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ABSTRACT Pneumococcal disease is a serious public health problem worldwide and
an important cause of morbidity and mortality among children and adults in developing
countries. Although vaccination is among the most effective approaches to prevent and
control pneumococcal diseases, approved vaccines have limited protective effects. We
developed a pneumococcal protein-polysaccharide conjugate vaccine that is mediated
by the noncovalent interaction between biotin and streptavidin. Biotinylated type IV
capsular polysaccharide was incubated with a fusion protein containing core streptavidin
and Streptococcus pneumoniae virulence protein and relied on the noncovalent interac-
tion between biotin and streptavidin to prepare the protein-polysaccharide conjugate
vaccine. Analysis of vaccine efficacy revealed that mice immunized with the protein-
polysaccharide conjugate vaccine produced antibodies with high potency against viru-
lence proteins and polysaccharide antigens and were able to induce Th1 and Th17
responses. The antibodies identified using an opsonophagocytic assay were capable of
activating the complement system and promoting pathogen elimination by phagocytes.
Additionally, mice immunized with the protein-polysaccharide conjugate vaccine and
then infected with a lethal dose of Streptococcus pneumoniae demonstrated induced
protective immunity. The data indicated that the pneumococcal protein-polysaccharide
(biotin-streptavidin) conjugate vaccine demonstrated broad-spectrum activity applicable
to a wide range of people and ease of direct coupling between protein and polysaccha-
ride. These findings provide further evidence for the application of biotin-streptavidin in
S. pneumoniae vaccines.
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S treptococcus pneumoniae is a Gram-positive bacterium and a widely distributed
conditional pathogen in humans, who are its only host (1). Changes in the coloni-

zation environment of the host, such as decreased body resistance and respiratory vi-
rus infection, can promote S. pneumoniae-related pneumococcal diseases, such as si-
nusitis, otitis media, bacteremia, and bacterial meningitis (2). Individuals at risk of S.
pneumoniae infection include infants, young children, the elderly, and people with
underlying diseases (3). PPV23 and PCV13 are two commercially available pneumococ-
cal vaccines; however, because the capsular polysaccharide is a T cell-independent
antigen, PPV23 cannot induce protective immunity in infants and children ,2 years of
age (4). PCV13 overcomes this problem by connecting polysaccharides with protein
carriers to change antigen type, but the process is complex and expensive; therefore,
the vaccine is not popular worldwide (5). Importantly, there are .90 serotypes of S.
pneumoniae, of which PPV23 and PCV13 only cover a small portion. However, although
vaccination with existing vaccines can reduce the S. pneumoniae carrier rate of the
serotype covered by vaccines in community children, the decrease in vaccine-serotype
disease was accompanied by an increase in disease caused by nonvaccine serotypes.
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Thus, there is a need for the development of vaccines using proteins, such as pneumo-
coccal surface adhesin A (PsaA) and pneumococcal surface protein A (PspA), which are
candidates for pneumococcal vaccine development (6). The protein antigens on the
surface of S. pneumoniae are not restricted by serotype and have demonstrated good
immunogenicity and effective immune protection. A group from our laboratory con-
structed two recombinant proteins as follows: (i) PsaA-PspA23, which contains the
highly-conserved PsaA protein, the N-terminal a-helix region of PspA2, and the com-
plementarity-determining region of PspA3; and (ii) PspA4, which contains the N-termi-
nal a-helix region and the proline-rich region of PspA4. We previously reported that
PsaA-PspA23 and PspA4 are good immunogens when used alone or in combination
(7).

The capsular polysaccharide of S. pneumoniae is combined with virulence protein to
improve vaccine immunogenicity. In PCV, the carrier protein CRM197 is covalently linked
to capsular polysaccharides of different serotypes, respectively, and then mixed to make
a polysaccharide-conjugate vaccine. This process is complicated, and there are only 13
polysaccharide conjugates. In this study, we fused the virulence protein of S. pneumoniae
and streptavidin and expressed them to form a protein carrier in the conjugate vaccine
that can be incubated with any biotinylated polysaccharide in a certain proportion
through noncovalent interactions. The process allows completion of the indirect combi-
nation of protein and polysaccharide, thereby making it easier to add polysaccharides of
different serotypes to the vaccine. Additionally, biotin is a small-molecule, water-soluble
vitamin with an esterophilic heterocycle capable of specifically binding to avidin and a
hydrophilic carboxylic acid chain that reacts with many other groups (8–10). Choosing
the appropriate biotin or derivative compound allows the biotinylation of amines and
carboxyl groups for use in different fields of study (11–13).

The interaction between biotin and avidin is one of the strongest noncovalent inter-
actions (14), with the stability of this interaction promoting its use in biochemical
detection (11), affinity purification (15), and drug delivery (16, 17). Streptavidin, which
is derived from Streptomyces avidinii, is a nonglycosylated tetrameric protein compris-
ing subunits with biotin-binding sites (18–20). Sano et al. (21) designed and expressed
two recombinant core streptavidins with the T7 expression system using BL21(DE3)
(pLysE) cells (Stv-25 and Stv-13), both of which have biological activities similar to
those of natural streptavidin, except that Stv-13 has higher structural stability. In 6 M
guanidine hydrochloride (pH 1.5), the biotin-binding capacity of Stv-13 was maintained
at .80% compared with that of Stv-25 and natural core streptavidin (;20%).
Therefore, in the present study, we fused the Stv-13 sequence with PsaA-PspA23 and
PspA4 to obtain two fusion proteins (PsaA-PspA23-SA and PspA4-SA), followed by their
combination with biotinylated pneumococcal polysaccharides.

Given the unclear antigen composition of whole-cell vaccines, they have been largely
replaced by noncellular or subunit vaccines, which have reduced vaccine-specific effects
following immunization. The composition of the vaccine presented in this study is the
purified pneumococcal virulence protein and capsular polysaccharide, which activates
antigen-specific T cell immunity and compensates for the limited antigen diversity and
low immunogenicity of subunit vaccines. The protein-polysaccharide conjugate vaccine
based on biotin-streptavidin has the following advantages. First, it does not exclusively
rely on S. pneumoniae polysaccharides, as the introduction of virulence proteins expands
the scope of protection and improves upon the low coverage of serotypes in commer-
cially available vaccines. Second, PsaA and PspA are thymus-dependent antigens with
immune memory, and individuals with incomplete B-cell development can also be pro-
tected by relying on T cells (22). Finally, the biotin-streptavidin interaction is strong and
stable, and they can only be conjugated by coincubation. Moreover, it is easier to add
polysaccharides of different serotypes to the vaccine as compared with covalent cou-
pling. Furthermore, application of biotin and streptavidin to vaccines makes protein-
polysaccharide binding more efficient and convenient (23, 24).
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RESULTS
Preparation of protein-polysaccharide conjugate vaccines. The core streptavidin

fragment (SA) with higher stability and stronger biotin-binding ability than full-length
streptavidin was individually fused with PsaA-PspA23 and PspA4, and a histidine tag
was added to their N termini. PspA4-SA and PsaA-PspA23-SA were purified with a
nickel column (Fig. 1A and B), and their sizes were 75 kDa and 100 kDa, respectively.

The capsular polysaccharide of S. pneumoniae type IV was biotinylated and character-
ized by infrared spectroscopy (25–27). We observed a broad and strong absorption peak
at ;3,400 cm21 to 3,200 cm21 defined as VO-H, whereas the absorption peak at
1,200 cm21 to 1,030 cm21 was defined as VC-O. These absorption peaks are generally char-
acteristic of polysaccharides. Figure 1C shows that the width of the hydroxyl peak of bio-
tinylated CPS4 (Bio-CPS4) was smaller than that of the polysaccharide before reaction with
biotin, indicating that the number of hydroxyl groups in Bio-CPS4 decreased. Additionally,
Bio-CPS4 showed a strong peak near 1,690 cm21, which indicated the stretching vibration

FIG 1 Preparation of the fusion protein and biotinylated polysaccharides. Identification and recognition
of PspA4-SA (A) and PsaA-PspA23-SA (B) by SDS-PAGE and Western blotting. (C) Infrared spectrogram
of polysaccharides and biotinylated polysaccharides.
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peak of the carbon-nitrogen double bond and the formation of a cyanate ester. These
results support the hypothesis that there was a reaction between biotin and the
polysaccharide.

The protein-polysaccharide conjugates were then generated via interaction between
biotin and streptavidin for characterization using high-performance liquid chromatogra-
phy (HPLC) (28–30). The peak of the protein-polysaccharide conjugate sample appeared
earlier at a wavelength of 280 nm (Fig. 2C), indicating that its molecular weight was
higher than that of the protein sample (Fig. 2B). Additionally, CPS4 had no absorption
peak at 280 nm (Fig. 2A), indicating that the earlier peak time of the protein-polysaccha-
ride conjugates was due to the coupling of the protein with macromolecules. These
results suggested that PspA4-SA successfully combined with Bio-CPS4. Similarly, we
observed that PsaA-PspA23-SA coupled with type IV polysaccharide increased in weight,
resulting in an advanced peak time at 280 nm (compare Fig. 2A, D, and E). Furthermore,
anthrone assays determined the content of free polysaccharides separated by sodium
deoxycholate precipitation at 26.15%.

The protein-polysaccharide conjugate vaccine induces stronger humoral immunity
than the protein vaccine. We then evaluated both antigen-specific IgG antibody levels
and IgG antibody typing. We observed similar protein-specific antibody titers after the sec-
ond and third immunizations in the protein group (Fig. 3A and B). We detected high anti-
body titers in the protein-polysaccharide conjugate group after the second immunization;
however, titers after the third immunization increased significantly, with the protein-spe-
cific antibody titer of the conjugate group higher than that of the protein and phosphate-
buffered saline (PBS) groups, suggesting that the conjugate vaccine induced stronger hu-
moral immunity than the protein vaccine. These findings suggested that the assembly of
pneumococcal polysaccharides and virulence proteins significantly improved the immuno-
genicity of the polysaccharides. We found that control mice immunized three times with
CPS4 induced undetectable levels of CPS4-specific IgG, whereas mice immunized with a
conjugate produced high levels anti-CPS4 IgG (Fig. 3C). Specifically, after three immuniza-
tions, the anti-CPS4 IgG titer in the conjugate-immunized mice was 17-fold higher than
that in mice receiving uncoupled CPS4 and 5-fold higher than that in mice receiving three
immunizations with PCV13.

We then determined the Th1 and Th2 bias of the antibodies by comparing the opti-
cal density at 450 nm (OD450) values of the antigen-specific IgG1 and IgG2a antibodies
at the same dilution ratio. The protein-specific IgG1 in the serum of the protein-poly-
saccharide conjugate vaccine group was significantly higher than IgG2a (Fig. 4A and
B), whereas levels of polysaccharide-specific IgG1 were similar to those of IgG2a in the
protein-polysaccharide conjugate vaccine group (Fig. 4C). These results showed that
although the protein-polysaccharide conjugate induced high levels of antibodies, it
also induces a certain degree of cellular immunity as a supplement to the immuno-
genic effect.

Immunization with the protein-polysaccharide conjugate vaccine induces
cellular immunity to protein antigens. We then evaluated the ability of the protein-
polysaccharide conjugate vaccine to elicit antigen-specific cellular responses, including
Th1 and Th17 responses, using PsaA-PspA23 and PspA4 as target antigens. Irrespective
of whether the stimulant protein was PsaA-PspA23 or PspA4, the level of tumor necro-
sis factor alpha (TNF-a) and interleukin 17A (IL-17A) induced by the protein-polysac-
charide conjugate vaccine was higher than that in the protein and PBS groups (Fig. 5),
indicating that the protein-polysaccharide conjugate vaccine induced a strong cellular
immune response.

Activity of antibodies induced by protein-polysaccharide conjugate vaccine in
vitro. Differentiated HL60 phagocytes recognize the C3 component attached to the
surface of S. pneumoniae and activate the complement system after incubation with
serum to form an antigen-antibody complex with its own C3 receptor, leading to phag-
ocytosis and pathogen elimination (31). Therefore, we compared the number of surviv-
ing S. pneumoniae cells in the conjugate group with that in the control group in order
to calculate the killing rate (equivalent to detecting the ability of serum antibodies to
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FIG 2 Characterization of proteins, polysaccharides, and protein-polysaccharide conjugates by HPLC. HPLC
characterization of CPS4 (A), PspA4-SA (B), PspA4-SA-Bio-CPS4 (C), PsaA-PspA23-SA (D), and PsaA-PspA23-
SA-Bio-CPS4 (E) at OD280 and OD206. The maximum absorption peak was observed at OD280 for proteins
and OD206 for polysaccharides.
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capture antigens). The killing rate of antibodies induced by the protein-polysaccharide
conjugate vaccine against ATCC BAA334 was lower than that of the antibodies induced
by PCV13 but still considerably higher than that observed in the protein and polysac-
charide groups (Fig. 6A). Because the ATCC 6308 strain (serotype 8) was not covered
by the vaccine serotype in each group, the killing rate of antibodies in the protein-
polysaccharide conjugate vaccine group was ,50%, whereas that of antibodies
induced by PCV13 against ATCC 6308 was ,20% (Fig. 6B).

Immunization with the protein-polysaccharide conjugate vaccine protects
mice against fatal pneumococcal challenge. The protective effect of vaccines is an
important criterion for determining vaccine efficacy. None of the groups presented
good protection against the lethal dose of S. pneumoniae ATCC BAA334 (Fig. 7A). The
survival rate of the protein-polysaccharide conjugate group was 35%, and that of the
commercial vaccine PCV13-immunized group was 20%, although the survival rate of
the protein-polysaccharide conjugate group was higher than that of the negative con-
trol group. Notably, the survival rate of the protein-polysaccharide conjugate group
reached 90% after administration of a lethal dose of S. pneumoniae ATCC 6308, with

FIG 3 Induction of antigen-specific antibody responses in serum. PsaA-PspA23-SA- (A), PspA4-SA- (B), and CPS4-specific (C) IgG titers.
Post 1, post 2, and post 3 represent the specific antibody titers after the first, second, and third immunizations, respectively. The
dashed line indicates the anti-CPS4 IgG titer in serum from mice receiving three immunizations with PCV13. *, P , 0.05; **, P , 0.01;
***, P , 0.001. ns, not significant.
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this rate higher than that of the protein-immunized, polysaccharide-immunized, and
PBS groups (Fig. 7B). These findings indicated that the protein-polysaccharide conju-
gated vaccine provided more effective and cross-reactive protection to the immunized
mice than the protein vaccine.

DISCUSSION

In this study, we purified PspA4-SA and PsaA-PspA23-SA on a nickel column to obtain
highly pure fusion proteins. Additionally, we synthesized biotinylated polysaccharides (Bio-
CPS4) by reacting biotin-PEG3-amine with type IV capsular polysaccharides. The activation
time, pH, and feed ratio are important factors to consider when cyano-4-dimethylamino-
pyridine tetrafluoroborate (CDAP) activates the free hydroxyl groups of type IV polysaccha-
rides, as this significantly effects the degree of polysaccharide biotinylation and potentially
leads to a low binding rate with streptavidin-fusion protein (32, 33). In the present study,
we used a streptavidin monomer and not complete streptavidin, and the degree of poly-
saccharide biotinylation was unknown; therefore, we set the feeding ratio (wt/wt) of the
streptavidin-fusion protein and biotinylated polysaccharides at 1:1 (34). In future research,
the feed ratio of the protein and polysaccharide should be systematically explored to

FIG 4 Detection of vaccine-induced specific antibody types. PsaA-PspA23-SA- (A), PspA4-SA- (B), and CPS4-
specific (C) IgG1 and IgG2a titers. *, P , 0.05; **, P , 0.01; ***, P , 0.001. ns, not significant.
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reduce experimental cost. Importantly, reducing free proteins or polysaccharides will likely
substantially improve the effectiveness of the vaccine.

We evaluated the effectiveness of the protein-polysaccharide conjugate vaccine by
determining the titer, antigen-specific antibody typing in serum, cytokine secretion, opso-

FIG 6 Opsonophagocytic killing of pneumococcus mediated by serum from mice immunized with
the protein-polysaccharide conjugate vaccine. S. pneumoniae ATCC BAA334 (A) and S. pneumoniae
ATCC 6308 (B). *, P , 0.05; **, P , 0.01; ***, P , 0.001. ns, not significant.

FIG 5 Determination of Th1 and Th17 cell-mediated immune responses in mice. Fourteen days after
the third immunization, splenocytes were harvested from mice and stimulated with PsaA-PspA23 and
PspA4. TNF-a (A) and IL-17A (B) levels in the supernatant were determined after 48 h. Open bars
represent the PBS group, gray bars represent the protein vaccine, and black bars represent the
protein-polysaccharide conjugate vaccine. *, P , 0.05; **, P , 0.01; ***, P , 0.001. ns, not significant.
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nizing phagocytic activity of the antibodies, and the survival rate of mice after pathogen
challenge. The protein-specific IgG titer in serum from mice immunized with the protein–
polysaccharide conjugate vaccine was higher than that of mice immunized with the pro-
tein vaccine. Therefore, it is reasonable to conclude that the conjugate vaccine (containing
25% of the amount of free polysaccharides) induced an effective immune response.
Additionally, the results suggest that the relationship between protein and polysaccharide
is not based on adhesion but rather a noncovalent interaction. We believe that the protec-
tive effect observed in this study was mainly due to the antibodies produced by humoral
immunity, which agrees with previous reports that antibodies against capsular polysaccha-
rides exhibit sufficient protective effects. Specifically, the cellular immunity generated after
inoculation with the conjugate vaccine supplemented the protective effect, and the cap-
sule effectively induced phagocytic activity after binding with the corresponding antibod-
ies (35). Furthermore, another study showed that IL-17A accelerates the clearance of S.
pneumoniae and resists bacterial colonization (36).

In the opsonophagocytic assay (OPA), the killing rate of the conjugate vaccine against
S. pneumoniae ATCC 6308, the serotypes of which were not covered by the conjugate vac-
cine, was higher than that of the PCV13 group, indicating that use of PsaA and PspA as
carriers effectively improved the broad performance of the vaccine. We speculate that this
method is currently unsuitable for evaluating mouse-derived protein serum antibodies
owing to the low killing rate of the protein vaccine against S. pneumoniae ATCC BAA-334
and ATCC 6308. Additionally, a previous study suggested that PspC2 strains should be
used when evaluating the effect of PspA on complement deposition because the presence
of the choline-binding protein PspC can interfere with complement deposition and bind
to factor H to inhibit activation of the alternative pathway (37).

FIG 7 Determination of protection against a lethal intranasal pneumococcal challenge. Two weeks
after the third immunization, mice were intranasally challenged with a 90% lethal dose of S.
pneumoniae ATCC BAA-334 (A) or ATCC6308 (B). Survival rates were monitored for 14 days (n = 10/
group). *, P , 0.05; **, P , 0.01; ***, P , 0.001; log-rank test. ns, not significant.
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To evaluate the protection rate and broad performance of the vaccine, we used lethal
doses of S. pneumoniae ATCC BAA334 (serotype 4; covered by PCV13) and S. pneumoniae
ATCC 6308 (serotype 8; beyond the coverage of PCV13) to challenge mice. The results
showed that mice immunized with the protein-polysaccharide conjugate vaccine
(PspA4-CPS41PsaA-PspA23-CPS4) presented a 90% survival rate, which was higher than
that of the PCV13 group treated with a lethal dose of S. pneumoniae ATCC 6308. This
indicated that the conjugate vaccine exerted cross-protection, which can be attributed
to the protein components of the conjugate vaccine. Under infection by S. pneumoniae
ATCC BAA334, the survival rate following PCV13 immunization was only 20%. This might
be due to the use of the lethal dose, which reduced the protective performance of
PCV13. Similarly, we also observed low survival rates in the other groups, as that of the
protein-polysaccharide conjugate group was only 35%. One explanation might be
related to the immune pathway. Use of part of the protein component (PspA41PspA2)
in a protein-polysaccharide conjugate for mucosal immunization resulted in a survival
rate after infection with S. pneumoniae ATCC BAA334 of 80%, which was higher than
that generated by PspA41PsaA-PspA23. Therefore, we speculated that the main anti-
body produced by subcutaneous immunity was IgG, which is the main driving force
against S. pneumoniae ATCC 6308, whereas IgA produced by mucosal immunity is effec-
tive against S. pneumoniae ATCC BAA334, resulting in a lower survival rate in subcutane-
ously immunized mice following ATCC BAA334 infection. Moreover, the gradual death of
mice in each group infected with ATCC BAA334 within 24 h was likely related to the site
of invasion and pathogenesis, although the pathogenicity of different S. pneumoniae
serotypes remains unclear. Furthermore, we cannot rule out the possibility that these
findings were a consequence of the high-dose challenge. Nevertheless, the survival rate
of the group immunized with the protein-polysaccharide conjugate was higher than
that of the negative control group, indicating that the conjugate vaccine exerted a pro-
tective effect against a lethal dose of this strain.

In summary, we described a novel pneumococcal protein-polysaccharide conjugate
vaccine with a streptavidin-biotin bridge. Although this study has several limitations, it
provides evidence supporting further research on the application of strong noncova-
lent streptavidin-biotin interactions to enhance pneumococcal vaccines.

MATERIALS ANDMETHODS
Bacterial strains and culture conditions. S. pneumoniae ATCC BAA334 (serotype 4; PspA family 2,

clade 3) and ATCC 6308 (serotype 8; PspA family 1, clade 1) were cultured in Todd-Hewitt broth (THB)
medium supplemented with 10% fetal bovine serum (FBS) (Gibco, Gaithersburg, MD, USA) and 0.5%
yeast extract (Solarbio, Beijing, China) at 37°C and 5% CO2 for challenge. For quantification, S. pneumo-
niae at different serial dilutions was cultured on Columbia blood plates at 37°C and 5% CO2 overnight
before counting the bacterial cells.

Assembly of the pneumococcal protein-polysaccharide conjugate vaccine. The sequence of the
core streptavidin was selected and expressed as a fusion with PsaA-PspA23 and PspA4 to obtain the
fusion proteins PsaA-PspA23-SA and PspA4-SA, respectively, and then purified using a nickel column.
Additionally, cyano-4-dimethylaminopyridine tetrafluoroborate (CDAP) activates polysaccharides with
hydroxyl groups to form cyanate esters that react with biotin-PEG3-amine at appropriate pH levels to
yield biotinylated polysaccharides (34), which are then characterized by infrared spectroscopy. Protein-
polysaccharide conjugates were assembled by incubation with biotinylated CPS4 (Bio-CPS4) and the
two fusion proteins at 4°C overnight, and they were characterized using a TSK-GEL G4000 PWxl column
(TOSOH, Japan). The flow chart of the process is shown in Fig. 8. The concentration of PsaA-PspA23-SA-
CPS4 and PspA4-SA-CPS4 was measured using a bicinchoninic acid protein assay kit (Beyotime
Biotechnology, Beijing, China). Free polysaccharides were separated by sodium deoxycholate precipita-
tion (38–40), and CPS4 concentration was determined using an anthrone assay (41–43).

Animals and immunization. Female BALB/c mice (6 to 8 weeks old) were purchased from Liaoning
Changsheng Biotechnology (Benxi City, China) and subcutaneously immunized three times at 14-week
intervals with 100 mL of antigens, 100 mL phosphate-buffered saline (PBS) as the negative control, and
50 mL of PCV13 as the positive control. Antigens including protein-polysaccharide conjugates (PsaA-
PspA23-SA-CPS41PspA4-SA-CPS4), CPS4, and proteins (PsaA-PspA23-SA1PspA4-SA) were diluted to dif-
ferent concentrations with PBS and then mixed with aluminum hydroxide (final concentration, 0.1 mg/
mL) for overnight adsorption at 4°C. The protein control group was prepared with 5 mg of PsaA-PspA23-
SA and 20 mg of PspA4-SA in 100 mL PBS, and the polysaccharide control group comprised 3.08 mg of
CPS4. After mixing multiple ligation products, the inoculation dose of the protein-polysaccharide conju-
gate vaccine was the same for the protein and polysaccharide control groups.
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Antibody measurements. Blood samples were obtained at 2 weeks after the first, second, and third
immunizations for antibody analysis. Antigen-specific IgG, IgG1, and IgG2a levels in serum were meas-
ured using an enzyme-linked immunosorbent assay (ELISA) in 96-well plates coated with 1 mg of CPS4
or 0.5mg of protein antigens per well. To determine antibody titer, the diluted serum or horseradish per-
oxidase (HRP)-conjugated goat anti-mouse IgG (1:10,000) (Dingguo Biology, China) was added to the
plates, and the samples were incubated for 1 h at 25°C. For antibody typing, serum (1:100), goat anti-
mouse IgG1 or IgG2a (1:1,000), and HRP-conjugated rabbit anti-goat IgG (1:4,000) were used to detect
the corresponding antibody levels in serum samples. After terminating the reaction, the optical density
was measured at 450 nm (OD450).

Measurement of cytokine levels. The spleens of mice in the protein-polysaccharide conjugate, pro-
tein, and PBS groups were obtained 2 weeks after the third immunization for cytokine analysis. Briefly,
red blood cells were removed after grinding the spleen samples, and 5 � 106 isolated cells in RPMI 1640
medium (HyClone Laboratories, Logan, UT, USA) supplemented with 10% FBS were added to each well
of a 24-well plate. Cells from each mouse were stimulated with 5 mg of PsaA-PspA23, PspA4, or positive
control ConA for 48 h, with an equal volume of RPMI 1640 medium used as the negative control. The su-
pernatant was then collected, and the secretion of cytokines Th1 and Th17 was detected according to
the manufacturer’s instructions (BioLegend, San Diego, CA, USA). Data were analyzed using LEGENDplex
software (BioLegend).

Opsonophagocytic assay. For the OPA (44–47), HL-60 cells were grown in RPMI 1640 medium supple-
mented with 0.8% N,N-dimethylformamide (Thermo Fisher Scientific, Waltham, MA, USA) and 20% FBS at a
density of 5 � 105/mL for differentiation over 5 days. The cells were then collected, oligo binding buffer
(OBB) (8 mL sterile water, 1 mL Hanks’ balanced salt solution [Gibco], 1 mL 1% gelatin [Sigma-Aldrich], and
inactivated 530mL FBS) was used to adjust the cell density to 1 � 107/mL, and the concentration of S. pneu-
moniae ATCC BAA334 or ATCC 6308 was adjusted to 5 � 104 CFU/mL. The bacterial suspension (10 mL) and
20mL of sera were added to a 96-well plate, with the control wells filled with 20mL OBB instead of sera. The
plate was then incubated at 25°C for 30 min, after which 40 mL of cells (1 � 107/mL) and 10 mL of comple-
ment were added and incubated for 90 min. The reaction was terminated in an ice bath, and the liquid in
each well was diluted 10- and 100-fold. We then added 100 mL of the dilution solution to the Columbia
blood plate, which was incubated overnight in a 5% CO2 incubator at 37°C. Subsequently, the number of col-
onies was recorded and the killing rate calculated.

Streptococcus challenge. Fourteen days after the third immunization, mice were intranasally infected
with S. pneumoniae ATCC BAA334 at 9 � 106 CFU/mouse and ATCC 6308 at 0.8 � 102 CFU/mouse. The sur-
vival status of the mice was observed for 14 days, during which the data were recorded and analyzed.

Statistical analysis. A two-way analysis of variance was used to determine differences between the
protein-polysaccharide conjugate and other groups. The results are expressed as the mean 6 standard
error of the mean. Statistical analyses were performed using GraphPad Prism software (v.7.0; GraphPad
Software, La Jolla, CA, USA), with a P value of,0.05 considered statistically significant.
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FIG 8 Flow chart of the construction of the protein-polysaccharides conjugate vaccines. The pET20b-PspA4-SA
and pET20b-PsaA-PspA23-SA plasmids were first constructed, expressed in Escherichia coli, and purified to obtain
recombinant proteins. Activated biotin was reacted with type IV capsular polysaccharide to generate biotinylated
polysaccharide. The recombinant protein containing the core streptavidin was incubated with the biotinylated
capsular polysaccharide, and the virulence protein was indirectly coupled with the capsular polysaccharide via the
noncovalent interaction of biotin with streptavidin.
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