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Background: Asthma is a common global health problem. Environmental
exposures such as bacteria may protect against asthma development.
Objective: This review aims to examine the possible protective role of pneu-
mococcal infection and vaccination in asthma. Methods: A review of known
experimental biology and human epidemiology relating to asthma and
pneumococcal infection was performed. Results: Pneumococcal infection
can modulate components of allergic airways disease such as airways hyper-
responsiveness and airway eosinophilia. Exposure to killed pneumococcus
can reproduce these effects and the mechanism may involve control by
T regulatory cells. Conclusions: Pneumococcal immunoregulatory therapy is a
potentially important approach to asthma management that requires further
evaluation in well-designed research studies.

Keywords: allergy, asthma, eosinophil, immunoregulatory, infection, Streptococcus pneumoniae,
T regulatory cell, vaccine

Expert Opin. Biol. Ther. (2009) 9(5):621-629

1. Introduction

Asthma is a common illness throughout the world, with a significant geographic
variation in prevalence. In Australia and parts of Europe and North America the
prevalence is high (1], with rates of current asthma affecting up to 1 in 10 adults
and 1 in 7 children. This contrasts with some African countries where the prevalence
can be as low as 2% [1]. There has also been a dramatic rise in the prevalence of
asthma. While the most recent data indicate a stabilization of asthma prevalence
in the countries with the highest rates, asthma still appears to be increasing in
countries with intermediate asthma rates. A study using objective confirmation of
asthma, that was independent of physician’s diagnosis, found there had been at
least a doubling of asthma prevalence in school age children in Eastern Australia
between 1980 and 1990 (21, that has subsequently stabilized (3. Migration studies
also demonstrate that children can develop asthma when they move from a low-
prevalence country to a country with high asthma prevalence. Adolescents who
migrated to Australia from countries with low asthma prevalence experienced an
11% increase in the prevalence of wheezing for every year of residence in
Australia [4]. These observations demonstrate that there are significant environmental
influences that affect asthma, and indicate a pressing need to understand
these changes and develop interventions that will reduce the burden of illness
from asthma.

The mechanisms underlying asthma involve immune-mediated airway inflammation,
with evidence of both genetic and environmental modulation of asthmatic
responses. Genetic factors confer susceptibility, and interact with environmental
exposures to permit expression of the disease. The recent world-wide changes in
asthma prevalence imply significant environmental effects, and also hold out the
possibility that modification of exposures or the subsequent immune responses,
termed immunoregulatory therapy, may reduce the burden of asthma. A key
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exposure that may be related to the development of asthma
is exposure to microbial species. Exposure to certain bacteria
may either increase or reduce asthma risk, and we have
proposed that infection with the respiratory pathogen
Streptococcus pneuwmoniae may be protective against asthma.
This review will examine the evidence for this proposal from
human epidemiological studies and from intervention studies
in model systems.

2. Exposure to infectious agents and
asthma risk

Epidemiological studies have revealed that the increase in
the prevalence of asthma has been associated with a reduction
in exposure to infectious agents throughout life. For example,
Jones et al. [5] collated data to show that those countries
with the highest risk of childhood bacterial infection had
the lowest risk of asthma. Specifically, there was a high ratio
of deaths from asthma compared with those from tuberculosis
in countries with a high asthma prevalence, whereas countries
with a low asthma prevalence had a low ratio (5.

Further support for the association between exposure to
infectious agents and asthma risk is provided by studies of
antibiotic use and asthma. Infants who are given antibiotics
in the first year of life have a greater risk of subsequently
developing childhood wheezing [6,71. The mechanisms of this
association may involve modulation of intestinal microflora by
antibiotic use [8], and studies are now trying to establish if
the association is a causal relationship or a confounding
effect (9.

Other epidemiological studies have shown a relationship
between tuberculin reactivity in populations and reduced
asthma risk [10], and between neonatal BCG vaccination and
reduced asthma risk [11). This has led to studies showing
that immunomodulatory therapy with Bacille Calmette-
Guerin (BCG) in animal model systems leads to reductions
in allergic responses. The efficacy of mycobacterial immuni-
zation in preventing allergy in human trials has been varied,
with decreases in the severity of atopic dermatitis but no
effect on allergic asthma. Successful results were also dependent
on the age of study subjects [12-17]. Exposure to bacterial
DNA sequences, termed CpG oligodeoxynucleotides (CpG-
ODN) can also modulate inflammatory responses. CpG
stimulation of lymphocytes results in the development of
potent T-helper-1 (Th1)-biased immune responses that have
proven effective in suppressing allergic inflammation in
mouse models [18]. These observations are now being tested
in preclinical studies.

These studies demonstrate that there may be specificity in
the protective antibacterial responses. The determinants of
this specificity are not known but potentially involve the
bacterial species used, the dose of the active moieties
(e.g., endotoxin) and the pattern-recognition receptors that
are engaged by the agent used. The studies also show that
there is a need to be cautious in the interpretation of results

since translation of successful results in model systems may
not be replicated in human trials [19], and also, unwanted
adverse inflammatory effects may result from immune deviation.
For example, neutrophilic airway response has been observed
with high doses of CpG, which is consistent with the induc-
tion of Th1 responses by CpG [20]. The potential efficacy of
pneumococcal vaccination for asthma needs to be considered
against this background.

3. Spn and asthma risk

Streptococcus  pnewmoniae (Spn) is a common respiratory
pathogen, and is the predominant cause of community-acquired
pneumonia in children and adults. It also frequently causes
otitis media, septicemia and meningitis. Invasive Spn infections
are the sixth leading cause of death worldwide. Spn infection
has not previously been widely implicated in the development
and exacerbation of asthma. One recent study suggested that
neonatal (first month of life only) exposure to commensal
Spn was associated with a increased asthma risk [21]. Asthma
has also been observed as an independent risk factor for
invasive Spn disease [2224]. Talbot er al. [221 conducted a
nested case control study of 635 people with invasive pneu-
mococcal disease and 6350 controls. Asthma was significantly
overrepresented in the cases with invasive pneumococcal disease,
such that people with asthma were found to have a 2.4-fold
increased odds of having invasive pneumococcal disease
compared with people without asthma. The risk was further
increased in severe asthma, where there was an almost fourfold
increase in the annual incidence of invasive pneumococcal
disease compared with controls without asthma. A serotype
analysis of the invasive pneumococcal isolates revealed that
56% of isolates were covered by the polyvalent conjugate
vaccine, and 86% were covered by the 23-valent polysac-
charide vaccine. Twenty-nine percent of isolates were covered
only by the polysaccharide vaccine. This study raises important
questions about the relationship between asthma and Spn
and highlights the need for further studies of mechanisms
and treatment of Spn in asthma.

4. Spn vaccination and asthma

Studies of Spn vaccination that include asthmatics also provide
an opportunity to examine the interaction between Spn and
asthma. These studies are few in number since asthmatics
are seldom recommended as a target group in vaccination
schedules using pneumococcal vaccines. Vaccination of
elderly patients with a pneumococcal polysaccharide vaccine
was associated with a reduction in the number and severity
of hospitalizations for asthma in a retrospective study [25].
The vaccine used in this study was the 23-valent polysac-
charide vaccine. A Cochrane systematic review [26] examined
the effect of pneumococcal vaccination in asthma and identified
three potential studies. One study [27] was a randomized
controlled trial that examined the effect of pneumococcal
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vaccination(and several other interventions)in children with
asthma and recurrent (over four episodes in a year) otitis
media. The study reported that the children treated with
pneumococcal vaccination had a 30% reduction in asthma
episodes over a 2-year period.

5. Spn and eosinophil responses

The inflammatory process in asthma that is induced by
allergen exposure typically involves increases in eosinophils
in several body compartments, including the airway, circulation
and bone marrow. Eosinophilia is typical of allergic asthma.
Experimental studies of eosinophil responses have observed
that Spn infection can suppress circulating eosinophil
counts [28-31]. When a pneumococcal abscess was induced in an
experimental model of parasitic eosinophilia due to trichinosis,
there was a rapid fall in circulating eosinophils that was
unrelated to adrenal activity.

6. Phases of asthma

The potential for immunoregulatory intervention in asthma
can be classified into three distinct phases: phase 1 intervention
occurs prior to the development of allergic sensitization;
phase 2 intervention occurs after sensitization and before
the development of clinical asthma; and phase 3 interven-
tion is given during active asthma, for example, during an
asthma exacerbation.

Immuoregulatory therapy for the first phase corresponds
to primary prevention of asthma and is designed to reduce
sensitization to allergens that provoke asthma. Sensitization
involves an interaction between innate and acquired immune
responses. When a susceptible host is exposed to an allergen,
the allergen is processed and presented to the immune active
cells (typically T helper cells) by antigen presenting cells,
such as dendritic cells, and there is a subsequent expansion
of allergen specific T lymphocytes that exhibit a T-helper-2
(Th2) cytokine secretion profile, and generation of allergen-
specific IgE by activated/matured B cells [321. Sensitization
to the allergens associated with asthma usually occurs in
infancy and childhood. Sensitization to ingested allergens
occurs during infancy, and acroallergens induce sensitization
in mid to late childhood. Immunoregulatory therapy to prevent
sensitization would need to be administered in early child-
hood in order to be successful, and represents an example of
primary disease prevention. There are several challenges to
this approach, including the limited responsiveness to vaccines
during infancy.

Once sensitized, there is a latency period before the clinical
expression of asthma. During this period a person has evi-
dence of allergen-specific IgE but does not have symptoms
of asthma. This is termed the atopic state, and in western
and developed countries up to 40% of the population are
sensitized (atopic) to aeroallergens. This is an attractive target
period for immunoregulatory therapy since subjects can be
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identified by screening for allergen specific IgE and are generally
in a vaccine-responsive period of life (33]. Intervention during
this phase may be considered secondary prevention of asthma.

The third period for consideration of immunoregulatory
therapy is during active asthma. As described above, up to 1 in
10 adults and 1 in 7 children have current asthma. Most
children (>80%) and many adults (60%) have current
asthma occurring in association with atopic sensitization.
These people present to doctors for care and management
strategies aimed at improving current clinical status and
preventing future disease related events, a phase termed tertiary
prevention [34].

7. Immunopathology of asthma
(and allergic sensitization)

The immunopathology of asthma is characterised by the
infiltration of eosinophils and T-lymphocytes into the airway,
which is associated with increased mucus production, vascular
exudation, and epithelial injury and epithelial desquamation.
There is in addition a series of changes in airway structural
elements such as smooth muscle that involve hypertrophy,
hyperplasia and infiltration of mast cells into the muscle.
The inflammatory response can be heterogeneous, with
some patients demonstrating a relatively eosinophil-poor
inflammatory pattern that is more commonly seen in severe
adult asthma. The production of the Th2 cytokines 1L-4,
IL-5 and IL-13 by activated CD4* T-lymphocytes is instru-
mental in disease pathogenesis in allergic asthma and mediates
features of pathophysiology including IgE production,
eosinophilia, mucus hypersecretion and airway hyperrespon-
siveness (AHR). While asthma is mainly Th2 driven,
responses involving Thl cells and IFN-y are induced in
severe asthmatics [35]. The mechanisms of how IFN-y con-
tributes to the immunopathology of asthma are unclear,
but may involve the induction of apoptosis of bronchial
epithelial cells 36].

8. T regulatory cells and asthma pathogenesis

Several independent studies have linked impaired or altered
T regulatory cells (Tregs) in patients with asthma compared
to healthy individuals (37-45). Tregs have the ability to suppress
effector responses involved in the pathogenesis of asthma
and therefore have been considered as potential therapeutic
targets for upregulation. IL-10 and TGF-B have been high-
lighted as important mediators of suppression. Indeed, cor-
ticosteroids prevent the protective effects of Tregs by
inhibiting IL-10 (46] and membrane-bound TGF-f is a candi-
date for predicting the severity of asthma [47). Adoptive
transfer of CD4*CD25" Tregs in animal models of allergic
airways disease (AAD) has reinforced their potential as a
therapeutic agent [48]. Studies in allergic patients treated
with immunotherapy inducing Tregs have been associated
with suppression of allergy (49.50). Therefore the administration
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of a targeted immunotherapy that reconstitutes the immune
response through induction of Tregs is an attractive therapeutic
for suppression of asthma.

9. Immune responses to Spn

Spn induces innate as well as adaptive (antibody and T-cell)
immune responses.

Spn contains numerous pathogen-associated molecular
patterns that activate toll-like receptors (TLRs), TLR-2,
TLR-4 and the adaptor protein myeloid differentiation primary
response gene 88 (MyD88) on innate cells including neutrophils
and macrophages [51-54. These phagocytic cells enter the
infected area and are effective at phagocytosing and destroying
the bacteria but these responses may also result in the
suppression of Th2 responses and antagonize eosinophil
influx in AAD:s.

It has been known for many years that anti-capsular antibody
production is sufficient to protect against- and clear Spn
infections [55.56]. However, help from T cells is necessary
for the production and maturation of antibodies as well as
class switching and the induction of memory of B cells [57,58].
T cell memory is also induced by infection, however
the nature of the T cell response induced by infection is
controversial and is dependent on the strain of Spn and the
genetic background of the infected individual. Recently it
has been shown that IL-17A is released from T cells upon
infection. The activities of this cytokine include neutrophil
activation and chemotaxis in concert with TLR-mediated
IL-23 release from dendritic cells (DCs) [591. This reinforces
the neutrophil influx induced by innate responses and may
further contribute to the suppression of AADs. Importantly,
unlike other Gram-positive bacteria, Spn infection also
induces the production of Tregs [60. These Tregs may be
important in protection against infection by controlling
inflammatory responses. A consequent of the production of
these Tregs may be the attenuation of Th2 responses in
asthma [61].

Therefore, both innate and adaptive immune responses are
induced by Spn infection that may suppress Th2 responses
and AADs and asthma by multiple different mechanisms.

Although Spn infection and vaccine development are a
clear research focus and investigated world wide, knowledge
of the mechanisms underlying immunoregulation is in its
infancy. Detailed elucidation of the mechanisms involved is
the focus of in-depth studies in our laboratories.

10. Models to test the hypothesis

The assessment of Spn immunoregulatory therapy requires
initial evaluation in model systems. This involves development
of a model of allergic sensitization, a model of non-lethal
Spn infection, and then a combined allergen-Spn model.
There are several murine models that can be used to inves-
tigate different features of asthma, however, no single model

accurately represents all of the features of human disease.
These models use an antigen, often ovalbumin, with a
Th2-inducing adjuvant to induce sensitization and allergic
responses. Other antigens such as cockroach extract or house
dust mites may also be used, which may not require the
co-administration of adjuvants [62.63]. Models have been
developed using variations in mouse strain, and modifica-
tions of timing, route, dose and method of antigen admin-
istration. These effects are assessed using a variety of methods
to examine tissue inflammatory and repair responses as well
as accompanying physiological changes.

The closest approximations of chronic asthma and acute
exacerbations of chronic asthma use long-term low dose
aerosol challenge with ovalbumin (6465. Chronic models
have characteristics of chronic inflammation accompanied
by the recruitment of intra-epithelial eosinophils as well as
features of airway remodelling similar to that observed
in asthmatics including sub-epithelial fibrosis, epithelial
thickening and mucus cell hyperplasia/metaplasia. This
model also exhibits characteristic physiological changes of
AHR to inhaled bronchoconstrictors. A single moderate-
level antigen challenge induces an exacerbation that is char-
acterised by an acute inflammatory component in the distal
(intrapulmonary) airways with enhanced recruitment of
CD3* T cells, as well as exaggerated AHR. This can be
superimposed on the chronic asthma model in order to
mimic the iz vivo situation of acute on chronic allergen
exposure and subsequent responses.

Use of chronic models takes a long time and is labour-
intensive and, therefore, other acute models are used exten-
sively to model acute phases of disease [66,671. Typically an
antigen such as ovalbumin is administered systemically,
which induces the development of potent Th2 responses.
Adaptive immune responses to this sensitization are allowed
to mature before rechallenge with cognate antigen occurs.
This attracts memory Th2 cells into the lung, which release
Th2 cytokines including IL-4, -5 and -13 that, in turn, pro-
mote the influx of eosinophils into the airways and the
development of mucus secreting hyperplasia and metaplasia.
These are models of acute broncho-pulmonary inflamma-
tion [67] and allergic inflammatory responses that together
induce the development of AHR.

11. Non-lethal Spn models

Most mouse models of Spn infection are lethal models,
which are used to test the efficacy of vaccines and treatments
on serious invasive Spn disease. In order to investigate the
effects of Spn infection on asthma using mouse models,
non-lethal models of Spn infections are required. These
have been developed using different strains of mice and use
either lower doses of highly pathogenic strains [68] or less
virulent strains [69. These non-lethal models involve the
development of acute lung infection over 24 — 48 h, which
may involve septicaemia. This induces peribronchial and
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Figure 1. Model of acute allergic airways disease (AAD) and intervention with Streptococcus pneumoniae (Spn). Groups are
sensitized intra-peritoneally (i.p.) with ovalbumin (OVA) in a T helper type 2 (Th2)-inducing adjuvant. Th2 cells are allowed to develop and
AAD is precipitated 12 days after sensitization by four intra-nasal (i.n.) OVA challenges without adjuvant. AAD is assessed 1 day later. Spn
exposure can occur before (Phase 1), during (Phase Il) or after (Phase Ill) sensitization.
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Figure 2. Effects of Streptococcus pneumoniae (Spn) on allergic airways disease. Spn suppresses hallmark features of allergic airways
disease including airways hyperresponsiveness, T-helper type 2 (Th2) cytokines IL-5 and IL-13, eosinophils and mucus hypersecretion.

APC: antigen-presenting cell.

perivascular inflammation and the influx of leukocytes and
neutrophils into the lungs, which subsequently resolve
the infection.

These models can be combined with allergic sensitization
models with infection before (Phase I), during (Phase II) or
after (Phase I1I) sensitization (Figure 1). Thus the development
of these non-lethal Spn infection models has allowed the
investigation of the effects of infection on the development
and progression of allergic airways disease.

12. Spn immunoregulatory therapy:
proof-of-concept

The potential for the use of Spn as an immunotherapeutic
agent for asthma has been investigated in proof-of-concept

trials [67). These studies used killed Spn delivered intra-
tracheally to mice at different times relative to sensitization
in acute AAD. In order to investigate both prevention and
treatment Spn was administered before or during sensitization
or before challenge of sensitized mice. Administration at
these different time points mirrors the three phases of allergic
asthma described above.

Treatment before, during or after sensitization had generally
the same effects and suppressed ovalbumin-induced Th2
cytokine release from lung-draining lymph node T cells,
eosinophil influx into the airways, lung tissue and blood,
mucus secreting cell hyperplasia and AHR (Figure 2). Further-
more these effects were largely reproduced using an extended
model of AAD (24 days versus 12 days between sensitization
and challenge). This study clearly demonstrates the potential
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for the use of Spn as an immunotherapy for AADs and
extensive studies are currently underway to further investigate
these possibilities.

13. Effect of current vaccines

As a result of the differences in their composition, the currently
available 23-valent polysaccharide vaccine (PSv) and 7-valent
conjugate vaccine (Cv) elicit different immune responses.
PSv generates a T-cell-independent response which is poorly
immunogenic, resulting in a low antibody response of
largely low-affinity IgM. The lack of conventional T-cell
help results in failure to induce antibody affinity matura-
tion, isotype switching or immunological memory [70].
Polysaccharide protein conjugation enables Cv to elicit a
T-cell dependent immune response and enhanced antibody
production. Therefore, Cv promotes affinity maturation,
isotype switching and induction of immunological memory (71].
Unlike PSv, Cv has been shown to induce DC-driven T cell
priming [72].

Despite the knowledge of current vaccine efficacy against
infection, it is not known whether they may provide
an immunoregulatory therapy against AAD. To date, no
polysaccharide based vaccine, such as PSv, has been
shown to suppress AAD, suggesting that low antibody pro-
duction is incapable of suppression of the Th2 response.
Due to the complex pathogenesis of asthma, we propose
that the strong immune response elicited by Cv may
encompass the modulatory effects previously shown by
killed Spn.

Apart from capsular polysaccharide, additional bacterial
components may be involved in modulation of the immune
response leading to the suppression of AAD. Identification
of the components involved in suppression of AAD by
Spn is required to create a specific and targeted immunoregu-
latory therapy for suppression of AAD. Furthermore, the
use of different component combinations will allow us
to understand the important underlying modulatory events.
The potential for Spn components to work in an
independent or synergistic manner in suppression of AAD
is unknown.

14. Expert opinion

Asthma is a common disease of increasing global significance.
There is a need to understand the genetic and environmental
that modulate the
Environmental bacteria such as Spn may be able to
modulate the expression of asthma, and if so, this effect
could be therapeutically useful, using Spn vaccines as immu-

influences expression of asthma.

noregulatory therapy. Future work is needed to identify
the efficacy of this approach in experimental systems and to
identify the key components of Spn that are responsible
for this effect, as well as discovering the mechanism of the
effect. Epidemiological studies using existing databases
could take advantage of current pneumococcal vaccine
strategies to collate human data of the effect of pneumococ-
cal vaccines on asthma prevalence. Once these studies
have been completed, a randomized controlled trial of pneu-
mococcal immunoregulatory therapy for asthma is needed to
determine the clinical benefits of this approach. Exploiting
the beneficial immunoregulatory effects of environmental
bacteria represents an exciting approach to address a
disease if immense and increasing importance to global
human health.

15. Conclusion

Studies indicate that despite the availability of effective
pharmacotherapy, asthma remains a common disease with
an increasing burden of illness. There is a need to look for
other treatment approaches. Reduced exposure to bacteria or
their products is associated with increased asthma, and exposure
to bacteria, either by vaccination or infection may be protec-
tive against asthma. Spn is a potentially useful immunoregu-
latory therapy for asthma. There is a clear path for future
research to evaluate this possibility using model systems,
epidemiological studies and clinical trials of available and
novel pneumococcal vaccine products.
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