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Chronic obstructive pulmonary disease (COPD) is characterized by long periods of stable symptoms, but exacerbations occur,
which result in a permanent worsening of symptoms. Previous studies have shown a link between bacterial colonization of the
lower airways of COPD sufferers and an increase in exacerbation frequency. One of the most frequent bacterial colonizers is
Streptococcus pneumoniae. To mimic this aspect of COPD, a murine model of low-level pneumococcal colonization in the lung
has been developed, in which S. pneumoniae persisted in the lungs for at least 28 days. From day 14 postinfection, bacterial num-
bers remained constant until at least 28 days postinfection, and animals showed no outward signs of disease. The bacterial pres-
ence correlated with a low-level inflammatory response that was localized to small foci across the left and inferior lobes of the
lung. The cellular response was predominantly monocytic, and focal fibroplasia was observed at the airway transitional zones.
Physiological changes in the lungs were investigated with a Forced Maneuvers system. This new model provides a means of study
of a long-term pulmonary infection with a human pathogen in a rodent system. This is an excellent tool for the development of
future models that mimic complex respiratory diseases such as COPD and asthma.

Chronic obstructive pulmonary disease (COPD) is a major
public health problem and is predicted to be the third leading

cause of death worldwide by 2020 (1). It is characterized by an
airflow obstruction that is not fully reversible (2), but it is a largely
heterogeneous condition (3), with patients displaying varied
symptoms, including bronchitis and emphysema.

Current in vivo models sometimes offer poor translation to the
human condition, highlighted by the observation that some com-
pounds that have shown promise in preclinical animal models
failed to demonstrate efficacy in human trials (4). This may be the
result of a failure to model all aspects of COPD due to the com-
plexity of the disease. One phenotype that has not been success-
fully modeled is the asymptomatic pulmonary colonization that
occurs in COPD. Patients are frequently colonized by bacteria
within their lungs (5) and can be prone to exacerbations induced
by either bacteria or viruses that lead to a rapid deterioration in
symptoms (6). A study by Patel et al. (7) has shown that the pres-
ence of bacteria in the lower airways was associated with an in-
creased frequency of exacerbations. As well as this association with
an increase in exacerbation frequency, colonizing bacteria are also
considered a comorbid condition that contributes to the patho-
genesis and clinical course of COPD, independently of exacerba-
tions (8). The three most common bacterial species to colonize the
lungs in stable-state COPD are nontypeable Haemophilus influen-
zae, Streptococcus pneumoniae, and Moraxella catarrhalis (9). Cur-
rent in vivo models of infection with these pathogens are acute and
do not mimic the low-level-persistent bacterial presence seen in
COPD sufferers in the stable state (10, 11, 12). For example, in
published murine models of S. pneumoniae infection, animals ei-
ther quickly succumb to infection or the infection is cleared within
a few days (13, 14, 15). Models of nasopharyngeal colonization
with S. pneumoniae have been described (13), but these do not
mimic the colonization of the lower airways seen in COPD.

This paper describes a model of long-term pulmonary coloni-
zation with S. pneumoniae. Pneumococci persisted in the lungs of
mice for more than 1 month postinfection, with few or no out-

ward signs of disease. The inflammatory response and pulmonary
lung function have also been evaluated.

MATERIALS AND METHODS
Source of mice. Female HsdOla:MF1 (MF1), Balb/cOlaHsd (BALB/c),
and inbred CBA/CaOlaHsd (CBA/Ca) mice were obtained from Harlan
Olac (Bicester, United Kingdom). Mice were used when they were at least
9 weeks old. Before use, mice were kept for at least 1 week, under standard
conditions, in the University of Leicester’s Division of Biomedical Ser-
vices, with access to water and food ad libitum. All studies were performed
in accordance with a United Kingdom Home Office license (60/4327) and
were approved by the University of Leicester Ethics Committee. All mice
were scored for signs of disease using the method described by Morton
and Griffiths (16). Any mouse that became severely lethargic was culled, in
accordance with the Home Office License.

Bacteria. S. pneumoniae strains D39 (NCTC 7466, serotype 2, ST128),
BHN191 (serotype 6B, ST138), and LgSt215 (serotype 19F, ST179) were
used. BHN191 is an invasive strain obtained from Birgitta Henriques-
Normark (Karolinska Institute, Sweden), and LgSt215 is a carriage strain
obtained from Herminia de Lencastre (Instituto de Tecnologia Química e
Biológica [ITQB], Universidade Nova de Lisbon, Oeiras, Portugal). A
pneumolysin-negative mutant of LgSt215 was constructed by mariner
mutagenesis of the ply gene in vitro followed by transfer of the mutated
DNA into the pneumococcus using competence-stimulating peptide, as
described previously (17). The successful mutation was confirmed by
PCR and sequence analysis of transformants. Before use, pneumococci
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were confirmed by optochin sensitivity, Gram stain, catalase reaction, and
�-hemolysis on blood agar plates. Bacteria were stored at �80°C, and,
when required, aliquots were thawed, centrifuged, and resuspended in
phosphate-buffered saline (PBS) (Oxoid, Basingstoke, United Kingdom)
as previously described (15).

Infection of mice. Mice were lightly anesthetized with a mixture of
oxygen and 2.5% (vol/vol) isoflurane (Abbott Laboratories, Maidenhead,
United Kingdom), and 1 � 106 to 5 � 106 CFU of S. pneumoniae sus-
pended in 20 to 50 �l PBS was instilled in droplets across both nares.
Animals were assessed for visible signs of disease (18) and were culled at
predetermined time points or if they became severely lethargic.

Characterization of the infection and associated inflammation.
Mice were culled with an intraperitoneal injection of 250 �l Pentoject
(20% [vol/vol] sodium pentobarbital; Pharmasol Ltd., Andover, United
Kingdom). Death was confirmed by nonresponsiveness to noxious stim-
uli (hind paw pinch) and exsanguination. The trachea was cannulated and
bronchoalveolar lavage fluid (BALF) was collected with three 300-�l
washes of PBS. The volume of recovered BALF was determined by gravi-
metric analysis. A viable count was performed to enumerate bacterial
levels, and then BALF was centrifuged at 1,850 � g for 10 min, and super-
natants were placed at �80°C for cytokine analysis to be performed at a
later date. The pellet was resuspended in 200 �l PBS, and 50 �l of suspen-
sion was centrifuged at 160 � g for 3 min in a Cytospin Slide centrifuge
(Shandon Southern Products Ltd., United Kingdom). Slides were allowed
to dry overnight and then stained using a REASTAIN Quick-Diff kit (Rea-
gena, Finland) according to the manufacturer’s instructions. Once dry, a
coverslip was mounted onto the slides with DPX mountant (Fisher
Chemical, Loughborough, United Kingdom).

Postmortem, blood was collected from the vena cava using a 1-ml
insulin syringe (U-100 insulin [Terumo]). Blood was allowed to clot at
room temperature and then centrifuged at 7,000 � g for 10 min, and
serum was collected and stored at �80°C until needed.

Cytokine levels of BALF supernatant and sera were assayed with Duo-
set mouse enzyme-linked immunosorbent assay (ELISA) kits (R&D Sys-
tems, Abingdon, United Kingdom) by following the manufacturer’s in-
structions.

For the gravimetrical assessment of pulmonary edema, postmortem
lungs were harvested into preweighed vials. The wet weight of lungs was
determined, and then lungs were placed into an oven at 60°C for 4 h to dry.
The dry weight of lungs was then determined. Levels of pulmonary edema
were expressed as the ratio of wet and dry lung weight.

Histological analysis of samples. For histopathological analysis, the
trachea was cannulated and then the lungs were distended with approxi-
mately 400 �l 10% (vol/vol) neutral buffered formalin (Sigma, United
Kingdom). Lungs were kept in 10% (vol/vol) neutral buffered formalin
for a minimum of 24 h. Tissues were embedded overnight with a Leica
tissue processor (LEICA TP 1050 fully enclosed vacuum tissue processor).
Tissues were dehydrated through graded alcohols (industrial methylated
spirits and ethanol) and into paraffin wax and then embedded using a
Leica Histoembedder. Blocks were stored at room temperature. Sections
(4 �m) were taken with a Leica Jung RM2155. Cut sections were floated
on water (37°C) and transferred to charged slides. The slides were dried
overnight at 45°C.

Hematoxylin and eosin (H&E) staining. Slides were dewaxed in xy-
lene and taken through graded alcohols. The slides were stained with Gill’s
hematoxylin (Pioneer Research Chemicals Ltd., United Kingdom) and
then were washed in running water for around 10 min to “blue” the
hematoxylin. The slides were submerged in eosin Y (high purity; Acros
Organics, New Jersey, USA) for approximately 2 min, washed briefly in
running water, and cleared through alcohols to xylene. Slides were
mounted with Hystomount (Hughes and Hughes, Somerset, United
Kingdom) and covered with a coverslip.

Immunohistochemistry. Sections were stained with rabbit anti-CD3
antibody (Ab690; Abcam, Cambridge, United Kingdom). After rehydra-
tion through graded alcohols, slides were heated for 1 min in high pH (1

mM EDTA [Sigma, United Kingdom], pH 9.0) antigen retrieval solution.
Slides were quenched in 3% (vol/vol) hydrogen peroxide (Sigma, United
Kingdom) in methanol (Fisher, Loughborough, United Kingdom) for 5
min and blocked for 20 min with 20% (vol/vol) goat serum (Dako, Ely,
United Kingdom). Slides were incubated for 60 min with primary anti-
body (2 �g/ml) or rabbit IgG (Dako, Ely, United Kingdom) as an isotype
control. VectaStain Elite ABC (Vector Laboratories, Peterborough,
United Kingdom) and diaminobenzidine (DAB) (Vector Laboratories)
were used to visualize the bound antibodies, and slides were counter-
stained with Gill’s hematoxylin (Pioneer Research Chemicals Ltd.). Slides
were washed briefly in water and dehydrated through the alcohols to
xylene, mounted with DPX (Fisher, Loughborough, United Kingdom),
and covered with a coverslip.

Indirect ELISA. Indirect ELISA was performed to analyze the titer of
IgG antibody against strain LgSt215 (method adapted from reference 19).
MaxiSorp 96-well plates (Nunc, United Kingdom) were coated with 100
�l PBS containing 1 � 106 CFU/well pneumococcal strain LgSt215 and
were incubated overnight at 4°C. Plates were washed 3 times with PBS and
0.05% (vol/vol) Tween 20 (Sigma). Serum samples were added at a start-
ing dilution of 1:50; it was then serially diluted 2-fold. Plates were subse-
quently incubated for 2 h at 37°C, washed three times with 0.05% (vol/
vol) Tween 20 in PBS, and then coated with biotinylated goat anti-mouse
IgG at a 1:5,000 dilution and incubated for 1 h at room temperature. Wells
were incubated with streptavidin-horseradish peroxidase (HRP; R&D
Systems, Abingdon, United Kingdom) for 20 min, before being washed 3
times with 0.05% (vol/vol) Tween 20 in PBS. TMB substrate solution (BD
Opt EIA) was then added to each well, and after 5 min 50 �l of 0.5 M
H2SO4 was added to stop the reaction. The absorbance at 450 nm was
determined.

Lung function. Lung function was assessed using an eSpira Forced
Maneuvers system (EMMS, Borden, United Kingdom). Mice were anes-
thetized with an intraperitoneal injection of anesthetic solution contain-
ing ketamine (100 mg/kg of body weight; Fort Dodge Animal Health,
Southampton, United Kingdom) and medetomidine (0.25 mg/kg; Dechra
Veterinary Products Ltd., Shrewsbury, United Kingdom), and the tra-
cheas were cannulated. Mice were allowed to breathe spontaneously and
were monitored in a whole-body plethysmograph with a pneumotacho-
graph connected to a transducer. Transpulmonary pressure was assessed
via an esophageal catheter. Mice were pretreated with a volume history
maneuver in which the lungs were inflated to 20 cm H2O for 1,000 ms to
improve airway patency prior to the start of the maneuvers. Baseline lung
function was measured for 1 min; baseline airway resistance was calcu-
lated using the eDaq software (EMMS, Borden, United Kingdom). Three
semiautomatic maneuvers were performed in triplicate per mouse: forced
expiratory volume (FEV), functional residual capacity (FRC), and quasi-
static pressure volume curves. The FEV maneuver recorded FEV at 25 ms
(FEV25), 40 ms (FEV40), 50 ms (FEV50), and 60 ms (FEV60) and forced
peak expiratory flow (PEF). Tidal volume (TV) was calculated by the
software from quasistatic pressure volume curves.

Statistical analyses. GraphPad Prism software version 6 was used to
analyze all data. The nonparametric Kruskal-Wallis test, with Dunn’s
posttest, was used to compare differences between antibody and cytokine
levels and cell counts. Results were considered significant when P values
were �0.05. Error bars in all figures show the standard errors of the
means, unless otherwise stated.

RESULTS
Development of a model of long-term pulmonary colonization
with S. pneumoniae. To develop this model, three factors were
investigated: dose volume, serotype of S. pneumoniae, and strain
of mouse. Initially, outbred MF1 mice and the pneumococcal
strain D39 were chosen, because this was the combination used in
the well-studied acute model of pneumococcal infection (14). In
the acute model, 1 � 106 CFU suspended in 50 �l of PBS is ad-
ministered intranasally; this dose regime is lethal within 72 h
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postinfection (13). Here, MF1 mice were intranasally challenged
with 1 � 106 viable pneumococci (strain D39) suspended in 20,
30, 40, or 50 �l of PBS, and percentage survival was assessed.

Figure 1 shows that there was a direct correlation between dose
volume and lethality. As expected, 1 � 106 CFU in 50 �l had a high
lethality rate, but by lowering the dose volume, while keeping the
bacterial CFU constant, the number of animals that survived in-
creased. At 7 days postinfection, there were no detectable viable
pneumococci in the lungs and blood, but viable pneumococci
were recovered from the nasopharynx with all dose volumes
tested, whereas the desired model of long-term colonization re-
quired viable pneumococci to be recovered from the lower air-
ways at least 7 days postinfection. Nevertheless, the experiment
showed that the dose volume can be a key variable in the estab-
lishment of the model. Because pneumococcal serotype can be a
determinant of carriage (20), two other serotypes were tested at
the different dose volumes: 6B (BHN191) and 19F (LgSt215). Af-
ter infection with strain BHN191, all four dose volumes tested
resulted in �50% lethality within 7 days of infection, and only one
surviving animal had recoverable numbers of pneumococci (�1
CFU/mg tissue) in the lungs at 7 days postinfection. In contrast,
with strain LgSt215, all mice survived to days postinfection at each
dose volume, without signs of disease, and when culled, 40% of
mice that received LgSt215 in 30 �l had recoverable numbers of S.
pneumoniae (50 to 150 CFU/mg lung tissue) in the lower airways.
In comparison, after infection with the dose volumes of 20 and 40
�l, only 20% of animals had recoverable numbers of pneumococci

in the lungs. For all dose volumes, no bacteria were recovered
from the blood. Following these observations, 30 �l was chosen as
the dose volume for further development of the model.

The next stage in model development was to increase the pro-
portion of mice with viable pneumococci in the lower airways at 7
days. Doses of LgSt215 between 1 � 104 and 5 � 106 CFU in 30 �l
PBS were given intranasally to MF1 mice. However, at best, pneu-
mococci were recovered from the lungs of only 40% of the animals
at 7 days postinfection. As an alternative strategy, CBA/Ca mice
were tested, because this strain was known to be susceptible to
acute pneumococcal pneumonia after intranasal infection (21).
When CBA/Ca mice were given 4 � 106 CFU LgSt215 intranasally
in 30 �l, there were recoverable numbers of pneumococci in the
lungs of 90% of mice at day 7 postinfection. As this suggested that
this was the correct combination of dose volume, bacterial strain,
and mouse strain, the experiment was repeated and bacterial
numbers in the BALF and blood were enumerated at predeter-
mined time points up to 28 days postinfection. Pneumococci were
recovered from the lower airways in 100% of mice at 24 h and 7
days postinfection. From day 14 onward, viable pneumococci
were recovered from the lungs of over 80% of mice (Fig. 2A).

Figure 2B shows that the persistence of viable S. pneumoniae in
the lower airways of mice was associated with an increase in the
levels of pulmonary edema. At 28 days postinfection, the ratio of
dry to wet weight of lungs was significantly different from that of
naive mice (P � 0.05). From 14 to 21 days postinfection, there was
no significant change in edema (P � 0.05).

Characterization of the cellular responses during persistent
infection of the lungs with the serotype 19F pneumococcal
strain LgSt215. There was a transient increase in neutrophil num-
bers, which peaked at 24 h postinfection (P � 0.005), but numbers
declined to control levels by day 14 (Fig. 3A). In contrast, macro-
phage numbers increased progressively and were significantly
higher (P � 0.05) at 21 and 28 days postinfection (Fig. 3B).

A range of different cytokines associated with inflammation
also were analyzed, and cytokines of note were KC, interleukin 6
(IL-6), tumor necrosis factor alpha (TNF-�), and the IL-12 p40
subunit. The levels of the neutrophil chemoattractant KC and IL-6
observed in the BALF can be related to the numbers of neutrophils
counted. As can be seen, the levels of KC (Fig. 3C) and IL-6 (Fig.
3E) and the number of neutrophils (Fig. 3A) peaked at 24 h and 7
days postinfection and then declined to control levels from 14

FIG 1 Percentage survival of outbred MF1 mice intranasally infected with 1 �
106 CFU S. pneumoniae strain D39 suspended in 20, 30, 40, or 50 �l PBS (n �
5). Experiments were ended at 168 h postinfection.

FIG 2 (A) The number of viable pneumococci in the bronchoalveolar lavage fluid of CBA/Ca mice intranasally infected with strain LgSt215; data are from 3
experiments (n � 21 to 25). (B) Pulmonary edema over time postinfection (n � 5). Kruskal-Wallis nonparametric test, with Dunn’s posttest, was used to
compare differences between time postinfection: *, P values of �0.05 and �0.01; **, P values of �0.01 and �0.001.
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days postinfection onward. The level of the natural killer cell and
CD4 T cell differentiation inducer, IL-12 p40, was significantly
raised (P � 0.001) at 24 h postinfection and remained significantly
elevated until 14 days postinfection. The levels of TNF-� in the
BALF were also significantly raised (P � 0.01) at 24 h and 7 and 14
days postinfection, but not at 21 or 28 days postinfection.

The histopathology of the lungs was examined using standard
H&E staining. Naive mice did not show any notable pathology
(Fig. 4A). In contrast, at 24 h postinfection, all lobes showed a
diffuse, severe neutrophilic infiltration in the alveolar bed, includ-

ing the presence of neutrophils and inflammatory debris in the
alveolar airspaces. Neutrophils were also present in perivascular
and peribronchiolar cuffs (Fig. 4B). Seven days after infection, all
lobes in all animals showed some response to the bacterial infec-
tion, and there was interlobular variation in the pathology seen. In
particular, alveolar consolidation, either focal (Fig. 4C) or lobular,
was apparent in many of the mice in one or more lobes. The
consolidated tissue consisted primarily of inflammatory cells
(neutrophils, alveolar macrophages, and foam cells), cellular de-
bris, and hypertrophic type II pneumocytes (Fig. 4D). Aside from

FIG 3 Inflammatory cells and cytokines in BALF collected from CBA/Ca mice after intranasal infection with S. pneumoniae strain LgSt215 (n � 10). (A)
Number of macrophages; (B) number of neutrophils. Cells were counted in 10 fields of view at �400 magnification. C, D, E, and F show the levels of the cytokines
KC, IL-12 p40, IL-6, and TNF-�, respectively. Mann-Whitney nonparametric t tests were used to compare differences between pairs of time points: *, P values
of �0.05 and �0.01; **, P values of �0.01 and �0.001; ***, P values of �0.001 and �0.0001; ****, P values of �0.0001.
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the areas of consolidation, there was a significant inflammatory
infiltrate within the alveolar bed and surrounding blood vessels
and airways. Within the airways, the epithelial cells appeared hy-
pertrophic and hyperplastic and the lumen were occasionally
filled with cellular debris. After 14 days (Fig. 4E), the pathology
was similar to that seen at day 7, but additionally areas of fibro-
plasia were seen focal to transitional zones (Fig. 4F, star). After 21
days, although all mice showed some response to the infection, the
extent of the inflammation was reduced and some lobes did not
show any pathological changes, indicating resolution of the in-
flammation. Where present, the inflammatory infiltrate was more
mononuclear, with larger numbers of macrophages and lympho-

cytes being present. By day 28, most mice showed occasional foci
of consolidation, with many lobes showing only a low-grade alve-
olitis. The foci of fibroplasia were seen to persist at 21 and 28 days
postinfection but to a lesser extent than at 14 days postinfection.
The presence of lymphocytes was confirmed with immunohisto-
chemistry; Fig. 5B shows the presence of CD3-positive cells in the
perivascular and peribronchiolar cuffs at 21 days postinfection.
This was also observed at 28 days postinfection (data not shown)
but was not seen in mice that had not received pneumococci.

A distribution study was subsequently done to determine the
extent of the lesions and whether there was bias for particular
lobes at these later time points. The lungs from mice infected with

FIG 4 H&E-stained sections of lungs of CBA/Ca mice after intranasal infection with S. pneumoniae strain LgSt215. Sections are from naive animals (A), 24 h
postinfection (B), and 7 days postinfection (arrow indicates focal consolidation) (C). (D) At 7 days postinfection, epithelial hypertrophy and hyperplasia along
with perivascular and peribronchiolar inflammation were also evident. (E) At 21 days postinfection, the extent of the inflammation was beginning to reduce but
consolidation and inflammatory foci persisted. (F, asterisk) Foci of fibroplasia; these were observed at days 14, 21, and 28 and appeared to be focal to the
transitional airways.
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pneumococcal strain LgSt215 were harvested at days 7 and 28, and
lung blocks were step-sectioned (300-�m interval). There were
only a few lesions per lobe, but these appeared to project through
and involve significant portions of the lobe. Although the two
larger lobes (left and right superior lobes) were most often af-
fected, there did not appear to be any overrepresentation of any
particular lobe, because all lobes showed persistence of inflamma-
tion across the group (data not shown).

Levels of anti-LgSt215 IgG were assessed in the sera collected at
predetermined times postinfection. Figure 5A shows that at 7, 14,
and 21 days postinfection, the levels were significantly increased
(P � 0.0001) compared to those in the serum of naive mice.

Characterization of lung functioning during infection of the
lungs with the serotype 19F pneumococcal strain LgSt215. Lung
function was assessed with a Forced Maneuvers system (eSpira;
EMMS) that measured forced expiratory volume (FEV), tidal vol-
ume, and forced peak expiratory flow.

As shown in Fig. 6A and B, the FEV was measured at set points
between 25 and 75 ms. At 7, 14, and 21 days postinfection, the
values for FEV25 and FEV50 were significantly reduced (P � 0.05)
compared to those of naive mice. At 28 days postinfection, a sig-
nificant difference compared to naive mice was also seen, but only
at FEV25 (P � 0.05). From 14 days postinfection, there was also a
significant decrease (P � 0.01) in tidal volume compared to that
for naive mice (Fig. 6C); however, by 28 days postinfection, this
effect was no longer seen. At 24 h postinfection, there was a sig-
nificant decrease in tidal volume (P � 0.001), as shown in Fig. 6C,
but no differences were observed in FEV. Figure 6D shows that

significant decreases (P � 0.05) in peak expiratory flow (PEF),
compared to that for naive mice, were observed at 21 and 28 days
postinfection.

To investigate how the pneumococcus was able to persist, a
mutant of LgSt215 that was unable to produce the cytolysin, pneu-
molysin, was constructed. Figure 7A shows that the pneumolysin-
negative mutant persisted in the lower airways of CBA/Ca mice for
a minimum of 28 days postinfection. At 24 h postinfection, there
was no difference (P � 0.05) in the number of pneumococci in the
BALF of CBA/Ca mice, but between 24 h and 7 days postinfection,
there was a much steeper decline in the numbers of the pneumo-
lysin-negative mutant, but thereafter pneumolysin was not re-
quired for persistence, with numbers in the BALF remaining un-
changed. At 24 h postinfection, there were significantly (P � 0.05)
less neutrophils in the BALF of mice given the pneumolysin-neg-
ative mutant (Fig. 7B), but from 7 days postinfection, there was no
difference in the numbers of neutrophils present in the BALF of
mice dosed with wild-type or pneumolysin-negative pneumo-
cocci (P � 0.05). At 7 and 14 days postinfection, there was no
difference (P � 0.05) in the number of pulmonary macrophages
(Fig. 7C), but at 21 and 28 days postinfection, there were (P �
0.05) less macrophages in the BALF in response to pneumolysin-
negative pneumococci compared to wild type. The level of KC in
the BALF of mice infected with the wild-type decreased signifi-
cantly between 1 and 28 days (P � 0.001), whereas KC levels were
unchanged (P � 0.05) in response to the pneumolysin-negative
mutant (Fig. 7D). Figure 7E shows that at 24 h postinfection, there
was a higher level of IL-12 p40 in the BALF of mice dosed with

FIG 5 Measurement of antibody response of CBA/Ca mice intranasally infected with strain LgSt215. (A) At predetermined time points postinfection, CBA/Ca
mice (n � 10) were bled via the saphenous vein and levels of anti-LgSt215 IgG were assessed by direct ELISA. Data were analyzed with the Kruskal-Wallis
nonparametric test followed by Dunn’s posttest: ***, P value of �0.001. Sections of lungs harvested at 21 days postinfection were stained with anti-CD3 (B) or
isotype control antibody (C).
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pneumolysin-negative pneumococci than in the BALF of mice
dosed with wild-type pneumococci (P � 0.001), but at 7 and 14
days postinfection, there were higher levels of IL-12 p40 in the
BALF of mice dosed with wild-type pneumococci than in the
BALF of mice dosed with pneumolysin-negative pneumococci
(P � 0.0001).

DISCUSSION

It is known that some microorganisms, including S. pneumoniae,
can colonize the airways of COPD patients in a stable state (9).
This colonization has been associated with an increase in fre-
quency of symptom exacerbations (7), which are linked with a
reduction in quality of life (22, 23) and increased health care costs
(1). Even though the asymptomatic colonization contributes to
the complexity of COPD, there are no published in vivo models
that mimic the low-level persistence of S. pneumoniae in the lower
airways (10). Currently, pneumococcal infection models in the
lower airways of mice are acute, with animals succumbing to dis-
ease within 48 h of infection (13).

To address this deficiency, this study characterized a model of
long-term colonization in the lower airways of mice with S. pneu-
moniae. In advance of the experiments, it was concluded that for
the model there should be pneumococci present in the lower air-
ways, with an accompanying inflammatory cell response, for a
minimum of 14 days postinfection. For the model to have practi-
cal utility, at least 70% of mice in a cohort would fulfill these
criteria.

For the establishment of the desired model, the outbred MF1
strain was chosen initially because it is a strain frequently used in

acute models of pneumococcal infection (15). The desired infec-
tion criteria could be met with this strain, but it was not a practical
model, because the criteria were only met in 40% of each cohort.
To increase the proportion of the cohort with a persistent pneu-
mococcal presence in the lower airways, the impact of mouse
strain was investigated.

CBA/Ca mice were chosen for three reasons. First, CBA/Ca
mice are very susceptible to pneumococcal infection (21). Second,
low levels of recoverable pneumococci in the lungs of CBA/J mice
for two to 4 days postinfection had been reported, although mice
succumbed to pneumococcal infection within 10 days of an aero-
solized challenge (24, 25). Third, another study showed that 90%
of CBA/N mice had pneumococci localized in the lungs, without
bacteremia, after infection with three strains of serotype 19F
pneumococcus, L82013, EF3030, or DS2217 (26). Together, these
reports suggested that the CBA background would be suitable for
the model of persistent infection. A prediction that was confirmed
by the consistent observations was that viable pneumococci could
be recovered from the lower airways of over 80% of CBA/Ca mice
infected with the 19F pneumococcal strain LgSt215, and an in-
flammatory response was observed in the lungs.

It was presumed that the intranasal infection deposited bacte-
ria throughout the lung, and a diffuse neutrophilic pneumonic
reaction was seen across all lobes at 24 h. Mice culled at this point
had the highest numbers of pneumococci in the lower airways,
and this correlated with the significantly raised numbers of neu-
trophils and levels of KC. This acute pneumonic phase appeared
to resolve, and by 7 days postinfection animals showed no out-
ward signs of disease, yet approximately 1 � 105 to 1 � 106 CFU

FIG 6 Lung functioning of CBA/Ca mice intranasally infected with strain LgSt215. At predetermined time points postinfection, lung function was assessed using
a Forced Maneuvers system (EMMS). (A and B) FEV; (C) tidal volume; (D) forced peak expiratory flow (n � 10). Kruskal-Wallis nonparametric test, with
Dunn’s posttest, was used to compare differences between time postinfection and naïve mice: *, P values of �0.05 and �0.01; **, P values of �0.01 and �0.001;
***, P values of �0.001.
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pneumococcus/ml BALF was consistently recovered. Although
signs of disease were absent, foci of consolidated airspaces were
evident in some lobes, in all animals at all time points up to day 28.
The nature of the inflammatory infiltrate was seen to change with
time, with increasing numbers of macrophages and, later, lym-
phocytes being detected. These events are typical for a chronic
infection and suggested that at the later time points a more adap-
tive immune response was occurring.

A consequence of the severe pneumonic reaction was foci of
fibroplasia associated with the transitional airways at days 14 and
21 and to a lesser extent at day 28. That these fibroplastic lesions
did not develop into fibrosis, and were apparently resolving at day
28, suggested that although pneumococci could be recovered
from the lower airways of mice, the nature of the host response to
them had changed. Interestingly, increased levels of KC/IL-8 have
been associated with increased neovascularization and fibroplasia

in a mouse bleomycin model (27). It was shown in the model of
chronic pulmonary infection that KC levels do remain elevated at
14 and 21 days and declined at 28 days, correlating with the fibro-
plasia observed in the tissue. However, sputa collected during ex-
acerbations in COPD patients have shown an increase in neutro-
phils, as well as cytokines, including IL-8, in both tissue and
sputum samples (28, 29). Both increased neutrophilia and IL-
8/KC are prominent features of the mouse model of chronic pul-
monary infection. The pathology seen in this model appears to be
a good reflection of the human situation, although studies detail-
ing the histopathology of exacerbations are few due to the diffi-
culties of obtaining tissue from patients (3). Human studies are
limited by the fact that only small bronchial biopsy specimens can
be harvested, which do not include the lung parenchyma, in con-
trast to the mouse, where whole lungs can be taken and studied.

An important aspect of the diagnosis of COPD, and its severity,

FIG 7 Comparison of wild-type and a pneumolysin-negative mutant of strain LgSt215 in CBA/Ca mice. BALF was harvested at predetermined time points
during the course of infection, and the number of viable pneumococci as well as the number of inflammatory cells and levels of selected cytokines were
enumerated (n � 8), and the error bars show standard errors of the means. (A) Number of viable pneumococci in the BALF; (B) number of neutrophils; (C)
number of macrophages counted in 10 fields of view at �400 magnification. Levels of the cytokines KC (D) and IL-12 p40 (E) were measured in the BALF.
Two-way analysis of variance with Sidak’s multiple comparisons test was used to compare differences between the wild-type and pneumolysin-negative
pneumococci: *, P values of �0.05 and �0.01; **, P values of �0.01 and �0.001; ***, P values of �0.001 and �0.0001; ****, P values of �0.0001.
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is to assess the decline of lung function (1). In the mouse model at
24 h postinfection, there was a significant decrease in tidal volume,
but not FEV, compared to that for the control groups, suggesting
that the presence of the diffuse pneumonic inflammation resulted
in obstruction of the larger airways during normal respiration, but
this inflammation did not result in a limitation of flow, as no
reduction in FEV was observed (30). From 7 to 21 days postinfec-
tion, there was a significant decrease in FEV and tidal volume,
suggesting that airflow obstruction was still present but that the
inflammation could have inflamed the airways, causing an airflow
limitation. At 7, 21, and 28 days postinfection, there was also a
decrease in the peak expiratory flow (PEF), which is the maximal
airflow achieved during the maximally forced expiration initiated
at full inspiration. This reduction in PEF also suggests that the
inflammation observed was causing an airflow limitation, as well
as airflow obstruction.

The requirement for pneumolysin in lower airway persistence
was investigated, because it is known that the toxin is essential for
pneumococcal virulence (14). However, in contrast, it appears
that it is not essential for pneumococcal persistence in the lower
airways. One interesting observation was that maintaining levels
of KC did not result in stable numbers of neutrophils in the lungs.
Thus, unlike the lungs of mice infected with LgSt215 in which
neutrophils and KC declined together, in the absence of pneumo-
lysin the neutrophils declined even though KC levels did not.

At 24 h postinfection, there was a higher level of IL-12 p40 in
the BALF of mice in response to the pneumolysin-negative pneu-
mococci than that in the BALF of mice with wild-type infection.
This early peak could explain the much-reduced number of viable
pneumolysin-negative pneumococci in the BALF over the 7 days
postinfection, in line with the suggestion that IL-12 p40 is protec-
tive against pneumococci because it enhances levels of gamma
interferon (31). However, IL-12 p40 levels do not explain the
pneumococcal persistence after 7 days, because the wild-type and
pneumolysin-negative strains both persisted even though they in-
duced significantly different amounts of IL-12 p40. These data
show that our model is ideal to evaluate the microbial factors
responsible for long-term colonization.

A new model of inflammation has been described, which mim-
ics the low-level bacterial colonization often observed in COPD
patients (23). The model is of pneumococcal persistence in the
lower airways of mice, causing low-level inflammation but few
clinical signs in the host. As a standalone model of inflammation,
it is useful, but the power of this model lies in the ability to com-
bine it with other experimental models of inflammation, to build
more complex disease models of asthma and COPD (10). Diseases
such as asthma and COPD are driven by a complicated interplay
between different, heterogeneous phenotypes, and preclinical
models involving a single stimulus of inflammation will no longer
suffice. This new model of infection and exacerbation has been
developed to provide a useful tool for the development of new
treatments for severe respiratory diseases such as COPD, as it ro-
bustly produces a more clinically relevant phenotype.
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