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Abstract

Streptococcus pneumoniae is an important global pathogen that
causes a wide range of clinical disease in children and adults.
Pneumococcal pneumonia is by far the common presentation

of noninvasive and invasive pneumococcal disease and

affects the young, the elderly, and the immunocompromised
disproportionately. Patients with chronic pulmonary diseases are
also at higher risk for pneumococcal infections. Substantial
progress over the century has been made in the understanding

of pneumococcal immunobiology and the prevention of

invasive pneumococcal disease through vaccination. Currently, two
pneumococcal vaccines are available for individuals at risk of
pneumococcal disease: the 23-valent pneumococcal polysaccharide
vaccine (PPV23) and the 13-valent pneumococcal protein-conjugate
vaccine (PCV13). The goal of pneumococcal vaccination is to

stimulate effective antipneumococcal antibody and mucosal
immunity response and immunological memory. Vaccination of
infants and young children with pneumococcal conjugate vaccine has
led to significant decrease in nasal carriage rates and pneumococcal
disease in all age groups. Recent pneumococcal vaccine indication
and schedule recommendations on the basis of age and risk factors
are outlined in this Focused Review. As new pneumococcal vaccine
recommendations are being followed, continued efforts are needed to
address the vaccine efficacy in the waning immunity of the ever-aging
population, the implementation of vaccines using two different
vaccines under very specific schedules and their real world clinical
and cost effectiveness, and the development of next generation
pneumococcal vaccines.
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Streptococcus pneumoniae is an

endemic global pathogen that causes

a wide range of clinical disease in
children and adults. Noninvasive
pneumococcal disease encompasses otitis,
sinusitis, and community-acquired
pneumonia. As the name implies,
pneumococcal pneumonia is a

common presentation of noninvasive
pneumococcal disease, resulting
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in 900,000 cases and 400,000
hospitalizations annually in the
United States; mortality ranges from
5to 7% (1).

Invasive pneumococcal disease implies
invasion of pneumococcus into a normally
sterile site, leading to complications such as
bacteremia, empyema, meningitis,
endocarditis, and osteomyelitis. The Centers
for Disease Control and Prevention

estimates an annual invasive pneumococcal
disease incidence of 10.6/100,000 U.S.
population, primarily occurring in adults.
The majority of these cases start with
streptococcal pneumonia as a primary focus.
Pneumococcus is the most common cause of
community-acquired pneumonia in adults,
composing at least 25% of documented
cases, with bacteremia present 20% of the
time.
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Epidemiology and Risk Factors

Although invasive pneumococcal disease

is much less prevalent than noninvasive
disease, it confers significant mortality risk
(up to 10% for meningitis and 15% for
bacteremia), and survivors can be left with
significant sequelae (2). Furthermore, given
the widespread use of empiric antibiotics
and frequent lack of timely culture or
urinary antigen data, the true burden of
primary and invasive pneumococcal disease
may be significantly underestimated (3).

Certain groups are at particularly high
risk for invasive pneumococcal disease:
young children, the elderly, and those with
high-risk comorbid diseases or substance
habits. The Centers for Disease Control
and Prevention’s Active Bacterial Core
Surveillance data from 2013 demonstrated
increased rates of invasive pneumococcal
disease in children younger than age 5 years
(9.6/100,000 cases) and in adults 65 years
or older (31/100,000 cases) (4).

The elderly in particular have been
consistently shown to have a marked
increased risk for invasive pneumococcal
disease (5, 6). Functional or anatomic
asplenia confers very high risk, particularly
in younger patients with sickle cell anemia;
mortality from invasive pneumococcal
disease in asplenic patients is more than
50% (7, 8). Patients being treated for
underlying solid or hematologic
malignancies have high rates of invasive
pneumococcal disease, although,
interestingly, less than one-fifth of these
infections occur during periods of
neutropenia (9, 10). Antiretroviral therapy
has significantly reduced the overall burden
of invasive pneumococcal disease in
individuals with HIV; however, the risk of
invasive pneumococcal disease remains
35 times higher in HIV-infected individuals
than in non-HIV-infected adults (11).

Independent of age, the presence of
other comorbid chronic conditions such as
cardiovascular disease, chronic obstructive
pulmonary disease (COPD), asthma, renal
insufficiency, and diabetes mellitus increases
the risk for invasive pneumococcal disease (9,
12). Patients with common pulmonary
conditions like COPD and asthma have
a two- to sixfold risk for invasive
pneumococcal disease compared with the
general population (9, 12). In addition, active
smoking confers increased risk, as do alcohol
and intravenous drug use (9, 13-15).
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Although pneumococcal pneumonia is
a leading cause of community-acquired
pneumonia irrespective of comorbidity,
individuals with chronic lung diseases,
particularly those with COPD, are at
increased risk of pneumococcal community-
acquired pneumonia and invasive
pneumococcal disease, are prone to higher
rates of complications and mortality, and
suffer prolonged recovery after such
illnesses (16). The reasons for this are
many, including reduced innate immunity
in diseased airways, systemic inflammation,
ongoing smoking, acute exacerbations, and
intermittent use of systemic corticosteroids.

In addition, there is ongoing concern
about the increased risk for community-
acquired pneumonia in the setting of
chronic use of inhaled corticosteroids, an
important component of maintenance
therapy in COPD and asthma (17). Because
death from pneumococcal pneumonia, even
in absence of invasive disease, is more
frequent in patients with underlying
chronic pulmonary conditions, appropriate
and timely vaccination against
pneumococcus is an essential component of
preventative care in this population.

Pneumococcal
Vaccine Development:
A Historical Perspective

S. pneumoniae was first discovered in the
late 19th century by U.S. Army physician
George Sternberg and French scientist
Louis Pasteur, when it was recognized as

a major pathogenic cause of bacterial
pneumonia (18). In 1902, German scientist
Friedrich Neufeld discovered that
antiserum containing different types of

S. pneumonia-specific antibodies caused

a type-specific capsular swelling, or
“Quellung reaction,” which allowed
identification of multiple pneumococcal
serotypes. Polysaccharides that were
identified coursing along the exterior of the
bacterium could be targeted for vaccine
development. British physician Sir Almroth
Wright conducted the first large clinical
trial of a whole-cell pneumococcal vaccine.
This trial was largely unsuccessful, bringing
vaccine development to a relative halt for
the next three decades (19).

In 1945, Alexander Fleming, a former
aide of Wright, won a Nobel Prize for the
discovery of the antibacterial properties
of penicillin. That same year, after a

more complete understanding of the
pneumococcal capsular structure
had been established, the first tetravalent
polysaccharide pneumococcal vaccine was
developed and tested in a large population of
Army recruits (20). Although this study did
show significant improvement in rates of
infection with vaccination (Table 1),
enthusiasm waned with the success of
penicillin. As reports emerged of
resistant pneumococcal infections in
immunosuppressed, pediatric, and adult
populations, with up to one-quarter of
patients dying despite appropriate
antibiotic treatment (21-23), there was
renewed interest in effective prophylaxis.
In 1977, a 14-valent purified
polysaccharide vaccine was approved for use
in the United States, targeting the 14
serotypes responsible for more than 75% of
infections at the time. This vaccine
significantly reduced morbidity and
mortality in healthy adults but notably did
not reduce overall rates of pneumonia (24).
Over the next decade, it became
increasingly apparent that many clinically
important pneumococcal infections were
occurring despite vaccination, particularly
in vulnerable populations, raising numerous
concerns about further antimicrobial
resistance, shifting serotype dominance, and
the efficacy of polysaccharide vaccine
preparations. In particular, elderly adults
with higher rates of comorbid disease
seemed to derive little benefit from the
14-valent polysaccharide vaccine, with no
differences seen in rates of pneumococcal
pneumonia/bronchitis, all-cause
pneumonia, or overall mortality during a
follow-up period of almost 3 years (25). This
was attributed to the fact that more than
half of this susceptible patient population
did not mount or sustain adequate levels of
antibodies deemed to be protective against
pneumococcal infection.

Immunologic Basis and
Host Response to
Pneumococcal Vaccines

S. pneumoniae is a complex bacterium
with 92 different polysaccharide capsular
serotypes identified to date (26). The
human airway uses numerous mechanisms
to protect from colonization and invasive
pneumococcal infection. Innate immune
defenses, such as mucociliary escalator and
an array of pattern recognition receptors
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Table 1. Pneumococcal vaccine studies

Study

MaclLeod and
Hodges,
1945 (20)

Riley et al.,
1977 (24)

Simberkoff et al.,
1986 (25)

Shapiro et al.,
1991 (60)

Black et al.,
2000 (46)

Black et al.,
2002 (61)

Jackson et al.,
2003 (51)

French et al.,

2010 (68)

Jackson et al.,
2013 (66)

Jackson et al.,
2013 (67)

Bonten et al.,
2015 (69)

Population

17,035 male army
recruits; aged
18-32 yr

11,958 healthy adults
from Papua New
Guinea

2,295 high-risk adults;
mean age, 61 yr;
followed up for
2.93 yr

Case-control study;
2,108 subjects;
mean age, 68 yr

37,868 healthy infants;
randomized to
vaccination (series
of 4 immunizations);
follow up 3.5 yr

37,868 healthy infants;
randomized to
vaccination (series
of 4 immunizations);
follow up 3.5 yr

Retrospective cohort
study; assessed
47,365 outpatients
from Washington
State; all >65 yr old;
followed up for 3 yr

496 subjects (88% HIV
infected) with previous
IPD; follow up 4.5 yr

835 healthy adults
with no prior
pneumococcal
vaccination; age,
60-64 yr

936 adults; age > 70 yr;
previously received
PPSV23 >5 yr earlier

84,496 healthy adults;
>65 yr old; no prior
pneumococcal
vaccination;
follow up 4 yr

Methods

Tetravalent polysaccharide
vaccine (serotypes 1, 2,
5, 7) vs. placebo

14-valent polysaccharide
vaccine (serotypes 1, 2,
3,4,5,6,7,8,12, 14,
18, 23, 25, 46) vs.
placebo

14-valent polysaccharide
vaccine vs. placebo

Case = confirmed
pneumococcal infection
and indication for
vaccination. Control
subjects were matched
for age and vaccine
indication

PCV7 vs. meningococcus
conjugated vaccine

PCV7 vs. meningococcus
conjugated vaccine

Prior vaccination with
PPSV23 vs. no prior
vaccination

PCV7 X 2 (given 4 wk
apart) vs. placebo

PCV13 vs. PPSV23

PCV13 X 2 (1 yr apart)

versus PPSV23

followed by PCV13
1 year later

PCV13 vs. placebo

Primary Outcome

Vaccine-type PNA
incidence

PNA incidence

Overall mortality

PNA mortality

Overall mortality

Proven S. pneumoniae
infections

Probable S. pneumoniae
infections

Total S. pneumoniae
infections

(VE against
vaccine-type IPD

Vaccine-type IPD

Clinical PNA

PNA and X-ray
performed
PNA and positive X-ray

PNA and perihilar
infiltrate

Hospitalization due
to CAP

“Outpatient” CAP

Pneumococcal
bacteremia

Recurrent IPD

Antipneumococcal
OPA titers at 1 mo
and 1 yr
postvaccination

OPA titers at 1 mo after
each vaccination

Prevention of
vaccine-type CAP

Results

84% RR reduction for
vaccine-type PNA

16% RR reduction
for all PNA (P > 0.05)

21% RR reduction
for all-cause mortality
(P<0.05)

43% RR reduction for
PNA-related mortality
(P<0.05)

24% RR increase

100% RR increase

27% RR increase

54% RR increase

VE (all patients) =56%
(P < 0.00001)

VE (immunocompetent) =
61% (P < 0.00001)

VE (immune compromised) =

21% (P=0.48)

VE=97.4% (P <0.001)
(fully vaccinated)

VE=85.7% (P < 0.05)
(partially vaccinated)

Vaccine effectiveness =
6.0% (P=0.13)

Vaccine effectiveness =
8.9% (P=0.03)

Vaccine effectiveness =
17.7% (P=0.01)

Vaccine effectiveness =
11.1% (P=0.35)

HR, 1.14 (95% ClI,
1.02-1.28)

HR, 1.04 (95% ClI,
0.96-1.13)

HR, 0.56 (95% ClI,
0.33-0.93)

HR, 0.31 (95% Cl,
0.11-0.84)

OPA titers were higher
for 8 of 12 common
serotypes, 1 mo
postvaccination. Titers
decreased at 1 yr but
remained higher than
baseline.

OPA titers were higher in

the PCV13 group for 10
of 12 common serotypes

at 1 mo post initial
vaccination. OPA titers

were higher in the PCV13

group for 11 of 12
common serotypes at
1 mo post second
vaccination.
VE=37.7% (P =0.006)

Conclusions

Vaccine reduces
incidence of vaccine-
type pneumonia

Vaccination reduced
all-cause mortality and
mortality due to
pneumonia

Vaccination of “high-risk”
subjects with PPSV14
is not protective against

pneumococcal infections

Vaccination reduces
vaccine-type IPD
infection

Vaccination reduces IPD
in healthy infants

Vaccination may prevent
pneumonia in healthy
infants

PPSV23 does not
prevent pneumonia
but does reduce rates
of pneumococcal
bacteremia

PCV7 is protective
against recurrent IPD
in HIV-infected
subjects

PCV13 shows a higher
immune response at
1 mo compared with
PPSV23

With prior PPSV23
vaccination, PCV13 is
more immunogenic
than PPSV23

PCV13 is effective in
preventing vaccine-
type CAP in older,
healthy patients

Other

Herd immunity
conferred to the
nonimmunized.

High risk includes 1+
of the following:
>55 yr old; chronic
renal, hepatic,
cardiac, or pulmonary
disease; alcoholism;
diabetes mellitus.
Vaccine was
not protective
against non-vaccine-type
pneumococcal
infections. VE waned
as time from
vaccination increased
and with increasing
age of subject.
Non-vaccine-type
infections were also
prevented by vaccine
(VE=289.1%, P <0.001).
Trial enroliment was
stopped early due to
high efficacy at the
interim analysis.
Vaccine effectiveness
calculated by Cox
regression with the time
to first event as the
primary outcome.
Intention to treat data
shown.

Influenza vaccination status
(in immunocompetent
subjects) was the only
variable to be associated
with a statistically
significant reduction in
the rate of death from
any cause.

HRs were adjusted for age,
sex, viral load, CD4+ cell
count. There was no
change in mortality in
non-vaccine-type IPD.

OPA titers have not been
directly shown to protect
from pneumococcal
infection.

OPA titers have not been
directly shown to protect
from pneumococcal
infection.

Secondary outcomes that
were also statistically
significant include: IPD,
bacteremic and
nonbacteremic CAP.
Importantly, there was
no difference in mortality
and no difference in CAP
from all causes.

Definition of abbreviations: CAP = community-acquired pneumonia; Cl = confidence interval; HR = hazard ratio; IPD = invasive pneumonococcal disease; OPA =

opsonophagocytic activity; PNA = pneumonia; RR = relative risk; S. pneumoniae = Streptococcus pneumoniae; VE = vaccine efficacy.
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Figure 1. (A) Pneumococcus bacteria and virulence factors including capsular polysaccharide. (B) Immune response to polysaccharide and protein-
polysaccharide conjugate vaccines. MHC = major histocompatibility complex; TCR=T cell receptor. Adapted by permission from Reference 48.

that recognize bacterial proteins, help with
the initial protection against the bacteria
(27, 28). The antiphagocytic bacterial
capsule is considered to be the most
important determinant of pneumococcal
virulence and is important for colonization
of the nasopharynx (29-31) (Figure 1).
Pneumococcal cell wall fragments and
capsular polysaccharides are recognized

by antibodies that bind and activate the
complement system (32). All pneumococci
serotypes can establish a carrier state and
colonize in the human nasopharynx during
the first few months of life. Children are
the main reservoir, with colonization rates
of up to 50%.

The ability of pneumococci to move
to another body site is limited to 20 of
the 92 serotypes (33). Moreover, the
development of symptoms of disease in the
host involves the interactions between
multiple bacterial virulence determinants
and the host immune response. Typically, it
is the very young and very old individuals
who are most susceptible to systemic
infection, as an effective immune response
to S. pneumoniae relies on both innate and
adaptive cellular components of the
immune system.

The host immune response to
pneumococcal lung disease is often
characterized as intense and inflammatory
in nature. In the unvaccinated population,
and in the absence of preexisting serotype-
specific antibodies, the infected host relies
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on innate immune defenses that stimulate
the recruitment of polymorphonuclear cells.
This response initially involves phagocytosis
and intracellular killing by resident alveolar
macrophages, followed by infiltration of
neutrophil granulocytes into infected lungs.

Studies in innate immunity have shed
light on the importance of complement,
surfactant proteins, antimicrobial peptides,
and several classes of pattern recognition
receptors that recognize pathogen-
associated molecular patterns and bacterial
virulence factors on the pneumococci,
which include the antiphagocytic
polysaccharide capsule (27, 32, 34-39).
Other important bacterial determinants
include the pili, various adhesions, and
toxins, including pneumolysin and
autolysin (40). The innate immune
response helps trigger subsequent acquired
humoral and cellular responses.

Humoral response is important to help
eradicate the bacteria during primary
infection, although these responses are not
as robust during primary infection.
Anticapsular polysaccharide antibodies are
believed to represent the single most
important protective mechanism against
invasive disease. In fact, antibodies to
pneumococcal polysaccharides were
the basis of serum therapy in which
passively transferred, serotype-specific
antipneumococcal serum was shown to
reduce mortality from pneumococcal
pneumonia by half (41).

With vaccination, B-cell responses are
induced by vaccine antigen to produce
antibodies that can bind to the bacteria. It is
the acquired humoral immunity against
the bacterial capsule that is central to
vaccination strategies against pneumococcal
pneumonia (34, 42). Immunologic
protection is mediated through
opsonophagocytic antibodies directed
against bacterial capsular polysaccharides
that define the pneumococcal serotypes and
serve as virulence factors (43). Cell-
mediated response (in the form of T-cell
help and cytokine production) is needed to
augment the humoral B-cell response to
generate optimal robust and longer-lasting
antipneumococcal protective antibody
response. Once a humoral response has
been generated, either in the setting of
vaccination or with previous infection, the
antipneumococcal antibodies contribute
to a more immediate and effective
neutralization of the bacteria.

The development of pneumococcal
polysaccharide vaccines for adults and the
efficacy of pneumococcal polysaccharide-
protein conjugate vaccines in infants and
children have confirmed that antibodies
to polysaccharide antigens can provide
excellent protection against invasive disease
caused by pneumococci of the same serotype
as well as that caused by cross-reacting
serotypes (44-46).

Capsular polysaccharide antigens elicit
antibodies that are isotype restricted to IgM

AnnalsATS Volume 13 Number 6| June 2016
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and IgG2 and, to a lesser extent, IgG1. These
IgM responses are typically short lived, and
the IgG2 responses from polysaccharides are
weak compared with what is induced by
conjugate-based vaccines that are typically
dominated by IgG1 subclasses that bind to
complement better and are of higher affinity
(47). Early pneumococcal vaccines were
based on the use of capsular
polysaccharides that induced type-specific
antibodies that activated and fixed
complement, promoting bacterial
opsonization and phagocytosis. Antibodies
to pneumococcus are also believed to
represent the primary mechanism of
naturally acquired resistance to
colonization. Appropriately triggered B
cells also release IgA, which is deposited
on mucosal surfaces to protect against
pneumococcal colonization.

Vaccines composed of purified
capsular polysaccharides, which have been
available for more than 50 years, are not
immunogenic in young children and the
elderly. Moreover, capsular polysaccharides
do not yield an anamnestic response, despite
multiple exposures, so that antibody titers
do not boost beyond their original level after
primary immunization. This is due to the
inability of polysaccharides to recruit
cognate CD4 " T-cell help through T-cell
receptor recognition of peptide-major
histocompatibility complex class II on the
surface of antigen-presenting cells.

However, the regularly spaced
repeating epitopes expressed by
polysaccharides induce multivalent
membrane immunoglobulin cross-linking
on the B-cell surface. This immunological
crosslinking on the B-cell surface by
polysaccharide repeating epitopes mediates
improved B-cell proliferative responses;
however, on its own, and without proper
T-cell help and cytokine signaling, this
immunological crosslinking does not induce
good memory response, which leads to
decreased and suboptimal subsequent
immune responses.

The lack of anamnestic response by
capsular polysaccharide can be overcome by
the use of conjugate vaccines that elicit more
of an IgG1 (and IgG3) response to
polysaccharide and produce a stronger
immune response because polysaccharides
coexpressed with carrier proteins interact
better with major histocompatibility
complex and mediate cognate CD4 " T-cell
help for polysaccharide-specific B-cell
activation. In the context of appropriate
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costimulatory signals, the triggering

of carrier-peptide-specific T cells results in
T-cell help, with the production of both
plasma cells and memory B cells. This
allows for enhanced immunogenicity with a
more rapid and robust production of
antibodies and the establishment of T-cell-
dependent immunological memory (48).
This process stimulates good antibody
response, mucosal immunity, and
immunologic memory and systemic
anamnestic IgG response in all children and
adults.

Polysaccharide-based vaccines have
been shown to result in decreased memory
B-cell frequency, whereas conjugate protein-
based vaccines increase serotype-specific
memory B-cell responses, highlighting that
these vaccines induce important T-cell-
dependent memory responses (49).

Given the importance of cellular T- and
B-cell function in eliciting an effective and
protective anticapsular antibody response,
patients with impaired immune systems,
such as those with HIV infection, splenic
dysfunction, cancer, solid-organ
transplantation, or iatrogenic
immunosuppressive medications, are highly
at risk for invasive pneumococcal infections.
The polysaccharide vaccine has been widely
evaluated in these populations, but due to its
low immunogenicity, its efficacy has been
suboptimal or even absent (50-52). Age-
related immunosenescence mechanisms in
elderly people have been described to
explain the increased susceptibility of the
aging population to pneumococcus (37). In
these populations, the conjugate vaccine
should provide improved immunogenicity;
however, there is a paucity of evidence
surrounding the clinical efficacy of
conjugate pneumococcal vaccines in adults
with varying immunocompromising
conditions (50).

Herd Effect

Individuals who are otherwise personally
vulnerable to pneumococcal infection derive
protection from the presence of herd
immunity in the immunocompetent
population. The maintenance of indirect (or
herd) immunity depends on the sustained
ability of the immune response to

prevent acquisition of the bacteria by
individuals in the population who are
transmitters (53). There is strong evidence
that pneumococcal nasopharyngeal carriage

is an immediate and essential precursor for
pneumococcal disease and the source of
transmission between individuals (54). The
pneumococcal nasopharyngeal carriage rate
is age dependent, starting early in the first
year of life and peaking at 55% around

3 years of age, with a steady decline into
adulthood.

The protective herd effect of the vaccine
is hypothesized to be a direct consequence of
the reduction in nasopharyngeal carriage of
vaccine-type strains in immunized children,
with subsequent interruption of
transmission to their nonimmunized
contacts (55). The presumed mechanism of
herd immunity has been attributed to
mucosal IgA antibodies or serum
antibodies that leak into the mucosa to alter
and decrease the bacterial population in the
nasopharynx (56).

As a result, the elderly have indirectly
benefited considerably from the
introduction of conjugate vaccines in
pediatric population. Deaths and
hospitalizations related to pneumonia have
all decreased substantially with reduction in
invasive pneumococcal disease and
nonbacteremic pneumococcal pneumonia
among adults 65 years of age or older,
comparing prevaccination and
postvaccination eras (57). Even though herd
immunity limits the transmission of the
bacteria, populations at risk, including
the elderly and the immunosuppressed,
do not intrinsically mount excellent
antipneumococcal responses. There is still a
need to achieve a more effective direct
vaccination in the adult population.

Pneumococcal Vaccination in
the Modern Age

PPSV23

In 1983, the 23-valent polysaccharide
vaccine (PPSV23) was approved for use in
the United States (Figure 2) for adults and
children older than 2 years of age. This new
formulation was developed after worldwide
surveillance showed a high frequency of
pneumococcal bacteremia and meningitis
by serotypes not covered in the previous
14-valent vaccine (58). Use of PPSV23 has
repeatedly been shown to provide a
significant reduction in the rates of invasive
pneumococcal disease, however, sadly,
without impact on overall mortality or

in overall rates of pneumonia (59).
Historically, rates of pneumococcal
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PCV7

2,8, 9N, 10A, 11A, 12F,
15B, 17F, 20, 22F, 33F

PCV13

PPSV23

Figure 2. Pneumococcal serotypes in vaccines.

meningitis have been too low for
determination of vaccination efficacy and
do not factor largely into published data,
even in metaanalysis; thus, the majority of
the measured benefit is seen in cases of
bacteremic pneumococcal pneumonia.

As previously discussed,
immunocompromised individuals are
significantly less likely to benefit from
vaccination when compared with
immunocompetent individuals, borne out
by studies of clinical infection rates (60).
Moreover, even in patients without frank
immunocompromise, vaccine efficacy
degrades with age. For example, the vaccine
efficacy of an immune-competent 80-year-
old man is 67% within 3 years of being
vaccinated; more than 5 years after
vaccination, the same man has a vaccine
efficacy of only 32%.

PCV7

Conjugated vaccinations had been
developed previously for prevention of
Haemophilus and Meningococcus
infections with good efficacy, which led to
the development and approval of a seven-
valent conjugated vaccine in 2000 for
pediatric use. In large prospective trials,
the conjugated vaccine was shown not
only to reduce pneumococcal bacteremia
(46) but also to decrease the risk of otitis
media and pneumonia (61). A population-
based survey between 1998 and 2005 was
able to demonstrate a 30% decrease in the
incidence of pneumococcal meningitis.
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The biggest differences were seen in the

very young (<2 yr old, decrease by 64%)
and the elderly (>65 yr old, decrease by
54%) (62).

The effect of herd immunity was seen in
years to follow, with rates of pneumococcal
disease decreasing in older patients who
had never received conjugated vaccine, often
by significant magnitude (45). In a 10-year
study after routine PCV7 vaccination of
infants, reduction in the rates of invasive
pneumococcal disease and pneumococcal
pneumonia were shown in all age
groups (57), with drastic reductions in
nonbacteremic pneumococcal pneumonia in
infants (47%) and adults 65 years and older
(54%). Prevention of at least 750,000
hospitalizations over a 6-year period was
attributed to the PCV7 vaccine, primarily
from herd protection in adult populations. A
study in South Africa similarly showed a
decrease in invasive pneumococcal disease
rates in children and adults after pediatric
vaccination with PCV7 (63).

PCV13

Figure 2 shows the serotypes that were
included in the development of PCV13
(seven serotypes from PCV7, five that were
in PPSV23, and one previously uncovered
serotype). In February 2010, the U.S. Food
and Drug Administration approved PCV13
for use in children 6 weeks to 71 months
old, for the prevention of invasive
pneumococcal disease and otitis media.
Data from the post-PCV7 era showed that

FOCUSED REVIEWS

although rates of vaccine-type invasive
pneumococcal disease, pneumonia, and
otitis media were decreasing, rates of
disease from nonvaccine serotypes were
becoming more common. A large
retrospective cohort study identified more
than 30,000 cases of invasive pneumococcal
disease over a 9-year time period (64).
There was a reduction in overall and PCV7-
type invasive pneumococcal disease of

45 and 94%, respectively.

A study of a pediatric population
showed that only 15% of identified invasive
pneumococcal disease infections were caused
by PCV7 serotypes. The study also showed,
however, a stable overall rate of invasive
pneumococcal disease in this population when
compared with pre-PCV7 data, suggesting no
change in overall disease burden (65).

In June 2012, the U.S. Food and Drug
Administration approved PCV13 for all
adults older than 50 years, for the
prevention of pneumonia and invasive
pneumococcal disease. Much of this
recommendation was supported by
evidence from immunogenicity trials in
which more than 800 vaccine-naive
subjects aged 60 to 64 years old were
randomized to receive one dose of either
PCV13 or PPSV23 (66). The primary
outcome was 1-month postvaccination
opsonophagocytic activity (OPA) titers
that are believed, but not proven, to be
associated with in vivo protection from
pneumococcal infection. At 1 month,
subjects given PCV13 had increased OPA
titers compared with the subjects given
PPSV23, specifically for the shared
serotypes between the two vaccines.
Titers were shown to decrease at 1 year
postvaccination, although they still remained
higher than prevaccination levels.

A similar study was performed looking
at the effect of PCV13 (vs. PPSV23) on
subjects older than 70 years who were
previously vaccinated with PPSV23 more
than 5 years earlier (67). OPA titers were
higher in the PCV13 “boosted” group for
10 of 12 serotypes common to the two
vaccines, implying that a patient’s
immunity against pneumococcal infection
could be enhanced with a combined
strategy of polysaccharide vaccination
followed by conjugate vaccine, particularly
in the face of waning immunity.

In June 2012, PCV13 was recommended
by the Advisory Committee on Immunization
Practices (ACIP) for adults older than
18 years with immune-compromising
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Table 2. Pneumococcal disease risk assessment

conditions. This recommendation was
based largely on a 2010 randomized
controlled trial that studied the secondary
prevention of invasive pneumococcal
disease in nearly 500 subjects, most of
whom had HIV (68). In this population,
two doses of PCV7 resulted in a
significant decrease in the rate of
recurrent invasive pneumococcal disease
over 5 years.

As of August 2014, the ACIP has
recommended the routine use of PCV13, in
series with PPSV23, for all patients 65 years
and older. The Community Acquired
Pneumonia Immunization Trial in Adults
(CAPiTA) study, conducted between 2008
and 2010, randomized 85,000 Dutch
subjects 65 years and older to receive one
dose of PCV13 or placebo (69). The subjects
had never been vaccinated and were
otherwise immune competent. It is
important to note that in the CAPiTA
cohort, 12% of subjects were current
smokers, and 10% reported a known
diagnosis of chronic lung disease. They
used a serotype-specific urinary antigen
assay to differentiate vaccine-type and
non-vaccine-type infections. After a mean
follow up of 4 years, the vaccinated group
developed 49 episodes of vaccine-type
confirmed community-acquired
pneumonia compared with 90 episodes
in the placebo group, representing 45%
vaccine efficacy. There were also significant
decreases in the rates of invasive
pneumococcal disease and confirmed
noninvasive community-acquired pneumonia
(P=0.007). For invasive pneumococcal
disease, vaccine efficacy was 75%.

Current Recommendations for
Pneumococcal Vaccination

For the clinician, there are multiple branch
points to consider when approaching
pneumococcal vaccination of an individual
patient. Here, we will first consider age
groups, followed by vaccination status, then
clinical risk factors (Table 2).

Pediatric Population

The ACIP currently recommends routine
vaccination for children aged 2 to 59 months
with PCV13 as a four-dose series (at age 2,4, 6,
and 12-15 mo) (Figure 3). There are
resources available to assist with phasing
non-vaccine-naive patients from primarily
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Immunocompetent individuals
with high-risk comorbidities

Chronic heart disease (with exception of isolated
hypertension)

Chronic lung disease

Diabetes mellitus

Chronic liver disease or cirrhosis
Smoking

Alcoholism

Cerebrospinal fluid leak
Cochlear implants

Functional or anatomical asplenia

Sickle cell disease and other hemoglobinopathies

Congenital or acquired asplenia/splenic
dysfunction

Immunosuppressed individuals HIV

Chronic renal failure and nephrotic syndrome

Immunosuppressant diseases and/or associated
immunosuppressant drugs or radiation therapy
(malignant neoplasms, leukemias, lymphomas,
solid organ transplants)

Congenital immunodeficiencies (B- or T-cell
deficiencies, complement deficiencies,
phagocytic disorders)

PCV7-based regimens over to the current
PCV13-based regimens (70).

Special Pediatric Scenarios

1. For children aged 6 to 18 years who
previously completed an appropriate
vaccination regimen with either PCV7
or PPSV23, and who are at higher risk
of pneumococcal infection, a one-time
dose of PCV13 can be administered.

2. For children aged 2 to 18 years who
previously completed an appropriate
vaccination regimen with PCV13, and
who are at higher risk of pneumococcal
infection, a dose of PPSV23 can be given
at age 2 years, at least 8 weeks after last
dose of PCV13.

3. For those children with specific high-
risk conditions (functional or anatomic
asplenia, sickle cell disease, HIV, other
immunocompromised conditions; see
Table 2), an additional PPSV23 one-
time booster can be given 5 years later
than the initial PPSV23 vaccine.

Adult Population

Many individuals will have received
pneumococcal vaccination at some point
prior as an adult (age 19 years or older),
requiring a more complex algorithm to be
discussed below, but in the case of truly
vaccine-naive individuals, the vaccine
schedule is again predicated on age and
comorbid conditions (Figure 4) (71). As
with the pediatric population, there are
comorbid conditions that increase risk for

pneumococcal infection in adults and
impact vaccination recommendations
between ages 19 and 65 years (Table 2).
Those with otherwise intact immunity but
with high-risk comorbid conditions should
receive a dose of PPSV23 at the earliest
relevant opportunity. Notably, this includes
active smokers, irrespective of presence of
lung disease. Their subsequent vaccine
schedule would otherwise follow that for
the adult population.

Those with immunocompromising
conditions, such as acquired or functional
asplenia, congenital or acquired
immunosuppression, chronic renal failure,
nephrotic syndrome, or underlying
malignancy, should also first receive PCV13,
followed by PPSV23 8 weeks later, but
should also receive a second PPSV23 5 years
after the initial PPSV23 dose. Once again, if
PPSV23 has been given first, PCV13 may
still be given 1 year after the initial PSV23,
with the second PPSV23 still occurring
5 years after the initial vaccination. All
individuals should receive an additional
dose of PPSV23 at age 65 years, provided
it has been 5 years since the last dose.
Immunocompetent individuals with either
cochlear implants or cerebrospinal fluid leak
follow a similar schedule.

Otherwise, vaccine-naive individuals
should receive one dose of the PCV13
vaccine at age 65 years (or older, if none
prior) followed by one dose of the PPSV23
vaccine 6 to 12 months later. The minimum
interval between the two vaccines should be
8 weeks, and the PPSV23 vaccine can be
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Give PPSV23
at 2y
(>8 wks after last
Give PCV13 dose of PCV13)
at2, 4, 6, and
12—-15 months
No action Give one time
t
Prior complete ofb;g; 3; .
pneu_mococ_cal >by after last
vaccine series
PPSV2
with PCV7 or Give PCV13 Sv23
PPSV23? b
' Yes between
Yes age 6-18y
N No action
o
No action

Figure 3. Advisory Committee on Immunization Practices recommendations for pediatric pneumococcal vaccination. *See Table 2 for relevant high-risk
comorbidities and immunocompromised conditions. TFunctional or anatomic asplenia and immunocompromised conditions. Adapted from CDC
guidelines for appropriate overlap schedules for individuals who received partial series of PCV7 and/or PPSV23 (70).

given more than 12 months beyond the 6- to It is important to note that current secondary response to a polysaccharide
12-month interval if this window is missed. = ACIP guidelines recommend very specific ~ vaccine. However, a randomized trial that
However, many individuals will already intervals between both types of vaccines. administered polysaccharide vaccine in the
have received one, if not more, doses of Because conjugate vaccines stimulate first 6 months before the PCV7 conjugate
PPSV23 in adulthood. In this case, timing  memory B cells, it was believed that vaccine resulted in attenuated antibody

and sequence of PCV13 and any subsequent  administration of conjugate vaccine should concentration compared with PCV7
PPSV23 must be more deliberate (Figure 5).  prime the immune system for an improved alone (72).

Give
PPSV23
Give booster Give
Give PPSV23 Cochlear implant Syrs later atF;ZS\i%gy
PCV13 8wks or CSF leak? Syrs aftor
later last PPSV23

Give Give PSVI3| | Sflt\::' gg’a’gi y
HESEE atage =65y Sy after last PPSV23
Age . .
Q—{ Give PCV 13 H Give PPSV231y later

Figure 4. Advisory Committee on Immunization Practices recommendations for adult pneumococcal vaccination: vaccine-naive individuals. *Includes
patients with functional/anatomic asplenia, immunocompromising conditions, cerebrospinal fluid (CSF) leak, or cochlear implants (see Table 2). Tincludes
patients with normal immunity but certain comorbid conditions.
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Give
PPSV23
Yes booster ;

Give PCV13 5yrs later Give PPSV23
1 year after Cochlear implant at age 65y,
PPSV23 or CSF leak? Syrs after

No last PPSV23
. Give PPSV23
Give PCV13 at age >1y after PCV13,

>65y, >1y after

Syrs after last PPSV23

PPSV23
. Give PPSV23
Age >65y >1?;?e|:g\|£§323 >1y after PCV13 and
- Sy after PPSV23

Figure 5. Advisory Committee on Immunization Practices recommendations for adult pneumococcal vaccination: individuals with prior PPSV23
vaccination. *Includes patients with functional/anatomic asplenia, immunocompromising conditions, cerebrospinal fluid (CSF) leak, or cochlear implants

(see Table 2).

Although several smaller earlier
studies did not show that priming with
pneumococcal conjugate vaccine followed
by polysaccharide vaccine enhanced
immunogenicity, more recent larger studies
showed improved response (72-74). These
larger studies using PCV13 conjugate
vaccine followed a year later by the
polysaccharide-based PPSV23 resulted in
higher antibody activities after a month of
PPSV23 administration, but at 6 months
the antibody levels in booster recipients fall
to baseline (66, 75).

Although polysaccharide
vaccines do not necessarily trigger
anamnestic responses, revaccination
with polysaccharide vaccines at the
proper interval can result in sustained
antipneumococcal antibody titers, especially
in middle-aged and older adults (76, 77).
There are studies to suggest that there is an
inverse relationship between circulating
antibodies before revaccination and the
subsequent increase in antibody titers (78).
However, there is also a suggestion that
revaccination too soon after initial
vaccination could be detrimental. Because
of these findings, ACIP recommend
PCV13 first, followed by a minimum of
8 weeks before the PPSV23. For those who
already have received PPSV23, current
recommendations advocate waiting
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1 year before receiving PCV13. More
investigations are needed to determine
the clinical implications of frequent
vaccinations.

Discussion and
Future Directions

Over the past 100 years, substantial progress
has been made in the prevention of
invasive pneumococcal disease. Current
recommendations reflect a series of changes
made over a relatively short span of time, on
the basis of growing data and experience
with both polysaccharide and conjugate
vaccines in multiple different populations.
With so many nearly simultaneous changes
in vaccine strategy, it remains a challenge to
appropriately attribute the source of greatest
effect. It is clear that prior PCV7 vaccination
strategies in children over the past 2 decades
yielded substantial indirect impacts on
the prevalence of adult vaccine-type
pneumococcal disease, and therefore the
switchover to preferential use of PCV13 in
the pediatric population may be expected to
yield more of the same, although that
remains to be proven.

At this point, we are still inferring
future benefits from data presently available.
The original impetus for use of PCV13 in

the elderly population was the robust
immunogenicity data in this population.
This fact, in conjunction with clinical
trial results in immunocompromised
populations, was the foundation for the
present substantial shift in adult
immunization practice. Although this
strategy appears to be well supported by the
compelling results observed in CAPiTA,
with 45% efficacy in prevention of
community-acquired pneumonia and 75%
efficacy in prevention of invasive
pneumococcal disease, there are some
caveats to consider.

First, this study does not represent a
true test of the current ACIP guidelines or
comparison to prior recommended practice
with PPSV23, as subjects were vaccine naive,
and subjects received either PCV13 or
placebo. Moreover, results may in part
reflect herd-immunity impact of pediatric
vaccination practices in the Netherlands,
first with PCV7, then with PCV10. Finally,
the population studied was predominantly
white, and most patients were 65 to 75 years
of age. As the average life expectancy
continues to increase, we will need to confer
vaccine efficacy to an ever-aging population
for whom vaccine efficacy is known to wane
over time (51, 60). A study in a more
heterogeneous elderly population with
more long-term follow up of vaccine titers
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would be instructive, as concern remains
about waning immunity in the elderly as
they move decades (or more) beyond last
vaccination.

Although expanded serologic coverage
makes intuitive sense, particularly for an
aging and immunologically vulnerable
population, it is unclear whether any further
changes to vaccination protocol could
outstrip the benefits of comprehensive
measures to improve immunization
adherence in both the pediatric and adult
populations. With the use of two different
vaccines administered under very specific
schedules, implementation may prove to be
a difficult task in the real world. It will be
important to monitor immunization
adherence as this combination strategy
moves into general practice and to
determine if these vaccines are indeed being
administered as intended to most patients.
More study is needed to see how effectively
(and cost-effectively) these new
pneumococcal vaccination strategies can be
applied in populations that differ in age, sex,
socioeconomic status, race, comorbidities,
access to care, and immunologic status.

Finally, is eradication of invasive
pneumococcal disease an attainable goal?
For this to take place, there are several
questions that need to be addressed. Should
the aim of pneumococcal disease prevention
be eradication of nasopharyngeal

colonization, or should the goal be
preventing bacterial invasion, leaving
colonization unaffected to avoid selective
colonization with more virulent organisms?
These facts underline the key role for
pneumococcal colonization in pathogenesis
and prevention of pneumococcal infections,
which justifies extensive consideration in
decision making about mass vaccination
and future vaccine strategies. Certainly,
without complete eradication of
pneumococcal carriage, the immunological
pressure will ultimately select for
noncovered bacterial serotypes, but

will these serotypes cause invasive
pneumococcal disease (79)?

There is also a role for controlling drug-
resistant bacteria with judicious use of
antibiotics. The rapid increase in antibiotic
resistance, high cost, and limited serotype
coverage of the currently available
pneumococcal vaccines will likely require
the need for novel vaccine candidates that
are more affordable and elicit protection
against a broader range of pneumococcal
strains. Moreover, efforts are needed for
next-generation vaccine development that
has longer-lasting immunity effects with
broader serotype coverage that work well in
the aging population.

Efforts in this area include
optimization of cultivation conditions for
bacteria capsule production for better yield

and lower cost, the use of common
pneumococcal proteins for broader
coverage, and the use of immune
adjuvants to improve mucosal and
systemic immunity. Monitoring changes
in the distribution of serotypes causing
pneumococcal disease among children and
adults should inform formulations of
future higher-valent conjugate vaccines.
Approaches that rely on targeting common
proteins independent of serotypes,
inactivated and live attenuated whole-cell
vaccines, DNA vaccines and genetic
engineering of glycoproteins to develop
glycoconjugates hold the promise to
confer broader serotype-independent
protection against pneumococcal

disease. (80).

Close scrutiny of the changing
epidemiology of invasive pneumococcal
disease and pneumonia will be required
to evaluate the effectiveness and the
continued utility of the current vaccination
strategy and the future directions for
pneumococcal disease prevention among
older adults. M
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