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Streptococcus pneumoniae and influenza A virus (IAV) are significant agents of pneumonia cases and
severe respiratory infections globally. Secondary bacterial infections, particularly by Streptococcus
pneumoniae, are common in IAV-infected individuals, leading to critical outcomes. Despite reducing
mortality, pneumococcal vaccines have high production costs and are serotype specific. The emergence
of new circulating serotypes has led to the search for new prevention strategies that provide a broad
spectrum of protection. In this context, vaccination using antigens present in all serotypes, such as
Pneumococcal Surface Protein A (PspA), can offer broad coverage regardless of serotype. Employing the
reverse genetics technique, our research group developed a recombinant influenza A H1N1 virus that
expresses PspA (Flu-PspA), through the replacement of neuraminidase by PspA. This virus was evaluated
as a bivalent vaccine against infections caused by influenza A and S. pneumoniae in mice. Initially, we
evaluated the Flu-PspA virus’s ability to infect cells and express PspA in vitro, its capacity to multiply in
embryonated chicken eggs, and its safety when inoculated in mice. Subsequently, the protective effect
against influenza A and Streptococcus pneumoniae lethal challenge infections in mice was assessed
using different immunization protocols. Analysis of the production of antibodies against PspA4 protein
and influenza, and the binding capacity of anti-PspA4 antibodies/complement deposition to different
strains of S. pneumoniae were also evaluated. Our results demonstrate that the Flu-PspA virus vaccine
efficiently induces PspA protein expression in vitro, and that it was able to multiply in embryonated chicken
eggs even without exogenous neuraminidase. The Flu-PspA-based bivalent vaccine was demonstrated
to be safe, stimulated high titers of anti-PspA and anti-influenza antibodies, and protected mice against
homosubtypic and heterosubtypic influenza A and S. pneumoniae challenge. Moreover, an efficient
binding of antibodies and complement deposition on the surface of pneumococcal strains ascribes the
broad-spectrum vaccine response in vivo. In summary, this innovative approach holds promise for
developing a dual-protective vaccine against two major respiratory pathogens.

Streptococcus pneumoniae is a Gram-positive bacterium, also known as
pneumococcus, which has more than 100 different serotypes and is one of
the leading causes of pneumonia and meningitis worldwide'*. The influ-
enza A virus (IAV) is an enveloped virus belonging to the Orthomyxoviridae
family. It is responsible for causing seasonal epidemics every year, as well as
severe pandemics resulting in high morbidity and mortality rates world-
wide, especially in the elderly and children under 5 years old'*. Moreover, it

is essential to highlight that secondary bacterial infections, mainly caused by
S. pneumoniae, are among the main complications in patients infected with
the influenza virus, resulting in severe events such as intensive care unit
hospitalization or death*™"".

Influenza vaccines consist of annually updated strains of influenza A
viruses (subtypes HINI and H3N2) and influenza B viruses, either live
attenuated or inactivated'. Flu vaccination acts mainly by inducing
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neutralizing antibodies against viral membrane surface proteins'*™*'. Cur-
rently, the most common flu vaccine platforms are based on virus propa-
gation in embryonated chicken eggs, which allows large-scale production at
low cost™”. On the other hand, two types of vaccines are currently used
against pneumococcal diseases. The first is the polysaccharide vaccine
(PPSV), which is made up of different capsular polysaccharides. This has
good coverage but does not protect children under 5 years of age (one of the
highest risk groups). Secondly, we have conjugate vaccines (PCV), which
have the most prevalent polysaccharides conjugated to proteins. These are
capable of generating protection in children and the elderly, but provide
limited coverage”*”. Despite reducing mortality rates, the current pneu-
mococcal vaccines are serotype-specific, covering up to 23 serotypes, ren-
dering them unable to protect against other serotypes and new bacterial
strains™ . Furthermore, these vaccines involve complex industrial manu-
facturing processes and high production costs™".

Thus, there is a clear need to develop new vaccines that can protect
against a broad range of serotypes and can be produced at alower cost’ . In
this context, vaccination using pneumococcal proteins present in all
pneumococcal strains has the potential to offer broad coverage, independent
of serotypes™*”. Among the different pneumococcal proteins, Pneumo-
coccal surface protein A (PspA) is a potential candidate as a vaccine
antigen™. PspA is a surface protein of pneumococcus that is present in all
clinical isolates””. It is expressed in significant and constant quantities
during colonization, carriage, and invasive disease, and its surface exposure
(protruding beyond the capsule) allows efficient antibody binding™**’. Based
on its variability in different isolates, PspA has been classified into three
families based on sequence. These are subdivided into six clades: family 1
(clades 1 and 2), family 2 (clades 3, 4 and 5) and family 3 (clade 6), with 90%
of all clinically-isolated pneumococcal strains belonging to families 1 and
2417 Despite these variations, PspA antibodies are highly cross-reactive,
especially when they are in the same family"’™*.

In invasive infections, PspA impairs the deposition of C3 molecule
fragments on the pneumococcal surface, thereby affecting complement-
mediated opsonophagocytosis . During the colonization phase, PspA
acts by blocking the bactericidal action of apolactoferrin™**. Additionally, it
has been shown that PspA prevents the binding and death of S. pneumoniae
mediated by neutrophil extracellular traps (NETs)*. Many studies have
demonstrated that immunization with a recombinant PspA protein protects
against invasive infection and nasal colonization in mice’®**. Furthermore,
it has also been demonstrated that immunization with PspA attenuates early
secondary pneumococcal pulmonary infections®. Moreover, in a phase 1
clinical trial, PspA proved to be safe and immunogenic for human immu-
nization and was capable of inducing antibodies that passively protect
against invasive pneumococcal infection in mice***.

Based on these findings, with the aim of creating a bivalent vaccine
against infections caused by S. pneumoniae and influenza A, our research
group developed a defective recombinant influenza virus (Flu-PspA) using
reverse genetics, carrying the gene to express PspA. In this construct, part of
the viral neuraminidase sequence was deleted and replaced by the PspA4Pro
protein (clade 4), resulting in a recombinant influenza virus in which
PspA4Pro is fused with the neuraminidase stalk. We demonstrated that the
PspA protein of clade 4 was capable of inducing antibodies with greater
reactivity in ELISA, western blot, and binding assays, as well as providing
larger cross-protection against strains of S. pneumoniae with the PspA of
other clades”". Thus, in this study, we evaluated the immune responses and
the potential for protection of a heterologous prime-boost vaccination
protocol using the Flu-PspA vaccine virus, boosted with recombinant
PspA4 protein, as a bivalent vaccine strategy against infections caused by
influenza A virus and S. prneumoniae in mice.

Materials and methods

Cells and viruses

MDCK (Madin-Darby canine kidney cells) and HEK 293T (Human
Embryonic Kidney 293T) cells were grown in complete DMEM medium
(Dulbecco’s Modified Eagle’s Medium) with high glucose concentration

(4500 mg/L) (DMEM High Glucose, SIGMA, pH 7.2) (DMEM HG), con-
taining 3.7 g/L of sodium bicarbonate (SIGMA), 50 mg/L of HEPES
(SIGMA) and supplemented with 1% antibiotic solution (5 mg/mL of
streptomycin and 5,000 U/mL of penicillin—Gibco®) and 10% fetal bovine
serum (FBS-Gibco®). The cell cultures were kept in a humid incubator at
37°C and in an atmosphere of 5% CO,. MDCK cells were used for viral
amplification, preparation of recombinant influenza virus stocks, and eva-
luation of viral load by plaque assay. HEK 293T cells were used in coculture
with MDCK cells for transfection using the reverse genetics technique to
construct recombinant viruses.

Wild type A/Puerto Rico/8/1934 (HIN1) influenza virus was gener-
ated by eight plasmids driving reverse genetics, as previously described®.
Wild type A/Scotland/74 (H3N2) influenza virus was generously provided
by Dr. Frangois Trottein from Université de Lille”.

Bacterial strains and growth conditions

Streptococcus pneumoniae EF3030 (serotype 19F, PspA clade 1), D39 (ser-
otype 2, PspA clade 2), M10 (serotype 11A, PspA clade 3), 3JYP2670
(serotype 3, PspA clade 4) and ATCC6303 (serotype 3, PspA clade 5) strains
were used in this work. These bacterial strains were inoculated on blood agar
plates (Brain Heart Infusion agar—Kasvi, supplemented with 5% defi-
brinated sheep blood) and kept at 37°C overnight in a dry incubator.
Subsequently, they were grown in Todd-Hewitt broth (Kasvi) supple-
mented with 0.5% yeast extract (THY) at 37 °C without agitation until an
optical density (O.D.) of 0.3-0.4 at a wavelength of 600 nm was attained. All
stocks were stored in a THY medium containing 20% glycerol and stored
at =80 °C.

Animals

Female C57BL/6 mice, specific pathogen-free (SPF), seven to eight weeks old,
were acquired from the animal facility of the Federal University of Minas
Gerais and kept in the animal facility of the René Rachou Institute (IRR/
FIOCRUZ) according to institutional guidelines. The Fundagdo Oswaldo
Cruz (FIOCRUZ) Animal Ethics Committee previously approved the
research protocol, with the license number LW-9/17. The experiments were
performed with at least 5 animals per group.

Plasmids

The pPRNA plasmid encodes the neuraminidase (NA) segment of influenza
A/WSN/33 virus (HIN1), in which the NA segment was cloned in negative
orientation in the pPR7 transfer plasmid, between the truncated sequence of
the human polymerase I promoter (pPol-I) and the hepatitis delta virus
ribozyme sequence (Rib H8)"*”". This plasmid was modified, giving rise to
the plasmid pPRNA169x178, which encodes a truncated segment of NA that
comprises the first 169 nucleotides of region 3’ of the neuraminidase segment
(19 nucleotides of the non-coding region + 150 nucleotides of the coding
region) and the last 178 nucleotides of the 5’ regions of the NA segment’”.
The sequence comprising the mature N-terminal a-helical surface-exposed
region and the proline-rich region of PspA4 of isolate 255/00 (serotype 14) of
S. pneumoniae, herein named PspA4Pro (GenBank EF649969.1), was
cloned into pPRNA169x178, resulting in plasmid pPR169-PpsA-178
(Fig. 1a)". It is important to point out that in this construction the PspA4-
Pro protein is produced in the form of fusion protein with the neuraminidase
stalk, remaining harbored on the surface of the viral particle (Fig. 1b). As a
control, we generated a plasmid (pPR-CT) encoding a spacer sequence,
which was cloned into pPR169-X-178 as described above, resulting in the
plasmid named pPR169-CT-178".

The ambisense plasmids (Phw2000), which encode the other seven
segments of the A/Puerto Rico/8/1934 virus (HIN1) (herein named PR8),
were kindly provided by Dr. Ron Fouchier of the Erasmus Institute of
Rotterdam (Netherlands)”.

Construction of recombinant virus
Recombinant Flu-PspA and Flu-CT viruses were generated by reverse
genetics as previously described”. Briefly, 12-well cell culture plates
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containing subconfluent monolayer cocultures of HEK 293T (5 x 10° cells/
well) and MDCK (3 x 10° cells/well), grown in high glucose DMEM med-
ium for 24 h, were respectively co-transfected with the plasmid pPR-PspA
or pPR-CT, and the other seven PR8 segments (250 ng of each plasmid) with
FuGENE HD transfection® reagent (Promega). The cells were kept in
complete DMEM supplemented with 2 pug/ml of Trypsin-TPCK, 0.3% of
bovine serum (BSA), and 500 pU/mL of type III Vibrio cholerae neur-
aminidase (SIGMA). Three days after incubation, the supernatants were
recovered, and the virus particle was purified twice by picking lysis plaques
on MDCK cells under agarose overlay and titrated on MDCK cells as
described before™. Viral work stocks were prepared by infecting MDCK
cells at a multiplicity of infection (M.O.I) of 0.01 as described above and
further titrated.

Biological and molecular characterization of the

recombinant virus

Flu-PspA viral stocks were characterized by their genetic stability by RT-
PCR and further by Sanger sequencing, as previously described’®”. The
recombinant Flu-PspA, Flu-CT, and wild-type influenza A/PR8/34 (PR8)
virus were evaluated for lysis plaque phenotype and infectious titers”. This
viral multiplication kinetics of recombinant viruses was made in MDCK
cells using MOI 1:750.

The production of the PspA4Pro fusion protein in MDCK cells
infected with the Flu-PspA virus was evaluated by confocal microscopy,
adapted from™. For this purpose, the recombinant Flu-PspA and Flu-CT
viruses were amplified (M.O.I of 0.5) for 20 h in MDCK cells previously
cultured on a Thermo Scientific” Nunc™ Lab-Tek™ Chamber Slide. The cells
were then incubated with polyclonal anti-PspA4Pro antibody (in-house
produced antibody; diluted 1:100) and further labeled with FITC-
conjugated anti-mouse IgG secondary antibody (Goat F(ab) Anti-Mouse
IgG FITC—Abcam, diluted 1:1000). The nuclei were labeled with a solution
containing 1 pug/mL of 4,6’ -diamino-2-phenyl-indole dichloride (DAPI—
Biolegend code 422801). Finally, the cell monolayer was fixed, the wells were
removed, the slide was mounted with ProLong™ Gold Antifade Mountant
(Thermo Scientific™), and the cell monolayer was visualized under a Nikon
confocal microscope (model C2 Plus) to assess the presence of fluorescence.

Multiplication capacity of Flu-PspA in embryonated chicken eggs
The ability of recombinant influenza virus Flu-PspA to multiply in
embryonated chicken eggs was determined by inoculating these viruses into
9-day-old specific pathogen-free (SPF) embryonated eggs. The allantoic
cavity was inoculated with 100 L of a suspension containing 10° PFU of the
virus, or just PBS. The eggs were then incubated at 37 °C for 48 h. After this
period, allantoic fluid was collected, and the viral titer was determined by
plaque assay.

Expression and purification of recombinant PspA4 protein

The expression and purification of recombinant PspA4 protein have been
described previously". Briefly, Escherichia coli BL21 DE3 transformed with
PAE-pspA4 was used to express the protein. Purification was performed by
affinity chromatography (His-Tag), and the protein was treated with Triton
X-114 for the removal of lipopolysaccharides, as previously described”’,
analyzed by SDS-PAGE, and then quantified by Bradford using Bradford
Reagent for 0.1-1.4 mg/ml protein (Sigma-Aldrich).

Immunization of the animals

Mice were lightly anesthetized with 80-100 pL of a PBS solution containing
1.4 mg/mL of xylazine hydrochloride (Sytenc) and 10.3 mg/mL of ketamine
hydrochloride (Sytenc). They were then immunized with heterologous
prime-boost protocols via inoculation by the intranasal route (IN) with 10°
plaque-forming unit (PFU) of recombinant influenza viruses (Flu-PspA or
Flu-CT) diluted in 40 uL of PBS. Three weeks later, the animals were
intranasally boosted with 5 ug of PspA4 recombinant protein in the pre-
sence or absence of alum adjuvant, diluted in PBS to 40 uL. Another group of
animals was primed with Flu-CT and boosted with recombinant protein in

the presence or absence of alum adjuvant. In the control groups, the animals
were immunized twice by the intranasal route with PBS (PBS/PBS group) or
Flu-CT virus (Flu-CT/Flu-CT group).

Safety of immunization using Flu-PspA and Flu-CT viruses

To compare the pathogenicity of the Flu-PspA and Flu-CT recombinant
viruses with that of the wild-type influenza virus A/PR8/34 (PR8; HIN1),
previously anesthetized animals were inoculated intranasally with 10> PFU
of Flu-PspA or Flu-CT, or with 10° PFU of PR8 virus. The mock control
group received PBS intranasally. Subsequently, the animals were monitored
for 20 days to assess weight loss and survival. In another experimental set,
the lungs of the inoculated animals were aseptically collected on days 1, 4
and 7 after infection for viral load quantification by plaque assay.

Survival and weight loss of the immunized animals after lethal
challenges with S. pneumoniae (ATCC6303) or influenza virus A/
PR8/34 (H1N1) or A/Scotland/74 (H3N2)

As described above, the immunized animals were anesthetized and
challenged intranasally with 40 uL of a 5x 10* CFU suspension of
isolate ATCC6303 (7xLDs,) per mouse, 21 days after the last immu-
nization (day 42). Subsequently, the animals were monitored daily to
assess weight loss and survival for 10 days. Deaths were recorded for up
to 10 days post-inoculation. LDs, was calculated using the Reed-
Muench method”.

For the lethal challenge with the influenza virus, mice were anesthe-
tized and immunized intranasally (40 pL/animal) with 10° PFU/animal of
Flu-PspA or Flu-CT virus, or with 40 pL of PBS, in a single dose (homo-
subtypic challenge) or two doses (heterosubtypic challenge). Three weeks
after immunization, mice were challenged intranasally with 100xLDs,
(1 x 10° PFU) of A/PR8/34 (H1N1) virus or approximately 5xLD50 (1 x 10*
PFU) of A/Scotland/74 (H3N2) virus. Survival and weight loss of challenged
animals were monitored daily for 10 days and 21 days, respectively.

Antibody titers against the PspA4 protein and influenza virus in
the serum and bronchoalveolar lavage fluid (BALF)

To determine the antibody titers induced against the PspA4 protein and
influenza virus, blood samples were collected (0.5 mL) 14 days after each
dose and centrifuged at approximately 700 x g for 10 min at 18 °C to obtain
the serum. For the harvesting of bronchoalveolar lavage fluid (BALF), the
immunized mice were euthanized with an overdose of ketamine/xylazine
solution. Subsequently, BALF was harvested by washing the lungs three
times with 1 mL of PBS.

Specific antibodies were detected using the indirect immunoenzymatic
method (ELISA), as adapted from Moreno et al.”. Briefly, 96-well poly-
styrene microplates (Nunc MaxiSorp™—Thermo Scientific™) were coated
overnight at 4 °C with 0.1 pg/well of PspA4 protein or with 0.5 pg/well of
purified PR8 virus in a carbonate/bicarbonate buffer (0.1 M pH 9.6). After
washing and blocking with 1% bovine serum albumin (Fisher), serially
diluted serum was added to the wells and incubated. Anti-mouse IgG
peroxidase-conjugated antibody (Anti-Mouse IgG-Peroxidase antibody
produced in rabbit—Sigma) or anti-IgG1 (BD Pharmingen™ HRP Rat Anti-
Mouse IgG1—BD Biosciences) or anti-IgG2c (HRP Goat Anti-Mouse
IgG2c, Human Adsorbed—Southern Biotech) were further incubated to the
plates. After 3,3,5,5-tetra methyl benzidine substrate incubation, followed by
IN sulfuric acid stop solution, absorbance was determined at 450 nm in a
plate reader (Thermo Scientific Multiskan™ GO). For the analyses, the
antibody titer was defined as the reciprocal Log2 of the largest dilution in
which the absorbance at 450 nm presented a value higher than or
equal to 0.1.

Binding of IgG antibodies and deposition of complement on the
pneumococcal surface

Five different isolates of S. pneumoniae (ATCC6303, 3]YP 2670, M10,
D39 and EF3030) were thawed and grown as described above. Then,
the bacteria were centrifuged, washed twice, and fixed overnight with a
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fixing solution. The O.D. was adjusted to approximately 0.4 at 600 nm.
For antibody binding evaluation, 10 pL of bacteria was incubated with
5% serum (10 pL of serum diluted 1:10) from immunized mice in PBS
for 30 min at 37 °C. After three washes with PBS, the mixture was
incubated with 50 pL of FITC-conjugated anti-mouse IgG antibody
(Goat F(ab) Anti-Mouse IgG FITC—Abcam, 1:1000) for 30 min on ice
in the dark.

To evaluate complement deposition, the serum from the immunized
animals was previously incubated at 56 °C for 30 min to inactivate the
complement system proteins. Subsequently, 10 uL of bacteria was incubated
with 10% serum (10 pL of serum diluted 1:5) from immunized mice in PBS
for 30 min at 37 °C. The samples were washed three times with PBS and
incubated with 20 pL of 10% normal mouse serum (source of complement)
diluted 1:10 in 1% BSA solution (Fisher) at 37 °C for 30 min. Subsequently,
the samples were washed three times with PBS and incubated with 50 L of
FITC-conjugated mouse anti-C3 antibody (MP Biochemicals, 1:1000) on
ice in the dark for 30 min.

After three further washes, for both experiments, the samples were
fixed with 100 pL of fixing solution (10 g/L of paraformaldehyde, 1% of
sodium cacodylate, 6.65 g/L of sodium chloride, pH 7.2) and incubated at
4 °C overnight. The following day, samples were acquired on a BD FACS-
calibur™ flow cytometer using CellQuest™ software (10,000 events). The
results were analyzed using FlowJo™ software and the percentage of positive
cells was used for comparison between the groups. The analysis strategy
used in FACS is represented in Supplementary Fig. 1.

Statistical analysis

The results obtained in the comparison between the groups were submitted
to analysis of variance (ANOVA), followed by the Tukey test for multiple
comparisons, and the data presented a normal distribution. On the other
hand, when the data did not follow the Gaussian distribution, the
Mann-Whitney test for independent samples was used. Survival curves
were compared using the Log-rank (Mantel-Cox) and Gehan-Breslow-
Wilcoxon tests for survival. The differences between the weight loss curves
were calculated from the area under the curve (AUC). The analysis was
performed using the GraphPad Prism 8 program with a statistical sig-
nificance of p<0.05.

Results

Construction and characterization of recombinant Influenza
virus Flu-PspA

The Flu-PspA virus is a defective recombinant influenza virus generated by
reverse genetics, in which the gene that encodes the catalytic part of viral
neuraminidase is deleted and replaced by the PspA4Pro gene (clade 4),
which is fused with the neuraminidase stalk when expressed (Fig. 1b). The
phenotype of lysis plaques in MDCK cells of Flu-PspA was compared to the
recombinant viruses Flu-CT and the wild-type virus A/PR8/34. The Flu-
PspA virus presents smaller lysis plaques than those seen by the PR8 and the
recombinant Flu-CT virus (Fig. 1c).

The amplification of Flu-PspA in MDCK cells reaches ten times
lower virus titers than Flu-CT (Fig. 1d). Despite the lower replication in
MDCK cells, the Flu-PspA virus was able to multiply in embryonic
chicken eggs, even without exogenous neuraminidase supplementation
(Fig. le). In the test performed in the absence of neuraminidase, the
average titer obtained in PFU/mL was = 5 (log10), while in the amplifi-
cations performed in the presence of neuraminidase, the titers obtained
were = 5.8 (log10) and = 6.3 (logl10) using 300 uU and 600 pU of exo-
genous neuraminidase, respectively. In contrast, no viral titers were
detected in the PBS + 600 pU group or the environmental control, which
was expected.

To further characterize the recombinant virus, the expression effi-
ciency of the PspA4Pro protein in MDCK cells infected with the Flu-PspA
virus was evaluated by confocal microscopy after 20 h of infection. The PspA
antigen was detected on the cell surface, where the virus buds, only in the
MDCK cells infected with the Flu-PspA (Fig. 1f).

Safety and effectiveness of the immunization with Flu-PspA virus
in inducing antibodies against PspA4 protein

The safety of the recombinant Flu-PspA virus was evaluated in a murine
model by comparing the virulence of the recombinant virus and the
wild-type PR8 virus inoculated intranasally (Fig. 2a). Flu-PspA and Flu-
CT were demonstrated to be safe, as the mice inoculated with these
viruses did not present weight loss or mortality (Fig. 2b, c). In contrast,
mice inoculated with wild-type virus PR8 presented intense weight loss
(Fig. 2b) and 70% mortality until the 9 post-infection day with pro-
gressive weight recovery in mice that survived (Fig. 2c). When the viral
loads were assessed in the lungs of animals inoculated with the viruses,
we observed that mice infected with the PR8 virus presented a growing
viral load, with about 5.7 (log10 PFU/lung) titer at day 7 post-infection.
On the other hand, Flu-PspA or Flu-CT viral loads presented descending
titers, reaching undetectable titers by the seventh day after infection.
(Fig. 2d).

To assess the effectiveness of the immunization with the Flu-PspA
virus to induce antibodies, the animals were immunized with a single dose
and specific antibodies against PspA4 protein were measured in the serum
and BALF of the mice (Fig. 2e). Animals primed with Flu-PspA presented
significant anti-PspA4 IgG titers in the serum (titer = 7.7 (log2)), in
contrast to animals immunized with PBS or Flu-CT virus (Fig. 2f). In
BALF, specific IgG antibodies were detected, but only with significantly
higher levels when compared to the Flu-CT group (Fig. 2g). Anti-PspA4
IgA antibodies were also detected in BALF of animals vaccinated with Flu-
PspA (Fig. 2h).

Heterologous prime-boost protocol with Flu-PspA virus and
PspA4 recombinant protein induced humoral immune response
The heterologous prime-boost protocol with Flu-PspA virus and PspA4
recombinant protein was performed with a booster with 5 ug of PspA4
recombinant protein (Fig. 3a). The results showed that after the lethal
challenge with pneumococci (S. pneumoniae - ATCC 6303), the animals in
the PBS/PBS and Flu-CT/Flu-CT groups had high weight loss (Fig. 3b) and
11% and 0% survived, respectively (Fig. 3c). On the other hand, the group
immunized with Flu-PspA/PspA4 had an important protection, with a 60%
survival rate. In contrast, the animals in the Flu-CT/PspA4 control group
had a survival rate of 50% (Fig. 3c). These two groups showed low weight
loss (Fig. 3b).

After the booster, high levels of total IgG anti-PspA4 antibodies were
observed in the serum of animals in the Flu-PspA/PspA4 group (titer =~ 11.1
(log2)), being significantly higher than those in the Flu-CT/PspA4 group
(titer = 6.3 (log2)) (Fig. 3d). For the IgG1 and IgG2c subclasses, after the
second dose, the Flu-PspA/PspA4 group presented a mixed induction of
IgG1 and IgG2c, with significantly equal titers between the subclasses. In
contrast, the Flu-CT/PspA group only showed significant induction of IgG1,
and both IgG1 and IgG2c titers were lower than those observed in the Flu-
PspA/PspA4 immunized group (Fig. 3e). As expected, the PBS/PBS and Flu-
CT/Flu-CT groups did not induce specific anti-PspA4 IgG antibodies in
serum. In BALF, significant levels of specific IgG were observed after
immunization in the Flu-PspA/PspA4 group (Fig. 3f) and the rise in IgA
antibodies was not statistically significant (Fig. 3g).

Binding of IgG antibodies induced through immunization with a
heterologous prime-boost protocol onto the surface of pneu-
mococcal strains expressing five different PspA clades (1 to 5),
and its role in mediating complement (C3) deposition

The capacity of antibodies to bind to the surface of pneumococcal strains
expressing five different PspA clades (1 at 5), representing approxi-
mately 90% of all pneumococcal clinical isolates, was evaluated to
investigate the effectiveness of antibodies induced by immunization. The
ability of these antibodies to mediate complement (C3) deposition on
the pneumococcal surface was also assessed. As seen in Fig. 4a, the serum
from mice immunized with Flu-PspA/PspA4 exhibited a significantly
higher antibody binding capacity to bacteria of the 3]JYP2670 (PspA4)
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a Construction of the plasmid pPR169-PpsA-178
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b Hypothetical representation of the recombinant viruses
generated by the reverse genetics technique
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Neuraminidase spacer sequence PspAdpro

AIPR8/34 Flu-CT Flu-PspA

Fig. 1 | Construction and characterization of recombinant Influenza virus Flu-
PspA. a Schematic representation of the plasmids that encode the segments of the
influenza virus used in reverse genetics and the sequence of the plasmid pPR169-
PspA-178, which encodes part of the neuraminidase segment together with the
PspA4Pro protein. b Hypothetical representation of the different viruses used in the
study: wild-type influenza virus A/PR8/34 (PR8), Flu-CT (a recombinant influenza
virus that carries a non-coding spacer sequence) and Flu-PspA (a recombinant
influenza virus carrying the PspA4Pro protein from S. pneumoniae). ¢ Phenotype of
lysis plaques observed in MDCK cells after titration under agarose of A/PR8/34 and
the recombinant viruses Flu-CT and Flu-PspA. d In vitro viral multiplication

d Viral multiplication kinetics of e
recombinant viruses in MDCK cells

Multiplication of Flu-PspA virus
in embryonic chicken eggs
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f Labeling of the PspA4 protein in MDCK cells infected with the Flu-PspA
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kinetics of recombinant influenza viruses in MDCK cells up to 72 h after infection.
e Viral titers obtained with the multiplication of the Flu-PspA recombinant virus in
embryonated chicken eggs for 48 h in different concentrations (300 uU or 600 uU) of
exogenous neuraminidase. The bars represent the means + standard deviation of the
data, and ANOVA determined differences between groups. **** indicates a sta-
tistically significant difference at p value <0.0001, represented above the bars or
connecting lines. f Labeling of PspA4Pro protein (in green/FITC) in uninfected

MDCK cells (Mock) or infected with the Flu-CT or Flu-PspA recombinant viruses
evaluated by confocal microscopy at 20 h after infection.

Nucleus (DAPI)

strain, which belongs to clade 4, the clade of the PspA protein used for
immunization. This significant binding capacity was not detected in the
serum from animals in the PBS/PBS, Flu-CT/Flu-CT, or Flu-CT/PspA4
groups. For this strain, Flu-PspA/PspA4 serum antibodies also
demonstrated a significantly higher capacity to mediate complement
deposition on the pathogen’s surface compared to the other groups
(Fig. 4b).

Serum from the prime-boost Flu-PspA/PspA4 group also showed a
significant IgG binding capacity (Fig. 4a) and mediated complement
deposition (Fig. 4b) to the pneumococcal strain used in the challenge
experiments, ATCC6303 (clade 5), but not to the strains EF3030 (clade 1),
D39 (clade 2) or M10 (clade 3).

Optimization of the heterologous prime-boost protocol with
Alum adjuvant, aiming to increase vaccine efficacy

Despite the promising results obtained with the vaccine protocol
employing the Flu-PspA virus plus PspA4 (5 pg) recombinant protein
previously used, potential cross-protection between strains with

heterologous PspAs, assessed by antibody binding and complement
deposition, was still partial. Therefore, in an effort to enhance the
broad-spectrum response of the immunization protocol, the adjuvant
Alum was added to the PspA4 protein, maintaining all other conditions
of the previous protocol (Fig. 5a).

After the pneumococcal lethal challenge, a higher weight loss was
observed in the control groups PBS/PBS and Flu-CT/Flu-CT (Fig. 5b) until
the fourth post-infection day, which presented a 5% and 0% survival rate,
respectively (Fig. 5¢). On the other hand, 65% of the animals immunized
with Flu-PspA/PspA4+Alum survived after the pneumococcal lethal
challenge. In comparison, 30% of the group immunized with Flu-CT/
PspA4+Alum survived (Fig. 5¢).

Corroborating the high protection rate observed in the animals of
the Flu-PspA/PspA4+Alum vaccine group, a high titer of anti-PspA4
IgG antibodies was observed in the serum of the animals in this group
(titer = 15 (log2)) after the boost. This titer was significantly higher
than that observed in the Flu-CT/PspA4+Alum control group, which
had a mean titer of approximately 13 (log2). As expected, no specific
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Fig. 2 | Safety and effectiveness of the immunization with Flu-PspA virus in
inducing antibodies against PspA4 protein. a Schematic representation of the
experimental design to evaluate the safety of the Flu-PspA virus. b Weight loss.

¢ Survival. d Viral load in the lung observed after intranasal inoculation with the
recombinant viruses (Flu-CT, Flu-PspA) or the wild-type (PR8) virus. e Schematic
representation of the experimental design to evaluate the effectiveness of the Flu-
PspA virus. f Reactivity of IgG antibodies specific for the PspA4 protein present in
the serum. g IgG in the BALF and (h) IgA in the BALF of the animals after intranasal
inoculation with PBS (Mock) or with Flu-CT or Flu-PspA recombinant viruses.
Serum and BALF samples were collected 14 days after inoculation and serum
antibody titers were represented as the log2 of the reciprocal of the highest dilution at

which the O.D. at 450nm presenting a value >0.1. For BALF analyses, quantification
was represented by the O.D. value at 450 nm using the pure sample. The survival
curves were compared using the Log-rank (Mantel-Cox) and Gehan-Breslow-
Wilcoxon tests. The differences between the weight loss curves of each group were
calculated from the area under the curve (AUC). The bars represent the means +
standard deviation of the data from one independent experiment with at least 5
animals per group. Differences between groups were determined by ANOVA

(p < 0.05). *, ¥, % and **** indicate statistically significant differences at p values
<0.05, <0.01, <0.001 and <0.0001, respectively, and are represented above the bars or
connecting lines.
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Fig. 3 | Heterologous prime-boost protocol with Flu-PspA virus and PspA4
recombinant protein. a Schematic design to evaluate the efficacy of the hetero-
logous prime-boost protocol with Flu-PspA virus and PspA4 protein, (b) weight
loss. ¢ Survival of mice after lethal challenge with pneumococcus (ATCC

6303 strain). d Reactivity of IgG anti-PspA4 antibodies and (e) IgG subclasses for the
PspA4 protein in the serum. f Reactivity of IgG and (g) IgA antibodies specific for the
PspA4 in BALF. PBS/PBS: animals that received two doses of PBS; Flu-CT/Flu-CT:
animals that received two doses of 10°PFU of control recombinant virus; Flu-CT/
PspA4: animals that received 10°PFU of control recombinant virus, in the first dose
and boosted with 5 ug of PspA4 protein; Flu-PspA/PspA4: animals that received 10°
PFU of Flu-PspA recombinant virus and boosted with 5 ug of PspA4 protein, all
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immunization intranasally. Serum and BALF were collected 14 days after the boost,
and serum antibody titers were represented as log2 of the reciprocal of the highest
dilution at which the O.D. at 450nm presenting a value >0.1. For BALF analyses,
quantification was represented by the O.D. value at 450nm using the pure sample.
The bars represent the means + standard deviation of data from two independent
experiments (a—e) or one experiment (3f and 3g), with at least 5 animals per group.
Differences were determined by ANOVA (p < 0.05). *, **, ¥** and **** jndicate
statistically significant differences at p values <0.05, <0.01, <0.001, and <0.0001,
respectively. The differences between the weight loss curves were calculated from the
area under the curve.

anti-PspA4 IgG antibodies were detected in the serum of the animals in
the PBS/PBS or Flu-CT/Flu-CT groups (Fig. 5d).

Furthermore, in the serum of the animals of the Flu-PspA/
PspA4-+Alum group, a significant induction of IgG1 and IgG2c subclasses
was observed, with no statistical differences between them (Fig. 5¢). On the
other hand, animals immunized with Flu-CT/PspA4+Alum had higher
IgG1 titers compared to IgG2¢, and significantly lower IgG2c titers than
those observed in the Flu-PspA/PspA4+Alum group. The PBS/PBS and
Flu-CT/Flu-CT control groups did not induce anti-PspA4 IgG1 or IgG2c
antibodies (Fig. 5e).

In BALF, high levels of specific IgG antibodies in the Flu-PspA/
PspA4+Alum immunized group and the Flu-CT/PspA4+Alum
control group were observed, with no statistical differences between
the two groups (Fig. 5f). Furthermore, high levels of specific IgA
antibodies were also observed in these two groups, with significantly
higher levels in the Flu-PspA/PspA4-+Alum vaccine group compared

to the Flu-CT/PspA4+Alum control group. No specific IgG and IgA
antibodies were detected in the PBS/PBS or Flu-CT/Flu-CT control

groups (Fig. 5g).

Binding of the IgG antibodies onto the surface of pneumococcal
strains expressing five different PspA clades (1 at 5) and media-
tion of complement (C3) deposition after immunization with
optimized protocol

To investigate the effectiveness of antibodies induced by immunization
employing the optimized protocol, we evaluated the capacity of the anti-
bodies to bind to the surface of strains expressing five different PspA clades
(1 at 5), and the ability of these antibodies to mediate complement (C3)
deposition on the bacterial surface. In general, IgG antibodies from serum
from the immunized animal group led to higher binding to the surface of
different pneumococcal strains and a higher capacity for complement
deposition (Fig. 6a).
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Fig. 4 | Binding of IgG antibodies induced through immunization with a het-
erologous prime-boost protocol onto the surface of pneumococcal strains
expressing five different PspA clades (1 to 5), and its role in mediating com-
plement (C3) deposition. a Antibody binding and (b) complement deposition on
the surface of pneumococcus from strains ATCC6303 (1), 3JYP2670 (2), M10 (3),
D39 (4), and EF3030 (5). PBS/PBS: animals that received two doses of PBS, intra-
nasally; Flu-CT/Flu-CT: animals that received two doses of 10° PFU of control
recombinant virus, intranasally; Flu-CT/PspA4: animals that received 10° PFU of
control recombinant virus, intranasally, in the first dose and boosted with 5 pg of

[ Flu-CT/PspA4 J Flu-PspA/PspA4

PspA4 protein, also intranasally; Flu-PspA/PspA4: animals that received 10° PFU of
Flu-PspA recombinant virus, intranasally, in the first dose and boosted with 5 pg of
PspA4 protein, also intranasally. Serum samples were collected 14 days after the
second dose of immunization. Bars represent the medians + interquartile range of
data from two independent experiments with at least 5 animals per group. Differ-
ences in the percentage of positive cells between groups were determined by the
Mann-Whitney test (p < 0.05). *, **, *¥*_ and **** indicate statistically significant
differences at p values <0.05, <0.01, <0.001, and <0.0001, respectively, and are
represented above the bars or connecting lines.

The strain ATCC6303 (clade 5), which was used in lethal pneumo-
coccal challenges, had high binding when tested with the serum of the mice
immunized with Flu-PspA/PspA4+4Alum. This group exhibited sig-
nificantly greater antibody binding compared to the PBS/PBS and Flu-CT/

Flu-CT control groups, as well as the Flu-CT/PspA4+Alum group (Fig. 6a).
Furthermore, the antibodies in the serum of the vaccine group also displayed
a significantly higher capacity for complement deposition compared to that
observed in the serum of animals from the other groups (Fig. 6b), which did
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Fig. 5 | Optimization of the heterologous prime-boost protocol with Alum
adjuvant. a Schematic design to evaluate the efficacy of the optimized heterologous
prime-boost protocol, b weight loss, ¢ survival mice after lethal challenge with
pneumococcus (ATCC 6303), d reactivity of IgG, e IgG subclasses for the PspA4
protein in the serum, f reactivity IgG and (g) IgA antibodies specific for the PspA4
protein in BALF. PBS/PBS: animals that received two doses of PBS; Flu-CT/Flu-CT:
animals that received two doses of 10° PFU of control recombinant virus; Flu-CT/
PspA4+Alum: animals that received 10° PFU of control recombinant virus and
boosted with 5 ug of PspA4 adjuvanted with alum; Flu-PspA/PspA4+Alum: ani-
mals that received 10°PFU of Flu-PspA recombinant virus and boosted with 5 pg of
PspA4 protein adjuvanted with alum, all immunization intranasally. Serum and
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BALF were collected 14 days after the boost, and serum antibody titers were
represented as the log2 of the reciprocal of the highest dilution at which the O.D. at
450 nm presenting a value 20.1. For BALF analyses, quantification was represented
by the O.D. value at 450 nm using the pure sample. The bars represent the

means * standard deviation of three independent experiments (b-e) or one
experiment (f and g), with at least 5 animals per group. Differences between were
determined by ANOVA (p <0.05). *, **, ¥**_ and **** indicate significant dif-
ferences at p values <0.05, <0.01, <0.001, and <0.0001, respectively. The survival
curves were compared using the Log-rank (Mantel-Cox) and Gehan-Breslow-
Wilcoxon tests. The differences between the weight loss curves were calculated from
the area under the curve.

not exhibit efficient deposition. The control group Flu-CT/PspA4-+Alum
showed significantly higher antibody binding than the PBS/PBS and Flu-
CT/Flu-CT groups (Fig. 6a), but these antibodies were unable to mediate
complement deposition on the surface of bacteria from this strain (Fig. 6b).

For the 3]YP2670 strain (clade 4), antibody binding in the Flu-PspA/
PspA44-Alum immunized group was significantly higher than the Flu-CT/
PspA44-Alum, PBS/PBS, and Flu-CT/Flu-CT groups (Fig. 6a). Similarly,
complement deposition on bacteria from this strain was also significantly
higher when compared to the other groups (Fig. 6b). The Flu-CT/
PspA4-+Alum control group also exhibited higher antibody binding to this
strain when compared to the PBS/PBS and Flu-CT/Flu-CT groups, and this
strain was the only one that displayed effective complement deposition
mediated by the antibodies induced by this group (p<0.001).

As for the M10 strain (clade 3), the Flu-PspA/PspA4+Alum group
showed higher binding than the PBS/PBS and Flu-CT/Flu-CT groups,

but with no significant difference compared to the control group Flu-
CT/PspA4+Alum (p=0.1035) (Fig. 6a). Regarding complement
deposition, the Flu-PspA/PspA4+Alum group displayed higher
deposition than all control groups (Fig. 6b). For the D39 strain (PspA
clade 2), antibodies induced by the Flu-PspA/PspA4+Alum group
showed significantly higher binding than those in the PBS/PBS and Flu-
CT/Flu-CT groups, but with no significant differences compared to the
control group Flu-CT/PspA4+Alum (p =0.2044) (Fig. 6a). Addition-
ally, the Flu-PspA/PspA4+Alum group exhibited greater complement
deposition than the Flu-CT/Flu-CT and Flu-CT/PspA4+Alum (Fig. 6b).
In contrast, although the control group Flu-CT/PspA4+Alum showed
significantly greater antibody binding to pneumococcal from the M10 and
D39 strains than the other control groups (Fig. 6a), these antibodies were not
able to efficiently mediate complement deposition on the surface of the
bacteria (Fig. 6b).
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Fig. 6 | Binding of the IgG antibodies onto surface of pneumococcal strains
expressing five different PspA clades (1 at 5) and mediation of complement (C3)
deposition after immunization with optimized protocol. a Antibody binding and
(b) complement deposition on the surface of pneumococcus from strains
ATCC6303 (1), 3]YP2670 (2), M10 (3), D39 (4), and EF3030 (5). PBS/PBS: animals
that received two doses of PBS, intranasally; Flu-CT/Flu-CT: animals that received
two doses of 10° PFU of control recombinant virus, intranasally; Flu-CT/
PspA4+Alum: animals that received 10° PFU of control recombinant virus, intra-
nasally, in the first dose and boosted with 5 pug of PspA4 protein adjuvanted with

O Flu-CT/PspA4+Alum O Flu-PspA/PspA4+Alum

alum, also intranasally; Flu-PspA/PspA4+Alum: animals that received 10° PFU of
Flu-PspA recombinant virus, intranasally, in the first dose and boosted with 5 pg of
PspA4 protein adjuvanted with alum, also intranasally. Serum samples were col-
lected 14 days after the second dose of immunization. Bars represent the med-
ians * interquartile range of data from two independent experiments with at least 5
animals per group. Differences in the percentage of positive cells between groups
were determined by the Mann-Whitney test (p < 0.05). *, **, ¥¥* and **** indicate
statistically significant differences at p values <0.05, <0.01, <0.001, and <0.0001,
respectively, and are represented above the bars or connecting lines.

npj Vaccines | (2024)9:246

10


www.nature.com/npjvaccines

https://doi.org/10.1038/s41541-024-01033-5

Article

a Schematic representation of the experimental design

A/Puerto Rico/8/1934 (H1N1)

Challenge
Serum and
i
/ﬂ Week 0 Week|3 Week 6 PBS PBS
— O Flu-CT Flu-CT
— Week 2 ‘ Flu-PspA Flu-PspA
Immunization Immunization A/Scotland/74 (H3N2)
Prime Boost Challenge
A/Puerto Rico/8/1934 (H1N1) challenge A/Scotland/74 (H3N2) challenge
b Weight loss c Survival d Weight loss e Survival
_ 110 100 e R 110- .
£ 100 £ 1008 L
£8 g £ g “ l]::
[ [ S 2 90 < L
° - % < 601 o < 607
=g g 8 S
ZE 2 ZE 8o 2
g 2 o gE g wof
SRl (7] @ S 704 2]
] 70 20 2 20
60
60+ o r v —o— J —————————— o ——————————
0 2 4 6 8 10 0 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21
Days post-infection Days post-infection Days post-infection Days post-infection
-o- Naive - PBS & Flu-CT & Flu-PspA - Naive - 2xPBS & 2xFlu-CT -4 2x Flu-PspA
f 1gG anti-PR8 - Serum g 1gG anti-PR8 - BALF h IgA anti-PR8 - BALF
18 = =08
g = g £
=15
& 2 3 06
'S 12 NS b
Q Q
D g 2 204
«© © ©
4 2 2
o 6 8 802
= Qo e
=R 2 2
< ﬁ
T 0.0
3 A \ol ) ) A
N O X3 9 \a N 9 \a
¢S SF R T
¥ e N

Fig. 7 | Efficacy of Flu-PspA immunization in stimulating antibody production
against Flu (PR8) and conferring protection against infection challenges posed
by both homosubtypic (HIN1) and heterosubtypic (H3N2) influenza strains.

a Schematic representation of the experimental design. b Weight loss and (c) survival
of the immunized mice after lethal challenge with PR8 influenza virus (A/Puerto
Rico/8/1934-HIN1). d Weight loss and (e) survival of the immunized mice after
sublethal challenge with Scotland H3N2 virus. f Reactivity of the IgG antibodies for
the PR8 influenza virus in the serum. g Reactivity of the IgG and (h) IgA antibodies
for the PR8 influenza virus in BALF. The animals were inoculated with PBS or 10°
PFU of the Flu-CT or Flu-PspA recombinant viruses. Serum and BALF were col-
lected 14 days after the inoculation and serum antibody titers were represented as the

log2 of the reciprocal of the highest dilution at which the O.D. at 450 nm presenting a
value 0.1. For BALF analyses, quantification was represented by the O.D. value at
450 nm using the pure sample. The bars represent the means + standard deviation of
data from one independent experiment with at least 5 animals per group. Differences
between groups were determined by ANOVA (p < 0.05). *, **, ¥ angd *¥¥*
indicate significant differences at p values <0.05, <0.01, <0.001, and <0.0001,
respectively, and are represented above the bars or connecting lines. The survival
curves were compared using the Log-rank (Mantel-Cox) and Gehan-Breslow-
Wilcoxon tests. The differences between the weight loss curves of each group were
calculated from the area under the curve.

Regarding the EF3030 strain (clade 1), antibodies from the Flu-PspA/
PspA4+Alum group exhibited significantly higher binding than the PBS/
PBS and Flu-CT/Flu-CT control and the Flu-CT/PspA4+Alum group (Fig.
6a). However, for this strain, the antibodies were unable to mediate com-
plement deposition effectively (Fig. 6b).

Efficacy of Flu-PspA immunization in stimulating antibody pro-
duction against Flu (PR8) and conferring protection against
infection challenges posed by both homosubtypic (H1N1) and
heterosubtypic (H3N2) influenza strains

To assess protection against the challenge of influenza virus infection, the
mice that were prime immunized with Flu-PspA virus were subjected to a
homosubtypic challenge with the A/PR8/34 (H1N1) virus (Fig. 7a). In this
protocol, we observed that animals immunized with a single dose of Flu-CT
or Flu-PspA virus, as well as the animals in the uninfected naive group, did
not lose weight or show any other clinical signs that are characteristic of the
viral infection (Fig. 7b). They also had a survival rate of 100% (Fig. 7c). On

the other hand, the animals inoculated with PBS showed significant weight
loss, which resulted in the death of 100% of the animals within 7 days.

In addition, we evaluated whether a homologous prime boost with the
recombinant viruses could confer protection against a heterosubtypic
challenge with the A/Scotland/74 (H3N2) virus. 21 days after the infection
challenge, animals from the naive group had not lost weight and showed
100% survival, whereas the PBS/PBS group showed significant weight loss
and presented only 33.3% survival (Fig. 7d, e). Interestingly, 80% and 66.7%
of the experimental vaccinated groups, those in the 2x Flu-CT and 2x Flu-
PspA, respectively, survived after the heterosubtypic challenge (Fig. 7e).
Although there is a clear difference in the survival curves of the groups, they
were not statistically different in any of the tests used (Log-rank (Mantel-
Cox) and Gehan-Breslow-Wilcoxon tests).

To assess the production of specific antibodies against the PR8 influ-
enza virus, the serum antibody titers (total IgG) induced after immunization
with the Flu-PspA virus were measured by ELISA (Fig. 7f). After immu-
nization, a significant induction of specific antibodies against the PR8
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influenza virus (mean titer = 13 (log2)) was observed in both the serum of
animals that were inoculated with the recombinant Flu-CT virus and the
animals immunized with Flu-PspA (Fig. 7f). In BALF, significant levels of
specific IgG were detected in the animals immunized with the recombinant
viruses, with higher levels in the Flu-CT group (Fig. 7g). Specific IgA indices
were also observed in the BALF of the animals inoculated with Flu-PspA,
but only with a statistical difference concerning the PBS group (Fig. 7h). The
presence of specific anti-influenza antibodies was not observed in the serum
of the animals of the PBS group (Fig. 7f, g, h).

Discussion

Although antibiotic treatments and a variety of vaccines are available,
pneumococcal infections still result in high mortality rates, particularly
among high-risk groups. Additionally, the increasing resistance to anti-
biotics such as penicillin and the limitations of current vaccines, which are
serotype-specific, underscore the need for new prevention strategies. One
such approach is the use of conserved pneumococcal proteins, such as PspA,
which have been shown to provide broad coverage, independent of
serotypes”*>**7®_ Previous studies have demonstrated the potential of
PspA, particularly from clade 4, in offering cross-protection against different
strains of S. pneumoniage, making it an important alternative antigen
for vaccines as opposed to conventional polysaccharide-based
vaccines’ > %**! To explore this strategy further, our research group
developed a replication-defective recombinant influenza virus (Flu-PspA),
in which the catalytic portion of the viral neuraminidase was replaced with
the PspA protein (clade 4), aiming to create a bivalent vaccine effective
against both S. pneumoniae and influenza A. The PspA protein from clade 4
was chosen because previous studies had demonstrated that this clade
provides greater cross-protection against strains of S. pneumoniae with
PspA from other clades, making it a strong candidate for serotype-
independent immunity against pneumococcal infections”*"".

After its construction, the Flu-PspA virus proved to be capable of
replicating in MDCK cells through the addition of exogenous neur-
aminidase, efficiently expressing the heterologous PspA protein in virus-
infected cells. Moreover, it was able to replicate in embryonated chicken
eggs, the primary substrate used for seasonal flu vaccine production
worldwide®**, In eggs, it was able to replicate even in the when exogenous
neuraminidase was not added, achieving infectious titers similar to those
routinely obtained with MDCK cell culture and slightly lower titers in the
absence of neuraminidase. Since Flu-PspA is a defective recombinant virus
that does not display neuraminidase activity, the addition of exogenous NA
is necessary for it to multiply. This sialidase acts by cleaving sialic acid
molecules present in the membrane glycoproteins of infected cells, allowing
the release of newly produced viral particles®. Thus, since the Flu-PspA was
able to multiply in embryonated eggs without the addition of exogenous
neuraminidase, it is possible that another enzyme with sialidase activity was
present in the embryonated eggs to perform this function. A possible can-
didate sialidase, present in chicken embryos, would be lysosomal sialidase
(Neuraminidase-1 — Neul), which acts in the elastogenesis of the embryo,
responsible for the formation of elastic fibers in developing tissues, mainly in
the lungs and arteries®*"”. Therefore, the presence of Neul on the cell surface
during this process may have been responsible for the cleavage of sialic acid
molecules present in infected cells, resulting in the release of viral particles
synthesized after viral multiplication. However, tests are needed to confirm
this hypothesis.

As Flu-PspA can replicate in embryonated chicken eggs, it can be
scaled up for industrial production, which can be done without the
addition of exogenous neuraminidase, resulting in even lower produc-
tion costs. Furthermore, the Flu-PspA virus demonstrated attenuation
in mice, as inoculated animals showed no weight loss or mortality, and
they cleared the virus after a few days, confirming that the virus lost the
ability to cause productive infection and is safe for immunization. This is
because the Flu-PspA recombinant virus had the PspA4Pro protein
sequence inserted into the viral neuraminidase coding region, replacing
its catalytic center. In this way, the resulting virus does not have

neuraminidase activity and is not, therefore, capable of leaving the host
cell after multiplication. As it is a replication-defective virus, the vaccine
is safe for use in humans, as is the case with other attenuated influenza
virus vaccines® . This fact demonstrates its potential to be used as a
recombinant vaccine, consistent with results previously obtained by our
group and other researchers’” ™.

Since S. pneumoniae primarily invades the mucosal tissues of the
respiratory tract, intranasal vaccination is a promising alternative for
inducing local immunity against respiratory pathogens such as S.
pneumoniae’*. Therefore, to evaluate the ability of the Flu-PspA virus
to induce protective immunity against S. pneumoniae, we assessed the
virus’s efficacy in producing specific antibodies against the PspA protein
in a murine model via intranasal immunization. Our results showed that
immunization with just one dose of Flu-PspA was able to induce high
titers of anti-PspA antibodies in both serum and BALF. However, a
single dose of this virus was not able to confer protection against lethal
pneumococcal challenge. Performing a homologous prime and then
boosting with two doses of Flu-PspA did not result in higher titers of
specific antibodies against the PspA4 protein, as there was not adequate
stimulation by the booster doses (data not shown). Although inoculation
with the Flu-PspA vaccine virus induced high levels of antibodies, a
second immunization with the Flu-PspA virus does not stimulate the
immune system against PspA, probably due to neutralization of the
vector by the high levels of antibodies against hemagglutinin induced
after the first inoculation. Therefore, homologous immunization with
two doses of the Flu-PspA virus did not result in protection, so we
decided to perform a boost with the PspA4 protein.

Given this, we evaluated a heterologous prime-boost protocol based on
priming with Flu-PspA and boosting with 5 pg of recombinant PspA pro-
tein. In this protocol, we observed an induction of specific antibodies against
PspA and an important protection against lethal pneumococcal challenge.
Although the results using this heterologous prime-boost protocol were
encouraging, demonstrating for the first time that our vaccine formulation
would be able to confer protective immunity against pneumococcal infec-
tion in vaccinated animals, when we evaluated the antibodies and com-
plement binding in different pneumococcal strains, we did not observe an
effective response against strains expressing heterologous PspAs. In our next
stage, aiming to achieve broad-spectrum response, we optimized the vac-
cination protocol by adding the adjuvant Alum in PspA4 protein in the
vaccine boost. The use of Alum intranasally has been shown to induce an
intense IgA response” . This change allowed us to increase the levels of
specific IgG antibodies in serum and IgA in BALF, in addition to main-
taining high protection rates. This resulted in 65% protection for the Flu-
PspA/PspA4-+Alum vaccine group and 30% for the control group Flu-CT/
PspA4-+Alum.

In general, animals that were primed with the Flu-PspA virus and
received a booster dose with 5 pig of recombinant PspA protein (whether
adjuvanted or not), showed higher protection rates compared with control
groups boosted with recombinant PspA protein (Flu-CT/PspA4 and Flu-
CT/PspA4+Alum). This indicates that priming with Flu-PspA intensified
protection rates against lethal pneumococcal challenge. It is essential to note
that in the two vaccination protocols tested, the survival curves of all groups
were statistically different after analyses using the Log-rank (Mantel-Cox)
and Gehan-Breslow-Wilcoxon tests. Therefore, it can be asserted that these
two vaccine protocols not only increased the survival rates of immunized
mice, but also enhanced their survival in the early stages of pneumococcal
infection'”*'"!, potentially allowing more time for intervention in treating
patients with the disease.

It is important to emphasize that the induction of specific antibodies to
PspA is a crucial protective mechanism, allowing increased complement
activation and C3b deposition on bacteria, leading to pneumococcal death
by IgG-mediated opsonophagocytosis, which is an essential mechanism for
eliminating pneumococci'®'”. Therefore, in these two protocols, we also
investigated the profile of IgG anti-PspA subclasses and observed that prior
inoculation with Flu-PspA promotes a change from the IgG1 isotype to
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IgG2, with a preferential induction of IgG2c anti-PspA4 and an increase in
the production of this subclass. This fact led to a mixed and balanced
induction of IgGl (related to the preferential development of a Th2
response) and IgG2c (associated with the preferential development of a Th1/
Th17 response)'®'"’. In contrast, this induction is very different from that
observed with the inoculation of recombinant PspA (alone or adjuvanted),
in which an immune response with a Th2 profile with high levels of IgG1
predominates™""'™".

It is known that the response pattern of IgG subclasses can affect,
through different mechanisms, bacterial clearance during pneumococcal
infections. IgG2 antibodies, for instance, represent the isotype with the most
remarkable capacity to mediate complement deposition on the pneumo-
coccal surface in mice, as their Fc domain presents a solid connection to the
Cl1q component, an activator of the classical complement pathway''*"**. On
the other hand, the IgG1 subclass has a limited affinity with this component
and is therefore not as effective in activating complement deposition
through the classical pathway''*""®. Thus, if large amounts of IgGl are
induced, there may be competition between the subclasses, which may
compromise the binding of IgG2 and, consequently, affect the deposition of
complement on the bacterial surface''*'*’. However, high levels of [gG2 can
result in uncontrolled IgG-induced inflammation''**'"**. Furthermore,
since pneumococcus is an extracellular bacterium, complement-mediated
phagocytosis enhanced by specific antibodies (classical pathway of com-
plement activation) is essential for pneumococcal clearance from the
host]07,l()8,l 24,1 25.

Therefore, in these two vaccination protocols, we also investigated the
ability of the antibodies generated by immunization to bind and deposit
complement on the surface of different pneumococcal strains. Aiming to
investigate the broad-spectrum response of the vaccine, we selected strains
for these experiments that express PspAs from different clades (clades 1,2, 3,
4 and 5), which comprise about 90% of all pneumococcal clinical
isolates**'*. Thus, in the optimized vaccine protocol (Flu-PspA/
PspA4-+Alum), we observed that immunizations associating Flu-PspA with
recombinant PspA4 induced a significant production of antibodies with a
high ability to bind and deposit complement on different pneumococcal
isolates specifically. There was a higher antibody binding to PspA proteins
from clades 3, 4 and 5 and lower binding to strains with lower amino acid
identity (especially from clade 1). Therefore, these results suggest a broad-
spectrum and serotype-independent pneumococcal vaccine response.
Although we did not evaluate protection against lethal challenge using these
serotypes from different PspA clades, based on the strong antibody
response/complement deposition, the vaccination protocol would result in
protection against these different strains, especially against clade 4 strains, as
they have PspA homologous to that used as the vaccine antigen.

Some studies have demonstrated that antibody binding to PspA
increases the ability to eliminate bacteria through the bactericidal action of
apolactoferrin during the colonization phase, thus preventing bacterial
invasion®'*"'**, Additionally, Martinez and collaborators (2019)* showed
that the presence of anti-PspA antibodies increases the induction of NETs
by activated neutrophils and enhances the capture of pneumococci in these
traps. Therefore, it is possible that antibodies induced by immunization,
when specifically binding to PspA, blocked its anti-complement function
and amplified complement system activation. This resulted in more effective
opsonization and phagocytosis, and consequently prevented invasion and
sepsis'**'*’. In line with these findings, several studies using the PspA protein
as an antigen have demonstrated that it can induce high levels of specific
antibodies, which can bind to the pneumococcal surface and promote
effective complement deposition*”'®**"'*,

It is noteworthy that in this work we also demonstrate that in addition
to conferring protective immunity against pneumococcal infection, the
tested immunization protocols were also capable of inducing high antibody
titers and protecting against lethal challenge with the homologous A/PR8/34
(HIN1) influenza virus with just one dose of the Flu-PspA virus. The
homosubtypic protection observed is mainly due to the presence of neu-
tralizing antibodies that target the head region of the hemagglutinin (HA)

protein on the Influenza virus. These antibodies neutralize the virus by
blocking its ability to recognize and bind to receptors on the surface of target
cells, thereby preventing viral entry and infection. As a result, the onset of
clinical symptoms is also prevented'”. Additionally, T cell immunity, par-
ticularly the role of CD8+ T lymphocytes (CTLs), may contribute to this
protection. These CTLs are crucial in fighting infections by directly elim-
inating infected cells through perforin- and granzyme-mediated cell lysis,
and by secreting cytokines that help activate other components of the
immune system"*'"".

Furthermore, we evaluated whether an additional dose of recombinant
viruses would provide any protection against a lethal heterosubtypic chal-
lenge with influenza virus A/Scotland/74 (H3N2). However, despite having
observed higher protection rates, we did not observe a significant difference
between the curves. Thus, although immunization with recombinant
viruses was not able to immediately prevent infection with an H3N2 subtype
virus that resulted in high weight loss and characteristic clinical signs of the
disease, it appears that it was clearly capable of increasing the survival rates
of infected mice. Several studies have demonstrated that prior infection with
antigenically distinct influenza viruses induces cross-protective immune
responses against challenge with heterologous virus strains. This protection
is often correlated with the presence of cross-reactive (but not neutralizing)
antibodies and cellular immune responses against conserved regions of viral
proteins such as the HA stalk, M2 protein and nucleoprotein (NP)"**",
Based on this, we believe that the induction of non-neutralizing cross-
reactive antibodies and the action of CD8+ T lymphocytes were responsible
for the increased protection after heterosubtypic lethal challenge observed in
animals immunized with recombinant influenza viruses. In general, due to
all the pneumococcal and influenza protection results that we obtained in
experiments using the Flu-PspA vaccine, it leads us to believe that it will also
be effective in protecting in cases of coinfection with influenza A virus and S.
pneumoniae.

Two other studies that use recombinant influenza viruses carrying
PspA as a vaccine approach have already been described in the literature. In
the first strategy, the viral hemagglutinin was replaced by PspA'*’, while in
the second, the replacement was carried out in the PB2 protein of the viral
replication complex'*'. In these two approaches, recombinant viruses were
amplified in cells that constitutively produced the respective deleted protein.
Although both studies showed high protection rates against a lethal pneu-
mococcal challenge, the S. pneumoniae used in the challenge has a PspA
with high identity (at least 97.4%) with the PspA introduced in the influenza
virus (both clade 2)'**. Therefore, with this high similarity of the amino acid
sequence of the PspA proteins, high protection rates after challenge were
expected due to a greater number of epitopes in the region of high variability
of the PspA a-helical domain™'2**>'*,

Furthermore, none of these studies evaluated whether the induced
antibodies could bind to the surface of strains representative of different
PspA clades. This means that it remains unclear whether these recombinant
viruses can protect against isolates expressing PspAs from other clades. It is
important to note that, for the replication of these recombinant viruses, they
must be cultivated in constitutively transfected cells that produce the viral
protein the recombinant virus is unable to generate. While these are elegant
and interesting strategies for scientific research, they have limited viability
for industrial-scale application. This is because the use of these cells as a
platform for virus replication depends on ensuring that there will be no
reversion to the wild-type phenotype. Furthermore, these recombinant
viruses could not be replicated in embryonated eggs, which are the main
substrate for influenza vaccine production worldwide™'*.

One limitation of this work is that the evaluated protocols still depend
on the association of Flu-PspA with the recombinant PspA4 protein. This
problem could be overcome by boosting with a recombinant virus expres-
sing PspA4 with a different hemagglutinin (HA) subtype. Thus, this strategy
could result in lower neutralization of the recombinant virus in the booster
dose and, consequently, better antigen stimulation. This would eliminate the
need to boost with a recombinant protein. Additionally, boosting with a
heterologous subtype of influenza HA could further improve heterosubtypic
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vaccine response, increasing cross-reactivity between different Influenza
subtypes™'**. Due to this, we are constructing a recombinant influenza virus
with type 3 hemagglutinin (H3) instead of type 1 hemagglutinin (H1), so
that we can use it in a heterologous prime boost protocol with H1-PspA in
the first dose, and H3-PspA in the boost, aiming to minimize neutralization
of the vector and intensify the response against PspA. In addition, this would
add protection against type 3 hemagglutinin to the vaccine, as observed in
vaccines against seasonal influenza. However, this immunization regimen
would not result in “universal protection” against the seasonal influenza
virus, as the immunogenicity of influenza vaccines is based on the recog-
nition of the highly variable portions of hemagglutinin and neuraminidase,
which are in constant evolution and must be updated annually. A partial
homologous protection against the circulating Influenza A strains could be
achieved by this mixed H1-PspA/H3-PspA protocol.

In summary, our results highlight the potential use of the recombinant
Flu-PspA virus associated with recombinant PspA4 protein in heterologous
prime-boost protocols (Prime: Flu-PspA; boost: recombinant protein) as a
tool for the development of new vaccines against infections caused by S.
pneumoniae and influenza A.
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