were determined using a cytometric bead 

array. Results are presented as cytokine concentration in [pg/mL] of Th1, Th2 and Th17 cytokines 

secreted by antigen‐restimulated splenocytes derived from (A) mice vaccinated by i.n. and (B) by 

s.c. route.   
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