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Streptococcus pneumoniae (pneumococcus) frequently colonizes the human nasopharynx and is an important cause of pneumo-
nia, meningitis, sinusitis, and otitis media. The outer cell surface of pneumococcus may assume various degrees of negative
charge depending on the polysaccharide capsule, of which more than 90 serotypes have been identified. The negative charge of
capsular polysaccharides has been proposed to electrostatically repel pneumococci from phagocytic cells, and avoidance of
phagocytosis correlates with higher carriage prevalence. We hypothesized that the surface charge of pneumococcus contributes
to its success in nasopharyngeal carriage by modulating resistance to phagocyte-mediated killing. Here, we measured the surface
charge (zeta potential) of laboratory-constructed strains that share a genetic background but differ in serotype and of clinical
strains that differ in serotype and genetic background. A more negative surface charge correlated with higher resistance to non-
opsonic killing by human neutrophils in vitro. In addition, a more negative zeta potential was associated with higher carriage
prevalence in human populations before and after the widespread use of the pneumococcal conjugate vaccine PCV7. We also
confirmed that capsule is the major determinant of net surface charge in clinical isolates with diverse backgrounds. We noted
that exceptions exist to the idea that a higher magnitude of negative charge predicts higher prevalence. The results indicated that
zeta potential is strongly influenced by pneumococcal capsule type but is unlikely to be the only important mechanism by which

capsule interacts with host.

S treptococcus pneumoniae (pneumococcus) is an important
pathogen and is a common cause of pneumonia, meningitis,
sinusitis, and otitis media worldwide. Pneumococcus frequently
colonizes the nasopharynx, which precedes invasive infections (1,
2), and these colonization events are a prerequisite for disease and
serve as a reservoir for bacterial transmission.

Pneumococci typically produce a polysaccharide capsule, of
which more than 90 serotypes have been identified. Serotypes dif-
fer substantially in their prevalence (3-5), their tendency to cause
diseases (6-9), and their degree of antimicrobial resistance (10,
11). Notably, the most common serotypes in both invasive disease
and carriage exhibited overall consistency across populations and
time (4) until the recent widespread use of pneumococcal conju-
gate vaccines (PCV7, PCV10, and PCV13) (12, 13). While PCV7
successfully reduced the burden of invasive pneumococcal disease
(14), specific serotypes not targeted by the vaccine, such as 19A
and serogroup 15, have been reported to increase in both carriage
and invasive disease (15-18). Similar trends have appeared with
PCV13 (19). These increases in replacement serotypes could par-
tially undermine the public health impact of the vaccine (13). To
determine the potential importance of serotype replacement for
pneumococcal vaccines, it is critical to understand the factors that
determine serotype patterns of carriage.

The outer cell surface of pneumococcus displays various de-
grees of negative charge, mainly due to the presence of acidic sug-
ars, pyruvate, or phosphate in capsular polysaccharides of differ-
ent serotypes (20), with additional contributions from cell surface
structures (21). Electrostatic interaction between pneumococcal
cells and host immune effectors could influence acquisition and
clearance rates. Acquisition and clearance rates vary between se-
rotypes (22-24) and are determinants of carriage prevalence. For
example, it was proposed that the capsule enhances pneumococ-
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cal colonization by electrostatic repulsion against highly nega-
tively charged mucus, which could reduce clearance by mucocili-
ary flow (25). The negative charge of capsule polysaccharides may
also electrostatically repel pneumococci from negatively charged
phagocytic cells (26), including neutrophils and macrophages that
accelerate clearance of pneumococcal carriage in immunized an-
imals (27, 28). Serotypes that are resistant to opsonin-indepen-
dent neutrophil-mediated killing tend to be more common
among healthy carriers (29). Therefore, we hypothesize that the
surface charge of pneumococcus contributes to resistance to non-
opsonic killing by phagocytic cells and success during nasopha-
ryngeal carriage.

Here, we characterized the effect of serotype and genetic back-
ground on the net surface charge of pneumococcus by zeta poten-
tial measurement. Zeta potential is the relevant measure of surface
charge that mediates the electrostatic interaction between parti-
cles, and it can be estimated by measuring particle electrophoretic
mobility in an electric field (30). We found that zeta potential
varied according to serotype in both isogenic capsule variants and
clinical isolates of diverse backgrounds. Lower zeta potential
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(higher net negative surface charge) was associated with higher
resistance to neutrophil-mediated killing as well as higher carriage
prevalence in human populations. Two chemically neutral cap-
sules with near-zero zeta potential were exceptions to this general
relationship, having moderate resistance to phagocytic killing and
intermediate carriage prevalence. Thus, the net surface charge of
pneumococcus appears to be strongly influenced by capsule but is
unlikely to be the only important mechanism by which capsule
interacts with human neutrophils.

MATERIALS AND METHODS

Bacteria and cells. Capsule switch variants used in this study were re-
ported previously (29) and were constructed on the TIGR4 genetic back-
ground (31). Nasopharyngeal clinical carriage isolates (see Table S1 in the
supplemental material) were colony purified prior to use. All strains were
grown in Todd Hewitt broth with 0.5% yeast extract (THY) (BD, Franklin
Lakes, NJ) at 37°C with 5% CO,. In some experiments, strains were grown
in a semidefined minimal medium (32) with 1,000 U/ml catalase (MP
Biomedicals, Solon, OH) supplemented with either 10 mM glucose or 10
mM fructose.

Blood was obtained from healthy volunteers according to a protocol
approved by the Office of Human Research Administration at the Har-
vard School of Public Health. Neutrophils were isolated using a His-
topaque 10771, 11191 gradient (Sigma-Aldrich, St. Louis, MO) according
to the manufacturer’s instructions and used immediately.

Zeta potential measurement. Exponentially growing pneumococcal
cultures in THY were frozen in THY plus 10% glycerol at —80°C until use.
On the day of measurement, the frozen stocks of bacteria were thawed,
washed twice in phosphate-buffered saline (PBS; pH 7.4; Mediatech, Inc.,
Manassas, VA), and resuspended in PBS to an optical density at 620 nm
(ODy,) 0f 0.1 (~5 X 107 CFU/ml). The zeta potential of the samples was
measured at 25°C by an automated Zetasizer apparatus (Zetasizer nano
ZS; Malvern Instruments Ltd., Malvern, United Kingdom) with parame-
ters adjusted according to the manufacturer’s specifications. The mea-
surements were repeated at least three times, and the mean zeta potential
was presented.

Neutrophil surface killing assay. Neutrophil surface killing assays
were performed as described previously, and survival data on the isogenic
strains were obtained from a previously published study (29). Briefly,
bacteria were grown to mid-log phase and frozen in THY-10% glycerol at
—80°C. On the day of the experiment, bacteria were thawed and diluted to
5 X 10° CFU/ml in saline, and 10 pl of this suspension was spotted and
allowed to dry at room temperature on Trypticase soy agar with 5% defi-
brinated sheep blood (TSA II) (BD) with 8 to 10 replicates per plate.
Twenty microliters of neutrophils (2 X 10° cells/ml) was then overlaid,
allowed to dry, and incubated overnight at 37°C with 5% CO,. Percent
survival was calculated by comparing killing of each strain to a duplicate
control plate with no neutrophils. For experiments comparing isogenic
capsule switch variants, the data were normalized by dividing percent
survival for each serotype by percent survival of type 9N to obtain relative
survival.

Capsule size determination. The data on degree of encapsulation
were obtained from a previously published study using a fluorescein iso-
thiocyanate (FITC)-dextran exclusion method (29). Briefly, bacteria were
grown overnight on TSA II plates and swabbed into PBS, and 20 pl of
bacteria was mixed with 2 pl of a 10 mg/ml stock solution of FITC-dextran
(2,000 kDa; Sigma) and used to create wet mounts with coverslips. Fluo-
rescence microscopy images were captured and analyzed with UTHSCSA
ImageTool for Windows v3.0 (University of Texas Health Science Center
in San Antonio). The mean area of FITC exclusion of 100 to 250 cells was
determined for each serotype.

Serotype carriage. Carriage prevalence data were obtained from pre-
vious studies (12, 16, 29, 33, 34). We included any serotype whose zeta
potential was available in the analysis of correlation between prevalence
and surface charge.
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Statistics. Zeta potential between strains was compared using either ¢
tests or analysis of variance (ANOVA), as appropriate. Nonparametric
Spearman correlation was used to evaluate the relationship between zeta
potential and resistance to neutrophil-mediated killing, carriage preva-
lence, or degree of encapsulation. Linear regression was used to evaluate
the relationship between zeta potential of isogenic capsule switch variants
and clinical carriage isolates. Statistical analyses were conducted using the
GraphPad Prism V5.0 software (GraphPad Software, San Diego, CA) and
the R software package (http://www.r-project.org/).

RESULTS

Negative surface charge correlates with avoidance of nonop-
sonic killing by human neutrophils. To evaluate whether bacte-
rial surface charge influences resistance to killing by human neu-
trophils, we tested whether more negatively charged strains are
less likely to be killed by neutrophils in a surface killing assay (29).
We measured the zeta potential of a group of laboratory-con-
structed strains that share the TIGR4 genetic background but dif-
fer in the capsule polysaccharide and assessed the correlation with
the resistance to neutrophil killing that has been reported previ-
ously (29). The strains with lower zeta potentials, such as those
expressing the serotype 19F or 23F capsule, were more likely to
survive in the surface killing assay, while strains with higher zeta
potentials, such as those expressing the serotype 4 or 5 capsule,
were less resistant to neutrophil killing. (Fig. 1A) (tho = —0.57,
n = 14, P = 0.034). Serotypes 7F and 14, which produce neutral
polysaccharides, appeared to be exceptions to this relationship,
since they conferred the highest zeta potentials (nearly neutral)
but only showed intermediate levels of susceptibility to neutro-
phil-mediated killing. Without these two strains, the relationship
becomes much stronger (rho = —0.72, n = 12, P = 0.0082).
Lower zeta potential in isogenic capsule switch variants pre-
dicts higher carriage prevalence. It has been reported that sero-
types associated with higher resistance to neutrophil killing are
likely to show higher carriage prevalence in human populations.
Since we observed a link between surface charge and resistance to
neutrophil killing, we further tested whether lower zeta potential
can predict higher carriage prevalence. In a Kenyan cohort (33),
pneumococcal serotype prevalence showed a significant negative
correlation with zeta potential measured for capsular variants in
the TIGR4 background (Fig. 1B) (tho = —0.54, n = 15, P =
0.037). The more prevalent serotypes, such as 19F and 23F, were
the more negatively charged ones in the isogenic strains, while
types that are infrequently isolated from carriage, such as types 1
and 4, were less negatively charged. Similarly, strong negative cor-
relation was also evident in a Massachusetts cohort sampled in
2001, prior to the widespread use of the PCV7 vaccine (Fig. 1C)
(rho = —0.58, n = 15, P = 0.023), as well as in a Massachusetts
cohort sampled in 2007, when the PCV7 vaccine had been widely
used for 7 years (Fig. 1D) (rtho = —0.56, n = 15, P = 0.030).
Lower zeta potential in clinical isolates predicts higher car-
riage prevalence. To determine whether the effect of negative sur-
face charge could be generalized to clinical carriage isolates, we
measured the zeta potential of 140 clinical strains, including 29
serotypes from diverse bacterial genetic backgrounds. All but 3
isolates were from a Massachusetts cohort (16, 34); the remaining
3 clinical isolates were from Arizona, another location in the
United States, and Israel (29) (see Table S1 in the supplemental
material). The number of isolates measured for each serotype
ranged from 1 to 13, and the average zeta potential of isolates
within the same serotype was used as the serotype-specific surface
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FIG 1 Pneumococcal surface charge predicts avoidance of neutrophil-mediated killing and serotype carriage prevalence. (A) Surface charge of the TIGR4
capsule variants is inversely correlated with avoidance of neutrophil-mediated killing. Resistance to neutrophil-mediated killing is represented by mean survival
relative to serotype 9N. Spearman’s rank correlation coefficient (rho) and the associated P value (p) are shown. Negative surface charge of the isogenetic TIGR4
capsule variants is correlated with the frequency of each serotype among carriage isolates from a Kenyan cohort (B), a Massachusetts cohort before the widespread
use of the PCV7 vaccine (C), and a Massachusetts cohort after the widespread use of the PCV7 vaccine (D).

charge. We then examined whether the more prevalent serotypes,
such as 23F and 19F, exhibited, on average, lower serotype-specific
surface charges. In the Kenyan cohort (33), pneumococcal sero-
type prevalence showed a highly significant inverse correlation
with mean zeta potential measured for clinical isolates of that
serotype (Fig. 2A) (rtho = —0.51, n = 29, P = 0.0005). In the
Massachusetts cohort sampled prior to the widespread use of the
PCV7 vaccine (16, 34), a similarly strong negative correlation was
also observed (Fig. 2B) (tho = —0.45, n = 29, P = 0.015). In the
Massachusetts population exposed to the PCV7 vaccine (16, 34),a
significant correlation between zeta potential of clinical isolates
and serotype carriage prevalence in 2007 was observed for both
serotypes not included in the PCV7 vaccine (Fig. 2C) (rho =
—0.50,n =22, P = 0.017) and for the 7 vaccine serotypes (Fig. 2D)
(rtho = —0.91,n = 7, P = 0.0067) considered separately.

Capsule is the major determinant of surface charge in clinical
isolates of pneumococcus. All capsular polysaccharides with
known chemical structure carry negative net charges, except for
those from serotypes 7F, 7A, 14, 33F, and 37, which are close to
neutral (20). In isogenic strains, capsule switch clearly leads to a
change of zeta potential (Fig. 1A). To understand how much the
capsule type affects pneumococcal surface charge property in di-
verse backgrounds, we first statistically tested the contribution of
the factor serotype to the measured zeta potential in the clinical
isolates. An ANOVA on zeta potential demonstrated that the ef-
fect of serotype was highly significant [F (28, 111) = 23.9; P <2 X
107 '], and the majority (85.8%) of the total variance can be ex-
plained by serotype (total sum of squares, 1,554; explained sum of
squares, 1,332.9).
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If capsule is the major determinant of the surface charge,
then the zeta potential of the clinical isolates should be similar
to that of the isogenic capsular variants of the same serotype.
Indeed, we observed a good linear relationship between zeta
potential measured for the isogenic capsular variants and zeta
potential measured for the clinical isolates (Fig. 3B) (R* = 0.55;
P < 0.0001 by linear regression), with each unit increase of zeta
potential in the isogenic strains corresponding to an increase of
0.65 units (95% confidence interval, 0.51, 0.80) in the means
for the clinical strains. In addition, the degree of encapsulation
measured for the isogenic strains was also highly significantly
correlated with the serotype-specific zeta potential of clinical
strains (Fig. 3C) (rho = —0.75, n = 14, P = 0.002). Thus, the
capsule also appears to be the major determinant of surface
charge in the clinical isolates of pneumococcus. We further
tested whether experimentally modifying the quantity of cap-
sule produced influences surface charge within a serotype. A
TIGR4 variant producing a type 19F (TIGR4:19F) capsule was
grown in a semidefined medium with either fructose, which has
been reported to reduce capsule production (29, 35), or glu-
cose. The bacteria grown in glucose showed lower zeta poten-
tial (mean, —17.6; standard deviation [SD], 0.76) than those
grown in fructose (mean, —14.4; SD, 0.92) [t (15) = 8.203;
P < 0.0001] (Fig. 3D). Since glucose-grown TIGR4:19F bacte-
ria have been shown to be more resistant to surface killing than
the fructose-grown ones (29), the result was consistent with the
hypothesis that a more negative surface charge is associated
with higher survival from nonopsonic killing by human neu-
trophils.
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FIG 2 Relationship between serotype-specific surface charge in clinical isolates and serotype carriage prevalence. Serotype-specific surface charge, as measured
by averaging zeta potentials of clinical isolates with the same serotype, is negatively associated with the frequency of each serotype among carriage isolates from
a Kenyan cohort (A) and a Massachusetts cohort before the introduction of the PCV7 vaccine (B). The negative correlation is also evident in a post-PCV7

population for both the non-vaccine type (C) and the vaccine type (D).

DISCUSSION

In this study, we focused on the contribution of surface charge to
the prevalence of different pneumococcal serotypes in carriage.
We found that serotype-specific zeta potential was a good predic-
tor of carriage prevalence in each of the three cohorts examined.
The Kenyan and the Massachusetts 2001 cohorts were sampled
prior to widespread use of PCV7. The correlation between lower
zeta potential and higher prevalence suggested that surface charge
is linked to a factor(s) maintaining the naturally occurring sero-
type pattern. The Massachusetts 2007 cohort was sampled after
widespread use of PCV7, and evidence suggested that serotype
replacement had been completed by then (12). The serotype pat-
tern in this cohort was clearly different from that in other cohorts,
because PCV7 effectively decreased the prevalence of vaccine
types while some non-vaccine types increased in frequency. None-
theless, in both vaccine types and non-vaccine types, a negative
correlation between zeta potential and prevalence was observed.
The results suggested that surface charge is a useful predictor for
the outcome of serotype rearrangement following intervention,
given that serotypes affected by such intervention were known.
We noted that outliers exist in this relationship, such as serotype
19A and 11A in Fig. 1B and C. A possible reason, besides uncer-
tainty in measurement, is that factors other than surface charge
that are associated with serotype also contribute to host-pneumo-
coccus interaction and influence prevalence. For example, sero-
type 19A may compete with serotype 19F for a shared colonization
niche (24) and could be outcompeted by 19F in unvaccinated
populations. In addition, surface protein antigens may vary
among serotypes and mediate variable recognition by host immu-
nity. It will be interesting to test these possibilities in future inves-
tigations.
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Negative surface charge is thought to facilitate pneumococcal
colonization by reducing association with, and subsequent clear-
ance by, host immune effectors that are also negatively charged,
including mucus (25) and neutrophils (36). Avoidance of neutro-
phil-mediated surface killing in particular was shown to correlate
with increased carriage prevalence (29). Therefore, we evaluated
the relationship between zeta potential and resistance to neutro-
phil-mediated killing as a possible mechanism of the observed link
between surface charge and carriage prevalence. We found that
lower zeta potential of a serotype indeed correlated strongly with
higher levels of survival from neutrophil-mediated killing. Sero-
type 3, which has the least costly repeat unit structure and is
known for its mucoid colony phenotype, which is attributed to
extensive capsule production, was an exception in this relation-
ship, with relatively low carriage prevalence.

Capsule is unlikely to be the only important determinant of
surface charge, as indicated by the within-serotype variation in
zeta potential (Fig. 3A). The source of such variation may include
either phenotypic differences within serotype, e.g., the well-char-
acterized opaque/transparent switches (37, 38), or genetic differ-
ences within serotype, e.g., the expression of variable pneumococ-
cal surface proteins that carry charge (18), or both. In the human
nasopharyngeal environment, host factors that bind to pneumo-
coccal cell surface, such as secretory IgA, lactoferrin, and factor H
(39), also may influence zeta potential and modulate the interac-
tion with neutrophils in vivo. Additionally, the pH of the naso-
pharynx ranges from approximately 6 to 8 (40), which could have
an effect on the level of surface charge, as higher pH generally led
to lower zeta potential. We observed, however, that the relative
rank order of zeta potential among strains, which may contribute
to the relative strength of interaction between the bacterium and
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FIG 3 Capsule is the major determinant of the surface charge in clinical isolates. (A) Zeta potential of clinical isolates is linearly correlated with zeta potential of
the isogenic TIGR4 capsular variants. The dashed line represents the regression line. The solid line indicates where y = x. (B) Zeta potential of clinical isolates is
correlated with degree of encapsulation that was measured by the area of the FITC-dextran exclusion zone in pixels. Spearman’s rank correlation coefficient (rho)
and the associated P value (p) are shown. (C) Growth in fructose leads to decreased surface charge in a TIGR4 variant producing a type 19F capsule. Error bars

represent SD. P < 0.001 by ¢ test (n = 9 for each group).

nasopharyngeal cells, remained largely unchanged at different
pHs (data not shown). Further characterization of noncapsule
determinants of surface charge and their impacts on resistance to
neutrophil killing would be an interesting focus for future inves-
tigation.

A previous study (29) has shown that less metabolic cost of
capsule production, measured by the number of high-energy
bonds (ATP equivalents) that are required to generate one poly-
saccharide repeat unit, is associated with higher colonization
prevalence. In fact, there is also a correlation between metabolic
cost and surface charge (see Fig. S2 in the supplemental material),
with high metabolic cost leading to lower negative surface charge.
It is possible that higher metabolic cost may result in the produc-
tion of lower numbers of polysaccharide repeat units on each
pneumococcal cell due to constraints on the amount of energy
that is available for capsule synthesis. For most serotypes, each
polysaccharide repeat unit carries one anionic group and no cat-
ionic group (20). Thus, capsules composed of fewer polysaccha-
ride repeat units due to high metabolic cost would contain smaller
amounts of negatively charged groups per cell and display less
negative zeta potential.

In summary, serotype appears to be an important, but not the
sole, determinant of surface charge (41). In turn, surface charge is
an important, but not the sole, determinant of survival from non-
opsonic killing by neutrophils. Finally, resistance to the action of
phagocytes is a correlate of carriage prevalence by serotype, al-
though this relationship may reflect other effects of negative
charge, such as the ability to escape from other immune effectors.
Given the importance of serotype replacement in the pneumococ-
cal conjugate vaccine era, understanding the mechanism of the
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link between pneumococcal surface charge and serotype preva-
lence is an important direction for future research.
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