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Summary

The relationship between allergic airway inflammation and pneumococcal
pneumonia is not well understood. We assessed susceptibility to experimental
pneumococcal pneumonia in mice with and without allergic airway
inflammation. Susceptibility to pneumococcal pneumonia was evaluated by
challenging mice with a bioluminescent Streptococcus pneumoniae strain
after sensitization with ovalbumin (OVA), with subsequent monitoring of
pneumococcal infection using real-time photonic imaging. Of 46 OVA-
sensitized mice challenged with pneumococci, 13 (28%) developed imaging
findings consistent with pneumococcal pneumonia. In comparison, 28 (57%)
of 49 non-sensitized control mice developed pneumococcal pneumonia
(P = 0·005). While none of the control group developed meningitis (0%, none
of 28), two mice in the OVA-sensitized group developed meningitis (15·4%,
two of 13) (P = 0·09). The mean bacterial count in the lung was significantly
lower in the OVA-sensitized than the non-sensitized group (8·26 � 0·69 versus
9·21 � 0·67 log10 colony-forming units (CFU)/g, P = 0·002). There was a trend
towards the mean bacterial count in the spleen being higher in the OVA-
sensitized versus the non-sensitized group (8·14 � 0·89 versus 7·45 � 1·07
log10 CFU/g, P = 0·071). A high level of interleukin (IL)-4 in lung homogenates
was associated with risk of pneumococcal infection independent of sensitiza-
tion with OVA (odds ratio: 49·7, 95% confidence interval 2·92-846·5, per
increment of 1·0 pg/ml). In the murine model studied, acute allergic airway
inflammation reduced susceptibility to pneumococcal pneumonia. IL-4 may
increase the risk of pneumococcal pneumonia independently of allergic
airway inflammation.
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Introduction

Despite decreasing rates of invasive pneumococcal disease
(IPD) caused by vaccine-serotypes in the United States [1–3],
Streptococcus pneumoniae continues to present a global threat
associated with substantial morbidity and mortality. Neither
natural disease nor vaccination provide complete or life-long
immunity against IPD. One million children younger than 5
years of age die of IPD (including pneumonia) globally each
year [4]. In the United States, the annual number of fatal
pneumococcal infections is 40 000 [5]. Nasopharyngeal colo-
nization (present in 20–50% of the population) is a prelude to
IPD; 100 000 cases of pneumococcal pneumonia, 60 000
cases of sepsis and 3300 cases of meningitis occur each year in
the United States. The reported case-fatality rate of IPD is

10% [6]. Talbot et al. reported recently that asthma is associ-
ated with an increased risk of IPD among Medicaid recipients
of the state of Tennessee [7].This study finding was confirmed
independently in our recent study in Rochester, Minnesota
[8]. Higher rates of pneumococcal nasopharyngeal coloniza-
tion as well as sinusitis and otitis media have been reported
among individuals with asthma [9,10]. The Advisory
Committee on Immunization Practices has recommended
recently that adults with asthma receive the pneumococcal
vaccine [11]. The mechanisms underlying the above observa-
tions are unknown. T helper type 2 (Th2)-predominant
immune responses to various environmental stimuli play a
role in the development and exacerbation of atopic diseases,
including asthma [12,13]. Numerous studies demonstrate
that Th2 cytokines [e.g. interleukin (IL)-4)] down-regulate
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Th1 functions; this has been suggested to be associated with
susceptibility to and severity of protozoal [14,15], mycoplas-
mal [16,17], bacterial [18–21], viral [22–24] and candidal
infections [25]. Despite evidence that Th2 cytokines increase
susceptibility to these infections, whether Th2 immune
responses (i.e. increased Th2 cytokines or reciprocal counter-
regulation of Th1 cytokines) influence susceptibility to IPD is
unknown.

We hypothesized that mice sensitized and challenged with
ovalbumin (OVA) would be more likely to develop pneumo-
coccal pneumonia, compared with control mice, and that
Th2 cytokines would increase susceptibility to pneumococ-
cal pneumonia. To test these hypotheses, we assessed suscep-
tibility to pneumococcal pneumonia by challenging mice
with a bioluminescent S. pneumoniae strain after sensitiza-
tion with OVA and monitored pneumococcal infection using
real-time photonic imaging [26,27]. We also examined the
roles of Th1 and Th2 cytokines in lung homogenates in
relation to the risk of pneumococcal pneumonia.

Materials and methods

Experimental animals

Pathogen-free 6–8-week-old female BALB/c mice were pur-
chased from Jackson Laboratory (Bar Harbor, ME, USA). All
animal experiments were performed in accordance with
guidelines of the Institutional Animal Care and Use Com-
mittee at Mayo Clinic (Rochester, MN, USA). After bacterial
challenge, each group of animals was kept isolated from the
others in a biohazard containment facility.

Allergen sensitization and challenge

The sensitization and challenge procedures with OVA were
modified from the method described by Zhang et al. [28], as
reported in our previous study [29]. Briefly, experimental
mice were sensitized by intraperitoneal (i.p.) injection of
20 mg OVA adsorbed to 1 mg aluminium hydroxide gel (in a
volume of 100 ml) on days 0 and 7. Experimental mice were
challenged intranasally with 100 mg OVA in 50 ml phosphate-
buffered saline (PBS) under light tribromoethanol anaesthe-
sia on days 15, 16 and 17. Control mice received i.p. injection
of PBS with aluminium hydroxide gel but no intranasal
challenge.

Bacterial concentrate

The S. pneumoniae A 66·1 serotype 3, made bioluminescent
by integration of a modified lux operon into its chromosome
(Xen 10, Caliper Life Sciences, Hopkinton, MA, USA), was
studied [27]. The strain was incubated in Todd-Hewitt broth
at 37°C in 5% CO2 until an optical density similar to a
McFarland turbidity standard of 1 was reached. Bacterial
concentrations were estimated spectrophotometrically by

absorbance at 620 nm and diluted using PBS. The exact
number of colony-forming units (CFU) of inoculum was
determined retrospectively by culture of serial dilutions of
inoculum on blood agar plates.

Pneumococcal pneumonia model

Pneumococcal infection was defined as the presence of
bioluminescence in and positive pneumococcal culture from
normally sterile body tissues. Three days after OVA chal-
lenge, all mice (both the OVA-sensitized/challenged group
and the non-sensitized/challenged group) were inoculated
intranasally with a predetermined dose (1·5 ¥ 104 – 3 ¥ 104

CFU) of S. pneumoniae in 30 ml of PBS under anaesthesia
[i.p. injection of ketamine (100 mg/kg) plus xylazine
(10 mg/kg)]. In preliminary experiments, it was determined
that this was the lowest dose of S. pneumoniae that estab-
lished pneumococcal pneumonia in approximately 50% of
challenged mice. After inoculation, we measured lumines-
cence daily for 7 days using a Lumazone Imaging System
(1002FE series; Roper Scientific, Tucson, AZ, USA). Animals
were sedated with ketamine plus xylazine, placed in an
imaging box without restraint, and imaged for a maximum
of 5 min at 4 ¥ 4 binning resolution. Initial development of
pneumococcal infection was determined by detection of
bioluminescence (Fig. 1). Animals that developed biolumi-
nescence (i.e. evidence of pneumococcal infection) were
killed and luminescent tissues (i.e. lung or spleen) were
cultured for S. pneumoniae. For animals that died before
detection of bioluminescence, lung and spleen tissues were
harvested and cultured for S. pneumoniae.

Animals that did not develop bioluminescence by day 7
after intranasal challenge were killed at 7 days, and then nasal
lavage fluid and lung tissue were harvested and cultured for
S. pneumoniae.

Killing and tissue processing

Mice were killed by i.p. injection of a lethal dose of
pentobarbital (100 mg/kg). The chest and abdomen were
opened and the lung and spleen were harvested aseptically.
The lung and spleen were weighed and homogenized in a
Stomacher 80 with 2 ml PBS; the homogenate was cultured
quantitatively. Serial 10-fold dilutions in PBS were placed on
blood agar plates (0·1 ml aliquot per plate) and incubated for
24 h at 37°C in 5% CO2. Tissue culture results were expressed
as CFU of bacteria per gram of lung or spleen.

Nasal lavage culture

For animals that did not develop bioluminescence by day 7
after intranasal challenge, nasal lavage fluid was harvested
and cultured for S. pneumoniae. With the mice sedated, nasal
lavage with 100 ml of PBS was performed. Fifty ml of lavage
fluid was streaked across a blood agar plate. The S. pneumo-
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niae colony count was measured and classified as follows;
<10 represented few colonies, 10–100 moderate colonies and
>100 many colonies.

Histopathological evaluation of lung tissues

To ascertain the presence of allergic airway inflammation
in the OVA-sensitized/challenged mice, histopathological
evaluation of lung tissues was performed in eight mice. Lung
sections stained with haematoxylin and eosin to assess
inflammatory cell infiltrate or with periodic acid Schiff to
examine hypersecretion of mucin were examined by light
microscopy.

Cytokine analysis for lung homogenates

The lung tissues of mice at the time of death or pneumococ-
cal infection, or those of mice without pneumococcal infec-
tion at day 7, were homogenized in a Stomacher 80 with 2 ml
of PBS and frozen at -20°C for subsequent cytokine analysis.
Cytokine levels in lung homogenates were determined by
Bio-Plex assay (Bio-Rad Laboratories, Hercules, CA, USA),
according to the manufacturer’s instructions. IL-2, IL-4 and
IL-5 concentrations below the described detection limit of
the assay were extrapolated beyond the standard range.

Outcome measures and statistical analysis

We compared the proportions of mice that developed
pneumococcal pneumonia after intranasal challenge with

S. pneumoniae between OVA-sensitized/challenged versus
non-sensitized/challenged mice. In addition, we compared
the quantitative culture results (expressed as log10 CFU per
gram of lung and spleen) between the same groups of mice.
To assess the roles of Th2 cytokines in the risk of pneumo-
coccal pneumonia, independent of sensitization, we com-
pared Th2 cytokine levels between mice with and without
pneumococcal pneumonia. To examine whether the impact
of sensitization and challenge with OVA on the risk of pneu-
mococcal infection is mediated through Th2-predominant
immune responses (i.e. Th2 cytokines), data were fitted to a
logistic regression. We calculated odds ratios (ORs) and cor-
responding 95% confidence intervals for sensitization status,
Th2 cytokine data (continuous variable) and the interaction
term between sensitization and cytokine data in predicting
the risk of pneumococcal pneumonia. The Mann–Whitney
U-test or Student’s t-test was used to compare continuous
variables depending on the distribution, and the c2 or Fish-
er’s exact test was used to compare categorical variables. The
Kaplan–Meier method was used for analysis of development
of pneumococcal infection. All statistical significance was
tested at a two-tailed alpha error of 0·05.

Results

Nasal colonization with S. pneumoniae

Mice that had no bioluminescent evidence of pneumococcal
infection by day 7 after intranasal challenge with pneumo-

Fig. 1. Development of pneumococcal infection after intranasal challenge with Streptococcus pneumoniae.
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cocci did not become ill and bacterial cultures of their lung
tissues revealed fewer than 5 ¥ 103 CFU/g. Nasal lavage fluid
of mice that did not develop bioluminescent evidence of
pneumococcal infection was cultured for S. pneumoniae.
A higher percentage of nasal lavages yielded growth of
‘moderate’ or ‘many’ pneumococci in the non-sensitized
control mice than in the OVA-sensitized/challenged mice
[81·0% (17 of 21) versus 53·1% (17 of 32), P = 0·046].

Development of pneumococcal pneumonia

Lumazone imaging showed pneumonia or meningitis
by real-time in vivo imaging in affected mice. Of the 46
OVA-sensitized/challenged mice, 13 (28·3%) developed
pneumococcal pneumonia after challenge with pneumo-
cocci whereas 28 (57·1%) of 49 control mice developed
pneumococcal pneumonia (P = 0·005) (Fig. 2). While none
of the control group developed meningitis (0%, none of 28),
two mice in the OVA-sensitized/challenged group developed
meningitis (15·4%, two of 13) (P = 0·09). The mice with
meningitis also had lung and spleen cultures positive for
S. pneumoniae. The mean bacterial count in the lung was
significantly lower in the OVA-sensitized/challenged group
than in the control group (8·26 � 0·69 versus 9·21 � 0·67
log10 CFU/g, P = 0·002). There was a trend towards the mean
bacterial count in the spleen being higher in the OVA-
sensitized/challenged group than in the control group
(8·14 � 0·89 versus 7·45 � 1·07 log10 CFU/g, P = 0·071).

Histopathological assessment of lung tissue

By light microscopy, marked cellular infiltration around the
airways and pulmonary blood vessels was seen in the lung
interstitium of the OVA-sensitized/challenged mice com-
pared with non-sensitized control mice (Fig. 3a and b
respectively). In addition, hyperplasia of airway goblet cells
and hypersecretion of mucin were observed in the OVA-
sensitized/challenged but not in the control mice (Fig. 3c
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Fig. 2. Kaplan–Meier analysis of development of pneumococcal

pneumonia in ovalbumin (OVA)-treated versus non-treated control

mice challenged with pneumococci (P = 0·022). The OVA-treated and

control mice were challenged intranasally with pneumococci and

followed for the development of pneumococcal infection for 7 days.

(a) (c) (e)

(b) (d) (f)

Fig. 3. Lung tissues stained with haematoxylin and eosin and examined by light microscopy (a,b). (a) The ovalbumin (OVA)-sensitized/challenged

mice exhibited marked infiltration of eosinophils and other inflammatory cells (arrows) in the interstitium of the lungs. The airways were

surrounded by dense cellular infiltrate. (b) The control mice had airways of normal appearance. Inflammatory cell infiltration was absent in the

lung interstitium. The lung tissues were stained with periodic acid Schiff and examined by light microscopy (c–f). (c) Airway goblet cell hyperplasia

and mucin hypersecretion (arrowheads) were observed in OVA-sensitized/challenged mice. (d) Airway mucin was scant in the control mice. (e)

Alveolar consolidation (arrow) and mucin hypersecretion (arrowhead) were observed in the OVA-sensitized/challenged mice with pneumococcal

pneumonia. (f) Only alveolar consolidation (arrow) was observed and airway mucin was scant in the control mice with pneumococcal pneumonia.
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and d respectively). Airway mucin hypersecretion was
prominent in the OVA-sensitized/challenged mice with
pneumonia, whereas there was scant mucin production in
the airway of the control mice with pneumonia (Fig. 3e and
f respectively).

Cytokine analysis of lung homogenates

Cytokine and chemokine analyses of the lung homogenates
of the OVA-sensitized/challenged mice and the control mice
are summarized in Table 1. The results suggest no significant
Th2-predominant immune responses in the OVA-sensitized/
challenged mice compared with the control group. The rela-
tionship between cytokines/chemokines and pneumococcal
pneumonia was assessed (Table 1). Mice with pneumococcal
pneumonia had higher Th2 cytokines (IL-4, IL-10 and
IL-13) and Th1 cytokines [IL-12, interferon (IFN)-g and

tumour necrosis factor (TNF)-a] except IL-2, which was
lower, compared with mice without pneumococcal
pneumonia. Because of the inconsistent relationship
between sensitization status and cytokine patterns and the
association between Th2 cytokines and pneumococcal pneu-
monia, we assessed whether the impact of sensitization
status on pneumococcal pneumonia was independent of
Th2 cytokines or mediated through Th2 cytokines by fitting
data to a logistic regression model (Table 2). The results
suggest that an elevated IL-4 (a Th2 cytokine) level is asso-
ciated with risk of pneumococcal pneumonia, independent
of sensitization and its interaction with sensitization. Sensi-
tization with OVA became insignificant in association with
the risk of pneumococcal pneumonia when controlled
for IL-4 levels and the interaction between IL-4 and
sensitization. Similar results were observed controlling for
IL-10. An elevated IFN-g (a Th1 cytokine) level was associ-

Table 1. Comparison of cytokines and chemokines between the ovalbumin-treated mice and non-treated mice, and the mice with and without

pneumococcal pneumonia.

Ovalbumin-treated

mice

Non-treated

mice

Mice with

pneumococcal pneumonia

Mice without

pneumococcal pneumonia P

IL-1a 23·7 � 8·5 111·0 � 19·4 <0·001 135·0 � 19·7 7·2 � 0·6 <0·001

IL-1b 83·1 � 34·1 331·3 � 61·1 <0·001 414·0 � 65·9 23·7 � 2·1 <0·001

IL-2 0·6 � 0·1 0·2 � 0·1 <0·001 0·3 � 0·1 0·5 � 0·1 0·025

IL-4 0·8 � 0·1 0·9 � 0·1 0·801 1·1 � 0·1 0·7 � 0·1 0·002

IL-5 0·9 � 0·3 0·9 � 0·3 0·913 1·1 � 0·2 0·8 � 0·3 0·424

IL-6 56·6 � 43·9 289·9 � 62·8 0·003 363·1 � 76·0 4·2 � 0·8 <0·001

IL-10 8·6 � 3·4 111·6 � 29·7 <0·001 124·3 � 30·5 2·1 � 0·4 <0·001

IFN-g 11·5 � 1·2 23·6 � 5·2 0·022 27·3 � 5·2 8·9 � 1·1 0·001

TNF-a 2·6 � 0·7 11·6 � 3·3 0·008 12·5 � 3·4 2·2 � 0·7 0·002

GM-CSF 5·9 � 0·9 11·6 � 1·9 0·006 14·7 � 1·8 3·5 � 0·5 <0·001

IL-12 21·4 � 1·9 59·8 � 12·1 0·002 61·6 � 12·4 21·5 � 2·5 0·001

IL-13 16·4 � 1·8 23·1 � 3·2 0·064 29·5 � 3·0 11·2 � 1·3 <0·001

MIP-1a 123·2 � 38·3 803·8 � 147·4 <0·001 930·9 � 146·2 44 � 5·4 <0·001

MIP-1b 53·6 � 22·3 741·1 � 134·1 <0·001 823·3 � 134·0 12·8 � 2·5 <0·001

Eotaxin 97·0 � 17·7 158·5 � 26·7 0·055 199·3 � 27·6 65·0 � 12·9 <0·001

RANTES 456·5 � 42·9 1474·7 � 230·5 <0·001 1613·2 � 229·6 381·9 � 35·0 <0·001

Data are presented as mean � standard error (pg/ml). The lung tissues of mice at the time of death or pneumococcal pneumonia or those of mice

without pneumococcal pneumonia at day 7 were homogenized with 2 ml of phosphate-buffered saline and frozen at -20°C for subsequent cytokine

analysis. Cytokine levels in lung homogenates were determined by Bio-Plex assay. IL, interleukin; IFN, interferon; TNF, tumour necrosis factor; GM-CSF,

granulocyte–macrophage colony-stimulating factor; MIP, macrophage inflammatory protein; RANTES, regulated upon activation normal T cell

expressed and secreted.

Table 2. Logistic regression models assessing the impact of each variable on the risk of pneumococcal pneumonia.

Variables OR (95% CI) P-value

Th2 cytokine and sensitization status

IL-4 (per an increment of 1·0 pg/ml) 49·7 (2·92–846·5) 0·007

Sensitization with OVA 1·12 (0·18–7·12) 0·903

Interaction term between IL-4 and sensitization status 0·03 (0·00–0·65) 0·025

Th1 cytokine and sensitization status

IFN-g (per an increment of 1·0 pg/ml) 1·14 (1·04–1·26) 0·005

Sensitization with OVA 0·48 (0·09–2·62) 0·396

Interaction term between IFN-g and sensitization 0·93 (0·82–1·05) 0·243

OR, odds ratio; CI, confidence interval; IL, interleukin; OVA, ovalbumin; Th1/2, T helper types 1/2; IFN, interferon.

C.-I. Kang et al.

556 © 2009 British Society for Immunology, Clinical and Experimental Immunology, 156: 552–561



ated with risk of pneumococcal pneumonia, but the impact
was quantitatively insignificant. Sensitization status was no
longer significant in predicting the risk of pneumococcal
pneumonia and similar results emerged when controlled for
other Th1 cytokines (i.e. IL-12, TNF-a) and chemokines [i.e.
macrophage inflammatory protein (MIP)-1a, MIP-1b,
eotaxin and regulated upon activation normal T cell
expressed and secreted (RANTES) (data not shown)].

There was a significant elevation of Th2 cytokines, IL-4,
IL-5, IL-13 and eotaxin, in the lung homogenates of OVA-
sensitized/challenged mice compared with non-treated
control mice without pneumococcal pneumonia (Fig. 4),
but these anticipated results were not observed in mice
with pneumococcal pneumonia. When we evaluated the
concentrations of proinflammatory cytokines among the
mice which developed pneumococcal pneumonia, OVA-
sensitized/challenged mice showed decreased concentrations
of the proinflammatory cytokines, IL-1b, IL-6, IFN-g and
TNF-a, compared with non-treated control mice (Fig. 5).
MIP-1a, MIP-1b, monocyte chemotactic protein-1 and
granulocyte–macrophage colony-stimulating factor levels
were also significantly lower in OVA-sensitized/challenged
mice with pneumococcal pneumonia compared with the
control mice. Similarly, in mice without pneumococcal
pneumonia, these results were inconsistent.

Discussion

Paradoxically, in the mouse model studied, sensitization/
challenge with OVA reduced the risk of pneumococcal pneu-

monia (28% versus 57%) and the number of pneumococci in
the lung homogenates of animals with pneumonia. These are
unexpected findings given the literature, which suggests an
increased risk, severity and delayed clearance of microbial
infections in both humans and mice in a Th2-predominant
milieu [16–18,20,21,24,25]. Blair et al. reported that BALB/c
mice sensitized with OVA had an increased rate of sinus
infection with S. pneumoniae after intranasal challenge with
pneumococci, compared with non-sensitized mice [30].
Potential mechanisms for increased risk of microbial infec-
tions in asthmatics have been suggested [16,19,20,22,31,32].

In interpreting the discrepant results between our study
and the literature, a few explanations can be considered.
First, although control mice in our study received i.p. alu-
minium hydroxide gel (instead of OVA) they had no intra-
nasal challenge, whereas test mice had intranasal challenge
with OVA. The lack of intranasal challenge in control mice
might not have controlled fully the impact of intranasal
challenge itself on airway inflammation. However, in our
previous study using PBS–airway-challenged control mice,
OVA-sensitized/challenged mice showed airway changes
compatible with allergic inflammation (e.g. cellular infiltra-
tion and mucin hyperproduction), while PBS-challenged
control mice did not show any inflammatory change in
airway and lung interstitial tissues [33]. Therefore, we believe
the lack of intranasal challenge in this study is unlikely to
account for the results reported. Intranasal challenge with
OVA induces marked infiltration of eosinophils, other
granulocytes, especially neutrophils, and mononuclear cells
in the airways [34,35].
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Fig. 4. Levels of interleukin (IL)-4, IL-5, IL-13 and eotaxin in lung homogenates of the ovalbumin (OVA)-treated versus control mice. Data are

presented as mean � standard error (pg/ml). The mean levels were significantly higher in the OVA-treated mice without pneumococcal pneumonia

than in the control mice (P < 0·05). OVA+/infection-, OVA-sensitized/challenged mice without pneumococcal pneumonia; OVA-/infection-,
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During the acute phase of airway inflammation, infiltra-
tion of inflammatory cells into the airways and the presence
of their inflammatory mediators might create a hostile envi-
ronment for pneumococci, and may even deplete granulo-
cytes or mononuclear cells in the bloodstream or spleen,
resulting in reduced susceptibility to pneumonia but
increased susceptibility to extrapulmonary infection. In
support of this possibility, cigarette smoke-induced airway
inflammation in a mouse model reduced the number of
non-typeable Haemophilus influenzae in lung [36]. Thus, it
can be postulated that airway inflammation, whether aller-
gic or otherwise, may reduce the risk of bacterial pneumonia
during the acute phase. Acute allergic airway inflammation
induced by OVA and host defence against pneumococci in
the mouse model studied are likely to differ from the
chronic airway inflammation and remodelling of the airway
present in humans with asthma [37]. Immunogenetic
factors contributing to both asthma and host defence
against microbial infection in humans are not accounted for
in the mouse model [38–40]. In addition, humans are
exposed to various pneumococcal serotypes with different
levels of virulence for a longer duration, whereas our mice
experienced a single challenge with a single strain. Also
noted was a trend towards more extrapulmonary infection
in OVA-sensitized/challenged mice, although this finding
was not statistically significant. Further study on the asso-
ciation between allergic inflammation and susceptibility to
pneumococcal bacteraemia or extrapulmonary infection

(i.e. IPD) in a mouse model is needed, which may help
us to understand possible mechanisms underlying the
association.

An alternative explanation for our study findings is an
independent role of Th2 cytokines from sensitization status
with OVA with regard to the risk of pneumococcal pneumo-
nia. Although the relationship between sensitization/OVA
challenge and its expected cytokine concentrations in lung
homogenates depended upon pneumococcal pneumonia
status, as shown in Table 1, overall mice sensitized/
challenged with OVA did not show clearly the expected
Th2-predominant immune responses, compared with non-
sensitized mice; this might be due to the Th1 effect induced by
exposure to S. pneumoniae, because S. pneumoniae is a potent
Th1-inducing agent [41]. Non-sensitized mice, despite the
strong Th1 response elicited by exposure to S. pneumoniae,
had comparable (IL-4 and IL-5) or higher levels (IL-10 and
IL-13) of Th2 cytokines and chemokines associated with
airway inflammation (e.g. RANTES and eotaxin) [42,43]
compared with sensitized mice. These data suggest that mice
sensitized with OVA might not have the expected classic Th2
immune responses and non-sensitized mice might have undi-
minished Th2 responses for unknown reasons. This might be
a potential reason for which an association between
sensitization/challenge with OVA and pneumococcal infec-
tion was not observed in our study. Because we used a previ-
ously studied dose of OVA for sensitization [28], we did not
compare cytokine profiles at baseline (time zero) between
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Fig. 5. Levels of proinflammatory cytokines, interleukin (IL)-1b, IL-6, interferon (IFN)-g and tumour necrosis factor (TNF)-a in lung homogenates

of ovalbumin (OVA)-treated versus control mice with pneumococcal pneumonia. Data are presented as mean � standard error (pg/ml). The mean

levels were significantly lower in the OVA-treated mice with pneumococcal pneumonia than the control mice with pneumococcal pneumonia

(P < 0·05). OVA+/infection-, OVA-sensitized/challenged mice without pneumococcal pneumonia; OVA-/infection-, non-sensitized/challenged mice

without pneumococcal pneumonia; OVA+/infection+, OVA-sensitized/challenged mice with pneumococcal pneumonia; OVA-/infection+,

non-sensitized/challenged mice with pneumococcal pneumonia.
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mice with and without allergic sensitization. Differential
effects (Th1 versus Th2) of sensitization with OVA in BALB/c
mice depending on the sensitization dose of OVA have been
reported [i.e. sensitization with low-dose (8 mg) versus high-
dose (50 mg) OVA for Th1 versus Th2 response respectively]
[44]. Given this potential divergent relationship between
cytokine pattern and sensitization status, we explored the
impact of sensitization/challenge with OVA on the risk of
pneumococcal pneumonia mediated through cytokines and
chemokines. Mice with pneumococcal pneumonia had
increased levels of Th2 cytokines (IL-4, IL-10 and IL-13) and
chemokines associated with allergic airway inflammation
(RANTES and eotaxin) compared with non-sensitized mice.
We interpret that elevated Th2 cytokines are not due to
exposure to S. pneumoniae because S. pneumoniae has been
reported to induce typically Th1 but not Th2 responses and,
thus, elevated Th1 cytokines might reflect an inflammatory
process as a result of exposure to S. pneumoniae [41,45]. Thus,
we adjusted the results for cytokines and interaction between
cytokines and sensitization status. We found that IL-4, a Th2
cytokine, played a more important role in predicting the risk
of pneumococcal pneumonia (OR: 50) than did sensitization
status (OR: 1·12) (Table 2). This was true for the number of
pneumococci in the spleen. As expected, IL-4 (b = 2·4,
P = 0·001) was a more important factor in predicting the
number of pneumococci in the spleen than sensitization
status itself (b = -1·5, P = 0·21) (data not shown). In support
of these findings, Beisswenger et al. reported that allergic
airway inflammation inhibits anti-bacterial host defence in
mice (innate immunity) [20] and demonstrated that IL-4 and
IL-13 inhibit anti-microbial activity of human epithelial cells
[46]. Khan et al. showed that Th2 cytokines (IL-4 or IL-10)
reduced humoral immune responses to intact pneumococcal
challenges, whereas Th1 cytokines (TNF-a) augmented
humoral immune responses [47]. Thus, mice with attenuated
production of proinflammatory cytokines might have
increased further the risk of pneumococcal pneumonia in our
study [20]. Controlling for IFN-g and its interaction with
sensitization status the impact of sensitization became
insignificant, but IFN-g is unlikely to be a risk factor for
pneumococcal pneumonia because elevated Th1 cytokines
and proinflammatory chemokines may be an effect of expo-
sure to S. pneumoniae, instead of a cause of pneumococcal
pneumonia (as discussed above). Understanding how Th2
cytokines suppress anti-microbial host defence remains to be
determined.

Strengths of our study include the large sample size and
use of in vivo imaging, permitting identification of mice with
pneumococcal infection without killing. Limitations include
lack of availability of cytokine data before pneumococcal
challenge and sensitivity of detection of pneumococcal
infection by bioluminescence, which may be subject to non-
differential misclassification bias affecting both groups of
mice. Although histopathological features in the OVA-
sensitized/challenged mice were compatible with allergic

airway inflammation, cellular analysis of bronchoalveolar
lavage fluid, which may have been helpful to ascertain the
presence of allergic airway inflammation, was not performed
in this study. In addition, we studied a single pneumococcal
strain; our results may not be applicable to other strains of
S. pneumoniae.

In conclusion, in our mouse model, acute allergic airway
inflammation reduced susceptibility to pneumococcal pneu-
monia and was associated with a trend towards increased
extrapulmonary pneumococcal infection, suggesting that
allergic airway inflammation may play a permissive role for
development of invasive pneumococcal infection. Indepen-
dent of allergic airway inflammation, IL-4 may play a
crucial role in determining susceptibility to pneumococcal
pneumonia.
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