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INTRODUCTION

Invasive infections caused by Streptococcus pneumoniae continue
to be a major cause of morbidity and mortality worldwide, es-

pecially in children under 5 years of age. In 2000, there were an
estimated 14.5 million serious infections and over 825,000 deaths
(11% of all-cause deaths) in this population (86). The organism is
a major cause of serious invasive diseases, such as meningitis, bac-
teremia, and pneumonia, with young children in the first 2 years
of life and adults aged �65 years being particularly susceptible (1).
Of the 92 different pneumococcal serotypes (grouped into 46
serogroups based on immunologic similarities) that have been
identified based on antigenic differences in their capsular polysac-
charides, 10 serogroups account for most pediatric invasive pneu-
mococcal infections worldwide, with serogroups 1, 3, 6, 14, 19,
and 23 being the most common (45). The amounts of disease
caused by these serotypes vary over time, with population age and
ethnicity, and with geography. In the United States, 90% of inva-
sive pneumococcal infections in children are caused by 13 sero-
types of S. pneumoniae: 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F,
and 23F (14, 21, 116). These 13 serotypes also account for 80% to
90% of antibiotic-resistant pneumococcal strains in most U.S. re-
ports and in reports from other parts of the world (30, 50, 65).
Prior to the licensure and recommendation of the heptavalent
pneumococcal conjugate vaccine (PCV7) for all U.S. children
aged 2 to 23 months and for older children at increased risk for
invasive pneumococcal disease (IPD), approximately 65,000 cases
of IPD occurred annually among all age groups; 25% of the IPD
episodes occurred in children of �5 years of age (96). In the
United States, the licensure (in 2000) and subsequent widespread
use of PCV7 have had a significant impact on decreasing the inci-

dence of serious IPD in all age groups, especially in children under
2 years of age. However, the emergence of replacement nonvac-
cine pneumococcal serotypes, especially serotype 19A, has re-
sulted in an increase in the incidence of serious and invasive in-
fections. The scope of disease caused by these emerging serotypes
has not been defined fully. In 2010, a 13-valent pneumococcal
conjugate vaccine (PCV13) was licensed in the United States. This
vaccine contains the same seven serotypes found in PCV7, with an
additional six serotypes (1, 3, 5, 6A, 7F, and 19A) that account for
63% of the IPD currently being seen in the pediatric population
(32, 85). However, the impact that this vaccine will have on IPD
remains to be seen. The objectives of this review are to discuss the
epidemiology of serious and invasive pneumococcal infections in
the United States in the PCV era and to review some of the pneu-
mococcal vaccines that are in development.

PNEUMOCOCCAL ORGANISMS

Streptococcus pneumoniae organisms (pneumococci) are alpha-
hemolytic, lancet-shaped, Gram-positive, catalase-negative diplo-
cocci. They are fastidious, growing best in 5% carbon dioxide, and
require a source of catalase (e.g., blood) to grow on agar plates. In
liquid media, S. pneumoniae replicates in chains; on solid media,
pneumococci form alpha-hemolytic colonies, with a depression in
the center of each colony. Pneumococci produce pneumolysin,
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which breaks down hemoglobin into a green pigment, causing the
colonies to be surrounded by a green zone during growth on blood
agar plates. On chocolate agar, pneumococcal colonies are sur-
rounded by a greenish yellow pigment. They are susceptible to
optochin, soluble in bile salts, and bile esculin negative. More than
90 pneumococcal serotypes have been identified on the basis of
unique polysaccharide capsules, which are produced in various
amounts and give the colonies a mucoid appearance. The organ-
ism also expresses several virulence factors which play a major role
in its ability to cause disease. These have been the subject of mul-
tiple reviews and are not discussed further here (76, 77).

Capsular Switching

The capsule of the pneumococcal organism is one of the major
determinants of organism invasiveness. It is also the target for
serotype-specific disease prevention by vaccine, but the effective-
ness of a vaccine may be impacted by the organism’s ability to
switch the serotype of its capsule. Capsular switching occurs when
the genes encoding one capsular serotype are exchanged, via
transformation and recombination, with the genes encoding a dif-
ferent capsular serotype. The most concerning of the capsular
switches is the vaccine-to-nonvaccine serotype switch, during
which a vaccine serotype capable of causing invasive disease ac-
quires the capsule of a nonvaccine serotype; this contributes to
serotype replacement disease through the development of “vac-
cine escape” serotypes. Studies have shown that the emergence of
several of the clones of replacement serotype 19A developed
through the process of capsular switching. The development of
vaccine escape serotypes by genetic recombination at the capsular
locus has the potential to significantly reduce the long-term effec-
tiveness of pneumococcal conjugate vaccines (12, 23, 24, 87).

EPIDEMIOLOGY OF INVASIVE PNEUMOCOCCAL DISEASE

Invasive pneumococcal disease is defined as infection of any nor-
mally sterile body site. It occurs most commonly in children under
the age of 5 years, especially those under 2 years of age (14, 21,
116). This age group is particularly susceptible to infections partly
as the result of an immature immune response and frequent ex-
posures to and colonizations by S. pneumoniae. During the first 2
to 3 months of life, full-term infants have some protection against
pneumococcal infections through the passive transfer of maternal
antibodies. Of the invasive forms of pneumococcal disease, men-
ingitis is seen most frequently in children between the ages of 6
and 18 months, while bacteremia occurs most commonly between
the ages of 6 and 36 months. The majority of pneumococcal bone
and joint infections are seen between the ages of 3 and 34 months,
while the majority of cases of pneumococcal pneumonia occur in
children between 3 and 60 months of age (90, 116). Although
pneumonia in itself is not usually thought of as an invasive infec-
tion, up to 25% of cases have an associated bacteremia (11, 67, 80,
113). Given that pneumonia is a potentially serious infection, it is
discussed in this review.

Prior to the licensure of PCV7, a study conducted in Southern
California found that the overall incidence of IPD was 12.5 cases
per 100,000 persons per year, with higher incidence rates observed
for both the very young and the very old (116). As noted in the
study, the annual incidence of IPD in children of �2 years of age
was 145 cases per 100,000 individuals, compared with 72 and 32
per 100,000 individuals for children of �5 years of age and adults
of �65 years of age, respectively. In this study, over 95% of the

invasive disease included bacteremia, while the incidence of men-
ingitis (with or without bacteremia) was 0.8 case per 100,000 per-
sons. Seventy-nine percent of the isolates were from children of 2
years of age or younger. The pneumococcal serotypes isolated
most frequently from children of �2 years of age were 14, 23F,
19F, 6B, 6A, 9V, 18C, 4, and 19A (116).

The impact of widespread PCV7 use on IPD in all age groups
has been substantial. A study using population-based data from
the Active Bacterial Core Surveillance (ABCs) of the Centers for
Disease Control and Prevention (CDC) that examined the bur-
dens of invasive pneumococcal disease (defined by the isolation of
S. pneumoniae from a normally sterile body fluid) pre- and post-
PCV7 licensure demonstrated a substantial drop in the rate of
IPD, from an average of 24.3 cases per 100,000 persons in the
prevaccine years (1998 and 1999) to 17.3 cases per 100,000 per-
sons after the vaccine’s introduction in 2001. The largest decline
was seen in children under 2 years of age, for whom the rate of
disease decreased 69%, from 188 cases per 100,000 individuals to
59 cases per 100,000 individuals; the rates of disease caused by
vaccine and vaccine-related serotypes declined by 78% and 50%,
respectively. In this group, the magnitude of decline was larger for
black children than for white children. Disease rates also fell in the
adult population, with decreases of 32% for adults of 20 to 39 years
of age (11.2 cases per 100,000 individuals to 7.6 cases per 100,000
individuals), 8% for those of 40 to 64 years of age (21.5 cases per
100,000 individuals to 19.7 cases per 100,000 individuals), and
18% for those of 65 years of age and older (60.1 cases per 100,000
individuals to 49.5 cases per 100,000 individuals). The rate of dis-
ease caused by penicillin-nonsusceptible isolates dropped by 35%
compared to that in the prevaccine year 1999 (6.3 cases per
100,000 individuals to 4.1 cases per 100,000 individuals) (49, 113).
Similar declines have been reported by other large surveillance
networks (8, 54, 58). This decline was further reflected in a study
from 2003 in which there was a significant decrease in the rate of
hospital discharge for patients admitted with IPD, declining from
a peak of 12.03 discharges per 100,000 individuals in 1999 to 5.6
discharges per 100,000 individuals (P � 0.001) (102).

In 2004, further drops in the rates of IPD in all age groups were
seen, and the overall rate of disease was noted to be 12.6 cases/
100,000 individuals. The most significant decrease was again
found to be among children younger than 2 years of age. In this
population, there was a marked decrease in the rate of disease
caused by vaccine serotypes; this rate decreased from an average of
78.9 cases/100,000 individuals pre-vaccine licensure (1998 to
1999) to 2.7 cases/100,000 individuals, a decrease of over 65%.
Marked decreases in the rates of IPD were also observed in older
children, adults, and the elderly. By 2007, the incidence of PCV7-
type IPD had decreased by 99%, and the incidence of all IPD had
decreased by 76% in children younger than 5 years of age. In
adults of �65 years of age, IPD caused by PCV7 serotypes de-
creased 92%, and all-serotype invasive disease decreased by 37%
compared to the rate pre-vaccine licensure (Fig. 1) (88). The re-
ductions in IPD in these groups show the significant indirect ben-
efits of PCV7 immunization through the interruption of trans-
mission of pneumococci from children to adults (49, 66, 88).
PCV7 use has also led to significant decreases in age-specific mor-
tality rates across all age groups, further supporting the benefits of
vaccine-induced herd immunity in the population (94).

However, over the same period, the annual rate of IPD due to
nonvaccine serotypes increased from an average of 16.3 cases/
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100,000 individuals in the prevaccine years (1998 and 1999) to
19.9 cases/100,000 individuals in 2004 for children aged �5 years
and from 27 cases/100,000 individuals during the prevaccine years
to 29.8 cases/100,000 individuals in 2004 for adults aged �65
years. Disease caused by nonvaccine serotypes accounted for 17%
of all IPD cases during the prevaccine years, compared to 88% of
cases in 2004. Serotypes 3, 7F, 19A, 22F, and 33F and serogroup 15
were the predominant replacement serotypes that were seen in
children under 5 years of age, with serotypes 3, 7F, and 19A ac-
counting for 95% of IPD cases (21). The overall rate of IPD caused
by vaccine serotypes among adults of 65 years of age and older
decreased from 61.5 cases/100,000 individuals in 1998 and 1999 to
38 cases/100,000 individuals in 2004. However, the rate of disease
caused by nonvaccine serotypes, which accounted for 44% of IPD
cases in 1998 and 1999, increased to 78% in 2004 (49, 66, 88).

Serotype Replacement

Serotype replacement is defined as a decrease in the prevalence of
PCV7 serotype pneumococci accompanied by a corresponding
increase in non-PCV7 serotype pneumococci, which fill the eco-
logical niche formerly occupied by the vaccine serotypes. Recent

studies have shown that replacement serotypes 19A, 1, 5, 7F, and
33F and serogroup 15 have accounted for the most significant
increases in IPD (21, 49, 66), with serotype 19A being recognized
as the predominant replacement invasive pneumococcal serotype
in the United States (37, 46, 59, 74, 79). The predominant replace-
ment serotypes that are seen in children under 5 years of age are
also the replacement serotypes seen in adults of 65 years of age and
older.

There have been multiple reasons postulated, in addition to the
impact of PCV7, to explain the dominance of serotype 19A re-
placement disease. Antibiotic usage patterns have been postulated
to be one of the major contributing factors. In countries with little
to no PCV7 use but high rates of antibiotic use, especially for
antibiotics in the macrolide class, a significant increase in the
amount of IPD caused by serotype 19A has been seen. This is
further supported by findings from a dynamic compartmental
transmission model of the pneumococcus which was developed to
further study the reasons behind the increase in antibiotic-resis-
tant serotype 19A disease and to estimate the impact of vaccines or
changes in antibiotic use on future IPD incidence in those under 2
years of age in the United States. The model suggests that high
rates of antibiotic usage play a major role in increasing IPD caused
by antibiotic-resistant serotype 19A strains. Based on these find-
ings, antibiotic usage patterns may have significantly impacted
pneumococcal serotype distribution and contributed to the emer-
gence of serotype 19A replacement disease (9, 81, 110). Other
possible reasons include clonal expansion, with the emergence of
a single predominant serotype 19A clone, recombinant capsular
switching of other serotypes to 19A, development of significant
antibiotic resistance by this serotype, and the lack of cross-protec-
tion by PCV7-induced antibodies for serotype 19F (79).

In contrast, among particular populations, the impact of PCV7
on IPD has not been as dramatic, and the emergence of serotype
replacement disease by pneumococcal serotype 19A has not been
observed. As an example, in the White Mountain Apache (WMA)
population in Arizona, despite the introduction of PCV7, high
rates of IPD in PCV7-vaccinated children under 5 years of age
continue to be seen. This is attributed to the fact that the 7 sero-
types covered in the vaccine account for only 56.2% of the IPD
cases among WMA children, compared to about 80% to 90% of
cases in the general population. It is interesting that serotype 19A
replacement disease has not been observed in this population. In
fact, the rate of serotype 19A IPD in the WMA population has
been stable or has decreased since vaccine introduction. The rea-
sons for these differences are not understood, but they demon-
strate the wide variability in the coverage of PCV7 that has been
observed worldwide and emphasize the geographic variability of
pneumococcal serotype distribution (63).

Antibiotic Resistance among Replacement Serotypes

Even though the overall incidence of invasive disease caused by
penicillin-nonsusceptible, erythromycin-resistant, and multi-
drug-resistant pneumococcal vaccine strains decreased signifi-
cantly after the introduction of PCV7, there was a simultaneous
marked increase in disease caused by antibiotic-resistant nonvac-
cine replacement serotypes of pneumococci (33, 62). Seven sero-
types (6A, 6B, 9V, 14, 19A, 19F, and 23F) account for most of the
clinically significant drug-resistant strains of Streptococcus pneu-
moniae. Five of these serotypes (6B, 9V, 14, 19F, and 23F) are
included in PCV7, and all of these serotypes are included in

FIG 1 Changes in invasive pneumococcal disease incidence (1998 to 2007) by
serotype among U.S. children aged �5 years (top) and adults aged �65 years
(bottom). (Adapted from reference 88 by permission of the Infectious Diseases
Society of America.)
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PVC13. Only serotype 19A was unaffected by PCV7, and this has
allowed the spread of drug-resistant and multidrug-resistant se-
rotype 19A strains worldwide (26, 87). In the United States, the
percentages of penicillin- and erythromycin-nonsusceptible sero-
type 19A isolates among children aged �5 years increased from
63% and 23%, respectively, in 1998 and 1999 to 74% and 46%,
respectively, in 2004. Also, the percentage of strains resistant to
levofloxacin has been increasing steadily (27, 49, 62, 74, 91). Over
the same period, the rate of IPD due to penicillin-nonsusceptible
serotype 19A strains increased from 2 to 8.3 cases/100,000 indi-
viduals in children under 2 years of age and from 1.3 to 2.2 cases/
100,000 individuals in adults of �65 years of age (62).

Transmission and Carriage of S. pneumoniae

Streptococcus pneumoniae is part of the normal pharyngeal flora in
healthy children and adults. The rates and duration of coloniza-
tion are influenced by a number of factors, including age, race,
exposure to cigarette smoke, and day care attendance (17, 34).
Nasopharyngeal colonization usually is acquired around 6
months of age but can occur as early as the first week of life, and
although the average length of carriage is 3 to 4 months, some
individuals (especially young infants) may harbor pneumococci
for over a year. At any given time, over 75% of infants and young
children are colonized, with the highest rates occurring in children
who live in institutions and in those who attend day care. Coloni-
zation rates decrease with age, dropping to 25% for teenagers and
to 2% to 9% for adults who are not routinely exposed to young
children (34). The differences in colonization rates between chil-
dren and adults have been attributed to the gradual development
of serotype-specific antibodies in response to multiple exposures to
various pneumococcal serotypes that occurs with increasing age.

Nasopharyngeal colonization is a prerequisite for invasive dis-
ease, with the transition from asymptomatic carriage to invasive
disease occurring through hematogenous spread or direct exten-
sion from the site of colonization. Infection occurs most often
after acquisition of a new pneumococcal strain, and studies have
shown that 15% of children who acquire a new strain become ill
with acute otitis media (AOM) or other types of IPD within 1
month of the acquisition (38).

Immunization with PCV7 has had a beneficial indirect effect of
decreasing nasopharyngeal colonization of vaccine serotypes in
vaccinees and in adult and unvaccinated child household contacts.
This in turn has led to a decrease in rates of IPD among these
individuals. However, studies have shown that this has also led to
an increase in nasopharyngeal carriage of nonvaccine serotypes,
whose potential for IPD is not completely known and in which
antibiotic resistance is increasing (42, 43, 52, 53, 75, 83). The effect
of PCV13 on nasopharyngeal colonization is expected to be sim-
ilar to that seen with PCV7.

CLINICAL MANIFESTATIONS OF INVASIVE PNEUMOCOCCAL
DISEASE

Risk Factors Associated with Invasive Disease

Prior to the introduction of PCV7, the highest rates of IPD were
seen in children under 2 years of age (96). Factors that increase the
risk for pneumococcal disease include chronic medical conditions
(e.g., congenital or acquired humoral immunodeficiency, human
immunodeficiency virus infection, absent or deficient splenic
function, abnormal innate immune responses, cochlear implants,

or cerebrospinal fluid [CSF] leak), belonging to certain racial and
ethnic groups (black, Native Alaskan, and American Indian popula-
tions), and attendance in group child care (2, 96). A case-control
study performed by Pilishvili and colleagues to evaluate risk factors
for IPD among children aged 3 to 59 months in the era of PCV7
found that children continued to be at increased risk for vaccine-type
IPD when they had underlying illnesses, were male, or had no health
care coverage, while vaccination with PCV7 reduced the risk for vac-
cine-type IPD that was associated with race and group child care
attendance. For non-vaccine-type IPD, risk factors included the pres-
ence of underlying illnesses, attendance in group child care, male
gender, low socioeconomic status, and asthma (89).

Pneumococcal Meningitis

Meningitis is the most serious manifestation of IPD and most
often results from dissemination of the organism to the meninges
via the bloodstream. Prior to PCV7, the incidence of meningitis in
children under the age of 2 years was 6.6 cases per 100,000 indi-
viduals (101). Since the introduction of a Haemophilus influenzae
type b conjugate vaccine, population-based studies of bacterial
meningitis indicate that S. pneumoniae has emerged as the leading
cause of bacterial meningitis in the United States (70, 101). Pa-
tients with pneumococcal meningitis may experience a wide range
of disease findings, from a gradual onset of symptoms, progressing
over a period of several days from nonspecific upper respiratory
manifestations to the appearance of overt disease manifestations,
to a fulminant disease course that can result in death less than 24 h
after the onset of symptoms. Despite early diagnosis, appropriate
antibiotic therapy, and intensive medical care, significant levels of
morbidity and mortality continue to be associated with the dis-
ease. Neurologic sequelae have been detected in 25% to 56% of
survivors, and death can be expected in 5% to 15% of cases, espe-
cially if disease is caused by specific serotypes which may be asso-
ciated with more severe disease (5, 100).

After the introduction of PCV7, rates of pneumococcal menin-
gitis and hospitalizations decreased substantially among children
and adults (58, 109, 113). Findings from a recent study which
examined trends in pneumococcal meningitis from 1998 through
2005, using active, population-based surveillance data from 8 sites
in the United States, identified 1,379 cases of pneumococcal men-
ingitis during the study period. The study found that the rate of
pneumococcal meningitis declined significantly overall, from 1.13
cases to 0.79 case per 100,000 individuals for 1998 to 1999 and
2004 to 2005, respectively, representing a 30.1% decline (P �
0.001). The greatest decreases were seen among persons younger
than 2 years of age and those of 65 years of age or older, for whom
the incidence decreased by 64% and 54%, respectively (P � 0.001
for both). Overall, the rate of PCV7 serotype meningitis decreased
from 0.66 case per 100,000 individuals to 0.18 case per 100,000
individuals among patients of all ages, i.e., a 73.3% decline (P �
0.001), with decreases ranging from 92.8% for children of �2
years of age to 61.6% among persons aged 40 to 64 years. The rate
of PVC7 serotype-related disease for all age groups decreased by
32.1% (P � 0.08), from 0.14 case to 0.10 case per 100,000 individ-
uals. However, in all age groups, the rate of non-PCV7 serotype-
related disease increased significantly, from 0.32 to 0.51 case per
100,000 individuals for 1998 to 1999 and 2004 to 2005, respec-
tively, representing an increase of 60.5% (P � 0.001). The most
significant increases were seen in the percentages of cases caused
by serotypes 19A, 22F, 11A, and 35B. Overall, the incidence of
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meningitis caused by isolates that were nonsusceptible to penicil-
lin, meropenem, and cefotaxime decreased significantly between
1998 to 1999 and 2004 to 2005. All isolates were susceptible to
vancomycin, and 99% were susceptible to rifampin and levofloxa-
cin. As a whole, the proportion of penicillin-nonsusceptible iso-
lates decreased between 1998 and 2003, from 32% to 19.4% (P �
0.01), but was noted to increase between 2003 and 2005, from
19.4% to 30.1% (P � 0.03), presumably due to an increase in cases
caused by nonvaccine strains. Decreased susceptibility was most
common among isolates of serotypes 15A (62.5%), 19A (60.7%),
and 35B (69.6%). For the study period, even with the decline in the
incidence of cases, the case fatality rate was 8.4% among children
and 22.3% among adults (109). Information from another sur-
veillance study showed that 20% of all meningitis cases were
caused by nonvaccine serotypes 6A, 7F, 22, 15, and 33 (51).

Pneumococcal Bacteremia

For decades, high rates of pneumococcal bacteremia have been
reported in very young children (28, 55, 64). Prior to PCV7, in the
United States, the annual incidence of pneumococcal bacteremia
in children of �4 years of age was estimated to be 242 cases per
100,000 individuals, with approximately 72% of these cases occur-
ring in infants younger than 12 months of age. The incidence of
pneumococcal bacteremia has also been shown to vary geograph-
ically and among certain ethnic groups, with rates as high as 1,195
cases per 100,000 individuals in Native Alaskan children under 2
years of age (28, 55).

Bacteremia may occur in association with meningitis, pneumo-
nia, or septic arthritis; it may occur concurrently with localized
disease, such as acute otitis media, or in the absence of any focal
findings. Approximately 3% to 5% of febrile children between the
ages of 3 and 36 months are at risk for asymptomatic or occult
bacteremia, and 85% to 95% of these cases were caused by S.
pneumoniae in the prevaccine era (57, 64). However, identifying
these children is problematic, as symptoms may be nonspecific
(e.g., decreased activity levels, reduced appetite, or irritability).
Given that bacteremia is diagnosed on the basis of isolation of S.
pneumoniae from blood cultures, diagnosis in these cases is generally
made because blood cultures were obtained prior to initiation of an-
tibiotic therapy. Although an increased peripheral white blood cell
(WBC) count (�15,000/mm3) or absolute neutrophil count
(�10,000/mm3) has been associated with the risk of asymptomatic
pneumococcal bacteremia, it has limited value as a predictor of this
disease because these signs may be indicative of any type of infection
(61). Historically, the concern with missing the diagnosis of occult
bacteremia was the fear of progression from bacteremia to focal or
systemic infections, especially meningitis and sepsis.

The impact of PCV7 on pneumococcal bacteremia has been
substantial. Studies of adults and children have shown that rates of
bacteremia alone have decreased by at least 55%, especially in
patients of �65 years of age (92, 102, 113). Herz et al. reported an
84% reduction of S. pneumoniae bacteremia following the imple-
mentation of routine vaccination with PCV7 in children aged 3 to
36 months who were seen in Northern California Kaiser Perma-
nente outpatient clinics and emergency departments (48).
Carstairs et al. reported that of 1,428 patients under 36 months of
age presenting to an emergency room for evaluation of fever who
had blood cultures obtained, 0% (0/833 patients) of those who
had received a least one dose of PCV7 versus 2.4% (13/550 pa-
tients) of unimmunized patients had a positive blood culture for

S. pneumoniae (18). However, the incidence of bacteremia caused
by vaccine-related serotypes and nonvaccine serotypes has been
reported to be increasing since the introduction of PCV7 (58,
107). Kaplan et al. reported that nonvaccine serotypes causing
invasive disease in children younger than 24 months of age were
observed to have increased 28% the year following introduction of
PCV7 and 66% in the subsequent year (58), while Steenhoff et al.
found that the percentage of episodes of vaccine-related pneumo-
coccal bacteremia had increased from 6% of bacteremic episodes
in the prevaccine era to 35% of these episodes following PCV7
introduction (107).

Pneumococcal Pneumonia

Pneumonia caused by S. pneumoniae is a serious worldwide health
concern in infants and children, accounting for an estimated 1
million deaths among children of �5 years of age in developing
countries (72, 86). Predisposing factors for pneumococcal pneu-
monia include immunodeficiency, crowded living conditions,
chronic lung diseases, sickle cell disease, nephrotic syndrome,
hematologic malignancies, chronic inhalation of smoke, and
malnutrition. A higher incidence of disease is reported among
certain racial groups, such as American Indians, Native Alaskans,
Australian Aborigines, and blacks, than among Caucasians (72).
Bacteremia may be associated with 20% to 40% of all cases of
pneumococcal pneumonia (55, 80). The case fatality rate for
pneumococcal pneumonia is lower for children than for adults
(1% versus �35%, respectively) (70). The clinical presentation of
pneumococcal pneumonia in children (especially infants and
younger children) is broad, ranging from mild, nonspecific respi-
ratory symptoms that can be managed on an outpatient basis to
severe respiratory distress requiring mechanical ventilation.
Pneumococci classically produce a lobar pneumonia that is char-
acterized on physical examination by decreased breath sounds
and/or rales over the affected lobe(s), with dullness to percussion.
Chest radiograph demonstrates evidence of consolidation of one
or more lung lobes. Bacteremic pneumococcal pneumonia may
have a complicated course, with respiratory failure, pleural effu-
sions, pleural empyema, and meningitis being the most common
complications (72). Results from one study demonstrated that the
risk of death in patients with bacteremic pneumococcal pneumo-
nia varies depending on the infecting serotype. Among bacteremic
pneumonia patients, patients with pneumonia caused by sero-
types 3, 6A, 6B, 9N, 19A, 19F, and 23F were more likely to die than
patients infected with serotype 14, while patients infected with
serotypes 1, 4, 5, 7F, and 8 were less likely to die than patients
infected with serotype 14 (112).

PCV7 has had a modest impact on the incidence of pneumo-
coccal pneumonia. In a study performed by Northern California
Kaiser Permanente, PCV7 was 32.2% effective at reducing epi-
sodes of pneumonia in infants in the first year of life and 23.4%
effective in children during the first 2 years of life but only 9.1%
effective in children of �2 years of age, presumably because of the
wide range of serotypes that may be associated with pneumonia in
the older age groups (7). A Cochrane review of 11 publications
that examined the efficacy of PCV to prevent vaccine serotype IPD
and X-ray-proven pneumonia found that the pooled vaccine effi-
cacy for preventing X-ray-defined pneumonia was 27% and that
for clinically diagnosed pneumonia was 6% for children under 2
years of age. From this information, it was concluded that PCV is
effective at preventing X-ray-defined pneumonia and, to some
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extent, clinical pneumonia among children under 2 years of age
(69). Studies have also shown that in the post-PCV7 era, there
have been decreases in hospitalizations and ambulatory care visits
for all-cause pneumonia (20, 39, 84, 117).

However, in contrast, there has been an increase in the inci-
dence of childhood pneumonia complicated by empyema and an
increase in empyema-related hospitalizations (40, 47, 68, 108).
Analysis of Nationwide Inpatient Sample and Census data indi-
cated that all-cause pneumonia complicated by empyema among
children aged �2 years and those aged 2 to 4 years increased 2.01-
fold, from 3.5 cases per 100,000 children in 1996 to 1998 to 7 cases
per 100,000 children in 2005 to 2007, and 2.81-fold, from 3.7 cases
per 100,000 children in 1996 to 1998 to 10.3 cases per 100,000
children in 2005 to 2007, respectively, with a 2.17-fold overall
increase in the rate of pneumococcal pneumonia complicated by
empyema (40). This is further supported by information from the
Kids’ Inpatient Database, which showed that among children of
�18 years of age, the annual empyema-associated hospitalization
rate increased from 2.2 cases per 100,000 children in 1997 to 3.7
cases per 100,000 children in 2006, an increase of almost 70% (68).
Therefore, despite major decreases in the rates of IPD and pneu-
mococcal pneumonia, PCV7 has not had an impact on the inci-
dence of empyema. This may be explained in part by the fact that
non-PCV7 serotypes 1, 3, and 19A now account for the majority of
pneumonia cases being seen (59).

Pneumococcal Bone and Joint Infections

S. pneumoniae is the cause of up to 4% of all bacterial bone infec-
tions and up to 20% of all bacterial joint infections in children.
Bone and joint infections represent approximately 3% to 6% of all
IPD cases (10, 56, 97). The femur and humerus are the bones most
commonly affected, and in some cases, the vertebrae may be in-
volved; the most commonly involved joints include the knee and
hip (10). Up to 50% of children with these infections will have
septic arthritis associated with osteomyelitis, and nearly half of all
children with bone and joint infections will also be bacteremic
(10). Polyarticular disease and bacteremia are more common
among adults with septic arthritis caused by S. pneumoniae than
among adults with other causative organisms. One large study
found that the mortality in patients with septic arthritis may be up
to 19% among adults versus 0% among children, with pneumo-
coccal bacteremia being the strongest predictor of mortality (97).

Following the introduction of PCV7, bone and joint infections
caused by pneumococci in children decreased by an estimated
50% compared to pre-PCV7 levels (58).

PNEUMOCOCCAL VACCINES

Table 1 shows the current pneumococcal vaccines that are licensed
in the United States and/or other parts of the world and some of
the vaccines that are in development.

Currently Licensed Vaccines

With the increasing prominence of pneumococcal infections caused
by replacement serotypes and related concerns about multidrug an-
tibiotic resistance, pneumococcal vaccination is the best strategy for
decreasing the morbidity and mortality associated with pneumococ-
cal disease in infants and children. Since 1983, a 23-valent pneumo-
coccal polysaccharide vaccine, which contains the purified pneumo-
coccal polysaccharide capsular antigens of the 23 most common
disease-causing serotypes, has been licensed in the United States. This
vaccine is effective at preventing IPD in adults, but this effectiveness
wanes over time (19, 29, 103). Following immunization, there is a
slow decline (�5 years) in antibody levels in healthy adults and a
moderate decline (5 to 10 years) in adults aged 65 years or older and
adults with diabetes mellitus or renal failure requiring dialysis. A
rapid decline (within 3 to 5 years) is seen in children with sickle cell
anemia and in individuals with functional or anatomic asplenia. The
efficacy of the 23-valent pneumococcal vaccine has been reported to
be between 56% and 86%; studies have documented an efficacy for
preventing invasive disease in all patients of approximately 57% (13,
19, 103). The efficacy in persons of 65 years of age or older was 75% to
80% in these studies. The vaccine has been demonstrated to signifi-
cantly reduce disease among individuals with diabetes mellitus, cor-
onary artery disease, congestive heart failure, functional or anatomic
asplenia, and chronic pulmonary disease (13, 103), but the vaccine
fails to demonstrate protection against nonbacteremic pneumonia
(71).

This vaccine has several major limitations that make it ineffec-
tive in the pediatric population. The most important of these lim-
itations is that many of the 23 serotypes included in the vaccine are
poorly immunogenic in infants and children under 2 years of age,
which is the age group with the highest incidence of both local and
invasive pneumococcal infections. This is especially true for the
pneumococcal serotypes 6A, 6B, 14, 19A, 19F, and 23F, which

TABLE 1 Licensed pneumococcal vaccines and vaccines in development

Status Manufacturer Type of vaccinea Reference

Licensed Pfizer 7-valent conjugate (PCV7)
Pfizer 13-valent conjugate (PCV13) 32

Licensed (not in United States) GSK 10-valent conjugate with nontypeable H. influenzae protein carrier 6
In development Merck 15-valent conjugate (adjuvanted and nonadjuvanted) 106

GSK Pht proteins 35
Sanofi-Pasteur Recombinant PspA 82
Intercell Recombinant subunit vaccine (3 conserved proteins) 35
Genocea Protein-based vaccine 77
Genocea PspA-Lactococcus lactis vaccine delivery vehicle 43
Genocea Lactococcal GEM-based vaccine 4
Genocea Multicomponent adenovirus vector 3
Genocea Combination of PspA, PspC, and ClpP 15

a Pht, pneumococcal histidine triad surface protein; PspA, pneumococcal surface protein A; PspC, pneumococcal surface protein C; GEM, Gram-positive enhanced matrix; ClpP,
caseinolytic protease.
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most commonly cause drug-resistant disease in the pediatric pop-
ulation (41, 98, 99, 103). Because polysaccharide antigens are T
lymphocyte independent, they do not induce immunologic mem-
ory and fail to prime for an anamnestic or booster response with
subsequent reexposure. Also, the vaccine fails to reduce nasopha-
ryngeal carriage of pneumococcal organisms and therefore does
not provide any significant protection against mucosal infections
(e.g., otitis media or sinusitis) or against the spread of resistant
pneumococcal strains from one person to another (98).

To address the problem of decreased immunogenicity associ-
ated with the pneumococcal polysaccharide vaccine in infants and
children, protein conjugate vaccines were developed in which the
epidemiologically most important pneumococcal serotypes are
coupled to various protein carriers. This approach involves cova-
lent linking of the polysaccharide to a protein to enhance immu-
nogenicity and increase serum antibody levels. These protein car-
riers are T-cell-dependent antigens that stimulate a T-helper cell
response that primes the vaccinated individual for an anamnestic
or booster response. The coupling of a polysaccharide antigen to a
protein carrier converts the polysaccharide from a T-cell-inde-
pendent to a T-cell-dependent antigen to which young children
can respond immunologically (98).

In addition to PCV7, the 13-valent pneumococcal CRM197 con-
jugate vaccine (PCV13) was licensed in the United States in Feb-
ruary 2010 and replaces PCV7 for the prevention of IPD and otitis
media (22, 32). This vaccine contains serotypes 1, 3, 5, 6A, 7F, and
19A in addition to the serotypes found in PCV7; these serotypes
account for 92% of the serotypes that cause IPD in children of �5
years of age in the United States. Results from phase 3 clinical trials
in young infants demonstrated that the vaccine elicited similar
antibody responses to those against the serotypes contained in
PCV7 and induced very robust antibody responses to the 6 addi-
tional serotypes in the vaccine. The local and systemic side effects
were noted to be similar to those seen with PCV7 (31, 32). This
multivalent conjugate vaccine has the potential to have a signifi-
cant impact on further decreasing the incidence of IPD.

A 10-valent pneumococcal conjugate vaccine (PHiD-CV) that
uses a recombinant form of nontypeable Haemophilus influenzae
(NTHI) protein D as a protein carrier for 8 of the 10 vaccine
serotypes and diphtheria toxoid and tetanus toxoid as the carrier
proteins for the other 2 serotypes was licensed in 2009 in over 60
countries, including European countries and Canada, as well as by
the World Health Organization, for the prevention of invasive
disease due to S. pneumoniae and otitis media due to S. pneu-
moniae and nontypeable H. influenzae. This vaccine contains se-
rotypes 1, 5, and 7F in addition to the 7 serotypes contained in
PCV7 and offers protection against both pneumococcal and
NTHI diseases. The 10 pneumococcal serotypes contained in the
vaccine account for about 90% of the cases of IPD in children
under 5 years of age in Europe. There was a 33.6% reduction in
clinical otitis media demonstrated in clinical trials of the vaccine.
Trials to evaluate the immunogenicity of PHiD-CV coadminis-
tered with DTPw-HBV/Hib (diphtheria–tetanus–whole-cell per-
tussis— hepatitis B vaccine/Haemophilus influenzae type b vac-
cine) or DTPw-HBV/Hib plus IPV in young infants at 2, 4, and 6
months or 6, 10, and 14 weeks of age demonstrated that the vac-
cine was immunogenic against each of the 10 pneumococcal vac-
cine serotypes. The vaccine had no significant effect on reducing
nasopharyngeal carriage of nontypeable H. influenzae but did re-
duce carriage of vaccine-type pneumococci after the primary se-

ries and a booster dose of vaccine at 12 to 15 months were given (6,
93). Further studies to assess booster vaccination outcomes and
vaccine efficacy are currently ongoing. However, because these
vaccines contain specific pneumococcal serotypes, there is real
potential for the continued emergence of other pneumococcal
serotypes not contained in the vaccines as a cause of IPD.

In an effort to decrease the morbidity and mortality caused by
pneumococcal disease in developing countries, and based on the
enormous success of pneumococcal conjugate vaccines in mark-
edly decreasing IPD in resource-rich countries, the GAVI Alliance
(in collaboration with the Bill & Melinda Gates Foundation) has
begun to introduce pneumococcal conjugate vaccines into the na-
tional immunization programs of GAVI-eligible countries. To
date, 15 countries in the developing world have begun the intro-
duction of pneumococcal conjugate vaccines. The goal of GAVI
and its alliance partners is to roll out pneumococcal conjugate
vaccines to 58 countries by 2015; this has the potential to prevent
over 650,000 deaths due to IPD in the pediatric population (www
.gavialliance.org/support/nvs/pneumococcal).

Vaccines in Development

Several different manufacturers have created other multivalent
pneumococcal conjugate vaccines (with 9 and 11 serotypes) con-
jugated to different protein carriers (e.g., the nontoxic diphtheria
toxin mutant CRM197, the D protein of Haemophilus influenzae,
or diphtheria toxoid). These vaccine candidates have been studied
in infants as young as 2 months of age and appear to be well
tolerated, with local reactions occurring less frequently than with
concomitantly administered diphtheria, whole-cell pertussis, and
tetanus (DPT) vaccines, but they are more reactogenic than DTaP
and inactivated polio vaccine (60, 104).

The efficacy of a 9-valent PCV conjugated to CRM197 (PCV7
serotypes plus serotypes 1 and 5) was evaluated in a randomized
double-blind study performed in Soweto, South Africa, in infants
with or without HIV who received the vaccine at 6, 10, and 14
weeks of age. In children who were HIV negative, the vaccine
reduced the incidence of IPD due to vaccine serotypes by 83% and
that of radiologically confirmed pneumonia by 20%. In HIV-pos-
itive children, the reduction in the incidence of IPD was 65%.
Invasive disease caused by penicillin-resistant strains was reduced
by 67%, and that caused by trimethoprim-sulfamethoxazole-re-
sistant strains was reduced by 56% (60). This vaccine has also been
shown to be effective at decreasing nasopharyngeal carriage of
vaccine serotypes in toddlers attending day care centers (25). Re-
sults of a trial to evaluate the safety and efficacy of a combination
9-valent pneumococcal conjugate and conjugate meningococcal
C vaccine (9VPnC-MnCC) administered to young infants at 3, 4,
and 5 months demonstrated that the vaccine was safe and induced
significant antibody titers to all the components in the vaccine (60,
105). A study in the Philippines looking at the safety and immu-
nogenicity of an 11-valent diphtheria toxoid- and tetanus protein-
conjugated pneumococcal vaccine (11-PncTD) administered si-
multaneously with DTwP/PRP-T (diphtheria–tetanus–whole-cell
pertussis/Haemophilus influenzae type B vaccine) and oral polio
vaccine (OPV) to infants as a 3-dose series at 6, 10, and 14 weeks of
age demonstrated good antibody responses to all of the pneumo-
coccal serotypes, except for serotype 14, contained in the vaccine
(16, 95, 115). However, despite initial promising results, further
testing of the 9-valent and 11-valent pneumococcal conjugate vac-
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cines has been slowed temporarily due to immunogenicity inter-
ference issues with coadministered vaccines.

Protein-based vaccines are the next generation of pneumococ-
cal vaccines that are currently in development. These vaccines are
based on pneumococcal surface proteins (e.g., PspA, PspC, IgA1p,
PpmA, and SirA) and virulence factors (e.g., caseinolytic protease
and pneumolysin) that are found in all pneumococcal organisms.
The development of immunity to one or more of these agents has
the potential to protect against all of the pneumococcal serotypes
that cause disease in humans. Trials of these vaccines in animal
models, with vaccines administered orally, intranasally, and by
injection, have shown them to be immunogenic and to be protec-
tive against IPD (3, 4, 15, 36, 44, 73, 111, 114). One of the vaccines,
IC47, which is a novel protein-based pneumococcal vaccine that
contains 3 highly conserved proteins, has started phase I trials in
32 healthy adults. Two different antigen doses are being studied,
with and without the addition of an aluminum hydroxide adju-
vant. Preliminary results indicate that the vaccine is well tolerated,
with a good safety profile.

Recently, it was reported that a vaccine designed to protect
against pneumococcal nasopharyngeal colonization was tested in
a mouse model and found to protect against infection with these
bacteria. Proteomic screening was used to identify pneumococcal
protein antigens that stimulate TH17 cells (CD4� T cells) to se-
crete the cytokine interleukin-17A (IL-17A), which mediates re-
sistance to mucosal colonization (78).

CONCLUDING REMARKS

Invasive infections due to S. pneumoniae remain a leading cause of
morbidity and mortality worldwide, especially in children under
the age of 2 years. Through the widespread use of PCV7 in the
United States, there has been a significant decrease in the inci-
dence of IPD and nasopharyngeal carriage of vaccine serotypes in
all age groups. However, the emergence of replacement pneumo-
coccal serotypes (e.g., 19A, 1, 5, 15, and 33) is now having a sig-
nificant impact on the success of PCV7. These serotypes have be-
come the most common causes of IPD in infants, children, and
adults, with serotype 19A having emerged as the predominant
replacement serotype associated with multidrug-resistant infec-
tions. The widespread use of PCV13 in the United States has the
potential to effectively decrease the incidence of IPD that is cur-
rently being seen in infants and young children, with the added
benefit of extension of protection to other age groups, especially
the elderly, similar to what was seen with PCV7.

The rapid emergence of replacement pneumococcal serotypes
has focused attention on the critical need for the continued devel-
opment of other pneumococcal vaccines to prevent IPD and its
associated morbidity and mortality. One possibility is serotype
reformulation or expansion of protein conjugate vaccines on a
scheduled basis every 5 to 10 years until the development of pro-
tein-based vaccines that provide immunity to all pneumococcal
serotypes that cause disease in humans or of vaccines that prevent
nasopharyngeal colonization. Until that time, the ongoing sur-
veillance of nasopharyngeal and IPD isolates will be critical in
identifying the emergence of additional replacement serotypes
and directing vaccine reformulation and development.
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