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M A J O R A R T I C L E

CD11b Limits Bacterial Outgrowth and Dissemination
during Murine Pneumococcal Pneumonia

Anita W. Rijneveld,1,2 Alex F. de Vos,1 Sandrine Florquin,3 J. Sjef Verbeek,5 and Tom van der Poll1,4

Departments of 1Experimental Internal Medicine, 2Internal Medicine, 3Pathology, and 4Infectious Diseases, Tropical Medicine and AIDS,
Academic Medical Center, University of Amsterdam, Amsterdam, and 5Leiden University Medical Center, Department of Human
Genetics, Leiden, The Netherlands

Expression of CD11b is enhanced on neutrophils recruited to the lungs during bacterial pneumonia. To
determine the role that CD11b plays in pneumonia, CD11b gene–deficient (CD11b�/�) mice and normal wild-
type (wt) mice were intranasally infected with Streptococcus pneumoniae. CD11b�/� mice had an enhanced
outgrowth of pneumococci in the lungs and an increased dissemination of the infection, which could be
reproduced by treatment of wt mice with an anti-CD11b antibody. This reduced resistance was associated
with higher neutrophil counts in bronchoalveolar lavage fluid and lung tissue and an exaggerated lung in-
flammatory response. CD11b is important for an effective defense against S. pneumoniae pneumonia but not
for recruitment of neutrophils.

The migration of neutrophils into lung tissue and air-

spaces is a critical component of the host defense against

pneumonia. b2 integrins are heterodimeric transmem-

brane glycoproteins that contain a common b chain

(CD18) and 1 of 3 different a chains (CD11a, CD11b,

or CD11c) that have been implicated as important me-

diators of leukocyte trafficking [1]. Neutrophil emigra-

tion from the pulmonary circulation can occur via at

least 2 pathways: 1 that relies on CD11/CD18 and 1

that does not. The role that CD11/CD18 plays in re-

cruitment of neutrophils depends on the proinflam-

matory stimulus present in the lungs. In general, stimuli

derived from gram-negative pathogens primarily elicit

CD11/CD18-dependent influx of neutrophils, whereas

gram-positive products or bacteria attract neutrophils

via a CD11/CD18-independent route [1].

Streptococcus pneumoniae is the most frequently iso-

lated causative pathogen in patients with community-

acquired pneumonia [2]. Evidence indicates that CD18
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does not play a role in recruitment of neutrophils to

the lungs during pneumococcal pneumonia. Indeed,

administration of a blocking anti-CD18 monoclonal

antibody (MAb) did not influence the influx of neu-

trophils induced by intrapulmonary delivery of S. pneu-

moniae in rabbits [3], and CD18-deficient neutrophils

had no defect in emigration elicited by this gram-pos-

itive organism in mice [4]. These investigations did not

study the effect of CD18 blockade or deficiency on the

outgrowth of pneumococci in the lungs. In addition,

they evaluated the function of b2 integrins in general—

that is, of CD11a/CD18, CD11b/CD18, and CD11c/

CD18 combined.

Our laboratory recently obtained evidence of possible

involvement of CD11b in the host response to pneu-

mococcal pneumonia. First, neutrophils recruited to the

lungs of mice with S. pneumoniae pneumonia displayed

enhanced expression of surface CD11b [5]. Second, mice

deficient in the urokinase plasminogen activator receptor

(uPAR), which mediates neutrophil migration via an in-

teraction with CD11b/CD18 [6, 7], had reduced accu-

mulation of neutrophils in their lungs and enhanced

outgrowth and dissemination of bacteria during pneu-

mococcal pneumonia [8]. Therefore, in the present study,

we sought to determine the role that CD11b plays in the

host defense against pneumococcal pneumonia.



1756 • JID 2005:191 (15 May) • Rijneveld et al.

Figure 1. Increased outgrowth of Streptococcus pneumoniae in the lungs of CD11b gene–deficient (CD11b�/�) mice. Shown are mean � SE
colony-forming units (cfu) in lungs (expressed as log10 cfu/mL of lung homogenate) obtained from CD11b�/� and wild-type (wt) mice 24 or 48 h after
infection with S. pneumoniae ( mice/group at each time point). * , vs. wt mice.n p 8 P ! .05

Figure 2. Increased bacterial load in wild-type (wt) mice treated with
anti-CD11b. Shown are mean � SE colony-forming units (cfu) in lungs
(expressed as log10 cfu/mL of lung homogenate) obtained from wt mice
treated with anti-CD11b or control antibody 48 h after infection with
Streptococcus pneumoniae ( mice/group). * , vs. control mice.n p 8 P ! .05

MATERIALS AND METHODS

Mice and design. All experiments were approved by the Com-

mittee on Use and Care of Animals of the Academic Medical

Center, Amsterdam, The Netherlands. Age- and sex-matched

CD11b gene–deficient (CD11b�/�) mice [9] and wild-type (wt)

control mice, all from a C57Bl/129Sv background, were used.

Pneumonia was induced as described elsewhere [5, 8]. Briefly,

S. pneumoniae serotype 3 (ATCC 6303) were grown for 6 h (to

midlogarithmic phase) at 37�C by use of Todd-Hewitt broth

(Difco), were harvested by centrifugation at 1500 g for 15 min,

and were washed twice with sterile isotonic saline. Bacteria were

then resuspended in sterile isotonic saline, at a concentration

of cfu/50 mL, as determined by plating serial 10-fold55 � 10

dilutions on sheep-blood agar plates. Mice were lightly anes-

thetized by inhalation of isoflurane (Upjohn), and 50 mL of

saline containing cfu of S. pneumoniae was inoculated55 � 10

intranasally. In some experiments, C57BL/6 wt mice (Harlan)

were injected intravenously with rat anti–mouse CD11b MAb

(Pharmingen; clone M1/70; 2 mg/kg) or control rat IgG (Phar-

mingen; 2 mg/kg) 15 min before and 24 h after infection, as

described elsewhere [7].

Preparation of lung homogenates. At 24 or 48 h after in-

fection, mice were anesthetized with Hypnorm (Janssen Phar-

maceutica) and midazolam (Roche) and blood was collected

from the inferior vena cava. Whole lungs were harvested and

homogenized at 4�C in 5 vol of sterile isotonic saline by use

of a tissue homogenizer (Biospect Products), which was care-

fully cleaned and disinfected with 70% alcohol after each ho-

mogenization. Serial 10-fold dilutions in sterile isotonic saline

were made from these lung homogenates (and blood), and 50-

mL volumes were plated onto sheep-blood agar plates and in-

cubated at 37�C in 5% CO2. Colony-forming units were counted

after 16 h.

Myeloperoxidase (MPO) assay. MPO activity was mea-

sured as described elsewhere [10]. Lung tissue was homogenized

in potassium phosphate buffer and pelleted at 4500 g for 20

min. Pelleted cells were lysed in potassium phosphate buffer

(pH 6.0) supplemented with hexadecyltrimethyl ammonium-

bromide and 10 mmol/L EDTA. MPO activity was determined

by measuring the H2O2-dependent oxidation of 3,3′5,5′tetra-

methylbensidine. Serial dilutions of samples in potassium phos-

phate buffer were mixed with tetramethylbensidine substrate

N,N′dimethylformamide. The reaction was stopped with glacial

acetic acid; optical density at 655 nm was then read. MPO ac-

tivity was expressed as activity per gram of lung tissue per

reaction time. All reagents were purchased from Sigma.

Bronchoalveolar lavage (BAL). The trachea was exposed

by making a midline incision and was cannulated by use of a

sterile 22-gauge Abbocath-T catheter (Abbott). BAL was per-

formed by instilling two 0.5-mL aliquots of sterile isotonic
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Figure 3. Myeloperoxidase (MPO) activity in lung homogenates. Shown are mean � SE levels of MPO activity in lung homogenates obtained
from CD11b gene–deficient (CD11b�/�) and wild-type (wt) mice 24 or 48 h after infection with Streptococcus pneumoniae ( mice/group at eachn p 8
time point). The difference between groups was not significant ( , for activity at 48 h).P p .06

Figure 4. Higher neutrophil counts in bronchoalveolar lavage fluid
(BALF) from CD11b gene–deficient (CD11b�/�) mice. Shown are mean �
SE neutrophil counts in BALF harvested from CD11b�/� and wild-type
(wt) mice 48 h after infection with S. pneumoniae ( mice/group).n p 8
* , vs. wt mice.P ! .05

saline. A total of 0.9–1.0 mL of BAL fluid (BALF) was retrieved

per mouse, and total cell counts were determined for each

sample by use of a hemocytometer. BALF differential cell counts

were performed by use of cytospin preparations stained with

modified Giemsa stain (Diff-Quick; Baxter).

Histological examination. For histological examination,

only lungs were used. Lungs were fixated in 4% paraformal-

dehyde and PBS and embedded in paraffin, for 24 h; after

fixation and embedding, 4-mm-thick sections were stained with

hematoxylin-eosin.

Assays. Concentrations of the following cytokines and che-

mokine were measured by commercially available ELISAs, in

accordance with the manufacturers’ recommendations: tumor

necrosis factor (TNF)–a, interleukin (IL)–6 (Pharmingen), IL-

1b, mouse homologue of human growth-related protein a

(KC), IL-10, and transforming growth factor (TGF)–b (R&D

Systems).

Preparation of alveolar macrophages. Alveolar macro-

phages were harvested from CD11b�/� and wt mice by BAL

( per group), as described elsewhere [11]. Total celln p 12

counts were counted for each sample by use of a hemocyto-

meter. Cells were washed and resuspended in RPMI 1640 me-

dium containing 1 mmol/L pyruvate, 2 mmol/L l-glutamine,

penicillin, streptomycin, and 10% fetal calf serum, in a final

concentration of cells/mL. Cells were then cultured in51 � 10

96-well microtiter plates (Greiner) for 2 h and washed with

RPMI 1640 medium to remove nonadherent cells. Adherent

monolayer cells were stimulated with heat-killed S. pneumoniae

(equivalent of cfu/mL; ATCC 6303) or RPMI 1640 me-71 � 10

dium, for 16 h. Supernatants were collected and stored at

�70�C until being assayed for TNF-a.

Statistical analysis. Data are expressed as mean � SE.

Comparisons between groups were conducted by use of the

Mann-Whitney U test. was considered to represent aP ! .05

statistically significant difference.

RESULTS

Enhanced outgrowth of S. pneumoniae in CD11b5/5 mice.

To obtain insight into the role that CD11b plays in the host

defense against pneumococcal pneumonia, CD11b�/� and wt

mice were infected with S. pneumoniae and bacterial loads were

determined in lung homogenates 24 and 48 h after infection.

Compared with wt mice, CD11b�/� mice had 12 log more

colony-forming units in their lungs at both time points (figure

1). At 24 h after infection, 38% of CD11b�/� mice and 13%

of wt mice had positive blood cultures, whereas, at 48 h after

infection, all CD11b�/� mice and 25% of wt mice had positive

blood cultures. To exclude the possibility that these results were

due to compensatory changes in CD11b�/� mice unrelated to

CD11b deficiency, we treated wt mice with anti-CD11b MAb

or control MAb and determined bacterial loads 48 h after in-
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Figure 5. Histological examination. A, Lung histology slide of a wild-
type mouse at 48 h after infection, which is compatible with the clearance
phase of pneumonia. In contrast, severe pneumonia with edema, necrosis,
and fibrino-purulent pleuritis was observed in CD11b gene–deficient mice
(B). Hematoxylin-eosin staining, magnification �25. Slides are represen-
tative of 6 mice/group.

fection. These experiments showed the same results—namely,

12 log more colony-forming units in the lungs of anti-CD11b–

treated mice (figure 2). In addition, all anti-CD11b–treated

mice had positive blood cultures, whereas only 40% of control

mice had positive blood cultures. Thus, CD11b seems to be

required for effective pulmonary clearance of pneumococci.

No role for CD11b in recruitment of neutrophils. Neu-

trophils play an important role in the host defense against

bacterial pneumonia. To determine the role that CD11b plays

in this inflammatory reaction during pneumococcal pneumo-

nia, we measured MPO activity in lung homogenates at 24 and

48 h after infection (figure 3). At both time points, CD11b�/�

mice tended to have higher MPO activity in their lungs, al-

though, compared with that in wt mice, the differences did not

reach statistical significance ( , for activity at 48 h). InP p .06

line, at 48 h after infection, CD11b�/� mice had higher neu-

trophil counts in BALF than did wt mice (figure 4).

Enhanced lung inflammation in CD11b5/5 mice. To ob-

tain further insight into the consequences of CD11b deficiency

with respect to lung inflammation during pneumococcal pneu-

monia, we evaluated lung histology slides prepared 48 h after

infection (figure 5). At this time point, CD11b�/� mice had

severe pneumonia associated with severe fibrino-purulent pleu-

ritis, edema, intra-alveolar bleeding, and necrotic areas con-

taining large amounts of bacteria (figure 5B). In lungs of wt

mice, the inflammatory infiltrate was clearly milder (figure 5A).

Higher concentrations of proinflammatory cytokines in lungs

of CD11b5/5 mice. Locally expressed cytokines are of pivotal

importance for adequate control of respiratory tract infection.

Therefore, we measured the concentrations of proinflammatory

cytokines (TNF-a, IL-1b, and IL-6), anti-inflammatory cyto-

kines (IL-10 and TGF-b), and a chemokine (KC) in lung ho-

mogenates obtained 24 and 48 h after infection (table 1).

CD11b�/� mice had higher lung concentrations of TNF-a, IL-

1b, IL-6, and KC, in particular at 24 h after infection, whereas

concentrations of IL-10 and TGF-b were similar in CD11b�/�

and wt mice.

Unaltered release of TNF-a by CD11b5/5 alveolar mac-

rophages. CD11b has been reported to contribute to optimal

release of TNF-a by human monocytes stimulated with either

group A or group B streptococci in vitro [12]. Therefore, we

determined the capacity of CD11b�/� alveolar macrophages to

release TNF-a upon stimulation with S. pneumoniae in vitro

and found no difference, compared with that of wt alveolar

macrophages (figure 6).

DISCUSSION

The present study has clearly established that CD11b plays an

important role in limiting the outgrowth and dissemination of

bacteria and the associated lung inflammatory response during

pneumococcal pneumonia. This conclusion is supported by

findings of higher bacterial loads in CD11b�/� mice as well as

in wt mice treated with a blocking anti-CD11b MAb. Moreover,

CD11b�/� mice had an enhanced inflammatory response in

their lungs (as indicated by histological examination), increased

neutrophil counts in BALF, and higher concentrations of proin-

flammatory cytokines in lung homogenates.

Interestingly, the number of S. pneumoniae colony-forming

units did not change much between 24 and 48 h after infection

in either wt or CD11b�/� mice, although the bacterial load in

the latter strain was clearly much higher at both time points.

Nonetheless, CD11b�/� mice increasingly developed bactere-

mia, suggesting that CD11b is important for containing the

infection within the lungs and/or that, in the presence of a

consistently high bacterial load (such as that found in CD11b�/�

mice), all mice will eventually become bacteremic.

We previously established that neutrophils recruited to the

lungs of mice with S. pneumoniae pneumonia display enhanced

expression of surface CD11b [5]. Others have demonstrated

the significant role that CD11b plays in recruitment of neu-
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Table 1. Concentrations of cytokines/chemokine in lung homogenates from CD11b
gene–deficient (CD11b�/�) and wild-type (wt) mice.

Cytokine/chemokine

24 h 48 h

wt CD11b�/� wt CD11b�/�

TNF-a 1.27 � 0.30 3.54 � 1.07a 2.00 � 0.43 4.05 � 1.33
IL-1b 2.64 � 1.29 7.37 � 1.61a 6.99 � 2.69 8.85 � 1.28
IL-6 7.26 � 6.82 17.99 � 8.42a 7.82 � 3.70 32.40 � 8.78a

IL-10 0.34 � 0.05 0.35 � 0.06 0.96 � 0.15 0.93 � 0.17
TGF-b 0.73 � 0.14 0.64 � 0.12 0.37 � 0.09 0.34 � 0.09
KC 0.61 � 0.22 1.47 � 0.36a 1.06 � 0.25 2.10 � 0.37a

NOTE. Data are mean � SE concentrations (expressed as nanograms per milliliter of lung homog-
enate). Mice (n p 8 mice/group at each time point) were intranasally infected with Streptococcus pneu-
moniae, and lung homogenates were prepared 24 and 48 h later. IL, interleukin; KC, mouse homologue
of human growth-related protein a; TGF-b, transforming growth factor–b; TNF-a, tumor necrosis factor–
a.

a , vs. wt mice.P ! .05

Figure 6. Release of tumor necrosis factor (TNF)–a by CD11b gene–
deficient (CD11b�/�) and wild-type (wt) alveolar macrophages. Alveolar
macrophages were obtained from CD11b�/� and wt mice and stimulated
with heat-killed Streptococcus pneumoniae for 16 h. TNF-a concentration
was measured in supernatant. Supernatant of unstimulated cells did not
contain detectable TNF-a (data not shown). Data are mean � SE (n
p 12 per group). The difference between CD11b�/� and wt alveolar
macrophages was not significant.

trophils during pneumonia caused by the gram-negative path-

ogens Pseudomonas aeruginosa [7, 13] and Escherichia coli [14].

In those studies, the role that CD11b played in control of in-

fection was not reported. Here, we have extended earlier find-

ings that CD18 is not important for recruitment of neutrophils

during pneumococcal pneumonia [3, 4] and have shown that

CD11b, which together with CD18 forms 1 of 3 b2 integrins, is

also not involved in recruitment of neutrophils. Indeed, com-

pared with wt mice, CD11b�/� mice tended to have higher MPO

activity in lung homogenates (indicative of the neutrophil con-

tent of the whole lung) at 24 and 48 h after infection and had

higher neutrophil counts in BALF. We consider it likely that

this increased influx of neutrophils in CD11b�/� mice was due

to the increased bacterial load (providing a more potent proin-

flammatory stimulus) in these mice. Similarly, the increased

bacterial load may also explain the more-severe pneumonia, as

assessed by histological examination, and the higher concen-

trations of proinflammatory cytokines in the lungs of CD11b�/�

mice. In this respect, it is interesting to note that lung con-

centrations of the anti-inflammatory cytokines IL-10 and TGF-

b were not increased in CD11b�/� mice, which may further

contribute to a proinflammatory environment.

We recently reported that mice deficient in uPAR had a di-

minished influx of neutrophils into their lungs and an increased

outgrowth and dissemination of bacteria during pneumococcal

pneumonia [8]. This finding was remarkable, since uPAR is

considered to mediate neutrophil trafficking by a physical and

functional interaction with CD11b/CD18 [6, 7]. Taken together

with those of the present study, these data strongly suggest that

uPAR mediates recruitment of neutrophils during S. pneu-

moniae pneumonia by a CD11b-independent mechanism. In

this respect, the mechanism of action of uPAR during gram-

positive pneumonia seems to be different from that during

gram-negative pneumonia, in which uPAR and CD11b act by

means of a common mechanism to recruit neutrophils to the

site of infection [7].

When impaired recruitment of neutrophils is not the cause

of the enhanced outgrowth of S. pneumoniae in CD11b�/� mice,

which other mechanisms could be involved? Conceivably, the

capacity of CD11b/CD18 to function as a receptor for iC3b

plays a role in the phenotype of CD11b�/� mice observed here

[15]. Indeed, the interaction of iC3b with CD11b/CD18 is the

primary trigger for phagocytosis of iC3b-bearing pneumococci

by neutrophils in vitro [16], and, in vivo, C3�/� mice are more

susceptible to S. pneumoniae pneumonia than are wt mice [17].

CD11b�/� alveolar macrophages released unaltered concen-

trations of TNF-a upon stimulation with S. pneumoniae, com-

pared with wt alveolar macrophages; this finding contrasts with

earlier ones that showed that CD11b in part mediated release

of TNF-a by human monocytes stimulated with either group
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A or group B streptococci in vitro [12]. Possible explanations

for this discrepancy include differences in species (mouse vs.

man), cells (alveolar macrophages vs. monocytes), and bacteria

(S. pneumoniae vs. group A or group B streptococci).

S. pneumoniae is the most prevalent microorganism in com-

munity-acquired pneumonia [2]. In the United States alone,

more than a half million cases of pneumococcal pneumonia

are reported each year. We have demonstrated here that, al-

though CD11b does not contribute to recruitment of neutro-

phils to the pulmonary compartment during pneumococcal

pneumonia, it does play an important role in the immune re-

sponse to respiratory tract infection with S. pneumoniae, as is

reflected by the enhanced outgrowth and dissemination of

pneumococci together with the exaggerated lung inflammatory

response in CD11b�/� mice.
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