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Abstract It has long been assumed that children develop
natural immunity to pneumococci via the acquisition of
anticapsular antibodies, which confers serotype-specific
immunity to the organism. This view has been further
reinforced by the recent success of capsular polysaccharide
conjugate vaccines in children in reducing colonization and
disease caused by vaccine-type strains. Less clear, however,
is whether this mechanism is responsible for the age-related
gradual increased resistance to pneumococcal carriage and
disease. Recent epidemiologic and experimental evidence
point to the possibility that another mechanism may be
involved. Here, an alternative possibility is presented,
whereby it is proposed that acquired immunity to this
common human pathogen is derived not only from natural
acquisition of antibodies (capsular and noncapsular) that
provides protection against invasive disease but also from
the development of pneumococcus-specific CD4+ TH17
cells that reduces the duration of carriage and may also impact
mucosal disease. This review focuses on the experimental and
clinical evidence in support of this hypothesis. The implica-
tions for future vaccine development against Streptococcus
pneumoniae are also discussed.
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Introduction

Almost one million children in the developing world die of
pneumococcal infections each year [1]. The two existing
pneumococcal vaccines are based on injected mixtures of
capsular polysaccharides, of which there are at least 92
different serotypes. Plain (unconjugated) polysaccharide
vaccines are not efficacious in children less than 2 years
old and therefore, fail to protect those at highest risk.
Protein-conjugated polysaccharide vaccine protects infants
[2] but is very difficult to manufacture (which has resulted
in severe shortages until recently) is expensive, needs
refrigeration, requires multiple injections, and does not
include many of the capsular serotypes that cause pneumo-
coccal disease in the developing world. Furthermore,
serotype replacement [3] whereby pneumococcal serotypes
not included in the conjugate vaccine become more
prevalent causes of colonization and disease has already
been observed in epidemiologic studies following imple-
mentation of conjugate vaccine immunization programs [4].
Although data are still being analyzed, there are important
early signs to suggest that the impressive efficacy of the
conjugate vaccine in the US may not have been reproduced
in other countries that have implemented universal immu-
nization [5]. Therefore, despite the success of the conjugate
vaccine, alternative strategies are urgently needed.

In order to develop a more successful vaccine strategy, a
better understanding is required of the mechanisms of
immunity to pneumococcal colonization, the first and neces-
sary step that leads to invasive disease [6]. A challenge, of
course, is that it is unclear whether humans ever become
completely immune to this organism: while certain risk
groups can clearly be defined on the basis of age, immune
deficiency, or other predisposing factors, it is an unavoidable
reality that this essentially human pathogen can colonize and
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cause disease at all ages and in the absence of any currently
known or identifiable risk factors. The focus of this review is
to discuss aspects of acquired immunity to this pathogen and
review data in favor of a novel mechanism of protection
based on recent data derived from studies in animal models
and humans.

Role of antibodies in protection against invasive
pneumococcal disease

The success of capsular polysaccharide-based serotherapy
and plain polysaccharide and polysaccharide conjugate
vaccines has led to the inference that natural protection
against invasive pneumococcal disease is largely conferred
by anticapsular antibody. It is still believed by many that
systemic antibodies to the capsular polysaccharide primar-
ily determine antipneumococcal immunity. In fact, whereas
it has been well demonstrated (by both passive and active
immunization studies in humans) that antibodies to the
capsule are clearly sufficient to protect against invasive
pneumococcal disease, it is less clear whether they are
necessary or they constitute the primary mechanism of
natural development of resistance to pneumococcal infection.
An examination of age-specific incidence of pneumococcal
disease in the US prior to the introduction of the conjugate
vaccine reveals that the disease incidence for all serogroups
peaks between 9 and 15 months of age and falls in
approximately parallel fashion for all serogroups thereafter
[7]. By age 24 months, the incidence is approximately one
half of that in the peak age group. The consistency of the
pattern for all serogroups argues for a common mechanism
rather than for independent acquisition of immunity to each
serogroup. Moreover, the disease incidence declines approx-
imately 2 years prior to the age at which unimmunized
children exhibit a substantial rise in serum concentrations of
natural anticapsular antibody: in most unimmunized children
in the US at age 36 months, the anticapsular antibody
concentrations have not yet risen to the putative protective
level of 0.35 µg/ml, yet disease from serogroups 6 and 14 is
almost tenfold lower at 36 months than at 12 months [8, 9].
These findings suggest that natural pneumococcal immunity
may originate through factors other than capsular antibodies.

In addition to their serotype-specific polysaccharides,
pneumococci express “species” antigens, i.e., found in all
or most serotypes that lie beneath or are interspersed within
the capsular polysaccharide. Many of these species antigens
have been characterized, such as pneumococcal surface
protein A (PspA), adhesin A (PsaA), the cholesterol-
dependent cytolysin called pneumolysin, the teichoic acid
“cell wall polysaccharide” (CWPS), and the structurally
similar membrane-bound lipoteichoic acid (LTA). These
pneumococcal components are immunogenic early in life,

and antibodies against them can be elicited by mucosal
colonization (carriage), otitis media, or invasive disease
[10, 11]. In some studies, “species” antibodies have been
shown to be induce protection against sepsis either by
active parenteral and intranasal immunization with antigen
or by passive parenteral immunization with antibody to
these antigens [12]. While it is important to note that the
efficacy of a vaccine strategy based on pneumococcal
proteins has yet to be proven in humans to date, there are
compelling data from animal studies that suggest that such
an approach may be effective. Sera from humans who have
been immunized with PspA confer passive immunity in
murine pneumococcal sepsis models [13]. Murine [14] and
human [15] antibodies to phosphocholine (a component of
CWPS and LTA) can passively protect mice against
pneumococci of certain serotypes. In general, species
antigens appear less potent than capsular polysaccharide
in vaccines when used individually but they are synergistic
in combination [16].

More recently, potential vaccine candidates were identi-
fied by evaluating the antibody specificity of exposed but
not infected individuals or convalescent patients [17]. This
so-called ANTIGENome approach has led to the identifi-
cation of several proteins, two of which, the serine/
threonine protein kinase and protein required for cell wall
separation of group B streptococcus [17], are currently
undergoing Phase I clinical trials as an injectable vaccine
consisting of these two proteins and PsaA.

Role of antibodies in protection against pneumococcal
colonization

Pneumococcal colonization of the nasopharynx precedes
and is a necessary precondition for the development of
invasive disease [6]. Pneumococcal colonization is a
common occurrence and occurs in most children several
times in the first 2 years of life. Similar to what is observed
with invasive disease, there is a reduction in the duration
[18] and prevalence [19] of carriage in the first 2 years of
life. Nasopharyngeal carriage can lead to the development
of antibodies against specific capsular polysaccharide [20]
and surface proteins [20, 21]. An analysis of longitudinal
carriage data from Israeli children in daycare provided
evidence for serotype-specific acquired immunity to pneu-
mococcal carriage for some, albeit not all serotypes [22].
Taken together, these data make it reasonable to assume
that the development of antibodies to capsular and non-
capsular components of pneumococcus may contribute to
the gradual resistance to colonization that is observed as
children age. In addition, and perhaps most dramatically,
the virtual elimination of vaccine-type colonizing strains in
US children following implementation of the 7-valent
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conjugate vaccine strongly suggested that anticapsular
antibodies are effective mediators of resistance to pneumo-
coccal colonization [4].

It is less clear, however, whether these antibodies are
necessary for protection against pneumococcal colonization
or, to put it differently, whether this is the mechanism
whereby children naturally become more resistant to
pneumococcal carriage. As noted above, the reduction in
susceptibility to carriage appears to precede the natural
development of anticapsular antibodies in unimmunized
children [7], suggesting that if antibodies are contributory,
they are probably not targeting the capsular polysaccharide.
A recent longitudinal study in Bangladeshi children under
1 year of age demonstrated a reduced rate of acquisition of
colonization in a manner consistent with the induction of
serotype-independent protective immunity [23]. At the
same time, results of studies that evaluated the potential
role of individual naturally acquired antibodies to a few
conserved pneumococcal antigens have been mixed. In
an experimental challenge model in humans, protection
against carriage was reported to be associated with
antibodies to a specific region of PspA [24]; however,
in observational studies in children, no clear association
between antibodies to certain conserved proteins and
resistance to carriage could be demonstrated [10]. Thus,
the role of antibodies, whether capsular or noncapsular, in
the natural development of resistance of pneumococcal
colonization, remains unclear. What other mechanisms may
be playing a role?

A role of CD4+ IL-17A-producing T cells in the control
of pneumococcal colonization

Clues to the possible existence of a second type of immunity to
pneumococcal colonization were derived from an effort to
develop an inexpensive species-specific vaccine. An initial
motivation for the work in our laboratory was the wish to
develop a mucosal, cross-serotype whole cell vaccine against
pneumococcal colonization and disease. Our interest has been
motivated by the desire to develop a vaccine whose properties
would make it suitable for use in developing countries: low
cost, no need for cold chain, mucosal administration (elimi-
nating the need for sterile needles), and broad coverage. To this
end, we began our studies with a genetically modified
unencapsulated strain that has been inactivated and
treated to express critical species components and given
intranasally with a mucosal adjuvant to induce both local
and systemic immunity. In animal models, intranasal
immunization with this killed whole cell vaccine (WCV)
with an adjuvant (cholera toxin or its nontoxic B subunit)
provided excellent protection against both pneumococcal
colonization and sepsis [25, 26].

In the course of these studies, our laboratory in
collaboration with that of M. Lipsitch began to investigate
the underlying mechanisms whereby this complex immu-
nogen protects animals against pneumococcal infection,
with a particular emphasis on protection against nasopha-
ryngeal colonization. Early in our studies, we noted that
protection against colonization could be conferred in a
similar fashion with either repeated intranasal exposure to
live pneumococci or with intranasal exposure to WCV with
adjuvant [27]. Notably, protection did not appear to be
dependent on the generation of anticapsular immunity: with
WCV, this was obvious since the strain from which the
vaccine is derived is unencapsulated; similarly, with live
exposure to pneumococcus, equal protection was noted
following exposure to homologous or heterologous capsular
serotypes [28]. Furthermore, we noted that protection against
colonization by either of these two exposures in animals
appeared to reflect what was observed as children age [18,
26]—a reduction in the duration of carriage rather than a true
resistance to initial colonization.

These observations led us to evaluate the possibility that
protection against carriage conferred either by the WCVor by
intranasal exposure to live organisms was occurring via an
antibody-independent mechanism. Experiments in genetically
modified mice by our group and another confirmed that
protection by WCV [28] or live exposure to pneumococcus
[29, 30] did not depend on antibody; instead, protection was
critically dependent on CD4+ T cells as pneumococcus-
specific effector cells that would protect when adoptively
transferred to RAG-deficient mice [26, 28]. Further studies
implicated CD4+ T cells of the IL-17A lineage, as IL-17A
receptor-deficient or neutrophil-depleted mice were not
protected by the WCV [26]. The IL-17A pathway was also
subsequently shown by others to contribute to the monocyte/
macrophage-derived clearance of primary pneumococcal
infection in mice as well [31].

Similar mechanisms of protection have been shown to
mediate protection against colonization from immunogens
far less complex than the WCV. Using either the conserved
zwitterionic polysaccharide CWPS [32] or a mixture of
pneumococcal surface proteins [33, 34], we showed that
significant CD4+ T cell-dependent reduction in colonization
could be achieved with these defined antigens as well. More
recent unpublished data from our laboratory support the view
that, although IL-17A responses can be generated against
several pneumococcal proteins, not all antigens are created
equal and some are significantly more able to confer
protection against colonization than others (Moffitt, Lu and
Malley, unpublished data). Overall, these data led us to
develop the hypothesis that, in humans, protection against
pneumococcal colonization (and possibly also mucosal
disease) may derive, at least in part, from the development
of CD4+ IL-17A producing T cells that recognize pneumo-
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coccal antigens that are expressed in the course of coloniza-
tion. Secretion of IL-17A from these cells may thus recruit
professional phagocytes (neutrophils or macrophages) to the
site of colonization and help reduce the duration of carriage.
The identification of putative protective pneumococcal T cell
antigens is the subject of active investigation via a program
funded by PATH.

The results in mice are consistent with epidemiologic
data and experimental findings from several studies in
humans. With the advent of the HIV epidemic, it became
evident that CD4+ T cells may play a role in mediating
resistance to respiratory infections. Infected individuals
have a dramatically increased risk of infections with
opportunistic pulmonary pathogens such as Mycobacterium
tuberculosis or Pneumocystis jiroveci, and this risk is
inversely related to the number of circulating CD4+ T cells
[35, 36]. For Streptococcus pneumoniae, HIV infection
confers a 50-fold increased risk of infection, which is also
inversely related to CD4+ T cell count [37]. Most recently,
a study in Zambian mothers has demonstrated that HIV
infection is associated with a significantly increased risk
of colonization and reduced time to new colonization [38].
While one could hypothesize that, in children, this defect
is due to the inability to generate a robust primary
antipneumococcal antibody response in the absence of
functional T cells [39], such an argument is less convinc-
ing to explain this dramatically increased susceptibility in
adults. While various hypotheses have been advanced to
explain why CD4+ T cell deficiency is associated with
such a high risk of infection in adults, such as reduced
opsonic activity of anticapsular antibodies [40], loss of
memory B cells [41], and alteration of innate pulmonary
immunity [42], it is fair to state that this susceptibility
remains largely unexplained. The data presented here
suggest that a loss of TH17 cells may also contribute to
this increased susceptibility.

Studies of adenoidal tissue in pneumococcus-colonized
vs. -noncolonized children point to a potential contribution
of pneumolysin-specific CD4+ T cells in the prevention of
colonization [43]. We also found that much of the WCV-
induced IL-17A responses in adenoidal tissues of children
could be attributed to pneumolysin since responses were
significantly reduced when cells were stimulated with a
pneumolysin-negative whole cell antigen [26]. Analysis of
immune responses in adults with chronic obstructive
disease (COPD) also suggest that antibodies may not be
primarily responsible for resistance to colonization [44].
When analyzed over a 2-year period, COPD patients
colonized with pneumococcus did not, on average, have
lower concentration of antibodies to capsular or non-
capsular components or lower serum opsonophagocytic
ability than noncolonized COPD patients. In fact, the risk
of acquisition of new pneumococcal strains in adults with

COPD was associated with higher preacquisition concen-
trations of anticapsular and noncapsular pneumococcal
antibodies. These results suggest that in this population,
antipneumococcal antibodies are markers of prior exposure
and perhaps greater susceptibility rather than predictors of
protection. In contrast, preliminary data from this patient
population suggest that IL-17 and IL-22 responses may be
reduced in COPD patients that are frequently colonized
with pneumococcus (Gross, Lu, Sethi, Murphy and Malley,
unpublished). Finally, the recent discovery that patients
with autosomal dominant hyper-IgE syndrome (HIES, Job’s
syndrome), a disease characterized with recurrent pulmonary
infections due to Staphylococcus aureus and S. pneumoniae,
have mutations in the gene encoding STAT3 and an inability
to produce TH17 cells, provides further support for the
hypothesis that this particular arm of the acquired immune
response may be playing an important role in prevention of
respiratory infections, and with pneumococcus in particular
[45].

Implications for future vaccine development

The spectacular success of the universal pneumococcal
immunization program in the US and the results from
clinical trials in South Africa and The Gambia [46, 47]
understandably led to the inference that, given enough
serotype coverage with future generation conjugate vaccines,
pneumococcal disease could be significantly controlled, if not
eradicated, in both developed and developing countries. The
emergence of serotypes not included in the first generation
7-valent conjugate vaccine [48] and the demonstration that
these strains are important causes of disease, morbidity, and
mortality [49, 50] has somewhat tempered this enthusiasm.
While current efforts to promote the use of appropriately
broad pneumococcal conjugate vaccines in developed and
developing countries are continuing, the need for alternative
approaches to vaccination against pneumococcus remains
urgent. In particular, the development and implementation of
clinical trials of species-specific pneumococcal vaccines
should be a priority. In this regard, it is somewhat sobering
that while the proposal to use protein-based pneumococcal
vaccines is not new (reviewed in [51]), no such vaccine has
made it beyond Phase I clinical trials to date. Furthermore,
it is clear that such an approach faces several important
hurdles for development and licensure, including, but not
limited to, the choice of study population, endpoints and
ascertainment of efficacy, comparisons to currently ap-
proved pneumococcal vaccines, route of administration,
and potential need for adjuvants for optimal stimulation of
mucosal immunity.

The hypothesis presented here offers both further
challenges and promises for the development of a broad
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pneumococcal vaccine. We propose that naturally acquired
immunity to pneumococcus be viewed as (at least) a two-
pronged mechanism: antibody (capsular and noncapsular)-
mediated protection against invasive disease as well as
colonization and CD4+ IL-17A-mediated protection against
colonization and possibly also mucosal disease (see
Table 1). Optimal strategies for prevention of pneumococ-
cal disease and generation of herd immunity by vaccination
may require the stimulation of both arms of the immune
response. While there are numerous vaccines that generate
potent antibody responses to bacterial or other antigens,
relatively little is known regarding the requirements for the
development of IL-17A responses in humans. The use of
adjuvants, alternative nonparenteral routes of immuniza-
tion, and the chemical modification of antigens for
parenteral administration are all options that are being
considered for the development of vaccines that elicit cell-
mediated and/or mucosal immunity [34, 52–54].

Among the many approaches that are being considered,
the WCV represents an attempt to harness both forms of
acquired immune responses. When injected parenterally
in alum into mice or rabbits, the WCV induces high
levels of antibodies directed against noncapsular pneu-
mococcal antigens and protects mice against fatal
pneumococcal pneumonia or sepsis following intraperi-
toneal injection (unpublished). In addition, CD4+ TH17
responses are also elicited in mice and these confer
significant protection against pneumococcal colonization.
Good Manufacturing Practice lots have been made by
Instituto Butantan (Sao Paolo, Brazil) and shown to be
effective in mouse models. Preparations are underway to
seek approval for Phase I clinical trials in adults. It
remains to be seen, of course, whether the efficacy of this
vaccine in mouse models will translate to the prevention
of pneumococcal disease in humans, but it is hoped that
the clinical evaluation of this candidate will answer many

Table 1 Direct and indirect evidence for various different acquired immune effectors in the control of pneumococcal invasive disease, mucosal
infection, or colonization with selected references

Acquired
immune
effectors

Invasive disease Mucosal infection Colonization

Anticapsular
antibody

Susceptibility of agammaglobulinemic
and asplenic patientsa [55]

Reduction of pneumonia and otitis
media by conjugate vaccines [8, 57]

Direct and herd immunity effects
of conjugate vaccines [4, 58]

Success of serotherapy [55]

Efficacy of polysaccharide vaccines [56] Longitudinal study in Israeli
children [22]Efficacy of conjugate vaccines [8]

Noncapsular
antibody

Animal studies [51] Animal studies [60, 61] Animal studies [61, 62]

Animal studies using human
antiphosphocholine antibodies [15] or
sera from rPspA vaccine trial [13]

Human experimental challenge
study [24]

Susceptibility of agammaglobulinemic
and asplenic patientsa [55]

Longitudinal studies of carriage
in Bangladeshi childrenb [23]

Relative protection against bacteremic
pneumonia in patients with higher levels
of antipneumolysin antibodies [59]

Parallel age-dependent reduction
in susceptibility to invasive
disease across serotypesb [7]

CD4+ T
cells

Increased susceptibility of
HIV-infected patients [37]

Increased susceptibility of
patients with Job’s syndrome
to pneumonia [45]

Animal studies [26]

Parallel age-dependent reduction
in susceptibility to invasive
disease across serotypesb [7]

Increased colonization of
HIV-infected patient [38]

Association studies using
adenoidal tissues of children [43]

Longitudinal studies of carriage in
Bangladeshi childrenb [23]

Studies in adult COPD patients
(unpublished)

a These data support a role of antibodies in the prevention of invasive disease but do not distinguish capsular or noncapsular antibodies
b These data support the existence of a mechanism of protection other than anticapsular antibodies, but do not distinguish between noncapsular
antibodies or cellular immunity
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of the remaining questions in pneumococcal pathogenesis
and prevention.
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