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ABSTRACT Streptococcus pneumoniae is a frequent colonizer of the human nasophar-
ynx and a major cause of life-threating invasive infections such as pneumonia, meningi-
tis and sepsis. Over 1 million people die every year due to invasive pneumococcal
disease (IPD), mainly in developing countries. Serotype 1 is a common cause of IPD;
however, unlike other serotypes, it is rarely found in the carrier state in the nasopharynx,
which is often considered a prerequisite for disease. The aim of this study was to under-
stand this dichotomy. We used murine models of carriage and IPD to characterize the
pathogenesis of African serotype 1 (sequence type 217) pneumococcal strains obtained
from the Queen Elizabeth Central Hospital in Blantyre, Malawi. We found that ST217
pneumococcal strains were highly virulent in a mouse model of invasive pneumonia,
but in contrast to the generally accepted assumption, can also successfully establish na-
sopharyngeal carriage. Interestingly, we found that cocolonizing serotypes may prolifer-
ate in the presence of serotype 1, suggesting that acquisition of serotype 1 carriage
could increase the risk of developing IPD by other serotypes. RNA sequencing analysis
confirmed that key virulence genes associated with inflammation and tissue invasive-
ness were upregulated in serotype 1. These data reveal important new insights into
serotype 1 pathogenesis, with implications for carriage potential and risk of invasive dis-
ease through interactions with other cocolonizing serotypes, an often-overlooked factor
in transmission and disease progression.

IMPORTANCE The pneumococcus causes serious diseases such as pneumonia, sepsis,
and meningitis and is a major cause of morbidity and mortality worldwide. Serotype 1
accounts for the majority of invasive pneumococcal disease cases in sub-Saharan Africa
but is rarely found during nasopharyngeal carriage. Understanding the mechanisms lead-
ing to nasopharyngeal carriage and invasive disease by this serotype can help reduce its
burden on health care systems worldwide. In this study, we also uncovered the potential
impact of serotype 1 on disease progression of other coinfecting serotypes, which can
have important implications for vaccine efficacy. Understanding the interactions between
different serotypes during nasopharyngeal carriage may lead to improved intervention
methods and therapies to reduce pneumococcal invasive disease levels.

KEYWORDS pneumococcus, serotype 1, murine model, colonization, pneumonia,
respiratory infection, nasopharynx, gene expression, cocolonization

S treptococcus pneumoniae is a commensal of the nasopharynx, responsible for local
infections such as otitis media, sinusitis, and bronchitis, as well as life-threatening

invasive diseases such as pneumonia, meningitis, and sepsis (1). The pneumococcus
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predominantly affects children, the elderly, and the immunocompromised, placing an
enormous burden on the health care systems of developing countries, where there
remains a high incidence of pneumococcal diseases (1, 2).

There are more than 90 different pneumococcal serotypes, which are determined by
the composition and structure of the polysaccharide capsule (3, 4). The pneumococcal
capsule is an important virulence factor that provides protection against phagocytosis by
preventing complement deposition and by reducing the interaction with antibodies (5, 6).

Pneumococcal carriage rates vary substantially depending on age and geographical
location, ranging from 30 to 90% in children under the age of 5 years to ,10% in
adults (6–9). Although most serotypes are commonly found in the nasopharynx of
healthy adults, serotype 1 is rarely detected during nasopharyngeal carriage, but it
remains a common cause of invasive pneumococcal disease (IPD) worldwide (10, 11).
In sub-Saharan Africa, serotype 1 accounts for approximately 20% of all cases of IPD,
and approximately 60% of those are sequence type (ST) 217 or ST217 single-locus var-
iants (12–16). The 13-valent conjugate vaccine (PCV13), which includes serotype 1, was
introduced in Malawi in November 2011, but it is less effective against this serotype
(14, 15). While the vaccine provides protection against serotype 1 disease in infancy,
carriage and transmission among older children and adults is suspected as the cause
of serotype 1 disease persisting in the population (16). Even though serotype 1 is a
common cause of invasive disease in sub-Saharan Africa, nasopharyngeal carriage rates
with this serotype are around 2%, as opposed to commonly carried serotypes such as
6A, 23F, and 19F, with colonization rates of approximately 20% (10, 12). It is not clear
why serotype 1 has such low carriage potential but such high levels of invasiveness.

The spread of serotype 1 has been shown to be linked to person-to-person contact
in closed communities (17), suggesting that carriage events may be short-lived. This is
an interesting prospect, since carriage is known to be an essential stage for disease
and horizontal gene transfer; hence, reduced carriage rates would suggest that sero-
type 1 should encounter fewer opportunities for genetic recombination than other
serotypes, leading to a reduced genetic diversity among serotype 1 isolates (10).
However, published data from our group show levels of recombination in serotype 1 in
line with those reported in serotypes commonly detected during nasopharyngeal car-
riage, suggesting that serotype 1 may actually carry for periods long enough to allow
extensive recombination (12).

Phylogeographic analysis based on whole-genome sequencing has shown that
serotype 1 isolates cluster into four distinct lineages, with each lineage predominantly
associated with a single continent. Serotype 1 isolates from Africa (lineage B) are genomi-
cally distinct from those from Europe, a finding that is reflected in the pathogenic differ-
ences between sequence types (12). A number of studies have attempted to explain the
unusual epidemiological patterns of serotype 1 infection; however, these have focused
on European serotype 1 isolates (18, 19). The aim of the present study was to understand
the mechanisms of infection of African ST217 pneumococcal serotype 1 during nasopha-
ryngeal carriage and invasive pneumococcal disease. Since differential gene expression
patterns between bacteremia and meningitis isolates have been previously documented
(20), one ST217 isolate obtained from the blood of a sepsis patient and one ST217 isolate
obtained from the cerebrospinal fluid (CSF) of a meningitis patient at the Queen
Elizabeth Central Hospital in Blantyre (Malawi) were used in this study.

In contrast to the generally accepted view of low carriage potential, our findings
demonstrate that serotype 1 carries readily in the nasopharynx but at a lower density
and for a shorter duration than is typical for other pneumococcal serotypes. In line
with this, comparative analysis of the expression of key virulence genes showed
reduced expression of genes associated with nasopharyngeal carriage (e.g., neuramini-
dases) and increased expression of genes associated with invasive disease (e.g., pneu-
molysin). Interestingly, we have also shown that serotype 1 may enhance the carriage
density of other cocolonizing serotypes, suggesting that its prevalence could influence
and increase the incidence of non-serotype 1 pneumococcal disease as well.

Bricio-Moreno et al. ®

November/December 2020 Volume 11 Issue 6 e00814-20 mbio.asm.org 2

https://mbio.asm.org


RESULTS
Serotype 1 ST217 can colonize the nasopharynx for at least 14 days. A mouse

model of stable, long-term pneumococcal carriage (21) was used to determine
whether serotype 1 ST217 strains could successfully colonize the nasopharynx. As pre-
viously described, D39 was able to stably colonize the nasopharynx of MF1 mice at
approximately 103 CFU/mg of tissue for at least 14 days (21). However, although sero-
type 1 ST217 strains isolated from bacteremia (A42174) and meningitis (B13969) cases
were able to establish nasopharyngeal carriage over the first 7 days, the density at
which they colonized the nasopharynx of MF1 mice declined over the course of the
experiment (Fig. 1). Initially, serotype 1 colonized at a significantly lower CFU than D39,
at ;102 CFU/mg, and then proliferated over the next 3 days before reaching a period
of stabilization between days 3 and 7 postinfection. This was followed by a gradual
reduction in bacterial numbers over the next 2 weeks, leading to bacterial clearance by
day 21, in contrast to D39, which successfully maintained a stable level of carriage over
the same 21-day period. No bacteria were recovered from the lungs or blood at any
time point for any strain. None of the mice showed any signs of illness. As no differen-
ces were observed between the two serotype 1 ST217 isolates, the bacteremia
(A42174) isolate was used in all subsequent in vivo studies.

Nasopharyngeal carriage with serotype 1 ST217 induces proinflammatory
cytokine production. During nasopharyngeal carriage with serotype 1 ST217, signifi-
cant increases in nasopharyngeal interleukin-17 (IL-17) and gamma interferon (IFN-g)
levels were observed over the 14-day period of carriage (Fig. 2A and B). In line with
this and at an equivalent time point, the bacterial CFU of ST217 in the nasopharynx
had been significantly reduced to a level of almost complete clearance (Fig. 1A), sug-
gesting a potential role for this cytokine in bacterial clearance from the nasopharynx.
Although not statistically significant, the levels of the proinflammatory cytokines IL-1b
and macrophage inflammatory protein 2 (MIP-2) also increased over time in the naso-
pharynx of serotype 1 ST217 infected mice (Fig. 2C and D). The levels of IL-10 and
transforming growth factor b1 (TGF-b1) did not vary throughout the 14-day time
course of carriage (data not shown), supporting the observation of a proinflammatory
response to serotype 1 carriage.

Nasopharyngeal carriage with serotype 1 ST217 is only partially protective
against future carriage episodes. A reinfection experiment for nasopharyngeal car-
riage was used to assess whether the shorter duration of nasopharyngeal carriage in
serotype 1 ST217-infected mice was sufficient to induce protective immunity against
future colonization episodes. Mice were infected with the standard carriage dose of
105 bacteria in 10ml of phosphate-buffered saline (PBS). Twenty-one days later, when
mice had cleared the bacteria from the original infection, they were rechallenged with
the same dose of the same serotype 1 ST217 isolate. Bacterial numbers in the

FIG 1 Nasopharyngeal carriage of serotype 1 ST217 bacteremia (A42174) and meningitis (B13969)
isolates and serotype 2 (strain D39). Geometric means 6 standard deviations (SD) of bacterial
numbers in the nasopharynges of mice inoculated with 1� 105 CFU of serotype 1 bacteremia (red
circles) or meningitis (blue squares) isolates or serotype 2 strain D39 (black triangles) during a 21-
day period were determined. There were five mice per group per time point. *, P, 0.05; **,
P, 0.01 (analyzed by one-way ANOVA and post hoc Dunnett’s method).
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nasopharynx were determined 1, 3, and 7 days after the second challenge (Fig. 3A).
Compared to naive mice exposed to the primary carriage event, the rechallenged mice
had reduced pneumococcal CFU, with 60% of rechallenged mice having cleared their
CFU by 7 days after reinfection compared to 100% colonization rates in naive mice
from primary exposure alone. Mouse sera from the primary carriage event showed
increasing total IgG serum levels by day 14 (Fig. 3B). Thus, low-density, short-term car-
riage with serotype 1 affords only partial protection against recolonization, suggesting
that carriage episodes with serotype 1 may not be completely immunizing events.

Nasopharyngeal cocolonization with other serotypes reduces density and
duration of serotype 1 ST217 carriage. A cocolonization model was used in which
mice were initially colonized with either a serotype 19F or 6B strain and then reinfected
7 days later with serotype 1 ST217 strain (Fig. 4). Serotypes 19F and 6B were chosen
due to their prevalence and high carriage rates in Malawi (22). When serotype 1 ST217
was introduced into mice already pre-colonized with serotype 19F or 6B (Fig. 4A
and B), there was a reduction in the density of cocolonized serotype 1 over the next
7 days compared to equivalent time points in mice colonized only with serotype 1.
Interestingly, within 24 h of cocolonization with serotype 1, a temporary increase in
19F CFU was observed compared to mice colonized only with serotype 19F (Fig. 4A).
These findings suggest that cocolonization with other serotypes is detrimental to sero-
type 1 carriage density and that the introduction of serotype 1 into the nasopharyn-
geal niches of precolonized mice may cause an increase in the bacterial density of car-
riage of the first colonizing serotype.

Differential expression of pneumococcal genes between serotypes 1 ST217
and 2 D39. The gene expression profile of bacterial pathogens during in vitro growth
can reflect their pathogenic lifestyle; invasive variants of S. pneumoniae have been
reported to express higher levels of invasion-associated genes than noninvasive var-
iants (23–26). Therefore, we compared the in vitro expression pattern of genes known
to be involved in (i) the metabolism of carbohydrates, (ii) intraspecies competition, and
(iii) virulence in serotype 1 ST217 strain and the serotype 2 (D39) strain. Three stages of
growth were analyzed: early exponential phase (EEP), mid-exponential phase (MEP),
and late exponential phase (LEP). The analysis is focused on the exponential phase of

FIG 2 Cytokine levels in the nasopharynx during 14-day colonization with serotype 1 ST217. Means 6
the SD of the nasopharyngeal concentrations of IL-17 (A), IFN-g (B), IL-1b (C), and MIP-2 (D) were
determined in mice carrying serotype 1 ST217 at days 1, 3, 7, and 14 postinfection. *, P, 0.05; **,
P, 0.01 (analyzed by two-way ANOVA and post hoc Dunnett’s method).
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growth of the pneumococcus as this bacterium undergoes autolysis during stationary
phase (27). We found that up to 61% of genes were differentially expressed between
D39 and ST217, with 28 to 41% of these genes being downregulated in serotype 1 (see
Table S1 in the supplemental material).

FIG 3 Serotype 1 ST217 CFU and serum IgG levels during initial and recarriage events. (A) CFU of
serotype 1 ST217 in the nasopharynges of naive mice (red circles) and mice reinfected with the same
strain 21 days after the initial infection (black squares). **, P, 0.01 (analyzed by two-way ANOVA with
the Sidak multiple-comparison method). (B) Total serum IgG in mice carrying serotype 1 ST217 at 3,
7, and 14days postinfection after one colonization event. Both infections were performed by
intranasally inoculating 1� 105 CFU. Data are geometric means 6 the SD of three to five mice per
time point for each condition. *, P, 0.05 (analyzed by one-way ANOVA with the Tukey multiple-
comparison test).

FIG 4 Cocolonization model with a 19F or 6B strain and serotype 1 ST217. Geometric means 6 the SD of the
bacterial numbers from serotype 1 and 19F (A) or 6B (B) in the nasopharynges of five mice/group/time point
infected initially with serotypes 19F or 6B, followed 7 days later by coinfection with serotype 1. *, P, 0.05
(analyzed by two-way ANOVA).
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We analyzed the differential gene expression of the orthologous genes in serotype
1 ST217 and serotype 2 D39 strains by functional annotation during the three stages of
growth (Fig. 5A), and we observed that those genes involved in carbohydrate transpor-
tation and metabolism were highly downregulated in serotype 1 compared to D39. We
then focused on comparing the gene expression of five phosphotransferase systems
(PTS) and four ATP-binding cassette (ABC) transporters (Fig. 5C) since some of these
carbohydrate transport systems have previously been associated with either coloniza-
tion or invasive disease (28). The operons associated with colonization are the two lac-
tose type PTS SP0474-6-8 and SP1185 (28), the SP1722 glucose type PTS (28), the
SP0645-7 galactitol type PTS system (29), the Ami-AliA/AliB oligopeptide permease
ABC transporter (30, 31), and the SP2108-9-10 ABC transporter (same regulon as malA,

FIG 5 Differential gene expression between the serotype 1 ST217 and serotype 2 D39 strains. (A) Differential gene expression of the orthologous genes in
serotype 1 ST217 and serotype 2 D39 strains by functional annotation during the three exponential phases: early exponential phase (EEP), mid-exponential
phase (MEP), and late exponential phase (LEP). (B to D) In vitro pairwise comparisons of all genes (B), operons involved in pneumococcal metabolism and
competition (C), and important pneumococcal virulence factors (D) showing shared genes differentially expressed in serotype 1 ST217 and serotype 2 D39
strains during the three exponential phases. The figure shows the logarithm to base 2 of the ratio of the transcripts per kilobase million (TPM) for each
gene in the serotype 1 ST217 strain relative to the serotype 2 D39 strain. Only genes with available functional annotation information are shown in the
figure. An in vitro pairwise comparison for the full list of genes shared between the two strains can be found in Fig. S1 in the supplemental material.
Additional information on the functional codes and groups for the genes is provided in Table S2 in the supplemental material.
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malP, malQ, and malR) (32–34). These metabolic operons were mainly downregulated
or non-differentially expressed in serotype 1. In contrast, the operons associated with
virulence are the manLMN PTS system (28, 35) and the ABC transporter SP1895-6-7 (31,
36, 37), which were upregulated or mildly downregulated, respectively, in serotype 1
during the mid-exponential and late exponential phases of growth.

We also studied the differential gene expression of the blp locus, which encodes
pneumococcal bacteriocins and has been previously shown to drive growth inhibition
in strains from different serotypes (38). We found that genes from this locus were ei-
ther non-differentially expressed or downregulated in serotype 1, suggesting that sero-
type 1 might be at a disadvantage during cocolonization compared to other serotypes,
such as D39 (Fig. 5C). Our cocolonization data from Fig. 4 would support this theory.

Previous studies have identified in vivo niche-specific pathways involved in differen-
tial carbon source utilization that are specific for the lung (proline from glutamate) or
the nasopharynx (UMO from glutamine, the glucose-glycogen-glucose cycle, and argi-
nine from glutamine) (39). We studied the differential gene expression of these path-
ways in serotype 1 and serotype 2; however, these data were inconclusive (see Fig. S2
in the supplemental material). We found that the genes required uniquely in the lung
are upregulated in serotype 1 compared to serotype 2; however, the genes required
uniquely in the nasopharynx were found to be both upregulated and downregulated
in serotype 1 compared to serotype 2.

In addition to operons, we also studied the differential gene expression of key
pneumococcal virulence factors (Fig. 5D), some of which were well-defined virulence
factors involved in adherence and colonization of the airway epithelium, such as the
surface exoglycosidases (BgaA, BgaC, NanA, NanB, and StrH), choline-binding proteins
(CbpA, CbpC, CbpD, CbpE, PspA, and LytA), enolase (Eno), and sortase A (SrtA)
(6, 40–48). We found that the expression of these virulence factors was, throughout
the different phases, either down-regulated, non-differentially expressed or mildly
up-regulated in serotype 1 ST217, with the exception of CbpA, PspA, and LytA.
Interestingly, we found that these virulence factors were upregulated in serotype 1;
however, these virulence factors have also previously been shown to be important for
invasion. CbpA has been shown to be involved in translocation, which is essentially
involved in tissue invasiveness; PspA prevents binding of C3 onto pneumococcal sur-
face, therefore reducing pneumococcal killing; and LytA helps digests the cell wall,
which results in the release of the pneumococcal toxin Ply (6, 45). Other virulence fac-
tors have previously been shown to be directly involved in invasiveness, such as pneu-
molysin (ply), hyaluronidase lyase (hyl), and capsule genes (cps2A, cps2B, cps2C, cps2D,
cps2K, and cps2L) (4, 49–52). These genes were upregulated in serotype 1, with the
exception of cps2L (Fig. 5D); however, the pneumococcal adherence and virulence fac-
tor A (PavA) (53–55) was downregulated.

The observed upregulation of genes involved in pneumococcal translocation and
virulence, in addition to the downregulation of genes involved in pneumococcal ad-
herence and carriage, may offer a plausible reason for why serotype 1 ST217 is highly
invasive but rarely found in human carriage.

Blood survival. In order to further investigate the increased virulence of serotype 1
compared to serotype 2, survival of both serotypes in human blood and serum was
determined over a 24-h period. After incubation with whole human blood, it was
observed that the CFU of serotype 2 D39 steadily declined up to 2 logs during the first
4 h of incubation, only to remain stable at 103 CFU/ml between 4 and 24 h (Fig. 6A).
However, the CFU of serotype 1 ST217 strain steadily increased during the first 6 h and
then rapidly increased 100-fold between 6 and 24 h of incubation. Both serotype and
time point were significant sources of variation in two-way analysis of variance
(ANOVA). When the survival of both serotypes was tested in serum, we observed a sim-
ilar pattern, where serotype 1 rapidly increased between 2 and 4 h postinfection; how-
ever, it remained stable for the next 20 h (Fig. 6B). In contrast, there was a reduction in
serotype 2 CFU between 2 and 4 h postinfection, only to remain relatively constant for
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the next 20 h. Both serotype and time point were significant sources of variation in
two-way ANOVA. These results confirm that serotype 1 is better adapted to survive in
human blood and serum than serotype 2. However, serotype 1 seems to be better
adapted to surviving in whole blood than in serum, which could be partly explained
by increased resistance to neutrophils killing.

We next explored two other components of systemic immune defense, assessing
the levels of C3 deposition and associated phagocytosis of the two strains. We found a
17% reduction in the levels of C3 deposition on the surface of serotype 1 ST217 strain
compared to D39 (Fig. 7A). Although this difference was not statistically significant
(P=0.1810), in line with higher levels of C3 deposition on D39, opsonophagocytic kill-
ing assays with differentiated HL60 neutrophils showed that there was a significantly
higher percentage of opsonophagocytic killing of D39 compared to serotype 1 ST217
strain (P, 0.05) (Fig. 7B). Decreased complement deposition and reduced phagocytic
killing may play an important part in increased serotype 1 survival in blood.

DISCUSSION

Streptococcus pneumoniae serotype 1 ST217 is a major cause of invasive pneumococ-
cal disease worldwide, with disease incidence as high as 30% in developing countries.
However, unlike other serotypes, serotype 1 is rarely isolated from nasopharyngeal car-
riage (56). This is highly unusual, since carriage is considered to be a prerequisite for
invasive disease (57). To further explore this question, we investigated the carriage
potential of serotype 1 in vivo and compared it to serotype 2 strain D39.

We found that although the potential to cause invasive disease in mice was similar
for both serotype 1 and 2 strains (data not shown) the pattern of carriage was different.
D39 has previously been shown to reproducibly colonize the nasopharynx of mice for
a minimum of 28 days (21, 53, 58); in the present study, we show that, serotype 1
ST217 strains were also able to colonize the nasopharynx of mice, but for a shorter pe-
riod of time and at a lower density than D39. As such, serotype 1 can be recovered

FIG 6 Survival assay in blood and serum with serotype 1 ST217 (A42174) and serotype 2 (D39). CFU
of D39 and ST217 after incubation of 105 CFU in 300ml of whole human blood (A) or serum (B) for 1,
2, 4, 6, and 24 h. The data shown are geometric means 6 the SD of two individual experiments
performed in triplicate. Both serotype and time point were significant sources of variation in two-way
ANOVA (P, 0.0001 for both).
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during nasopharyngeal carriage but is cleared 14 days postinfection, despite nearly
equivalent bacterial loads during the first 7 days of carriage to D39 (Fig. 1). It has previ-
ously been shown that an increase in regulatory T cells and their immunomodulatory
cytokines IL-10 and TGF-b1 is required for noninflammatory maintenance and longer
duration of stable carriage by the pneumococcus (58). However, during nasopharyn-
geal carriage with serotype 1 ST217, the levels of IL-10 and TGF-b1 remained low
throughout the experiment. The lack of induction of such immunomodulatory cyto-
kines might lead to increased levels of proinflammatory cytokines, such as IL-17, IFN-g,
IL-1b , and MIP-2 (59), resulting in bacterial clearance. Indeed, serotype 1 ST217 was
cleared from the nasopharyngeal niche after day 14 (Fig. 1), a finding in line with
increasing levels of these cytokines (Fig. 2) and increases in total IgG levels in serum
(Fig. 3B). In data not shown, we observed a nonsignificant slight increase in the num-
ber of neutrophils on day 1 during serotype 1 carriage, which corresponds with the
peak in bacterial density. In addition, we observed a nonsignificant increase in the
number of CD4 T cells, which correlates with the increase in IL-17 on day 14. We
hypothesize that an initial increase in neutrophils might kick start the clearance of
serotype 1, which is finalized by the action of CD41 Th17 cells.

To gain some insight into potential drivers of these differences, we studied the dif-
ferential expression of operons and genes linked to increase prevalence of pneumo-
coccal nasopharyngeal carriage. The pneumococcus relies exclusively on carbohy-
drates as a carbon source; however, the availability of simple carbohydrates is limited
in the airway; hence, the pneumococcus acquires carbon through modification and
import of complex glycans (28). To this end, a number of carbohydrate import systems,
which belong mainly to the ATP-binding cassette (ABC) superfamily or to the phospho-
transferase systems (PTS), are utilized by the pneumococcus (32), with more than 30
carbohydrates uptaken in vitro (27). We found that genes involved in carbohydrate
transport and metabolism were downregulated in serotype 1 ST217 compared to sero-
type 2 (Fig. 5A). It is believed that gain and loss of metabolic pathways is highly influ-
enced by the host niche (32), with each transporter providing an advantage to either
colonization, transmission or pathogenesis (28). The operons previously linked to naso-
pharyngeal carriage are the two lactose type PTS SP0474-6-8 and SP1185 (28), the
SP1722 glucose type PTS (28), the SP0645-7 galactitol type PTS system (29), the Ami-
AliA/AliB oligopeptide permease ABC transporter (30, 31), and the SP2108-9-10
ABC transporter (same regulon as malC, malD, malR, and malX) (32–34). The pneu-
mococcal virulence factors previously linked to nasopharyngeal carriage are the
surface exoglycosidases (BgaA, BgaC, NanA, NanB, and StrH), choline binding pro-
teins (CbpA, CbpC, CbpD, CbpE, PspA, and LytA), enolase (Eno), and the sortase A
(SrtA) (6, 40–48). We found that these genes and operons, which are linked to

FIG 7 Complement deposition and resistance to opsonophagocytosis of serotype 1 ST217 strain
and serotype 2 D39 strain. (A) Human C3 deposition represented by the fluorescence intensity (FI) on
the serotype 2 strain D39, and serotype 1 strain. (B) Percent killing of the serotype-2 strain D39 and
serotype-1 strain by HL-60 cells after a 30 min of incubation with 1:3 intravenous IgG as the opsonin.
Percent killing was calculated by comparing the samples to the control without HL-60 cells. The sata
shown are means 6 the standard errors of the mean of three individual experiments performed in
triplicate. *, P, 0.05 (analyzed using a Student t test).
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nasopharyngeal carriage, were downregulated or non-differentially expressed in
serotype 1 ST217 compared to serotype 2 (Fig. 5), suggesting that serotype 1 has a
reduced ability to adhere and therefore a reduced ability to sustain nasopharyn-
geal colonization. However, although these genes have been linked to nasopha-
ryngeal carriage, some of them have been shown to be important during both na-
sopharyngeal carriage and invasion (6, 45). Those genes were cbpA, lytA, and pspA,
which were upregulated in ST217 compared to serotype 2.

In contrast, we also studied the following operons and virulence factors linked to
increased invasiveness: the manLMN PTS system (28, 35), the ABC transporter SP1895-
6-7 (31, 36, 37, 60), and the virulence factors pneumolysin (Ply), the pneumococcal ad-
herence and virulence factor A (PavA), hyaluronidase lyase (Hyl) and the orthologous
capsule genes (cps2A, cps2B, cps2C, cps2D, cps2K, and cps2L) (4, 49–55). We found that
these genes, operons, and virulence factors involved in invasiveness were upregulated
in serotype 1 compared to serotype 2, with the exception of SP1895-6-7, which
showed similar levels of expression in both serotypes, and PavA, which is linked to
both adherence and invasiveness (53–55).

These observations suggest that serotype 1 might have an increased ability to
translocate, become invasive, and evade the host immune responses. We studied the
ability of serotype 1 to evade host immune responses and to survive in human blood
and serum, and we found that serotype 1 has a significantly greater ability to survive in
human blood and serum and is substantially better at resisting complement deposition
and phagocytic killing than serotype 2 (Fig. 6 and 7), making it better adapted to resist
host clearance mechanisms during invasive disease. However, although the pneumo-
coccal capsule has an important effect on the ability of the pneumococcus to resist
host defense mechanisms, the genetic background and differential gene expression
can also play an important role in pneumococcal pathogenicity (61).

During cocarriage experiments where serotype 1 was introduced into the nasophar-
ynx of mice precolonized by 19F or 6B, we found that the ability of serotype 1 to colo-
nize was diminished in the presence of a previous colonizer compared to single coloni-
zation events (Fig. 4). Interestingly, when the first colonizer was serotype 19F, the
bacterial density of 19F was increased after serotype 1 was introduced as the cocolo-
nizing strain (Fig. 4A). However, the mechanisms behind this remain unknown.

Bacteriocins are antibacterial proteins that cause intraspecies competition within
the host during nasopharyngeal colonization, allowing some strains to predominate
over others (38, 62). The reduced ability of serotype 1 to colonize the nasopharynx of
mice already colonized by other pneumococcal serotypes and the downregulation of
bacteriocin genes (Fig. 5D) suggest that serotype 1 is even less capable of colonizing
the nasopharynx when other serotypes are already present. This is an intriguing obser-
vation since serotype 1 mainly affects young adults, who have low rates of pneumo-
coccal colonization (12, 63, 64), possibly explaining why serotype 1 is best adapted to
inhabit niches less occupied by other pneumococcal serotypes.

Serotype 1 is one of the serotypes included in the pneumococcal conjugate vaccine
(PCV13). Although PCV13 has been proven to be successful at reducing carriage rates
by other vaccine covered serotypes, the vaccine has shown reduced efficiency against
serotype 1 due to its complex transmission and its force of infection (65, 66). Our study
shows that in the presence of other colonizing serotypes, the colonizing ability of sero-
type 1 can be reduced. This may suggest that vaccine induced reductions in nasopha-
ryngeal carriage by other serotypes may open a niche for colonization by serotype 1,
which could lead to increased carriage rates of serotype 1 and therefore increased lev-
els of invasive disease caused by this serotype. In addition, serotype 1 could change
the pathogenicity of other serotypes already colonizing the nasopharynx by increasing
their carriage density. Therefore, increased levels of serotype 1 might lead to increased
mortality caused not only by serotype 1 itself but also by other serotypes directly
affected by increased prevalence of serotype 1 carriage. These observations emphasize
the importance of developing an efficient vaccine against serotype 1, which would
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lead to a reduction of invasive pneumococcal disease by this serotype and possibly
other highly prevalent serotypes.

MATERIALS ANDMETHODS
Ethics statement. This study was performed under Animals (Scientific Procedures) Act 1986 guide-

lines. The protocols were approved by both the UK Home Office and the University of Liverpool Animal
Welfare and Ethics Committee, and all experiments were performed at the University of Liverpool under
Home Office project license 40/3602. The experiments were carried out in line with the 3R requirements,
using the minimum number of animals, minimizing suffering, and using in vitro alternatives where
available.

Mouse strains. Outbred, female MF1 mice (Charles River, UK) were used to model pneumococcal na-
sopharyngeal carriage and invasive pneumococcal disease. Mice were between 6 and 10weeks old and
were left to acclimatize for 1 week before use.

Bacterial isolates. Two ST217 S. pneumoniae serotype 1 strains were used in this study: strain
B13969 was isolated from the CSF of an adult patient with bacterial meningitis, and strain A42174 was
isolated from the blood of an adult with septicemia and no clinical diagnosis of meningitis. Isolates were
collected at the Queen Elizabeth Central Hospital (Blantyre, Malawi). Both strains were subjected to
whole-genome sequencing using the Illumina genome analyzer GAII platform, as previously described
(12). An in silico serotyping method was used to confirm the sequenced strains were serotype 1 (67).

The D39 serotype 2 (NCTC 7466) strain was used as a control. A penicillin-resistant serotype 19F
ST177 European strain and a tetracycline-resistant serotype 6B ST9533 African strain were used for coin-
fection experiments. Bacteria were grown overnight at 37°C on blood agar plates containing 5% Horse
Blood (Oxoid, Basingstoke, UK) and confirmed to be pneumococcus by detection of a-hemolysis and
sensitivity to optochin (Oxoid). Frozen stocks of the bacteria were made by growing a single colony in
20% brain heart infusion (BHI) serum for 8 to 12 h at 37°C before storage at 280°C. These stocks were
thawed at room temperature shortly before being required for an experiment.

Invasive pneumonia model. Mice were mildly anaesthetized with a mixture of O2 and isoflurane
(Abbott, Chicago, IL) and infected intra-nasally with 50ml of PBS containing 106 bacteria, as described
previously (68). The mice were scored for signs of disease for the duration of the experiment, according
to the scheme of Morton (69) and culled either at predetermined time points or when they became le-
thargic. The mice were humanely culled by CO2 inhalation, followed by cervical dislocation. Blood was
obtained by tail bleeds or by cardiac puncture after cervical dislocation to determine the presence of
pneumococci at predetermined time points. Lung, brain, and nasopharynx samples were collected and
disrupted using a tissue homogenizer (IKA), and bacterial counts were performed using the Miles and
Misra method (70).

Nasopharyngeal carriage model. Mice were mildly anaesthetized with a mixture of O2 and isoflur-
ane and infected intranasally with 10ml of PBS containing 105 bacteria, as previously described (21).

For the reinfection model of nasopharyngeal carriage, mice were intranasally infected with 10ml of
sterile PBS containing 105 CFU of the bacteremia ST217 serotype 1 strain (A42174) and then reinfected
21 days later with the same dose.

The nasopharyngeal coinfection model was done by using the same dose described; however, once
carriage was established, a second infection was performed 7 days postinfection using 10ml of PBS con-
taining 105 bacteria, but this time of a different serotype. At predetermined time points, mice were
humanely culled by CO2 inhalation, followed by cervical dislocation. Nasopharyngeal tissue was dis-
rupted using a tissue homogenizer (IKA), and the viable bacterial concentration was determined using
the Miles and Misra method (70). The supernatant of homogenized nasopharynx was used for determi-
nation of cytokine levels.

Cytokine analysis. The levels of nasopharyngeal cytokines and serum IgG of infected mice were
determined using mouse ELISA kits (Sigma), with the exception of IL-17, which was performed using an
enzyme-linked immunosorbent assay (ELISA) kit from eBiosciences. All ELISAs were performed according
to the instructions of the manufacturer.

RNA extraction. Growth curves of the serotype 2 (D39) strain and the serotype 1 ST217 bacteremia
strain (A42174) were performed by inoculating 250ml of BHI with 2.5� 106 bacteria and incubating
them at 37°C in a water bath. Samples were taken every hour to determine the optical density at 500
nm (OD500). This experiment was performed in triplicate, and the OD500 values were plotted to determine
three growth phases: the early exponential phase (EEP), the mid-exponential phase (MEP), and the late
exponential phase (LEP). RNA from each phase was stabilized by incubating the bacteria in a 5% phenol
(Invitrogen) and 95% ethanol solution for 30 min on ice. After stabilization, the RNA was extracted using
a phase separation method using TRIzol (Invitrogen) (71). The quantity and quality of RNA was deter-
mined using the Qubit fluorometer (Thermo Scientific) and a 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA), respectively. Illumina NextSeq 500 sequencing (Illumina) was done by Vertis
Biotechnologie AG (Freising, Germany).

Transcriptome analysis. The quality of the trimmed single-paired-end raw reads from RNA
sequencing (RNA-seq) generated using the Illumina platform was checked using FastQC v0.11.5 (www
.bioinformatics.babraham.ac.uk/projects/fastqc/). Complete annotated reference genomes for the D39
(accession number NC_008533) and serotype 1 P1031 (accession number CP000920) strains were
obtained from GenBank (72) and used for mapping RNA-Seq reads. We then mapped sequence reads
for the D39 and serotype 1 (A42174) strains against the D39 and P1031 reference genomes, respectively,
for the sequenced RNA samples collected at EEP, MEP, and LEP of in vitro growth cultures using bowtie2
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v2.3.0 with the default options (73). We converted the annotated reference genome for the D39 and
P1031 strains from GenBank to the GFF3 format using the bp_genbank2gff3.pl script (https://metacpan
.org/pod/bp_genbank2gff3.pl) and from GFF3 to GTF format using the gff2gtf.pl script (https://github
.com/dgpinheiro/bioinfoutilities/blob/master/gff2gtf.pl). To quantify the number of transcripts, we counted
the total mapped primary transcripts excluding multi-mapping and multi-overlapping reads for each cod-
ing sequence (CDS) in the generated GTF files separately for D39 and serotype 1 strain using featureCounts
v2.0.0 (74). Since the quantity of RNA and total number of reads per sample were not necessarily the same,
we transformed the raw transcript counts for each strain separately to transcripts per kilobase million
(TPM) in R software (https://www.R-project.org/). Since the RNA-seq reads were mapped to different refer-
ence genomes, we identified orthologs by clustering all the CDS sequences in D39 and serotype 1 P1031
reference genomes using Panaroo v1.2.3 (75). Using orthologous gene clustering information, CDS
sequences found in both genomes (excluding clusters with paralogs) were selected for downstream differ-
ential gene analysis (see Table S2 and Fig. S1 in the supplemental material). The logarithms to base 2 of
the fold change in gene expression values, i.e., the TPM for serotype 1 divided by D39, were calculated for
the genes found in both strains. Heatmaps for visualizing the relative gene expression between serotype 1
A42174 and D39 strains were generated using ComplexHeatmap v2.5.4 in R (76). Comparison of the rela-
tive expression patterns of genes according to their functional annotation groups was done using
EggNOG-mapper v2.0 (77). Box and dot plots showing the relative gene expression according to functional
annotation groups was generated using ggplot2 in R (78).

Bacterial survival in whole human blood. The ability of the serotype 2 strain D39 and the serotype
1 ST217 bacteremia strain (A42174) to survive in blood was tested by incubating 105 bacteria in 300ml
of whole human blood from healthy donors. The bacterium-blood mixture was incubated at room tem-
perature in a 360° tube rotator for 24 h. The concentration of viable bacteria was determined using the
Miles and Misra method at 0, 1, 2, 4, 6, and 24 h postincubation (70).

Complement deposition. Human C3 deposition on the bacterial surface was determined by incu-
bating the bacteria with 20% pooled human serum. The quantification of C3 deposition was quantified
by flow cytometry after incubation with a mouse-anti-human C3 antibody (Abcam) and an anti-mouse-
APC antibody (eBioscience). To label bacteria, thiazole orange dye (Sigma, Gillingham, UK) was used at a
1:100 dilution. The samples were acquired using a BD Accuri C6 flow cytometer, and C3 deposition was
determined using the fluorescent intensity.

Opsonophagocytosis killing assays. The human neutrophil cell line HL60 (ATCC CCL-240) was used
to perform opsonophagocytosis killing assays according to a modified version of a previously described
protocol (79, 80). The pneumococcal isolates were opsonized using pooled human IgG (IVIG; Grifols
Therapeutics, New York, NY). After opsonization shaking for 30min at 37°C, the bacteria were incubated
with differentiated HL60 and baby rabbit complement for 45min at 37°C with shaking. At the end of the
assay, the viable bacterial number was determined using the Miles and Misra method (70).

Statistics. The statistical analysis was carried out using the GraphPad Prism version 5 statistical pack-
age (GraphPad Software, Inc.). A log-rank (Mantel-Cox) test was used to analyze the differences in sur-
vival time of infected mice. The remaining in vivo experiments were analyzed using either a one-way or
a two-way ANOVA, as detailed in the figure legends. The in vitro experiments were analyzed by using ei-
ther a one-way ANOVA or a Student t test. Statistical significance is indicated in the figures according to
the P values (*, P, 0.05; **, P, 0.01; ***, P, 0.005; ****, P, 0.001).

Data availability. RNA-seq-derived transcriptomic data generated and analyzed in this study have
been deposited in the Gene Expression Omnibus (GEO) database under accession number GSE159305.
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FIG S1, PDF file, 0.1 MB.
FIG S2, TIF file, 0.5 MB.
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