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Conjugation of Polysaccharide 6B from Streptococcus pneumoniae with
Pneumococcal Surface Protein A: PspA Conformation and Its Effect
on the Immune Response
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Despite the substantial beneficial effects of incorporating the 7-valent pneumococcal conjugate vaccine (PCV7) into immuniza-
tion programs, serotype replacement has been observed after its widespread use. As there are many serotypes currently docu-
mented, the use of a conjugate vaccine relying on protective pneumococcal proteins as active carriers is a promising alternative
to expand PCV coverage. In this study, capsular polysaccharide serotype 6B (PS6B) and recombinant pneumococcal surface pro-
tein A (rPspA), a well-known protective antigen from Streptococcus pneumoniae, were covalently attached by two conjugation
methods. The conjugation methodology developed by our laboratory, employing 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-
morpholinium chloride (DMT-MM) as an activating agent through carboxamide formation, was compared with reductive ami-
nation, a classical methodology. DMT-MM-mediated conjugation was shown to be more efficient in coupling PS6B to rPspA
clade 1 (rPspAl): 55.0% of PS6B was in the conjugate fraction, whereas 24% was observed in the conjugate fraction with reduc-
tive amination. The influence of the conjugation process on the rPspAl structure was assessed by circular dichroism. According
to our results, both conjugation processes reduced the alpha-helical content of rPspA; reduction was more pronounced when the

reaction between the polysaccharide capsule and rPspA1 was promoted between the carboxyl groups than the amine groups
(46% and 13%, respectively). Regarding the immune response, both conjugates induced functional anti-rPspA1l and anti-PS6B
antibodies. These results suggest that the secondary structure of PspA1l, as well as its reactive groups (amine or carboxyl) in-
volved in the linkage to PS6B, may not play an important role in eliciting a protective immune response to the antigens.

S treptococcus pneumoniae (pneumococcus) remains a leading
cause of bacterial infectious diseases, particularly in children
less than 2 years of age. About 800,000 children die annually due to
pneumococcal disease, especially in emerging countries (1). The
increasing number of antibiotic-resistant strains (2) and the se-
verity of pneumococcal diseases make vaccination the most effec-
tive intervention.

Polysaccharide (PS) capsules are the main virulence factor of
the pneumococci, which function by preventing phagocytosis and
hampering bacterial clearance. Due to their high immunogenicity
and importance in bacterial pathogenesis, PSs have been the anti-
gens of choice in all current vaccines. The 23-valent pneumococ-
cal polysaccharide vaccine (PPV23; Merck) has been shown to
cover 80% to 90% of the serotypes responsible for invasive pneu-
mococcal disease (IPD) in developed countries (3). According to a
meta-analysis of randomized trials, the administration of PPV in
immunocompetent adults can reduce the incidence of IPD and
death due to pneumonia in this population by 71% and 32%,
respectively. Conversely, pneumococcal polysaccharide vaccines
are not effective in children under 2 years of age (4). The inefficacy
of PS vaccines in this population has been attributed to the imma-
turity of the infant immune system in the expression of B cell
receptors, including complement receptor type 2 (CR2) (5, 6).

Conjugation of PSs to carrier proteins converts it from a T
cell-independent to a T cell-dependent antigen. Asa T cell-depen-
dent antigen, PS can raise a response with isotype switching, gen-
eration of memory cells, and a boosting effect (7).

The first pneumococcal conjugate vaccine (PCV) was licensed
in 2000 as a 7-valent formulation (PCV7; Pfizer), which included
capsular polysaccharides 4, 6B, 9V, 14, 18C, 19F, and 23F conju-
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gated to the nontoxic variant of diphtheria toxin (CRM,4,). In
spite of the high degree of effectiveness of PCV7 in reducing pneu-
mococcal diseases (8—12), recent reports have described an in-
crease in the rate of disease caused by serotypes not included in
this vaccine (13-15). The current pneumococcal vaccine strategy
involves extending protection against emerging serotypes by in-
creasing the valence to target additional serotypes (PCV13
[Pfizer], PCV10 [GlaxoSmithKline], PCV15 [in development by
Merck]). An alternative to this trend could be the use of pneumo-
coccal surface proteins as carriers conjugated to PSs from a few of
the most common serotypes. The replacement of the same univer-
sal carrier proteins, such as tetanus toxoid (TT) or CRM,,,, by a
pneumococcal protein, besides broadening the vaccine coverage,
would also prevent the impairment of immune responses caused
by the excessive use of the same proteins in commercial vaccines
(16, 17). In this study, we reinforce the use of pneumococcal sur-
face protein A (PspA) as a promising carrier protein.

PspA is described to be an important pneumococcal virulence
factor for inhibiting complement deposition (18, 19) and for pro-
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tecting pneumococci from killing by apolactoferrin (20). This
protein is widely known to be immunogenic and protective (21,
22) and is present in all pneumococcal strains (23). According to
sequence identities, PspA molecules have been classified into fam-
ilies and clades: family 1 (clades 1 and 2), family 2 (clades 3, 4, and
5), and family 3 (clade 6) (24). More than 90% of clinical isolates
are distributed in family 1 or family 2 (25, 26).

Our group has previously demonstrated that conjugation of
recombinant PspA (rPspA) to different PSs either maintains or
increases its immunogenicity: (i) rPspA family 1, clade 1, conju-
gated to PS23F induced higher protection against lethal challenge
than the nonconjugated rPspA (52), and (ii) rPspA family 2, clade
3, conjugated to polysaccharide serotype 14 (PS14) induced anti-
bodies with a higher efficiency in complement deposition and
higher opsonophagocytic activity than the nonconjugated protein
(27). To extend these studies, PS6B was conjugated to rPspA fam-
ily 1, clade 1, using two different methods of conjugation: the
chemical linkage of PS6B either to the carboxyl groups or to the
amine groups of rPspA. The focus of this study was to elucidate
the influence of the method of conjugation on the efficiency of
coupling PS6B to rPspA, on the secondary structure of the pro-
tein, and on the protective immune response induced against each
antigen (PS6B and rPspA).

The improvement of conjugation yields also represents a cur-
rent effort in the development of new conjugates. Improved con-
jugation yields increase the possibility of achieving an affordable
manufacturing process. In the studies described herein, the
method of conjugation through the carboxyl groups previously
described by us (27, 52) was extended to the conjugation of PS6B
with to rPspA clade 1 (rPspAl), and its efficiency was compared
with that of reductive amination, a classical method used to obtain
PCV7 and PCV13.

MATERIALS AND METHODS

Materials. Recombinant PspA clade 1 (rPspAl) and S. pneumoniae poly-
saccharide serotype 6B (PS6B) were produced in the Fermentation Labo-
ratory of the Instituto Butantan (29-32). 1,8-Diaminooctane (OCT) and
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium  chloride
(DMT-MM) were from Sigma-Aldrich (St. Louis, MO). S. pneumoniae
strains (245/00 and 679/99) were generously supplied by Instituto Adolfo
Lutz (Sao Paulo, Brazil). The strains were maintained as frozen stocks
(—80°C) in Todd-Hewitt broth supplemented with 0.5% yeast extract
(THY) with 10% glycerol.

Polysaccharide activation. Before activation, PS6B (10 mg/ml) was
hydrolyzed with HCI (0.5 M) under agitation at 80°C for 1 h in a reflux
system, followed by neutralization with NaOH to pH 7.5. Hydrolyzed
PS6B was oxidized with NalO, at a final concentration of 10 mM in 10
mM phosphate buffer (pH 7.5) for 30 min in the dark (3:2 molar ratio of
the PS6B repeating unit to NalO,). The reaction was quenched by adding
glycerol (10 eq). Oxidized PS6B was purified from the remaining glycerol
and from low-molecular-weight oxidation products through chromatog-
raphy using Sephadex G-25 gel filtration medium packed in an XK 26/40
column (GE Healthcare) and elution with 10 mM phosphate buffer (pH
7.5). The purified oxidized PS6B was lyophilized and resuspended to a
final concentration of 10 mg/ml. The extent of oxidation was estimated by
the bicinchoninic acid (BCA) colorimetric method (33) with glucose as
the standard.

Polysaccharide derivatization. Oxidized PS6B (10 mg/ml) was incu-
bated with OCT in a ratio of 100 mol of OCT per mol of aldehyde in PS.
The reaction proceeded for 24 h in 10 mM phosphate buffer (pH 7.5).
Sodium cyanoborohydride (NaBH;CN) was then added at the same pro-
portion used for OCT in order to reduce the Schiff’s base generated and to
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favor the formation of the PS6B-OCT product. Sodium borohydride in a
ratio of 100 mol per mol of aldehyde in PS was dissolved in 2% NaOH
(final volume, 100 nl) and added to the solution to stop the reaction. The
product, PS6B-OCT, was purified by gel filtration chromatography using
Sephadex G-25 packed in an XK 26/40 column (GE Healthcare) and elu-
tion with 10 mM phosphate buffer (pH 7.5). The extent of the reaction
with OCT was estimated by the trinitrobenzenesulfonic acid (TNBS)
method (34), using TNBS (Sigma-Aldrich) with OCT as the standard.
After purification, the PS6B-OCT was lyophilized and stored at —20°C.

rPspAl modification. rPspAl (15 mg/ml) was treated with formalde-
hyde (5%) in the presence of a 5 M solution of sodium cyanoborohydride
in 2% NaOH (10 pl per ml of reaction mixture) for 5 days at room
temperature. Modified PspAl (mPspAl) was purified by gel filtration
chromatography using Sephadex G-25 packed in an XK 26/40 column
(GE Healthcare) and eluted with 10 mM phosphate buffer (pH 7.5). The
rPspAl lysine content after the modification reaction was compared to
that of rPspAl by estimation using the TNBS method (34). After purifi-
cation, mPspA1 was lyophilized and stored at —20°C.

PS6B-rPspAl conjugation. (i) Conjugation using DMT-MM.
mPspA1 (10 mg/ml) was activated with 0.1 M DMT-MM, followed by the
addition of PS6B-OCT (15 mg/ml) (mass ratio, 1:1) in 10 mM phosphate
buffer (pH 7.5) for 48 h. The PS6B-OCT-mPspA1 conjugate was dialyzed
against 10 mM phosphate buffer (pH 7.5) and purified by hydrophobic
chromatography in phenyl-Sepharose 6 Fast Flow High Sub packed in an
XK 16/20 column (GE Healthcare), using descending gradient elution
from 1 M to 0 M (NH,),SO,, starting in 50 ml and ending in 189 ml of the
elution volume. The chromatography was performed using an AKTA
Prime system (GE Healthcare) with a flow rate of 3 ml/min. The conjugate
fraction was dialyzed against 1 mM sodium phosphate buffer (pH7.5) and
stored lyophilized at —20°C.

(ii) Reductive amination method. Oxidized PS6B was incubated with
rPspA1l (recombinant PspAl in its native form) for 15 days in aratio of 1:1
(wt/wt) and final concentration of 5.5 mg/ml each in the presence of
sodium cyanoborohydride (twice the PS mass) and 0.1% phenol. After 15
days, sodium borohydride was added to reduce the remaining aldehyde
groups. The PS6B-rPspA1 conjugate was dialyzed against 10 mM sodium
phosphate buffer (pH 7.5). The product was purified by hydrophobic
chromatography in phenyl-Sepharose 6 Fast Flow High Sub packed in an
XK 16/20 column (GE Healthcare), using descending gradient elution
from 1 M to 0 M (NH,),SO,, starting in 50 ml and ending in 180 ml of the
elution volume. The chromatography was performed using an AKTA
Prime system (GE Healthcare) with a flow rate of 3 ml/min. The conjugate
fraction was dialyzed against 1 mM sodium phosphate buffer (pH7.5) and
stored lyophilized at —20°C.

Analytical procedures. (i) Measurement of PS. The quantities of
PS6B were measured by the phenol-sulfuric acid method (35) with a small
modification: the reaction volumes were reduced 5 times, but the propor-
tions of the reagents were maintained. Rhamnose was used as the stan-
dard.

(ii) Measurement of protein. The concentration of rPspAl was as-
sayed by the method of Lowry (36), using a Bio-Rad DC protein assay kit
(Bio-Rad, Hercules, CA) and bovine serum albumin as the standard.

(iii) Determination of molecular size. The molecular size of hydro-
lyzed PS6B was determined in Sephacryl S-400 packed in an XK16/100
column (GE Healthcare), using 0.2 M NaCl as the mobile phase at 1
ml/min. The column was calibrated with dextrans (Sigma-Aldrich) of
known sizes (2,000 kDa, 229 kDa, 70 kDa, 40 kDa, and 10 kDa).

CD analysis. The circular dichroism (CD) spectra were obtained on a
Jasco J-810 spectropolarimeter (Japan Spectroscopic, Tokyo, Japan) at
20°C. The measurements were performed at wavelengths from 185 to 260
nm and intervals of 0.1 nm in a 0.1-cm-path cell. All samples were previ-
ously dialyzed against 10 mM sodium phosphate buffer, pH 7.5. The spec-
tra presented are the averages of five scans, and the data obtained were
reported as molar ellipticity (degrees-cm*dmol~'). A baseline measure-
ment with sodium phosphate buffer was subtracted from each spectrum;
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TABLE 1 PS6B and rPspAl doses used in the immunization protocol”

Amt (pg)/dose
Group tested PS6B rPspAl
Saline + adjuvant 0 0
Coadministered PS6B + rPspAl (control 1) 15 45
PS6B-rPspAl (test 1) 15 45
Coadministered PS6B + mPspAl (control 2) 15 30
PS6B-OCT-mPspAl (test 2) 15 30

@ The active carrier protein was rPspAl (family 1, clade 1).

for each PS-protein conjugate, a measurement with the same amount of
PS was also subtracted from the spectrum (the measurements for oxidized
PS6B and PS6B-OCT were subtracted from the PS6B-rPspAl and PS6B-
OCT-mPspA1 spectra, respectively). The secondary structure deconvolu-
tion analyses were performed with Dichroweb software (37), using the
CDSSTR algorithm (38).

Immunization procedures. BALB/c mice (female, 8 weeks old, and 6
per group) were obtained from the local breeding facility of the Universi-
dade Federal de Sao Paulo (UNIFESP) and were immunized intraperito-
neally (i.p.) on days 1, 14, and 28. The same dose of PS6B (15 pg) was
established for both conjugates, and as the mass ratio of PS6B/rPspAl
varied in the conjugates produced, the rPspA1 dose also varied (described
in detail in Table 1). The controls (coadministered compounds) were
prepared to contain the same mass of protein and PS contained in their
respective conjugates. All samples (500 pl per mouse) were prepared in
0.9% saline solution with 50 pg of AI(OH); as the adjuvant. Sera were
collected from mice on the 41st day by retro-orbital bleeding and kept at
—20°C before use.

ELISA. Antibodies to rPspAl were determined by conventional direct
enzyme-linked immunosorbent assay (ELISA). PolySorp 96-well plates
(Nunc) were coated with 0.1 pg per well of rPspAl in 0.05 M sodium
bicarbonate buffer (pH 9.6) overnight at 4°C. The plates were then washed
with phosphate-buffered saline (PBS) containing 0.05% Tween 20
(PBS-T) and blocked for 1 h at 37°C with PBS containing nonfat dried
milk (10%). After this incubation time, the plates were washed with
PBS-T and then incubated with serial dilutions of serum from individual
mice in PBS for 1 h at 37°C. The plates were then washed with PBS-T and
loaded with peroxidase-conjugated goat anti-mouse IgG (Sigma-Aldrich,
St. Louis, MO) in PBS. After a new incubation for 1 h at 37°C, the plates
were washed and incubated for 15 min at room temperature in the dark
with 40 pg of o-phenylenediamine (Sigma) and 0.5 pl of 3% hydrogen
peroxide in 0.1 M citrate buffer (pH 5.0). The reaction was stopped by
addition of 50 pl of 4 M sulfuric acid. The optical density was measured at
492 nm using an ELISA reader (Multiskan EX; Labsystems Uniscience)
(39). The titer was defined as the dilution of serum that measured 0.1 at an
optical density at 492 nm (OD,,).

Complement deposition assay. S. prneumoniae strain 245/00, bearing
homologous PspA (serotype 14, PspA clade 1), was plated on blood agar,
followed by growth in THY to an ODy, of 0.4 to 0.5 (concentration,
approximately 108 CFU/ml). The samples were centrifuged at 4,000 X g
for 3 min, and the pellets were washed once with PBS and resuspended in
the same buffer. Sera from mice immunized with conjugates or control
samples had their complement previously inactivated by heating at 56°C
for 30 min and were added to the pneumococcus suspension at a final
concentration of 10%; the mixture was incubated for 30 min at 37°C. After
this incubation period, the bacteria were washed once with PBS and then
incubated with 100 pl per well of 10% fresh-frozen normal mouse serum
(NMS) from naive BALB/c mice in gelatin Veronal buffer (Sigma) for 30
min at 37°C. The bacteria were washed again with PBS, followed by an-
other incubation with 100 .l of fluorescein isothiocyanate (FITC)-conju-
gated goat antiserum to mouse complement C3 (MP Biomedicals) at a
dilution of 1:500 on ice for 30 min in the dark. In the last step, the bacteria
were washed twice with PBS and then resuspended in 1% formaldehyde
for analysis in a FACSCanto flow cytometer (BD Biosciences).
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Opsonophagocytic assay (OPA). S. pneumoniae strains 245/00 (sero-
type 14, PspA clade 1, used to evaluate the opsonic activity of anti-PspA
antibodies) and 679/99 (serotype 6B, PspA clade 3, used to evaluate the
opsonic activity of anti-PS6B antibodies) were grown in THY to an ODy,
0f 0.4 to 0.5 (concentration, approximately 10° CFU/ml) and harvested by
centrifugation at 4,000 X g for 3 min. The pellets were washed once with
PBS and resuspended in Hank’s buffer (Invitrogen) containing 0.1% gel-
atin. Aliquots of bacteria containing 2.5 X 10° CFU were incubated with
heat-inactivated pooled test sera at a final dilution of 1:16 for 30 min at
37°C. Sera from mice injected with saline plus AI(OH); were used as a
control for all the assays. The samples were then incubated with 10% NMS
diluted in opsono-buffer (Hank’s buffer containing 0.1% gelatin) at 37°C
for 30 min. Following incubation, the samples were washed once with PBS
and then incubated with 4 X 10° peritoneal cells diluted in opsono-buffer
at 37°C for 30 min with shaking (200 rpm). Peritoneal cells were obtained
as previously described (40). The reaction was stopped by cooling on ice
for 5 min. Tenfold dilutions of the samples were plated on blood agar
plates in triplicate. The plates were incubated at 37°C in a 5% CO, incu-
bator, and the numbers of pneumococcal CFU recovered were counted
after 20 h (40).

Statistical analysis. The significance of differences in the final pneu-
mococcal counts in the protection studies was assessed using a one-way
analysis of variance (ANOVA), followed by Tukey’s multiple-comparison
test. For all comparisons, a P value of <0.05 was considered to represent
statistical significance.

RESULTS

Conjugation and purification of PS6B-rPspAl. Two different
conjugates were synthesized: PS6B-OCT-mPspA1 (with an eight-
carbon spacer molecule) and PS6B-rPspA1l (with no spacer mol-
ecule). PS6B-OCT-mPspAl was prepared by the method devel-
oped in our laboratory (28). The steps of the conjugation process
are represented in Fig. 1 and described above in detail in the ex-
perimental protocols. The acid hydrolysis of native PS6B reduced
its size from 1,000 kDa to approximately 20 kDa. The aldehyde
groups were obtained by a mild oxidation condition with NalO,
that resulted in 5 aldehydes per PS6B molecule (approximately
0.16 aldehyde per PS6B repeating unit). Eighty percent of the al-
dehydes inserted in the PS6B molecule were linked to the spacer
molecule OCT, resulting in 4 OCT molecules per PS6B (approx-
imately 0.128 OCT molecule per PS6B repeating unit). PS6B-
rPspAl was obtained by the currently used reductive amination
method (41), using the same hydrolyzed and oxidized PS.

The rPspAl employed in the DMT-MM-mediated conjuga-
tion was previously treated with formaldehyde in order to avoid
intermolecular reactions and precipitation during conjugate syn-
thesis. This modification process incorporates methyl groups in
about 70% of the €-amine groups of PspA lysine residues; methyl
incorporation has been proven not to interfere with rPspA immu-
nogenicity (27).

The conjugates were purified using hydrophobic interaction
chromatography (HIC) (Fig. 2). PS6B, a hydrophilic molecule,
did not bind to phenyl-Sepharose and eluted in the flowthrough
fraction. rPspAl, which contains hydrophobic domains, inter-
acted strongly with the resin and eluted after the end of the gradi-
ent. The conjugates combine the characteristics of both PS6B and
rPspA and eluted in the last third of the decreasing ammonium
sulfate gradient, allowing separation of the reagents and products.
The conjugate elution was characterized by the coincidence of PS
and protein detection in the same elution volume. Figure 2 shows
the chromatograms of PS6B-OCT-mPspA (top) and PS6B-PspA
(bottom) with 3 overlapping chromatograms each: (i) nonconju-
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FIG 1 Conjugation steps. Native PS6B (1,000 kDa) has its size reduced to 20 kDa by acid hydrolysis. Then, aldehyde groups are produced by oxidation of the PS
molecule. This reactive group (aldehyde) reacts directly with amine groups on rPspA by reductive amination (the method applied in commercial vaccines) or
with amine groups present in OCT. In the second case, the product, PS6B-OCT, is subsequently reacted with carboxyl groups on mPspA, intermediated by
DMT-MM, to form the conjugate. In order to increase the specificity of conjugation with PS6B-OCT, PspA’s lysine was previously modified with formaldehyde

(mPspA).

gated rPspAl, (ii) nonconjugated PS6B, and (iii) the conjugates.
The relative amounts of the conjugated and nonconjugated PSs
were measured from the column elution for calculation of the
conjugation yields (42). The chromatograms shown for the non-
conjugated compounds, rPspAl and PS6B, are representative of a
column loaded with 5 mg, and the chromatograms shown for the
conjugates are representative of 25 mg of PS6B.

Using the methodology employing DMT-MM, 55.0% = 6.0%
of the PS was in the PS6B-OCT-mPspA peak, whereas in the re-
ductive amination method, 24.0% * 2.6% of the PS was associ-
ated with the conjugated PS6B-rPspA1l peak. The mass ratios of
PS6B/rPspAl obtained in the conjugates PS6B-OCT-mPspA1 and
PS6B-rPspAl were 1:2 and 1:3, respectively.

CD analysis. The effect of PS6B conjugation on rPspA second-
ary structure was analyzed by CD, comparing the CD spectra of
conjugates and controls (rPspAl and mPspA1l). As shown in Fig.
3, there was a predominance of alpha-helix structures (78%) in
rPspAl. After the treatment of rPspAl with formaldehyde
(mPspA1l), the alpha-helix content changed from 78% (rPpsAl)
to 61% (mPspAl), areduction of approximately 22%. The conju-
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gation processes were also shown to disrupt the secondary struc-
ture of conjugated rPspAl compared to that for the rPspAl con-
trol: the reductive amination led to an alpha-helix reduction of
13%, while the process of conjugation by carboxamide formation
reduced the alpha-helix content in the protein by 46% (a 22%
reduction associated with treatment with formaldehyde and a
24% reduction associated with its conjugation with PS6B). The
level of unordered structures increased proportionally to the re-
duction in the alpha-helix content of the protein.

Immunogenicity of conjugates. PS6B exhibits low immuno-
genicity in murine models (43), and its optimal dose ranges from
10 to 20 pg (44). In our immunization protocol, we used the
conjugate dose equivalent to 15 pg of PS6B. This implied having
different concentrations of rPspAl per dose in the conjugate
groups, since the PS6B/rPspAl ratio varied in each conjugate. In
order to compare the response induced against both antigens be-
fore and after conjugation, the controls (native PS6B plus rPspAl
or mPspAl) contained the same amount of PS6B and rPspAl as
the corresponding conjugate.

The anti-rPspA1l IgG titer induced by the conjugates and their
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FIG 2 Purification of conjugates. Hydrophobic interaction chromatography (phenyl-Sepharose 6 Fast Flow High Sub) of PS6B-rPspA1 conjugate: PS6B-rPspA1l
produced by reductive amination (top) and PS6B-OCT-mPspA1 produced by conjugation using DMT-MM (bottom). The chromatograms of PS6B and free
rPspA1l are displayed in both panels. The amounts of free PS6B and conjugated PS6B loaded in the column were 5 mg and 25 mg, respectively. Elution was with
a decreasing gradient from 1 M to 0 M (NH,),SO,. The absorbance (Abs) at 490 nm and the absorbance at 280 nm correspond to the measurements for PS6B

and rPspAl, respectively.

control groups was measured by ELISA (Fig. 4A). The conjugate
obtained by reductive amination (PS6B-rPspAl) induced the
same anti-rPspAl IgG titer as rPspAl coadministered with PS6B
(Fig. 4A). On the other hand, the conjugate synthesized by car-
boxamide formation (PS6B-OCT-mPspAl) displayed an anti-rP-
spAl antibody titer higher than that induced with the coadminis-
tered antigens.

The functionality of these antibodies was evaluated by their
ability to mediate complement deposition on the pneumococcal
surface and their opsonophagocytic activity. The flow cytometry
histograms of the complement deposition obtained when a sero-
type 14 strain bearing a PspA homologous to the conjugate was
incubated with antisera from mice immunized with the conju-
gates were shown to be comparable to those obtained with the
coadministered antigens (Fig. 4B). According to our results, the
ability to induce opsonizing antibodies that mediate C3 comple-
ment deposition on the pneumococcus was preserved after con-
jugation, showing that the partial loss in the secondary structure of
the rPspA molecule did not impair its ability to elicit opsonizing
antibodies.
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The opsonophagocytic activities exhibited by anti-PS6B anti-
bodies and anti-rPspA antibodies in the sera of mice immunized
with PS6B-OCT-mPspAl and PS6B-rPspAl were evaluated in
two separate assays: (i) an assay using a pneumococcus serotype
6B strain carrying a PspA heterologous to the conjugate to assess
the protective immunogenicity of anti-PS6B antibodies and (ii) an
assay using a pneumococcus serotype 14 strain bearing a PspA
homologous to the conjugate to measure the protective immuno-
genicity of anti-rPspAl antibodies. Despite having different con-
formations, both conjugates were equally efficient in inducing op-
sonophagocytic antibodies against PS6B (shown by a significant
reduction in the number of CFU recovered) (Fig. 5A). As ex-
pected, the sera of mice immunized with the nonconjugated rP-
spAl or mPspAl were efficient in reducing the number of CFU
recovered compared to the efficiency for the sera of mice in the
negative-control group immunized with saline and AI(OH); (Fig.
5B). The conjugation of the protein to PS6B did not result in the
loss of opsonophagocytic activity of the anti-rPspAl antibodies.
On the contrary, the conjugation seemed to improve the protec-
tive activity of anti-rPspA antibodies, reducing bacterial survival
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FIG 3 rPspAl secondary structure following conjugation. The protein sec-
ondary structure was assessed by CD. rPspAl was compared to rPspAl after
modification with formaldehyde (mPspA1) and to rPspA1 after conjugation to
PS6B by reductive amination (PS6B-rPspAl) or by conjugation using
DMT-MM (PS6B-OCT-mPspA1l). CD spectra were obtained on a Jasco J-810
spectropolarimeter at 20°C. The measurements were performed at wave-
lengths from 185 to 260 nm and intervals of 0.1 nm in a 0.1-cm-path cell. The
secondary structure deconvolution analysis was performed with Dichroweb
software, using the CDSSTR algorithm.

and inducing the recovery of lower numbers of CFU (P < 0.001)
(Fig. 5B).

DISCUSSION

In this study, we have compared the effect of two conjugation
methodologies on the immunogenicity of both antigens present in
the conjugate, PS6B and rPspAl. Both methods start by oxidation
of the vicinal hydroxyls of the polysaccharides, creating aldehyde
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groups. In the classical reductive amination method, the aldehyde
is bound directly to an €-amine group of lysine in the rPspAl
molecule. In the DMT-MM-mediated method, the aldehyde was
first coupled with OCT and then the free amine group of deriva-
tized PS (PS-OCT) reacted with the carboxyl groups of mPspAl
(41). The reaction mechanism of conjugation mediated by DMT-
MM is shown in Fig. 6: the carboxyl group in the carrier protein
(A) is activated by DMT-MM (B), resulting in an acyloxytriazine
intermediate (A-B). The NH,, a nucleophilic group from PS-OCT
(C), reacts with the intermediate (A-B) through a carboxamide
linkage, generating the conjugate (A-C). The use of this reagent in
the production of a conjugate vaccine was first proposed by our
laboratory (29). The majority of the conjugation methods that are
based on the reaction of carboxyl groups employ 1-ethyl-3-(3-
dimethylaminpropyl) carbodiimide hydrochloride (EDC) in their
activation step. We introduced DMT-MM as a more efficient ac-
tivating reagent than EDC due to its higher stability in aqueous
solution, especially when using phosphate buffer (45). Studies
have shown that the use of DMT-MM in coupling PS with small
bioactive molecules or with microspheres resulted in higher reac-
tion yields than conventional methodologies (46, 47). Likewise, as
shown by the HIC chromatograms of the conjugates, the amount
of PS6B conjugated to rPspAl is higher in the method that uses
DMT-MM-mediated conjugation (55.0% = 6.0%) than in the
reductive amination (24.0% = 2.6%). When using adipic acid
dihydrazide (ADH; a currently used spacer with 6 molecules) in-
stead of OCT, no difference in the yield of the reaction between the
PS and protein was observed (results not shown).

Serotype 6B strains are epidemiologically important, and PS6B
is in the currently licensed PCVs. PS6B appears at double the
concentration of the other serotypes in the 7-valent and 13-valent
formulations. Despite being present at a higher dose, the levels of
antibodies induced against PS6B are the lowest among the levels of
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FIG 4 Anti-PspA immune response. (A) IgG antibody titer to rPspAl. Individual serum samples from mice (n = 6) immunized i.p. with rPspA1 conjugated to
PS6B by reductive amination (PS6B-rPspAl) or with mPspAl conjugated to PS6B-OCT (PS6B-OCT-mPspAl) were analyzed by ELISA and compared by
one-way ANOVA with Tukey’s multiple-comparison test. Sera from mice immunized with the respective coadministered components or with saline plus
Al(OH); were used as controls. Asterisks indicate statistically significant differences (***, P < 0.0001). ns, nonsignificant differences. The results for all groups
were significantly different from those for the saline-treated group (P < 0.0001). (B) Complement deposition on S. pneumoniae bacteria. An example of a flow
cytometry histogram for C3 deposition is shown. S. pneumoniae strain 245/00 (serotype 14 and PspA clade 1) was incubated with sera from mice immunized with
PspA clade 1 conjugated to PS6B or to PS6B-OCT. Sera from mice immunized with the respective coadministered components or with saline plus AI(OH); were

used as controls.
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The numbers of CFU recovered after 20 h were compared by one-way ANOVA with Tukey’s multiple-comparison test. The lines on the graph represent means.
Asterisks indicate statistically significant differences (**, P < 0.001; ***, P < 0.0001). ns, nonsignificant differences.

antibodies induced against the serotypes included in the PCVs
(48). Regardless of the antibody concentrations, PS6B induces a
protective response, demonstrated by the ability of the anti-PS6B
antibodies to induce opsonophagocytosis of pneumococci (48).
Due to its correlation with protection, we compared the effective-
ness of our conjugates by OPA. The serum of mice immunized
with the conjugates showed antibodies equally able to opsonize
and mediate the phagocytosis of S. pneumoniae serotype 6B ex-
pressing a heterologous PspA. This demonstrates that the changes
in chemical structure of the conjugates (spacer molecules and dif-
ferent types of linkages between PS and the carrier protein) did not
influence the immune response induced against the PS.

The incorporation of PspA as a carrier protein in PCVs more
than confers a T cell-dependent identity to the PS, and PspA is
expected to act as an immunogenic antigen. Therefore, we ana-
lyzed the effect of the conjugation reaction on the secondary struc-
ture of the protein and on the immune response induced. The
recombinant fragment of PspA used in this study contains the two

main regions related to protection: the N-terminal alpha-helical
domain and the proline-rich region. The N-terminal alpha-helical
region of PspA is long known for its protective potential (22-24,
49, 50). Recently, the proline region has also been shown to induce
protection against pneumococcal infections (51). The secondary
structure of conjugated rPspAl was assessed by CD, and rPspAl
and mPspA1l molecules were used as controls. According to our
results, both conjugates showed a reduction in the content of the
alpha-helical structure and an increased amount of unordered
structure in comparison to the rPspAl molecule. The process of
conjugation using DMT-MM led to a 31% reduction in alpha-
helical content in comparison to that of its immediate nonconju-
gated precursor, mPspAl; a global reduction of 46% was obtained
when losses due to both the rPspAl modification and the conju-
gation are considered. The reductive amination had a minor effect
on the alpha-helical content, leading to a reduction of only 13%.

The protective immunity conferred by immunization with
PspA has usually been assessed in pneumococcal disease models.
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FIG 6 Mechanism of conjugation mediated by DMT-MM.: the carboxyl group (A) is activated by DMT-MM (B) and an acyloxytriazine intermediate is obtained
(A-B). This intermediate (A-B) is susceptible to attack by a nucleophile, leading to the formation of A-C.
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A restricted repertoire of pneumococcal strains is virulent in mu-
rine models, and these strains usually bear capsular polysaccha-
rides 3, 6A, and 6B (21). In the present case, the selection of a
strain virulent for mice mainly relies on strains bearing capsular
type 3. The selection of a strain bearing serogroup 6 would impair
the analysis of the immune response induced by PspA. The strains
carrying PspA clade 1 and serotype 3 were shown to be highly
pathogenic, causing rapid sepsis and death in the mice, while tests
using serotypes different from serotypes 3, 6A, and 6B did not
cause disease in the animals (data not shown). In the absence of a
suitable pneumococcal disease model, the OPA was the assay of
choice for evaluating the functional activity of anti-PspA antibod-
ies (27, 40).

Notably, both conjugation processes preserved PspA’s anti-
genic properties, including the ability to induce antibodies capa-
ble of mediating complement deposition and phagocytosis. These
results would indicate that the primary sequence of amino acid
residues in rPspA1, rather than its secondary structure, is probably
associated with the induction of protective antibodies.

Our main goals with this study were to investigate whether
rPspAl could act as a carrier protein for PS6B and whether the
conjugation would disrupt rPspA1’s structure, affecting its immu-
nogenicity. We observed that, when conjugated, rPspAl induced
lower levels of antibodies, although it had higher opsonophago-
cytic activity than when it was nonconjugated (Fig. 5B). The ratio
of the opsonophagocytic activity per unit of antibody titer to
rPspAl was 15% higher for the conjugated rPspAl than for the
coadministered rPspA1l (data from Fig. 4A and 5A). A hypothesis
for this observation is that surface PspAl, contrary to rPspAl,
interacts with other pneumococcal surface components, includ-
ing the capsular polysaccharide, and the charge distribution of
conjugated rPspAl (positively charged protein and negatively
charged PS) more closely resembles that of the conformational
structure of PspA expressed on the bacterial surface.

In conclusion, despite the fact that the circular dichroism anal-
ysis has shown that the conjugation alters the secondary structure
of rPspAl, the immunological assays have demonstrated that
these alterations do not affect its ability to induce a protective
immune response. Furthermore, the conjugation strategy using
different chemical linkages does not seem to impair the immuno-
genicity of rPspA1l or PS6B and, consequently, does not impose an
obstacle to implementation of the more economical methodol-
ogy. Therefore, our results support the use of rPspAl as an anti-
genic carrier protein and reinforce the use of DMT-MM-mediated
conjugation as a valuable strategy to be considered in conjugation
processes.
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