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Protection conferred by pneumococcal polysaccharide conjugate vaccines (PCVs) is associated with PCV-
induced antibodies against vaccine-covered serotypes that exhibit functional opsonophagocytic activity
(OPA). Structural similarity between capsular polysaccharides of closely related serotypes may result in
induction of cross-reactive antibodies with or without a cross-functional activity against a serotype not
covered by a PCV, with the former providing an additional protective clinical benefit. Serotypes 15B, 15A,
and 15C, in the serogroup 15, are among the most prevalent Streptococcus pneumoniae serotypes associ-
ated with invasive pneumococcal disease following the implementation of a 13-valent PCV; in addition,
15B contributes significantly to acute otitis media. Serological discrimination between closely related ser-
otypes such as 15B and 15C is complicated; here, we implemented an algorithm to quickly differentiate
15B from its closely related serotypes 15C and 15A directly from whole-genome sequencing data. In addi-
tion, molecular dynamics simulations of serotypes 15A, 15B, and 15C polysaccharides demonstrated that
while 15B and 15C polysaccharides assume rigid branched conformation, 15A polysaccharide assumes a
flexible linear conformation. A serotype 15B conjugate, included in a 20-valent PCV (PCV20), induced
cross-functional OPA serum antibody responses against the structurally similar serotype 15C but not
against serotype 15A, both not included in PCV20. In PCV20-vaccinated adults (18–49 years), robust
OPA antibody titers were detected against both serotypes 15B (the geometric mean titer [GMT] of
19,334) and 15C (GMTs of 1692 and 2747 for strains PFE344340 and PFE1160, respectively), but were
negligible against serotype 15A (GMTs of 10 and 30 for strains PFE593551 and PFE647449, respectively).
Cross-functional 15B/C responses were also confirmed using sera from a larger group of older adults (60–
64 years).
� 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).
1. Introduction

Streptococcus pneumoniae, a Gram-positive facultative anaerobe,
is a common colonizer of the human respiratory tract and causes
invasive pneumococcal disease in adults and children and also con-

tributes significantly to acute otitis media in children (https://

www.cdc.gov/vaccines/pubs/pinkbook/downloads/pneumo.pdf).
Children younger than 5 years and elderly are the most vulnerable
populations affected by S. pneumoniae (https://www.cdc.gov/pneu-
mococcal/index.html) [1–4].

S. pneumoniae expresses a polysaccharide capsule which is an
important virulence factor and vaccine target [5–7]. Pneumococcal
serotypes are classified based on the chemical structure of capsular
polysaccharides, with the capsule diversity caused by variation in
oligosaccharide units or attached side groups. Structurally related
polysaccharide serotypes form pneumococcal serogroups [7,8].
Genetically encoded by the capsular polysaccharide biosynthesis
(cps) locus, nearly 100 serotypes have been identified to date [9].

Pneumococcal polysaccharide conjugate vaccines (PCVs) elicit
serotype-specific protective antibodies that exhibit opsonophago-
cytic activity (OPA), e.g., facilitate complement-mediated uptake
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and killing of the pneumococcus by human phagocytic effector
cells such as neutrophils [10–14]. Some closely related serotypes
can generate cross-reactive anti-capsular antibodies that may or
may not also confer cross-functional OPA activity. Evidence of
cross-functional antibodies was seen following immunization of
infants with a 13-valent PCV (PCV13), resulting in development
of serum antibodies with OPA activity against serotypes 6C and
7A that were not included in the vaccine [15]. New serotypes
included in the 20-valent PCV (PCV20), approved by the U.S. FDA
for adults ages 18 years or older [16], may also elicit cross-
functional antibodies against serotypes expressing structurally
similar polysaccharides, such as serotype 15B.

Capsular polysaccharides of serotypes 15A, 15B, and 15C are
closely related, with 15A having a linear repeat unit structure,
while 15B and 15C have a branched repeat unit structure [17,18]
(Fig. 1). Serotypes 15B and 15C share almost identical genetic
sequence across the cps operon, except for a variation in the num-
ber of thymine-adenine (TA) tandem repeats near the 50 end of
wciZ [19,20]. WciZ, encoding a membrane-bound O-
acetyltransferase, is known to be functional in 15B but not in
15C due to an out-of-frame mutation associated with the TA repeat
units [21]. Distinguishing 15B and 15C isolates from one another
using serological methods is complicated given the closely related
structure; consequently, serogroup 15 isolates are often reported
as 15B/C in the PubMLST database (https://pubmlst.org/spneumo-
niae/) and other publications [22–24].

Here, we describe an algorithm to quickly differentiate 15B
from its closely related serotypes 15C and 15A directly from
whole-genome sequencing (WGS) data. A serotype 15B capsular
polysaccharide conjugate, included in PCV20, was also investigated
for the ability to induce cross-functional antibody responses to ser-
otypes 15A and 15C (not contained in PCV20) in human sera col-
lected from adults vaccinated with PCV20. Computer modeling of
Fig. 1. S. pneumoniae serotype 15A, 15B, and 15C polysaccharide structures. The position
6Ac). Residues are colored according to type: blue – Glc/GlcNAc, yellow – Gal, white – G
15B and 15C, respectively.
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the serotype 15A/B/C oligosaccharide chain structure, based on
the measure of conformational extension and flexibility of polysac-
charide repeat units, the end-to-end distance [25], provides further
insight into the molecular basis of potential cross-protection
among serotypes in pneumococcal serogroup 15.

2. Materials and methods

2.1. S. pneumoniae strains used for validation of in silico 15A/B/C
serotyping approach

The PubMLST Pneumococcal Genome Library (PGL) is a collec-
tion of > 9,000 published genomes hosted within the PubMLST S.
pneumoniae database (https://pubmlst.org/spneumoniae/pgl). As
of 09/16/2020, there are 365 serotype 15A strains and 416 serotype
15B, 15C, or 15B/C strains. Furthermore, a total of 7,770 S. pneumo-
niae strains were identified from PGL assigned to a serotype other
than serogroup 15. WGS data of these strains were used to test the
specificity and sensitivity of a 15A nucleotide sequence marker and
to better understand the genetic polymorphism between serotypes
15B and 15C.

2.2. Molecular modeling of 15A, 15B and 15C polysaccharide
conformations

2.2.1. Molecular dynamics
Simulations were performed with version 2.12 of the Nanoscale

Molecular Dynamics (NAMD) program [26], using CUDA exten-
sions for calculation of long-range electrostatic forces and non-
bonded forces on graphics processing units [27]. The carbohydrates
were modeled with the CHARMM36 additive force field for carbo-
hydrates [28,29], incorporating ad hoc extensions to represent the
phosphodiester linkages. The torsion angles describing the confor-
of O-acetylation of the serotype 15B polysaccharide side chain is highlighted (*and
ro2P (glycerol-phosphate). Pn15A, Pn15B and Pn15C, S. pneumoniae serotypes 15A,
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mation of the linkages are here defined as: u = H1-C1-O1-CX’; w =
C1-O1-CX’-OX’. Water was simulated with the TIP3P water model
[30], which is compatible with the CHARMM36 carbohydrate force
field.

The initial structures for the 3 repeat units (3RU) simulations
were built using our CarbBuilder software [31]. All initial struc-
tures were subjected to 10,000 steps of standard NAMD minimiza-
tion in vacuum, followed by solvation in a cubic water box using
the Visual Molecular Dynamics (VMD) software [32]. Sodium ions
were randomly distributed in each simulation using VMD, to neu-
tralize the negative charge from each phosphodiester.

All MD simulations began with a 122,000-step minimization-
and-heating phase which consisted of 5 K temperature reassign-
ments from an initial 10 K up to a temperature of 310 K, with
1,000 steps of minimization and 1,000 steps of MD at each temper-
ature. Simulations of each 3RU chain were run for 250 ns, with the
first 50 ns discarded as equilibration in the subsequent data
analysis.

The MD equations of motion were integrated with a Leap-Frog
Verlet integrator with a step size of 1 fs and periodic boundary con-
ditions were employed. Simulations were run under the
isothermal-isobaric (nPT) ensemble at 310 K, which was sustained
by a Langevin piston barostat and a Nose-Hoover thermostat (a
combination of the Nose-Hoover constant pressure method [33]
with piston fluctuation control implemented using Langevin
dynamics [34] as implemented in NAMD [26]). Long range electro-
statics were calculated with particle mesh Ewald (PME) [35] sum-
mation using k = 0.20 Å-1 and PME grid dimensions were set to be
equal to the periodic cell dimensions of the system. Non-bonded
interactions were truncated at 15.0 Å with a switching function
employed between 12.0 and 15.0 Å. The 1–4 interactions were
not scaled, in accordance with CHARMM force field
recommendations.
2.2.2. Data analysis
For each simulation, molecular conformations were extracted at

25 ps intervals. The first 50 ns of each simulation was discarded as
equilibration, to allow for the flexible polysaccharides to relax from
their initial conformations.

Inter-atomic distances and dihedral angles were extracted
using VMD’s Tcl scripting interface. Statistical values were calcu-
lated with in-house Python scripts and graphs. Molecular confor-
mations extracted from the MD simulations were depicted with
VMD.

The most common chain conformations are determined by clus-
tering the simulation conformations into families. Before confor-
mational clustering, all the simulation conformations were
aligned on the ring atoms of the GlcNAc residue in the central
repeat unit of the 3RU chain. VMD’s internal cluster command with
a cut-off of 5.0 Å was used to calculate the clusters with a Root
Mean Square Deviation (RMSD) fit to the non-hydrogen atoms in
residues 3 to 15 in the chain (the terminal residues are more flex-
ible and hence less representative of the conformation of the native
O-Ag polysaccharide). Clusters comprising less than 5% of the sim-
ulation were excluded from analysis.
2.3. Evaluation of cross-functional human serum OPA against S.
pneumoniae serogroup 15 serotypes

2.3.1. Selection of S. pneumoniae strains
Two 15A (PFE593551 and PFE647449) and two 15C (PFE344340

and PFE1160) strains of S. pneumoniae serotypes were selected, in
addition to the clinical 15B strain PFESP05051.
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2.3.2. Human sera
Residual sera used for exploratory analysis of cross-functional

responses among S. pneumoniae serotypes 15A, 15B, and 15C were
from pneumococcal vaccine-naïve healthy adults 18 to 49 years of
age who were administered a single dose of either PCV20 (which
contains serotype 15B capsular polysaccharide conjugate) or the
licensed tetanus, diphtheria, acellular pertussis combination vac-
cine (Tdap; control) (B7471001; NCT02955160). For confirmation,
residual sera were obtained from larger groups of adults, 60 to
64 years of age, who were vaccinated with a single dose of either
PCV20 or PCV13 (does not contain serotype 15B capsular polysac-
charide conjugate; control) for exploratory analysis (B7471002;
NCT03313037). Sera were collected one month after the vaccine
dose.

2.3.3. OPA assays
OPA assays have been described previously [10,12,15,36]. Here,

OPA assays were developed for pneumococcal serotypes 15A, 15B,
and 15C. Briefly, heat-inactivated sera were serially diluted 2.5-
fold in Hanks’ balanced saline solution supplemented with 0.1%
gelatin. Target bacteria were added to assay plates and were incu-
bated for 30 min at 37◦C on a shaker. Baby rabbit complement (3-
to 4-week–old, Pel-Freez, 6% final concentration) and differenti-
ated HL-60 cells were then added to each well at an approximate
effector to target ratio of 200:1. Assay plates were incubated for
45 min at 37◦C, 5% CO2 at shaking. A 10-lL aliquot of the incubated
mixture was transferred to the wells of Millipore, MultiScreenHTS
HV filter plates containing 50 lL of 2% HL-60 lysate in distilled
water. Liquid was filtered through the plates under vacuum, and
50 lL of HySoy medium was added to each well and filtered
through. The filter plates were then incubated at 37◦C, 5% CO2

overnight and the resulting colonies were then stained with Coo-
massie Brilliant Blue stain. Colonies were imaged and enumerated
on a Cellular Technology Limited (CTL) ImmunoSpot Analyzer�.
The OPA antibody titer was interpolated from the reciprocal of
the two serum dilutions encompassing the point of 50% reduction
in the number of bacterial colonies when compared to the control
wells that did not contain immune serum.

Geometric mean titers (GMTs) and correlation coefficients were
determined along with 95% confidence intervals (CI) of the correla-
tion of 15C and 15A OPA titers with respect to 15B OPA titers to
ascertain the extent of cross-functionality among the serogroup
15 serotypes. A geometric mean ratio (GMR) was also calculated
to compare the groups vaccinated with PCV20 and PCV13.
3. Results

3.1. Analysis of genetic relatedness among 15A, 15B, and 15C strains of
S. pneumoniae

The polysaccharide structures for serotypes 15A, 15B, and 15C
contain a pentasaccharide repeat unit including a glycerol-
phosphate residue [17,18]. Serotypes 15B and 15C differ from each
other only by the presence (15B) or absence (15C) of the O-acetyl
group on the aDGal unit in the three-residue side chain [17,37].
In contrast to 15B and 15C, the 15A polysaccharide lacks an
oligosaccharide side chain and has a longer backbone repeat unit
[18]. The structure of repeat units of the capsular polysaccharides
for serotypes 15A, 15B, and 15C is shown in Fig. 1.

3.1.1. In silico approach to differentiate between serotypes 15A and
15B from WGS data

The considerable similarity of the genetic organization of S.
pneumoniae cps operon of serotypes 15A, 15B and 15C has been
previously reported [19]. One of exceptions maps to wzd. Over



L. Hao, M.M. Kuttel, N. Ravenscroft et al. Vaccine 40 (2022) 4872–4880
the final 300 bp of wzd, serotype 15A shares only 69% nucleotide
sequence identity with 15B and 15C. A 141 bp fragment at the 30

end of wzd from the 15A reference strain 389/39 was selected as
a sequence marker diagnostic for serotype 15A. Isolates whose
nucleotide sequence matches this fragment when running BLAST
in BIGSdb [38] are identified as serotype 15A, whereas a BLAST
search of 15B or 15C isolate genome sequences will yield a
111 bp fragment hit with 30 nucleotide differences. Validation of
the 141 bp fragment as a diagnostic marker for serotype 15A was
then performed by BLAST analysis of a large collection of S. pneu-
moniae genomes from PGL with pre-identified serotypes, including
(i) 365 serotype 15A isolates; (ii) 416 serotype 15B, 15C, or 15B/C
isolates; and (iii) � 7770 non-serogroup 15 isolates from PGL at
PubMLST (BLAST output is included in Supplementary Tables 1
and 2). Among the 365 pre-identified 15A isolates, 359 have
sequence identical to the query fragment. Four isolates differ from
the 141 bp diagnostic marker fragment by just 1 to 4 nucleotides.
They were typed as 15A by an in-house K-mer–based WGS
serotyping algorithm (Lee J. et al, manuscript in preparation). The
same algorithm predicted the remaining 2 isolates as 15C and
6A. In contrast to the full-length match to the majority of isolates
pre-identified as serotype 15A, none of the 416 15B, 15C, or 15B/C
isolates had a full-length BLAST match to the 141 bp marker
sequence, except two isolates which were later identified as non-
serogroup 15. Similarly, none of the > 7760 non-serogroup 15 iso-
lates from PGL yielded any hits with a perfect match (Supplemen-
tary Table 2).
3.1.2. Genetic differentiation between serotypes 15B and 15C using TA
dinucleotide repeats within wciZ from WGS data

The sequence polymorphism at the wciZ TA dinucleotide repeat
regions is shown in Fig. 2A. To effectively capture the difference of
TA repeats and link the number of repeats to the functionality of
wciZ, a coding system (2TN) was designed (Fig. 2A). For example,
in 2T9, the first number ‘‘200 represents two TA repeats before
nucleotide T, and the last number ‘‘9” represents the number of
TA repeats after nucleotide T. An isolate that is typed as 2T9 will
yield a premature stop codon and a prediction of serotype 15C,
similar to 2T6, 2T7, 2T10, etc. Serogroup 15 strains typed as 2T8
or 2T11 retain an intact open reading frame for wciZ and are sero-
type 15B (Fig. 2B).

To better understand the polymorphism of the TA dinucleotide
repeats, the full-length sequence of wciZ from 400 15B, 15C, or
15B/C isolates were retrieved from PGL and aligned. Using the
Fig. 2. Alignment of wciZ TA re
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2TN coding system, the TA repeat pattern can be inferred for each
isolate. Excluding rare ambiguous cases, 6 different TA repeat pat-
terns were observed (Table 1). The most prevalent TA repeat pat-
tern is 2T8, followed by 2T9 and 2T7 (with premature stop
codon). Consistent with the polysaccharide structure, the majority
of isolates pre-identified as serotype 15B have the TA dinucleotide
repeat pattern 2T8 and are predicted to code for a full-length WciZ
O-acetyltransferase. Together, strains typed as 2T8 and 2T11 are
representative of 90.9% of the isolates pre-identified as serotype
15B, whereas fewer pre-labeled 15C isolates have 2T8 compared
to other TA repeats. Given that using serological methods to differ-
entiate 15B and 15C is complicated [39,40], it is possible that those
pre-labeled 15C isolates which have the 2T8 repeat pattern are
actually 15B, either through mislabeling or interconversion.
Among 176 pre-labeled 15B/C isolates, �52% have 2T8 with intact
WciZ, suggesting that they are very likely to be 15B, whereas the
remaining 15B/C could be 15C.

3.1.3. Genotypic identification of S. pneumoniae serotype 15C bacterial
banks used in OPA

The WGS of 7 isolates pre-identified as serotype 15A, 15B, and
15C was generated and their serotypes were inferred using the
TA dinucleotide repeat algorithm. In silico serotyping results are
shown in Table 2.

3.2. Molecular modeling of 15A/B/C polysaccharide conformation

Molecular dynamics simulations of 3RU of the serotype 15A,
15B, and 15C polysaccharides were performed to compare the flex-
ibility and conformations of the pneumococcal serogroup 15
antigens.

3.2.1. Flexibility
To assess chain flexibility, the end-to-end distance, r, was used

as a simple measure of conformational extension of the 3RU
oligosaccharides. Specifically, r was here defined for all antigens
as the distance from C1 of the first b-D-GlcNAc residue to C4 of
the third b-D-GlcNAc residue (counting from the reducing end)
on the polysaccharide backbone.

Comparison of the r time series for 15A (Fig. 3A) with 15B
(Fig. 3B) and 15C (Fig. 3C) shows a large difference in flexibility.
Serotype 15A displays rapid transitions between a broad range of
values of r, from 6 Å to 45 Å (Fig. 3A), with a mean of 32.6 Å (stan-
dard deviation 8.4 Å). The corresponding histogram of r (Fig. 3D)
peats and coding system.



Table 1
Distribution of wciZ TA dinucleotide repeat patterns from PGL15B, 15C, or 15B/C isolates. The 2T8 and 2T11 repeat patterns result in an intact open-reading frame of wciZ,
whereas the others introduce a premature stop codon.

Serotype 2T6 2T7 2T8 2T9 2T10 2T11

15B 0 5 68 2 0 2
15C 4 29 58 41 4 0
15B/C 6 36 92 38 4 0

Table 2
WGS results of serogroup 15 isolates. WGS, whole-genome sequencing.

Pre-identified serotype Strain ID Whole-genome sequence

141 bp wzd marker TA dinucleotide repeat WGS-predicted serotype

15B 15B-PFESP05051 no 2T8 15B
15C 15C-PFE344340 no 2T9 15C

15C-PFE1159 no 2T7 15C
15C-PFE1160 no 2T7 15C

15A 15A-647449 yes n/a 15A
15A-593551 yes n/a 15A
15A-308551 yes n/a 15A

Fig. 3. Comparison of the end-to-end distance, r, time series for (A) serotype 15A, (B) serotype 15B, and (C) serotype 15C, excluding the first 50 ns of simulation time. The
corresponding histograms of the distance r are shown in (D), (E), and (F), respectively. Distances are in Å. Pn15A, Pn15B and Pn15C, S. pneumoniae serotypes 15A, 15B, and
15C, respectively.
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reflects this broad distribution, which is skewed towards more
extended conformations.

In contrast, serotypes 15B and 15C show a much narrower
range of r, from 14 Å to 32 Å, with identical average values of
24.7 Å (standard deviation 2.6 Å). The corresponding histograms
of r (Fig. 3E and F) show relatively narrow Gaussian distributions
for both, indicating that the addition of O-acetylation in 15B does
4876
not affect the conformation and dynamics of these
oligosaccharides.

3.2.2. Chain conformations
To explore the causes of the observed significant difference in

the polysaccharide flexibility of serotypes 15A, 15B, and 15C, the
simulation conformations were clustered into families. Serotype



Fig. 5. 12RU static models of 15B (A) and 15C (B) polysaccharides built with the
most populated dihedral angle conformations obtained from the 3RU simulations.
The polymers have a common ‘‘zig-zag” backbone conformation, with the side
chain glycerol/Gal highly exposed. Sugars are colored according to type: blue – Glc/
GlcNAc, yellow – Gal, grey – Gro. The O-acetyl substituent is highlighted in red.
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15A has a set of five conformational families, which are shown
(with associated populations) in Fig. 4A. The 3RU model of 15A
polysaccharide molecule is highly mobile and interchanges fre-
quently between these different conformations during the simula-
tion. On a finer scale, the glycerol residue is also very mobile;
therefore, the Gro2P(O->3)bDGal group is not likely to present a
stationary target for antibody binding. In contrast, 15B and 15C
molecules both have a predominant (88%) well-defined ‘‘zig-zag”
conformation (Fig. 4B and C) that is largely maintained throughout
the course of the simulation, demonstrating that, compared to 15A,
15B and 15C are much less flexible molecules and have a common
structure. To illustrate this conformation on a longer chain, static
12RU models of 15B and 15C polysaccharides were built based
on the most populated glycosidic linkage conformations obtained
from the 3RU simulations (Fig. 5). This larger model shows that
O-acetylation does not alter the zig-zag conformation of the com-
mon backbone, but also illustrates how exposed the O-acetyl and
glycerol groups are for possible antibody binding.

3.3. Assessment of cross-functional human serum OPA among S.
pneumoniae serotypes 15A, 15B, and 15C

To examine if S. pneumoniae serotype 15B polysaccharide conju-
gate included in PCV20 elicits cross-functional responses against
related serotypes 15A and 15C in humans, sera from 18 to 49-
year–old subjects immunized with a single dose of PCV20 were
tested for functional activity against strains serotyped as 15A and
15C using the OPA assay. Analysis of OPA in the PCV20 immune
sera (n = 32) demonstrated high antibody titers against serotype
15B (GMT of 19,334), as well as robust titers against both serotype
15C strains (PFE344340 and PFE1160) included in the study, yield-
ing GMTs of 1692 and 2747, and with a correlation to 15B titers of
0.48 and 0.59, respectively. In contrast, the Tdap-immunized neg-
ative controls (n = 33) yielded serum GMTs of 34 against serotypes
15B and 9 and 12 against the two serotype 15C strains (Table 3).
These data indicate that immunization with the 15B-containing
PCV20 is able to elicit cross-functional antibodies that kill serotype
15C isolates.
Fig. 4. Conformational families produced by clustering analysis of the simulation of 3RU o
are colored according to type: blue – Glc/GlcNAc, yellow – Gal, white – Gro2P (glycerol

4877
In contrast, sera from PCV20-immunized subjects had low titers
against both serotype 15A strains (PFE593551 and PFE647449),
with GMTs of 10 and 30 (Table 3), indicating very limited or no
cross-functional killing antibodies against serotype 15A isolates.
The Tdap controls yielded GMTs of 6 against both 15A strains
(Table 3).

To confirm the 15C cross-functional human responses, sera
from larger sample size in a more relevant age group (60–64-
year–old) were used, with one cohort (n = 83) administered
f (A) serotype 15A, (B) serotype 15B and (C) serotype 15C polysaccharides. Residues
phosphate). N-Acetyl and O-Acetyl groups are colored green and red, respectively.



Table 3
Serotype 15B, 15C, and 15A cross-functional responses in 18–49-year–old adults.
GMT, geometric mean titer; n, number of subjects.

Serotype/Strain Vaccine group n GMT

15B-PFESP05051 Tdap 33 34
PCV20 32 19,334

15C/PFE344340 Tdap 33 9
PCV20 32 1692

15C/PFE1160 Tdap 33 12
PCV20 32 2747

15A/PFE593551 Tdap 33 6
PCV20 32 10

15A/PFE647449 Tdap 33 6
PCV20 32 30
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PCV20, which contains 15B capsular polysaccharide conjugate, and
another (n = 81) administered PCV13, which does not. Analysis of
serum immune responses demonstrated the 15C OPA GMT of
164 (95% CI: 94.2, 286.8) for the PCV20 group and GMT of 14
(95% CI: 9.9, 19.2) for the PCV13 group. The 15B OPA GMT for
the same PCV20 group was 5107, and for the PCV13 group was
44. Additionally, the 15C GMR between the PCV20 and PCV13
groups was 11.9 (95% CI: 6.25, 22.84), indicating that the 15B–con-
taining PCV20 elicited cross- functional immune responses to 15C.
This is also observed via a separation in the 15C OPA antibody titer
reverse cumulative distribution curves (RCDCs) for the PCV20 and
PCV13 groups (Fig. 6).
4. Discussion

S. pneumoniae serotypes 15A, 15B, and 15C possess highly sim-
ilar capsular polysaccharide structures that are difficult to distin-
guish using common serological approaches. The primary
differences are a shorter side chain and a longer backbone repeat
Fig. 6. Serotype 15C OPA antibody titer re
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unit in the 15A polysaccharide compared with 15B and 15C [18],
and the presence (15B) or absence (15C) of the O-acetyl group on
the aDGal in their three-residue side chain in 15B and 15C polysac-
charides [17,37]. Differences in the wzy polymerase gene between
serotypes 15A and 15B/C lead to a linear repeat unit capsular
polysaccharide structure in serotype 15A but a branched polysac-
charide repeat unit structure in serotypes 15B and 15C [19]. Based
on results by Bentley et al. (2006; Fig. 2) [19] comparing the cps
locus among pneumococcal serotypes, multiple regions of cps (in-
cluding wzd, wchA, wzy, etc.) show differences between serotypes
15A and 15C. Here, the first large segment from 50 end of the cps
operon that could be used to differentiate 15A from 15B/C was
selected, which does not exclude the possibility that another
15A-specific marker is present in wzy or other genes. O-
acetylation in the 15B polysaccharide is due to activity of O-
acetyltransferase encoded by the intact gene cps15bM, which is
defective in 15C (cps15cM) [21]. The presence of an extra TA unit
in the short tandem TA repeat in the O-acetyltransferase gene (9
in 15C versus 8 in 15B) was shown to make the gene defective,
resulting in an expression of a truncated inactive enzyme [21]. This
mechanism constitutes the genetic basis for reversible switching
between the 15B and 15C serotypes that has been reported previ-
ously [21,37]. However, no switching has been observed for the
15B production strain used for PCV20 manufacturing (data not
shown). Here, a novel genetic method is described that allowed
discrimination of serotype 15B and 15C isolates. The implementa-
tion of this method will facilitate the ability to accurately identify
serotype 15B and 15C isolates and thus improve epidemiologic
tracking of isolates causing pneumococcal disease.

Molecular modeling simulations were used in the present
report to explore the structure of serogroup 15 polysaccharides.
The analyses identified that serotype 15A polysaccharide is a flex-
ible molecule with no well-defined single conformation, while ser-
otype 15B and 15C polysaccharides are constrained to a ‘‘zig-zag”
conformation, similar to the conformation adopted by pneumococ-
verse cumulative distribution curves.
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cal serotype 14 or group B streptococcus type III polysaccharides
[25]. O-acetylation in 15B is on the end of the branch so it does
not disrupt this chain conformation. Given that antibodies can rec-
ognize a three-dimensional epitope, a more defined structure, as
observed with pneumococcal serotypes 15B and 15C, could present
similar epitopes for antibody binding and thus elicit cross-
functional antibody responses. In contrast, the random coil of ser-
otype 15A would present a multitude of conformational epitopes
to the immune system, and thus could elicit antibodies that are
functionally distinct from those recognizing serotypes 15B and
15C.

The ability of 15B capsular polysaccharide conjugate to elicit
cross-functional immune responses to 15C but not 15A was con-
firmed experimentally by demonstrating that subjects immunized
with PCV20, a 15B capsular polysaccharide conjugate-containing
vaccine, elicited high titers of cross-functional OPA antibodies
against 15C strains, but only low responses were observed against
15A. This cross–functional activity was confirmed with a larger
serum sample set against a single 15C strain. Together, these data
indicate that PCV20 elicits a cross-functional killing immune
response to serotype 15C, which is consistent with genetic related-
ness and structural similarity between capsular polysaccharides of
serotypes 15B and 15C. Although the titers elicited against 15C
were lower than against 15B, they were still sizable. This result
is consistent with earlier findings on cross-protection: 6B capsular
polysaccharide conjugate-containing vaccines can elicit OPA anti-
body responses to 6A in immunized infants [41,42], and PCV13,
which contains capsular polysaccharide conjugates of 6A and 7F,
induces cross-functional antibody responses against the related
serotypes 6C and 7A, respectively [15]. Of note, although on a
sequence level 6A is more similar to 6B, conformationally 6A and
6C are more similar, which could explain why 6A and 6C are more
cross-reactive [43].

Following the introduction of PCV13, non-vaccine serotypes
15B and 15C have emerged as prevalent S. pneumoniae serotypes
in both low- and high-income countries [44–46]. 15B is one of
the serotypes currently associated with relatively high case-
fatality rates [47–50], meningitis [51,52], and antibiotic resistance
[53,54]. PCV20 is expected to provide further protection from
pneumococcal disease due to more expanded serotype coverage
[55]. Cross-functional antibody responses generated by capsular
polysaccharide conjugates included in the vaccine against sero-
types with structurally related capsular polysaccharides have the
potential to provide additional protection beyond the serotypes
directly covered by the vaccine. Although the 15B-conjugate–
containing vaccine elicited lower titers against a 15C strain than
a 15B strain, the cross-functional responses shown here between
serotypes 15B and 15C indicate that the inclusion of 15B conjugate
in PCV20 has the potential to provide clinical benefit against sero-
type 15C. Longitudinal epidemiological trends in pneumococcal
disease due to serotype 15C after introduction and uptake of
PCV20 will be needed to assess the real-world impact of this
cross-functional activity on both invasive disease and nasopharyn-
geal carriage.
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