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ABSTRACT Streptococcus pneumoniae is a major cause of invasive pneumococcal
disease, septicemia, and meningitis that can result in high morbidity rates in children
under 5 years old. The current polysaccharide-based vaccines can provide type-specific
immunity, but a broad-spectrum vaccine would provide greater coverage. Therefore, de-
veloping pneumococcal-protein-based vaccines that can extend to more serum types is
highly important. In this study, we vaccinated mice via the subcutaneous (s.c.) route
with a systemic vaccine that is a mixture of fusion protein PsaA-PspA23 and a single
protein, PspA4, with aluminum hydroxide as an adjuvant. As a comparison, mice
were immunized intranasally with a mucosal vaccine that is a mixture of PspA2-PA-
BLP (where PA is protein anchor and BLP is bacterium-like particle) and PspA4-PA-
BLP, via the intranasal (i.n.) route. The two immunization processes were followed by
challenge with Streptococcus pneumoniae bacteria from two different PspA families.
Specific IgG titers in the serum and specific IgA titers in the mucosa were deter-
mined following immunizations. Bacterial loads and survival rates after challenge
were compared. Both the systemic vaccine and the mucosal vaccine induced a sig-
nificant increase of IgG against PspAs. Only the mucosal vaccine also induced spe-
cific IgA in the mucosa. The two vaccines provided protection, but each vaccine
showed an advantage. The systemic vaccine induced higher levels of serum antibod-
ies, whereas the mucosal vaccine limited the bacterial load in the lung and blood.
Therefore, coimmunizations with the two types of vaccines may be implemented in
the future.

KEYWORDS pneumococcal protein vaccine, bacterium-like particles (BLPs), PspA,
PsaA, Streptococcus pneumoniae, PsaA, PspA

treptococcus pneumoniae is a human nasopharyngeal bacterium that can normally

invade sterile sites to cause invasive pneumococcal disease (IPD), including bacte-
remia and meningitis (1). In the year 2000, IPD accounted for more than 800,000 deaths
in children under 5 years old (2). All currently commercially available pneumococcal
vaccines, including mainly the polysaccharide vaccine and the conjugate vaccine, are
designed on the basis of the serotype-specific polysaccharide capsule of the bacterium.
However, the 23-valent polysaccharide vaccine (PPV23) is not effective in children
younger than 5 years old (3), and the pneumococcal conjugate vaccines are effective
in children but have limited serotype coverage (4). Therefore, development of a new
kind of S. pneumoniae vaccine is critical and significant. Much research effort is currently
invested in searching for pneumococcal proteins with protective potential to be
included in future protein-based vaccines. The objective is to develop a protein-based
pneumococcal vaccine that confers serotype-independent protection in all age groups
(5-7). Several pneumococcal toxic proteins have been investigated as potential antigen
candidates, such as pneumococcal surface protein A (PspA), pneumococcal surface
adhesion A (PsaA), pneumolysin (Ply), pneumococcal choline-binding protein A (PcpA),
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and pneumococcal surface protein C (PspC) (8), among others. The wide-spectrum
protein-based vaccines are low cost, substantially immunogenic, and highly conserved.

PspA is a pneumococcal virulence factor and a choline-binding protein. It has three
major domains: an alpha-helical amino-terminal (N-terminal) domain, which exhibits a
pattern of sequence variation that was used to classify PspA molecules into clades, a
proline-rich region (PRR), and a choline-binding domain to anchor the protein across
the cell wall (9). PspA shows variability in different isolates. Sequence-based classifica-
tion divides PspA variants into three families, which are further subdivided into six
clades: family 1 (clades 1 and 2), family 2 (clades 3, 4, and 5), and family 3 (clade 6) (10).
To achieve complete coverage, it was suggested that a PspA-based vaccine should
contain at least one PspA from each of the two major families (1 and 2) (11). Our group
has previously revealed that parenteral immunization of mice with a recombinant PspA
from family 2 (clade 2, clade 3, or clade 4) induced protection against challenge of lethal
pneumococcal strains expressing PspA from families 1 and 2 (12). Antibodies generated
against PspA are highly cross-reactive and cross-protective (13). The major cross-
protective epitopes are located in the N-terminal alpha-helical sequence of PspA,
especially the first and last 100 amino acids (14). Pneumococcal surface adhesion A
(PsaA) is another antigen candidate that has been evaluated against S. pneumoniae
infection in both animal models and human clinical trials with encouraging results.
Therefore, we used it as part of the fusion protein of PsaA-PspA23 (15) to evaluate its
immunogenicity and protection potential.

Compared to stimulating local immunity, mucosal vaccination has extra benefits
such as needle-free administration, reduced side effects, and easy boosting. Bacterium-
like particles (BLPs), once called Gram-positive enhancer matrix (GEM), are based on
nongenetically modified Gram-positive bacteria and can be used to potentially en-
hance mucosal vaccines. They consist of nonliving bacterium-shaped delivery particles
with adjuvant properties, which can easily be loaded with antigens containing a cell
wall binding domain, called protein anchor (PA) (16). The BLPs are made from acid-
pretreated Lactococcus lactis bacteria, with their original size and structures of about 1
um retained, and are thus ideally sized for uptake by the M cells on the mucosal
surface. The PA domain is composed of three LysM motifs of about 45 amino acids
separated by spacer regions and can be added to antigens as a recombinant fusion
protein (17-19).

In this study, two types of vaccines were generated (our unpublished data): a systemic
vaccine, including the fusion protein PsaA-PspA23 and the single protein PspA4 as anti-
gens, and a mucosal vaccine, using fusion proteins of PspA2-PA and PspA4-PA antigens
attached to BLPs. We compared the antibody types and levels, bacterial colonization levels,
and survival rates conferred by these vaccines after challenge with two strains from
different families.

RESULTS

Preparation of antigens. The fusion protein PsaA-PspA23 includes portions of PsaA
and PspA domains, in which the PspA23 portion contains both the N-terminal clade 2-
and N-terminal clade 3-defining regions of PspA (15). The PspA4 antigen contains the
N-terminal domain and the proline-rich region domain of PspA clade 4. The proteins
were all expressed in Escherichia coli with a histidine tag in order to be purified by a
nickel affinity chromatographic column. Analysis by SDS-PAGE gel and Western blotting
(using mouse anti-His tag monoclonal antibody as the primary antibody) showed the
expected molecular masses for PspA-PspA23 and PspA4 of approximately 90 kDa and
66 kDa, respectively (Fig. 1).

The fusion proteins PspA2-PA and PspA4-PA were individually expressed in E. coli
and mixed with BLPs after ultrasonication. After binding with BLPs, PspA2-PA-BLP and
PspA4-PA-BLP were washed, centrifuged, resuspended, and then analyzed by SDS-
PAGE and Western blotting (with PA polyvalent antibody as the primary antibody),
which showed molecular masses for PspA2-PA and PspA4-PA of approximately 67 kDa
and 90 kDa, respectively (Fig. 1). The BLP vaccines show a background of degraded
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FIG 1 SDS-PAGE and Western blot analysis of antigens. Lanes 1 and 5, systemic antigen 449 protein
PspA4, 66 kDa (KD); lanes 2 and 6, systemic antigen protein PsaA-PspA23, 90 kDa; lanes 3 and 7, 450
BLP-bound mucosal antigen PspA2-PA, 67 kDa; lanes 4 and 8, BLP-bound mucosal antigen 451 PspA4-PA,
90 kDa. For the integrity of results and performance in this figure, we cut the space lane in gels and
spliced them together.

lactococcal components in SDS-PAGE. Binding efficiency of PspA2 or PspA4 with BLPs
was calculated from SDS-PAGE. Results showed that PspA2-PA and PspA4-PA bound
with BLPs efficiently, with a capacity of about 30 ug PspA2-PA per mg BLPs and 60 ug
PspA4-PA per mg BLPs.

Induction of antigen-specific IgG and IgA antibody titers. Two weeks after the
third immunization, the antigen-specific IgG and IgA levels in mouse sera and bron-
choalveolar lavage fluids were determined. Mice immunized with systemic vaccine
[PsaA-PspA23and PspA4 with AI(OH); as adjuvant] showed a statistically significant
increase in anti-PspA23 and anti-PspA4 IgG titers (Fig. 2A and B). Meanwhile, animals
immunized with mucosal vaccine (BLP-PspA2 and BLP-PspA4) showed statistically
significant increases in anti-PspA2 and anti-PspA4 1gG antibodies (Fig. 2C and D),
although the IgG titers were lower than that with the systemic vaccine. The mice immu-
nized with mucosal vaccine showed statistically significant increases in anti-PspA2 and
anti-PspA4 IgA antibodies (Fig. 2E and F) in bronchoalveolar washes. These results
indicate that both mucosal and systemic immunizations induced IgG antibodies but the
mucosal vaccine was also able to elicit nasal IgA antibodies.

Analysis of bacterial colonization in mouse blood and lung after challenge.
Mice immunized with different vaccines were challenged intranasally with two clades
of S. pneumoniae strains from family 1 and family 2, which were ATCC 10813 (family 1,
clade 2) and ATCC 6303 (family 2, clade 5). Bacteria were recovered from the blood and
lung 24 h after challenge. Animals immunized with the systemic vaccine showed
statistically significant reductions (P < 0.001) of ATCC 10813 and ATCC 6303 bacterial
colonization in the blood and lung samples compared to the systemic vaccine control
group of phosphate-buffered saline (PBS) with 10% AI(OH); (Fig. 3A to D). Mice
immunized with systemic vaccine also showed a statistically significant reduction of
ATCC 10813 (P < 0.01 in the blood and lung) and ATCC 6303 (P < 0.05 in the blood and
P < 0.01 in the lung) bacterial colonization compared to the positive-control group
PPV23.

Animals immunized with the intranasal vaccine showed statistically significant
reductions in ATCC 10813 and ATCC 6303 (P < 0.05) bacterial colonization compared
to the intranasal negative-control group of only BLPs. There is no statistical difference
in bacterial colonization reduction between the intranasal vaccine and the positive-
control group PPV23 except with ATCC 6303 in the lung (P < 0.01). When we compared
the effects of the intranasal and systemic vaccine immunizations, the systemic vaccine
group showed higher bacterial colonization reduction in the blood and lung, meaning
that the systemic immunization provided a higher bacterial clearance rate than the
intranasal vaccine group. Without effective antigen, inoculation of BLPs alone (the
intranasal negative-control group) showed a lower colonization level in the blood and
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FIG 2 Analysis of immunogenicity of systemic and mucosal vaccines. (A to D) IgG titers specific for
PsaA-PspA23 (A) and PspA4 (B) in the serum of the systemic vaccine group or specific for PspA2 (C) or
PspA4 (D) in the serum of the mucosal vaccine group. (E and F) IgA titers for PspA2 (E) or PspA4 (F) in
the nasal washes (NW) of the mucosal vaccine group. Statistical difference of test vaccine groups from
the negative controls: *, P < 0.05.

lung than that of the systemic negative-control group, suggesting that mucosal appli-
cation of only BLPs might block the colonization of pneumococci in the lung, which
subsequently reduced bacterial amplification in the blood compared to the systemic
control group.
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FIG 3 Recovery of pneumococcus bacterial loads in blood and lung of mice after challenge. Comparison of
bacterial loads in mouse lung (A, C) and blood (B, D) samples after challenge with two bacterial strains for
the systemic vaccine, systemic negative control, intranasal vaccine, intranasal negative control, and positive
control (PPV23) groups. The density of pneumococcal colonization, expressed in log,, of total CFU in the
lung and blood, was determined for individual mice at 24 h after challenge. Recovery of strain ATCC 10813
(family 1, clade 2) (A and B) and strain ATCC 6303 (family 2, clade 5) (C and D) in blood and lung,
respectively. Symbols indicate statistically significant differences compared with corresponding controls by
one-way ANOVA, with Tukey’s multicomparison test. For comparison of the PPV23 group to the systemic
control group: *, P < 0.05; **, P < 0.01; ***, P < 0.001. For comparison with the positive-control group,

PPV23: #, P < 0.05; ##, P < 0.01; ###, P < 0.001. Results obtained from two independent experiments.

Mouse survival rate after challenge with two clades of S. pneumoniae strains.
As shown in Fig. 4A, when challenged with a lethal dose of ATCC 10813 (PspA family
1, clade 2, serotype 3), mice vaccinated with the mucosal vaccine (with antigens of PspA
clades 2 and 4) showed a 90% survival rate, whereas the systemic-vaccine group of
mice (with antigens PsaA and PspA clades 2, 3, and 4) showed 100% survival. All the
immunized groups showed significant higher protection than their own controls (P <
0.0071 and P < 0.05 for systemic and mucosal vaccine groups, respectively). Consistent
with the colonization study, mice immunized by BLPs alone provided some protection
toward the challenge, which suggested that mucosal application of BLPs might block
the infection of S. pneumoniae. The results indicated that both vaccines can provide a
high level of protection against challenge from PspA family1, clade 2 bacteria if the
vaccine contains the same PspA-specific clade strain. The positive control of PPV23 also
provided 100% protection to the mice after challenge.

As shown in Fig. 4B, when the challenge strain was ATCC 6303 (PspA family 2, clade
5, serotype 3), the commercial positive-control vaccine (PPV23) surprisingly did not
provide any protection to the challenge, although this serotype 3 challenge strain,
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FIG 4 Vaccines induced protection against lethal i.n. challenge. Protection levels of systemic vaccine group against challenge with ATCC 10813
(family 1, clade 2) and ATCC 6303 (family 2, clade 5) (P < 0.001) and that of the intranasal vaccine group against challenge with ATCC 10813
(P < 0.05) and ATCC 6303 (P < 0.01) were statistically significant. Results were obtained from two independent experiments.

ATCC 6303, is covered in PPV23’s protection spectrum. The reasons could be the high
90% lethal dose (LD,) challenge doses that we applied or the unstable behavior of this
vaccine. A similar discrepancy was observed for negative control of pure BLPs. No
protection against challenge of strain ATCC 6303 was obtained, compared to more than
50% protection against strain ATCC 10813. The application of ATCC 6303 is probably
more lethal than that of strain ATCC 10813. However, for our tested vaccines, although
they did not contain any clade 5 component, 80% of mucosally vaccinated mice and
100% of systemically vaccinated mice were protected. All the immunized groups
showed significantly higher protection than did their own controls (P < 0.001).

We suggest that a high contribution in the cross-clade protection of the two tested
vaccines can be assigned to PspA4, which is the component in both vaccines. PspA4 is
in the same family (family 2) as ATCC 6303 but in a different clade. Similar results were
observed in Darrieux et al.'s research (20), which showed that the antiserum of rPspA4
provided a broad cross-reactivity, recognizing pneumococcal strains containing PspAs
of all clades from families 1 and 2. Other studies (10) suggest that antibodies generated
against PspA protein showed enough cross-protection only to PspA antigens from the
same family. Therefore, researchers tried to overcome this limitation by combining
PspAs from different clades and families (11, 21) into the vaccine. This is also the design
principle of vaccines in this study.

DISCUSSION

PspA is a preferred candidate for a protein-based vaccine against pneumococcal
infections. However, its sequence variability might restrict the protection coverage of a
PspA-based vaccine. Therefore, some studies aiming to investigate the level of cross-
reactivity among PspAs in mice indicated that antibodies generated against PspA
showed higher cross-reactivity with the strains expressing PspAs of the same family
than with those that bear PspAs of different families (22, 23). In addition, since the
pneumococci infect humans through mucosal tissues, which they colonize at the
nasopharynx, induction of protective immunity at mucosal tissues is a primary strategy
to prevent infectious diseases. Therefore, a mucosal vaccine has been considered an
ideal form for prevention of and protection from infectious diseases. Oliveira et al. (24),
for example, used a whole-cell pertussis vaccine to combine with the single PspA
protein as a new mucosal pneumococcal vaccine, enhancing the protection against the
strains in different clades.

By forming an antigen mixture of PspA proteins, we produced two pneumococcal
vaccines in different vaccination principles, which are based on subcutaneous and
mucosal immunization. PspA2 and PspA4 proteins are present in the two vaccines as
major protective components, while PspA3 and PsaA components in the vaccines, in
our understanding, were in charge of enhancing the immunization effects (15). This
choice of antigen combination was based on their protection data obtained in our
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previous studies (data not shown). We compared the two vaccines in different immu-
nization routes, with alum and BLPs used as adjuvants. Subcutaneous immunization
with the systemic vaccine induced a significant increase in the PspA-specific I1gG titer
compared to its negative control. Nasal immunization with the mucosal vaccine induced
both serum anti-PspA IgG antibodies and mucosal IgA antibodies. Furthermore, in the
colonization studies after challenge with two S. pneumoniae strains from families 1 and
2, mice immunized by both vaccines showed a statistically significant reduction of
bacterial colonization in blood and lung compared to their negative controls. In
accordance to our previous data showing cross-protection of alum adjuvant-PspA4
protein-based-vaccine (15), cross-protection of PspA-based systemic and mucosal vac-
cines against S. pneumoniae from different PspA families was observed in this study.
The systemic vaccine showed comparable or even improved behavior compared to the
commercial PPV23 vaccine in the aspect of protection against the two challenge strains.
These results suggest that the attribution to cross-clade protection of the vaccines is
possibly due to the PspA4 component, which is present in both tested vaccines.

It was shown that the bacterial colonization reduction and vaccine protection of
systemic vaccines are higher than those of intranasal vaccines. However, immunization
with BLP-based intranasal vaccine led to the induction of not only serum but also
mucosal antibodies against PspAs. Therefore, the BLP-conjugated vaccine provided
both humoral and cellular responses for protection (25, 26). Negative control of
mucosal vaccine (only BLPs) surprisingly showed reduction in bacterial colonization,
suggesting that mucosal application of BLPs might help to reduce the colonization of
lung by pneumococci, which subsequently reduced the bacterial amplification in
blood. Accordingly, similar data were observed in other studies reporting that BLP-
based pneumococcal mucosal vaccines showed mucosal and systemic responses in
adult mice (27) and significant protection against lethal respiratory pneumococcal
challenge (28).

Since soluble antigens are generally less immunogenic than antigens in particular
formulations when mucosal routes are used (29), BLPs were widely used as adjuvants
to develop mucosal vaccines to cause both humoral and cellular responses. The nasal
application route of BLP-based vaccines offers easy administration compared to sub-
cutaneous immunization. Binding of PA fusion proteins to BLP is fast and easy without
the need for chemical treatments or extensive purification steps. The BLP-based vaccines
are ideal for mass immunization: they enable needle-free administration, they allow easy
immunization of large populations, and most likely they can be transported and stored
for a long period without the need for a cold chain.

In summary, both the systemic and mucosal vaccinations tested in this study
induced antigen-specific IgG and provided high protection levels. The systemic vaccine
produced higher antigen-specific antibody levels, whereas the nasal vaccine limited the
bacterial loads by inducing IgA. Our future study will focus on the immunization
strategy of combining the systemic and mucosal vaccines to achieve better and
broader protection.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All S. pneumoniae strains used in the study were
purchased from ATCC (American Type Culture Collection, Manassas, VA, USA). ATCC 10813 (serotype 3,
PspA clade 2, family 1) and ATCC 6303 (serotype 3, PspA clade 5, family 2) are from different PspA families
but have the same serotype. They were cultured in Todd-Hewitt broth with 0.5% yeast extract (THY) and
used for bacterial challenge.

Mice. Four- to 6-week-old female BALB/c mice, weighing 16 to 20 g, were obtained from the Chang
Chun Institute of Biological Products. All animal experiments were approved by the Institutional Animal
Care and Use Committee of Jilin University.

Protein antigens, adjuvant, and reagents. The systemic vaccine antigens consisted of a mix of the
fusion protein PsaA-PspA23 and PspA4, which were recombinantly expressed in Escherichia coli and
purified by nickel affinity chromatography column, yielding a purity of about 85% as evaluated by
SDS-PAGE. The adjuvant was a sterile PBS solution with 10% AI(OH), (alum). Details of the preparation
of antigens have been described elsewhere (15).

The mucosal vaccine antigens were recombinant proteins PspA2-PA and PspA4-PA, which were
expressed in Escherichia coli BL21. BLPs were mixed with the antigens to bind with the PA anchor on the
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antigen for 30 min at room temperature. The particles were then washed with sterile PBS three times to
remove unbound proteins, resulting in PspA2-BLP and PspA4-BLP vaccines. BLPs were prepared as
described previously (27). The concentration of the vaccines was calculated with the weight of BLPs by
optical density at 600 nm (ODy,,). Prior to the animal experiments, the prepared PspA-BLP pneumococcal
vaccine was stored at 4°C as single-use aliquots.

Immunizations. Mice were immunized with three doses of vaccines at 14-day intervals. Systemic
antigens were prepared from 5 ug of PsaA-PspA23 and 20 ug of PspA4 in 100 ul buffer for subcutaneous
(s.c.) administration per dose. Mucosal antigens were prepared from 0.15 mg of PspA2-BLP and 0.3 mg
of PspA4-BLP in 20 ul for intranasal (i.n.) administration per dose. Nasal immunizations were conducted
in mice, which were previously anesthetized with ether. The commercial 23-valent polysaccharide
vaccine (PPV23) used as a positive control was given only once, with blood samples that were obtained
after T month and prior to challenge. PBS with 10% AI(OH); and 0.3 mg BLPs per dose were used as
negative controls for the s.c. group and the i.n. group, respectively. Every group consisted of 16
immunized mice, 6 for colonization and 10 for protection.

Determination of antibody titers. Serum and bronchoalveolar lavage fluid (BALF) samples were
collected 2 weeks after the third immunization for evaluation of antibody levels. Antigen-specific IgG
antibodies were measured by indirect enzyme-linked immunosorbent assay (ELISA) as follows: 96-well
immunoassay plates (JFT Biofil) were coated overnight at room temperature (RT) with 0.5 ug/well of
antigens in coating buffer (0.05 M carbonate bicarbonate buffer, pH 9.6). The next day, plates were
blocked with PBS containing 3% bovine serum albumin (BSA; Genview) for 1 h prior to applying mouse
sera. Individual mouse sera were diluted at a 1/1,000 dilution (in PBS-1% BSA) followed by 8 serial 3-fold
dilutions. The bound antibodies were detected with horseradish peroxidase (HRP)-conjugated goat-anti-
mouse IgG conjugate (Beijing Dingguo Changsheng Biotech), followed by the enzyme substrate 3,3',5,5'-
tetramethylbenzidine (TMB)/H,0O, (Tiangen), and the reaction was terminated after 15 min at RT with 2
M H,SO,. Optical density was measured at 450 nm using an automated plate reader (Bio-Rad) and
analyzed with ELISA reader software (Micro plate manager 6). Results were expressed as the titers. The
IgA titer was similar to that of IgG. The bound antibodies were detected with goat-anti-rabbit IgA
conjugate (Beijing Dingguo Changsheng Biotech) in 8 serial 2-fold dilutions.

Determination of bacterial colonization. Fourteen days after the last immunization, mice were
anesthetized with ether, and PBS containing strains of ATCC 10813 (family 1, clade 2) or ATCC 6303
(family 2, clade 5) (2 X 10° CFU each) was inoculated i.n. in a volume of 20 ul into both nostrils. Mice
were sacrificed 24 h later. None of the animals showed any sign of illness after challenge. Pneumococcal
loads were determined in blood and lung homogenates by plating serial dilutions of the samples on
blood agar as previously described (30).

Streptococcus pneumoniae challenge. Two weeks after the third immunization with antigens or
PBS, mice were anesthetized in ether and challenged intranasally with an LD, dose of S. pneumoniae
strains of ATCC 10813 (2 X 105 CFU/mouse) or ATCC 6303 (4 X 10° CFU/mouse) in a volume of 20 ul each
into both nostrils. LDy, is the bacterial challenge dose concentration that results in the survival of 10%
of the challenged mice compared to the blank group. Since LD, is specific to each batch of tested mice,
it was tested for each new batch of mice. For survival experiments, mice were monitored for 14 days, and
differences between survival rates in each group were analyzed.

Statistical analysis. Statistical analysis was performed using Graph Pad Prism Software (Graph Pad
Software, La Jolla, CA, USA). Differences were determined using one-way analysis of variance (ANOVA)
with t tests.
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