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Abstract
Klebsiella (K.) pneumoniae is a frequently isolated causative pathogen in respiratory 

tract infection. CD44 is a transmembrane adhesion molecule that is present on a 

wide variety of cell types, including leukocytes and parenchymal cells, which is an 

important player in several immunological processes. The aim of this study was 

to determine the role of CD44 in the host response to K. pneumoniae induced 

pneumonia. For this CD44 knockout (KO) and normal wild-type (WT) mice were 

infected with several doses of Klebsiella, varying from universally lethal to nonlethal, 

allowing studies on the contribution of CD44 to various stages of the immune 

response to respiratory tract infection by this pathogen. During lethal infection, CD44 

deficiency was associated with reduced bacterial growth and dissemination, which 

at 48 hours post infection was accompanied by enhanced pulmonary inflammation 

as measured by semi-quantitative scoring of specific histopathological features in 

lung tissue slides. After infection with lower Klebsiella doses, CD44 KO mice but not 

WT mice demonstrated mortality. Infection with even lower bacterial doses, which 

were cleared by most mice of both strains, CD44 KO mice displayed enhanced lung 

inflammation 4 and 10 days after induction of airway infection, indicating that CD44 is 

important for the resolution of pulmonary inflammation after nonlethal pneumonia. 

In accordance, CD44 KO mice showed a diminished resolution of lung inflammation 

4 days after intrapulmonary delivery of lipopolysaccharide from Klebsiella. CD44 

deficiency was associated with accumulation of hyaluronic acid (a proinflammatory 

CD44 ligand) together with reduced gene expression of the negative regulators of 

Toll-like receptor signaling interleukin-1R-associated-kinase-M, A20 and suppressor 

of cytokine signaling 3. In conclusion, we show here that CD44 impacts on various 

components and phases of the host response during Klebsiella pneumonia, 

facilitating bacterial outgrowth and dissemination and limiting pulmonary pathology 

during lethal infection, and enhancing the resolution of lung inflammation during 

sublethal infection.
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Introduction
Pneumonia is a common and serious illness that is a major cause of morbidity and 

mortality. Klebsiella (K.) pneumoniae is a frequently isolated causative pathogen in 

lower respiratory tract infection (1-3). The high incidence of pneumonia and the 

increasing resistance of respiratory pathogens to antimicrobial agents stress the 

importance of gaining more insight into the pathogenesis of this infection (1, 4).

 CD44 is a transmembrane adhesion molecule known to be involved in binding 

and metabolism of hyaluronic acid (HA) (5, 6). CD44 is present on a wide variety 

of cell types, including leukocytes and parenchymal cells. It has several functions 

in innate and adaptive immune responses such as involvement in cellular adhesion 

and migration, activation and proliferation of lymphocytes and monocytes, and 

cell mediated cytotoxicity in natural killer (NK) cells (7). In accordance, CD44 has 

been shown to play an important role in the (sub)acute inflammatory response to 

both infectious and sterile stimuli (8-11). CD44 is also involved in the resolution of 

inflammation as demonstrated by in vivo models of noninfectious lung injury; upon 

bleomycin administration CD44 deficiency resulted in prolonged accumulation of 

inflammatory cells and a persistent rise in HA levels (12), and upon intrapulmonary 

delivery of lipopolysaccharide (LPS) CD44 deficiency resulted in a proinflammatory 

phenotype as shown by prolonged NF-kB activation in the lung (8). Furthermore, 

during infection CD44 may influence host defense by affecting phagocytosis. For 

instance, phagocytosis of Staphylococcus (S.) aureus is induced upon activation of 

CD44 on human neutrophils by HA or monoclonal antibodies (13), whereas our 

laboratory showed that CD44 on murine macrophages mediates phagocytosis of 

Mycobacterium (M.) tuberculosis (14).

 To the best of our knowledge, only one study investigated the role of CD44 

during bacterial pneumonia, focusing on the acute response during respiratory tract 

infection caused by Escherichia (E.) coli or Streptococcus (S.) pneumoniae (9). This 

investigation demonstrated an enhanced inflammatory response in lungs of CD44 

knockout (KO) mice 6 h after infection with E. coli, as reflected by an increased influx 

of neutrophils and more edema, whereas the pulmonary response to S. pneumoniae 

was not influenced by CD44 deficiency (9). The role of CD44 during more prolonged 

lung infection (i.e. beyond 6 h) was not studied in either model (9). Therefore, in the 

present study we sought to investigate the function of CD44 during K. pneumoniae 

infection, comparing both the induction of the acute innate immune response and 
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the resolution of inflammation after lethal and sublethal infection in CD44 KO and 

wild-type (WT) mice.

Materials & Methods
Mice
Eight- to twelve week old C57BL/6 WT mice were purchased from Harlan Sprague 

Dawley Inc. (Horst, The Netherlands). CD44 KO mice on a C57BL/6 background (kindly 

provided by Dr. A. Berns, Netherlands Cancer Institute, Amsterdam, The Netherlands 

(15)) were bred in the animal facility of the Academic Medical Center (Amsterdam, 

the Netherlands). 

Study design
The Animal Care and Use Committee of the University of Amsterdam approved all 

experiments. Pneumonia was induced by intranasal inoculation of 102 or 104 colony 

forming units (CFU) of K. pneumoniae serotype 2 (ATCC 43816; American Type Culture 

Collection, Rockville, MD) as described previously (n = 8-12 per group) (16-18). In 

indicated experiments K. pneumoniae derived LPS (L1519, Sigma, St. Louis, MO; 1 µg) 

was administered intranasally (n = 8 per group). Collection and handling of samples 

were done as described before (16, 17). Briefly, at predefined time points, mice 

were sacrificed, blood was drawn in heparin containing tubes, lungs were lavaged 

and organs were removed aseptically, and homogenized in 5 volumes of sterile 0.9% 

NaCl using a tissue homogenizer (Biospec Products, Bartlesville, OK). To determine 

bacterial loads ten-fold dilutions of blood, lung, spleen and liver homogenates were 

plated on blood agar plates and incubated at 37°C for 16 h. For bronchoalveolar 

lavage (BAL), the trachea was exposed through a midline incision and canulated with 

a sterile 22-gauge Abbocath-T catheter (Abott, Sligo, Ireland). BAL was performed by 

instilling three 0.3 ml aliquots of sterile phosphate buffered saline. Cell counts were 

determined for each BAL fluid (BALF) sample in a hemocytometer (Beckman Coulter, 

Fullerton, CA) and differential cell counts were performed on cytospin preparations 

stained with Giemsa stain (Diff-Quick; Dade Behring AG, Düdingen, Switzerland). For 

survival studies mice (n = 12 per group) were monitored for 10 days after infection.

Assays
Tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-1β, keratinocyte-derived cytokine 

(KC), macrophage inflammatory protein (MIP)-2, LPS-induced CXC chemokine (LIX), 



CD44 and Klebsiella pneumoniae

87

HA and myeloperoxidase (MPO) were measured by ELISA using matched antibody 

pairs according to the manufacturer’s instructions (MPO; Hycult, Uden, the 

Netherlands, others; R&D Sytstems, Abingdon, United Kingdom).

RNA 
Lung homogenates were immediately dissolved in TRIzol (Invitrogen, Breda, the 

Netherlands), RNA was isolated as described by the manufacturer and reverse 

transcribed using oligo dT (Invitrogen) and Moloney murine leukemia virus reverse 

transcriptase (Invitrogen). Reverse-transcription–polymerase chain reactions (RT-

PCRs) were performed using LightCycler®SYBR green I master mix (Roche, Mijdrecht, the 

Netherlands) and measured in a LightCycler 480 (Roche) apparatus using the following 

conditions: 5-minute 95°C hot-start, followed by 40 cycles of amplification (95°C for 10 

seconds, 60°C for 5 seconds, 72°C for 15 seconds). For quantification, standard curves 

were constructed by PCR on serial dilutions of a concentrated cDNA, and data were 

analyzed using LightCycler software. Gene expression is presented as a ratio of the 

expression of the housekeeping gene β2-microglobulin (B2M) (19). Primers were as 

follows: B2M; 5’-TGGTCTTTCTGGTGCTTGTCT-3’ and 5’-ATTTTTTTCCCGTTCTTCAGC-3’, 

A20; 5’-GGGACTCCAGAAAACAAGGG-3’ and 5’-TACCCTTCAAACATGGTGCTT-3’, 

interleukin-1R-associated-kinase (IRAK)-M; 5’-TGCCAGAAGAATACATCAGACAG-3’ 

and 5’-TCTAAGAAGGACAGGCAGGAGT-3’, suppressor of cytokine signaling (SOCS)3; 

5’-ACCTTTCTTATCCGCGACAG-3’ and 5’-TGCACCAGCTTGAGTACACAG-3’. 

Lung histology 
Lungs were harvested after indicated time-points, fixed in 10% buffered formalin, 

and embedded in paraffin. Hematoxilin and eosin stained slides were coded 

and scored from 0 (absent) to 4 (severe) for the following parameters: interstitial 

inflammation, endothelialitis, bronchitis, edema, thrombi, pleuritis and percentage 

of the lung surface demonstrating confluent (diffuse) inflammatory infiltrate by a 

pathologist blinded for groups. The total “lung inflammation score” was expressed 

as the sum of the scores for each parameter, the maximum being 28. Granulocyte 

staining was performed using fluorescein isothiocyanate-labeled anti-mouse Ly-6G 

mAb (Pharmingen, San Diego, CA) as described earlier (20, 21). Ly-6G stained slides 

were photographed with a microscope equipped with a digital camera (Leica CTR500, 

Leica Microsystems, Wetzlar, Germany). Ten random pictures were taken per slide. 

Colored areas were analyzed with Image Pro Plus (Media Cybernetics, Bethesda, MD) 
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and expressed as percentage of the total surface area. The average of ten pictures 

was used for analysis.

Statistical analysis
All data are expressed as mean ± SEM. Comparisons between groups were analyzed 

using Mann-Whitney U test. Survival was compared by log-rank test. A value of 

P < 0.05 was considered to represent a statistically significant difference. 

Results
CD44 facilitates bacterial outgrowth and dissemination in severe pneumonia 
We first sought to determine the role of CD44 in host defense during severe 

Klebsiella pneumonia. For this we infected CD44 KO and WT mice with 104 CFU K. 

pneumoniae, a bacterial dose that causes pulmonary sepsis and lethality in normal 

immunocompetent mice (16, 18). To obtain a first insight into the impact of CD44 in 

this severe model, we conducted an observational study, following CD44 KO and WT 

mice for one week after infection. In both groups the first deaths occurred after 2 

days; although CD44 KO mice tended to succumb later than WT mice, the difference 

between strains was not significant (Figure 1). To examine whether CD44 influences 

local bacterial outgrowth and dissemination to distant organs, we established the 

number of K. pneumoniae CFU in lung, blood, spleen and liver harvested from 

CD44 KO and WT mice at 24 and 48 h after infection, i.e. just before the first deaths 

occurred. Pulmonary bacterial loads were significantly reduced in CD44 KO mice at 

48 h after infection (P < 0.05 versus WT mice), a favorable trend that was already 

noticeable at 24 h (Figure 2A). Remarkably, CD44 KO mice displayed a significantly 

Figure 1: CD44 does not impact on 
survival after infection with a lethal 
dose of Klebsiella. WT (closed sym-
bols) and CD44 KO (open symbols) 
mice were intranasally infected with 
104 CFU of K. pneumoniae and fol-
lowed for one week. n = 12 mice per 
group. P value indicates no significant 
difference between groups.
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diminished dissemination of the infection, as reflected by lower bacterial loads in 

blood and spleen at 24 and 48 h, as well as in liver at 48 h post infection (Figure 2B-D; 

P < 0.01 – 0.05 versus WT mice). Together these results suggest that CD44 facilitates 

bacterial outgrowth and dissemination during severe Klebsiella pneumonia, but does 

not impact on lethality.

Figure 2: CD44 KO mice display decreased bacterial outgrowth during lethal Klebsiella pneumonia. 
Bacterial loads determined in lung (A), blood (B), spleen (C) and liver (D) from WT (black bars) and 
CD44 KO (white bars) mice at 24 and 48 h of infection with 104 CFU of K. pneumoniae. Data are 
expressed as means ± SEM; n = 8 mice per group. N.D. = not determined. * P < 0.05, ** P < 0.01 vs. 
WT at the same time point. 

CD44 deficiency results in enhanced lung inflammation during severe 
pneumonia
CD44 has been implicated as an important mediator of cell migration and lung 

inflammation (7). We therefore determined the role of CD44 in the induction of 

pulmonary inflammation in response to K. pneumoniae infection. For this lung tissue 

slides were prepared from CD44 KO and WT mice 24 and 48 h after infection and 

semi-quantitatively scored according to the scoring system described in the Methods 
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section. At 24 h after infection, both mouse strains already showed extensive edema, 

interstitial inflammation, pleuritis, bronchitis and endothelialitis; the extent of lung 

inflammation did not differ between CD44 KO and WT mice at this time point (Figure 

3A-C). In contrast, at 48 h after infection CD44 KO mice displayed relatively enhanced 

lung inflammation, which was primarily due to more edema, endothelialitis and 

bronchitis (Figure 3D-F). In addition, at this time point (but not at 24 h, data not 

shown) CD44 KO mice showed a higher number of Ly6+ neutrophils in lung tissue 

slides (Figure 3G-I). CD44 KO and WT mice demonstrated similar cytokine (TNF-α, IL-

6, IL-10) and chemokine (KC, MIP-2) levels in lung homogenates at both time points  

(data not shown). Hence, these data suggest that (despite lower bacterial burdens  

Figure 3: Prolonged lung inflammation in CD44 KO mice during lethal pneumonia. (A-F) H&E 
staining of representative lung tissue slides from WT (A, D) and CD44 KO (B, E) mice at 24 (A-C) 
and 48 (D-F) hours, and (G-I) Ly6 staining of representative lung tissue slides from WT (G) and 
CD44 KO (H) mice 48 hours after intranasal infection with 104 CFU of K. pneumoniae. Lung sections 
are representative for 8 mice per group per time-point; original magnification 10x. Inflammation 
and Ly6 scores of WT (black bars) and CD44 KO (white bars) mice are expressed as means ± SEM. 
** P < 0.01 vs. WT.
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which would be anticipated to result in less lung inflammation) CD44 deficiency is 

associated with an increased lung inflammatory response after infection with lethal 

dose Klebsiella.

CD44 KO mice demonstrate reduced expression of IRAK-M, A20 and SOCS3
Recent studies have suggested that CD44 plays a role in the induction of negative 

regulators of Toll-like receptor (TLR) signaling (8, 22). Therefore, in light of the 

enhanced lung inflammation in CD44 KO mice we considered it of interest to study 

gene expression levels of IRAK-M, A20 and SOCS3 in lung homogenates obtained 

before, 24 or 48 h after infection. Of considerable interest, whereas WT mice displayed 

sustained elevated mRNA levels of these negative TLR regulators, in CD44 KO mice 

gene expression levels of IRAK-M, A20 and SOCS3 all strongly decreased between 24 

and 48 h (Figure 4A-C). As a consequence, IRAK-M, A20 and SOCS3 mRNA levels were 

lower in CD44 KO relative to WT mice at both 24 h and 48 h after infection (P < 0.05 

and P < 0.01 for the difference between groups at 24 h and 48 h respectively).

Figure 4: Reduced mRNA expression of negative regulators of Toll-like receptor signaling in lungs 
from CD44 KO mice. IRAK-M (A), A20 (B) and SOCS-3 (C) mRNA expression in lung homogenates 
from WT (black bars) and CD44 KO (white bars) mice 24 and 48 h after infection with 104 CFU of K. 
pneumoniae. Data are expressed as means ± SEM; n = 5-8 mice per group. * P < 0.05, ** P < 0.01 vs. 
WT at the same time point. Dashed lines depict levels of uninfected mice.

CD44 KO mice demonstrate impaired resolution of pulmonary inflammation 
during sublethal Klebsiella pneumonia
In the experiments described above a relatively high infectious dose was used, 

resulting in lethality from 48 h onwards (Figure 1). Since CD44 has been found to 

play an important role in the regulation of chronic sterile lung inflammation such as 

induced by intratracheal administration of bleomycin (12), we next wished to study 

the impact of CD44 on the resolution of lung inflammation after low dose nonlethal 
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respiratory tract infection with K. pneumoniae. In a first experiment, we infected 

CD44 KO and WT mice with 175 CFU Klebsiella, seeking to sacrifice the animals 5 

days post infection. Much to our surprise, CD44 KO but not WT mice started to die 

from 3 days onwards. At 5 days post infection 6/10 CD44 KO mice had died versus 

1/10 WT mice (P < 0.05). These data hinted us that CD44 is important for recovery 

after sublethal infection with K. pneumoniae. Considering the bias introduced 

by these differential survival curves, we next infected CD44 KO and WT mice with 

100 CFU Klebsiella with the aim to sacrifice them after 4 or 10 days. At 4 days after 

infection (n = 9 per group), 2 CD44 KO compared to none of the WT mice had died, 

again pointing to accelerated lethality of CD44 KO mice after sublethal Klebsiella 

infection. Klebsiella could still be recovered from the lungs of all mice; bacterial loads 

were not significantly different in CD44 KO compared to WT mice at this time point 

(2.5 ± 1.1 x 106 versus 7.6 ± 3.9 x 106 CFU/ml lung homogenate respectively). After 10 

days (n = 10 per group), 3 mice from both groups had died and all remaining mice had 

completely cleared the bacteria. Lung inflammation scores were again significantly 

higher in CD44 KO mice as compared to WT mice, both at 4 and 10 days after infection  

(both P < 0.01; Figure 5). At 4 days the difference between CD44 KO and WT mice

Figure 5: Enhanced pulmonary inflammation in CD44 KO mice during nonlethal pneumonia. 
Representative lung histology of WT (A, D) and CD44 KO (B, E) mice 4 (A-C) and 10 (D-F) days after 
intranasal infection with 102 CFU of K. pneumoniae. Lung sections are representative for 7-9 mice 
per group per time point. H&E staining, original magnification 10x. Inflammation scores of WT (black 
bars) and CD44 KO (white bars) mice are expressed as means ± SEM. ** P < 0.01 vs. WT at the same 
time point.
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was mainly due to more edema and interstitial inflammation, and to a lesser extent 

to more endothelialitis and bronchitis. At 10 days, WT lungs demonstrated minimal 

interstitial inflammation, whereas in CD44 KO mice interstitial inflammation was 

still prominent with clear endothelialitis, bronchitis and aggregates of neutrophils 

and macrophages. The prolonged presence of neutrophils in lungs from CD44 KO 

mice was further indicated by enhanced MPO levels in lung homogenates of these 

mice at the latter time point (P < 0.01, data not shown). We also performed BAL to 

obtain insight into leukocyte numbers in the bronchoalveolar space. These analyses 

revealed increased total leukocyte numbers in BALF of CD44 KO mice at both 4 and 

10 days after infection (Table I); at 4 days this was caused by much higher neutrophil 

counts, whereas at 10 days especially lymphocyte counts were higher in BALF of CD44 

KO mice, although the difference with WT mice did not reach statistical significance 

due to a relatively large interindividual variation (both P = 0.05 versus WT mice); 

macrophage numbers did not differ between mouse strains at either time point. 

In addition, 4 days after sublethal K. pneumoniae infection, the levels of cytokines 

(TNF-α, IL-6 and IL-1β) and chemokines (MIP-2 and LIX) were significantly higher in 

lung homogenates of CD44 KO mice than of WT mice, further indicative of enhanced 

pulmonary inflammation (Table II). At 10 days all cytokine levels had decreased as 

compared to 4 days and were similar in both groups (data not shown). As it has 

been shown that HA levels accumulate in the absence of CD44 during noninfectious 

lung injury (8, 12), we measured HA concentrations in BALF. HA concentrations were 

Table I: CD44 KO mice demonstrate enhanced numbers of leukocytes in the bronchoalveolar space 
during sublethal Klebsiella pneumonia.

BALF

Total leukocytes

x 104
 /mL

Neutrophils

x 104
 /mL

Lymphocytes

x 104
 /mL

Macrophages

x 104
 /mL

4 days

WT 49.95 ± 20.79 45.5 ± 23.6 0.86 ± 0.66 10.8 ± 3.82

CD44 KO 202.2 ± 68.79 192.1 ± 67.1 0.09 ± 0.09 12.0 ± 3.17

10 days

WT 9.202 ± 0.386 0.14 ± 0.04 0.36 ± 0.13 8.70 ± 0.36

CD44 KO 12.29 ± 0.657** 0.90 ± 0.49 2.13 ± 0.74 9.23 ± 0.44

Total leukocyte counts, neutrophil, lymphocyte and macrophage numbers in BALF at 4 and 10 days after 
intranasal infection with K. pneumoniae (100 CFU) in WT and CD44 KO mice. Data are expressed as means ± 
SEM of 5-8 mice per group at each time point. ** P < 0.01 versus WT mice.
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Table II: CD44 KO mice demonstrate elevated pulmonary cytokine and chemokine concentrations 4 
days after intranasal infection with a sublethal dose of K. pneumoniae.

Ng/ml TNF-α IL-6 IL-1β KC MIP-2 LIX

4 days

WT  1.24 ± 0.14  1.16 ± 0.28 0.54 ± 0.12 9.57 ± 2.93 8.97 ± 2.03 3.33 ± 0.34

CD44 KO  3.24 ± 0.64***  3.05 ± 0.44** 1.91 ± 0.55* 17.7 ± 5.68 29.6 ± 8.91*  4.69 ± 0.26**

Proinflammatory cytokine (TNF-α, IL-6 and IL-1 β) and chemokine (KC, MIP-2 and LIX) levels in lung at 4 days 
after intranasal infection with K. pneumoniae (100 CFU) in WT and CD44 KO mice. Data are expressed as 
means ± SEM; n = 7-8. * P < 0.05, ** P < 0.01 and *** P < 0.001 vs. WT mice.

increased at 4 days after infection as compared to baseline and declined again after 

10 days in both WT and CD44 KO mice; however, at both time points HA levels were 

significantly elevated in BALF of CD44 KO mice relative to HA concentrations in BALF 

of WT mice (P < 0.01, Figure 6). 

CD44 KO mice demonstrate a prolonged lung inflammatory response upon 
intrapulmonary delivery of Klebsiella LPS 
The experiments using viable Klebsiella described above established that CD44 

exerts a dual effect on the host response to K. pneumoniae: it impacts on the 

growth and dissemination of bacteria and it influences the resolution of lung 

inflammation. In order to eliminate the possible influence of different bacterial  

loads on lung inflammation, we performed experiments in which CD44 KO and WT 

mice were intranasally administered with Klebsiella LPS and euthanized 1, 2 or 4  

days later. At 1 and 2 days, lung inflammation scores did not differ between CD44 

KO and WT mice (Figure 7A-F). At 4 days, however, pulmonary inflammation had 

Figure 6: Elevated hyaluronic acid 
levels in the bronchoalveolar space 
of CD44 KO mice during nonlethal 
pneumonia. Hyaluronic acid (HA) 
concentrations in bronchoalveolar 
lavage fluid (BALF) from WT (closed 
symbols) and CD44 KO (open 
symbols) mice before, 4 and 10 days 
after infection with 102 CFU of K. 
pneumoniae. Data are expressed as 
means ± SEM. ** P < 0.01 vs. WT at 
the same time point.
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started to resolve in WT mice, but to a much lesser extent in CD44 KO mice (Figure 

7G-I). At this time point, the difference in inflammation scores was especially due 

to prolonged presence of endothelialitis and edema in CD44 KO lungs. To obtain 

insight into the impact of CD44 on leukocyte influx into the bronchoalveolar space 

upon intrapulmonary delivery of Klebsiella LPS, we performed BAL and determined 

leukocyte counts and differentials in the fluid harvested (Table III). At 1 day after 

LPS administration leukocyte numbers were decreased in CD44 KO as compared 

to WT mice, which was mainly due to significantly reduced neutrophil counts. At  

2 days lymphocytes started to appear in both groups and neutrophil numbers in 

BALF from WT mice decreased to neutrophil counts in BALF from CD44 KO mice;  

Figure 7: Prolonged pulmonary inflammation in CD44 KO mice in response to intranasal LPS 
instillation. Representative lung histology of WT (A, D, G) and CD44 KO (B, E, H) mice 1 (A-C), 2 (D-F) 
and 4 (G-I) days after intranasal administration of 1 µg K. pneumoniae derived LPS. Lung sections 
are representative for 8 mice per group per time point. H&E staining, original magnification 10x. 
Inflammation scores of WT (black bars) and CD44 KO (white bars) mice are expressed as means ± 
SEM. * P < 0.05 vs. WT at the same time point.
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Table III: CD44 KO mice show reduced recruitment but prolonged presence of neutrophils in the 
bronchoalveolar space after intranasal administration of Klebsiella LPS. 

BALF

Total leukocytes

X 104
 /mL

Neutrophils

X 104
 /mL

Lymphocytes

X 104
 /mL

Macrophages

X 104
 /mL

1 day

WT 80.69 ± 10.6 75.33 ± 10.42 Not present 5.38 ± 0.80

CD44 KO 38.19 ± 4.82* 34.55 ± 5.15* Not present 3.65 ± 0.61

2 days

WT 36.62 ± 5.15 22.91 ± 4.76 0.79 ± 0.51 12.9 ± 1.68

CD44 KO 31.37 ± 4.91 22.33 ± 5.37 1.73 ± 0.68 7.30 ± 0.93*

4 days

WT  19.42 ± 2.05 0.93 ± 0.19 1.70 ± 0.28 16.8 ± 1.77

CD44 KO  33.90 ± 4.14* 1.65 ± 0.28* 14.3 ± 2.74** 17.8 ± 1.56

Total leukocyte counts, neutrophil, lymphocyte and macrophage numbers in BALF at 1, 2 and 4 days after 
intranasal administration of Klebsiella LPS (1 µg) in WT and CD44 KO mice. Data are expressed as means ± 
SEM; n = 5-8. * P < 0.05, ** P < 0.01 vs. WT mice.

at this time point the number of macrophages was lower in BALF from CD44 KO 

mice when compared to WT mice. At 4 days after LPS neutrophil numbers decreased 

as compared to 2 days, however, CD44 KO mice displayed increased numbers 

of neutrophils and lymphocytes in their BALF as compared to WT mice, whereas 

macrophage counts did not differ between groups. These data suggest that the 

resolution of neutrophils is impaired in the absence of CD44 which is accompanied 

by enhanced lymphocyte recruitment. In addition, 4 days (but not 1 or 2 days; 

data not shown) after LPS administration, the levels of TNF-α, IL-6 and MIP-2 were 

significantly higher in lung homogenates of CD44 KO mice as compared to WT mice, 

further indicative of enhanced inflammation (Table IV). Finally, we measured HA 

concentrations in BALF; in WT mice HA levels at 1 day after LPS were increased  as 

compared to baseline and declined again already at 2 days. In contrast, HA levels 

Table IV: CD44 KO mice demonstrate elevated pulmonary cytokine and chemokine concentrations 4 
days after intranasal inoculation with Klebsiella LPS.

Ng/ml TNF-α IL-6 IL-1β KC MIP-2

4 days

WT 1.88 ± 0.09  0.08 ± 0.004 0.079 ± 0.006 0.35 ± 0.04 0.54 ± 0.02

CD44 KO 2.68 ± 0.23* 0.11 ± 0.010* 0.127 ± 0.027 0.97 ± 0.43 0.83 ± 0.08**

Proinflammatory cytokine (TNF-α, IL-6 and IL-1β) and chemokine (KC and MIP-2) levels in lung homogenates 
obtained from WT and CD44 KO mice 4 days after intranasal administration of Klebsiella LPS (1 µg). Data are 
expressed as means ± SEM; n = 8. * P < 0.05, ** P < 0.01 vs. WT mice.
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in CD44 KO BALF did not decline up to 4 days and were significantly enhanced as 

compared to WT mice (P < 0.001 for all time points, Figure 8). 

Figure 8: Elevated hyaluronic 
acid levels in the bronchoal-
veolar space of CD44 KO mice 
in response to intranasal LPS 
instillation. Hyaluronic acid (HA) 
concentrations in bronchoal-
veolar lavage fluid (BALF) from 
WT (closed symbols) and CD44 
KO (open symbols) mice before, 
1, 2 and 4 days after intranasal 
administration of LPS. Data are 
expressed as means ± SEM. *** 
P < 0.001 vs. WT at the same 
time point.

Discussion
To the best of our knowledge only one previous investigation studied the role of 

CD44 in host defense against bacterial pneumonia, reporting enhanced neutrophil 

accumulation and increased pulmonary edema 6 h after intrapulmonary delivery of 

E. coli (9). In that study CD44 deficiency did not impact on the early host response 

to S. pneumoniae in the lung, while the effect of CD44 deficiency on the immune 

response beyond the first 6 h was not addressed in experimentally induced airway 

infection by either pathogen (9). We argued that CD44 may affect the course of 

bacterial pneumonia in several stages, considering its role as a regulator of cytokine 

production in and leukocyte migration to the lung (7-9) and considering its pivotal 

function in the clearance of inflammation in models of sterile lung injury (8, 12). 

Therefore, in the present study we sought to investigate the functional role of CD44 

during both the induction and resolution phase of inflammation during Klebsiella 

pneumonia. We here demonstrate that during lethal pneumonia CD44 facilitates 

bacterial outgrowth and dissemination while concurrently limiting lung pathology. 

We confirmed an important role for CD44 during sublethal pneumonia, revealing an 

enhanced resolution of lung inflammation and a reduced lethality in the presence of 

CD44. Our data identify CD44 as a vital regulator of lung inflammation during various 

stages of Klebsiella pneumonia. 

 To obtain insight into the role of CD44 in host defense against K. pneumoniae, 

we first used a bacterial dose that causes pneumonia and sepsis, and lethality in 
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normal immunocompetent mice (16, 18). CD44 did not impact on lethality during 

severe Klebsiella pneumonia. Whereas pulmonary bacterial loads were similar at 

24 h, at 48 h after infection bacterial outgrowth was reduced in lungs of CD44 KO 

mice. Strikingly, dissemination of K. pneumoniae to distant body compartments was 

diminished already after 24 h of infection, and even more so after 48 h. Of note, CD44 

has been described to mediate phagocytosis of bacteria such as M. tuberculosis (14) 

and S. aureus (13). However, in preliminary experiments we could not identify such a 

role for CD44 on neutrophils or macrophages in phagocytosis of K. pneumoniae (data 

not shown). Possibly, the influence of CD44 on the growth and spreading of Klebsiella 

after infection with a lethal dose is secondary to its impact on the local inflammatory 

response. Indeed, CD44 deficiency resulted in enhanced lung inflammation at 48 

h, which may benefit local antibacterial effector mechanisms exerted by the innate 

immune system at the primary site of infection (23, 24).

 CD44 deficiency consistently resulted in enhanced pulmonary inflammation 

during Klebsiella pneumonia as determined by semi-quantitative scoring of specific 

components of the inflammatory response in the lung. Indeed, CD44 KO mice 

displayed increased lung inflammation 48 h after infection with a lethal bacterial 

inoculum, at a time point shortly before the first deaths occurred, as well as 4 and 

10 days after infection with a low bacterial dose, at stages of pneumonia wherein 

the pathogen had been cleared from the respiratory tract and the accompanying 

inflammatory response had largely subsided in WT mice. In addition, in experiments 

in which we administered Klebsiella LPS via the airways, thereby avoiding any 

potential effect of differential bacterial loads driving the inflammatory response 

in the lungs, CD44 mediated attenuation of lung inflammation was confirmed 4 

days after the challenge. In lethal pneumonia the impact of CD44 deficiency on 

lung pathology likely was underestimated in our experiments, considering that the 

reduced bacterial loads in lungs of CD44 KO mice would be anticipated to result in 

less lung inflammation. Conceivably, the increased lung pathology in CD44 KO mice 

adversely affected the potentially beneficial effect of reduced bacterial growth 

and dissemination in these mice, thereby explaining the lack of impact of CD44 on 

survival during lethal Klebsiella pneumonia. Alternatively, the challenge administered 

in these high dose experiments was too severe to visualize a potential protective 

effect of CD44. In accordance with this notion, CD44 KO mice showed mortality after 

infection with a lower Klebsiella dose that did not cause lethality in WT mice. 



CD44 and Klebsiella pneumoniae

99

 We found increased neutrophil numbers in lungs from CD44 KO mice during both 

lethal pneumonia and the resolution phase of sublethal pneumonia, as well as 4 

days after intrapulmonary delivery of Klebsiella LPS. Earlier studies on lung infection 

caused by E. coli (9) or M. tuberculosis (14) also reported enhanced neutrophil 

numbers in the pulmonary compartment of CD44 KO mice (see also Chapter 2 and 

4). In accordance, in vitro experiments demonstrated that CD44 negatively regulates 

epithelium-neutrophil interactions and thereby migration across an epithelial layer 

(25). Moreover, migration of CD44 KO neutrophils through Matrigel towards a gradient 

of N-formyl-met-leu-phe, a bacteria-derived molecule that is a potent chemo-

attractant for neutrophils during pneumonia (26), was enhanced when compared 

to migration of WT neutrophils (9). Of note, in our Klebsiella LPS experiments we 

found fewer neutrophils in BALF from CD44 KO as compared to WT mice at 1 day 

after the challenge. In line with this result, aerosol administration of a low dose of 

E. coli-derived LPS resulted in reduced neutrophil recruitment to the lungs of CD44 

KO mice (27), and a positive role of CD44 in neutrophil recruitment has also been 

shown in other models like allergic dermatitis (28), renal ischemia reperfusion (10), 

and liver inflammation (29, 30). As such, the role of CD44 in neutrophil trafficking 

seems to depend on the timing, type and severity of the inflammatory stimulus. Our 

current finding of increased neutrophil numbers at relatively late time points after 

administration of intact bacteria or LPS suggests that CD44 primarily interferes with 

the resolution of neutrophils during gram-negative lung inflammation. In accordance, 

CD44 deficiency has been implicated to result in impaired resolution of neutrophils 

due to sterile pulmonary inflammation induced by bleomycin (12) or E. coli LPS (8), 

and during the resolution phase of liver (30) and renal (10) inflammation. We found 

no differences in macrophage numbers during Klebsiella pneumonia, indicating 

that CD44 does not impact on macrophage recruitment into the bronchoalveolar 

space induced by K. pneumoniae. Of note, at 2 days after LPS macrophages were 

less abundant in BALF from CD44 KO mice than from WT mice. The role of CD44 

in macrophage trafficking towards the lung is complex; in models of sterile lung 

inflammation elicited by intrapulmonary delivery of either LPS or bleomycin CD44 

KO mice demonstrated increased macrophage numbers in their BALF (8, 12), 

whereas decreased pulmonary macrophage numbers were found in CD44 KO mice 

after aerosol challenge with a low dose of LPS (27), during ozone-induced airway 

hyperresponsiveness (31) and tuberculosis (14). Moreover, we observed increased 

lymphocyte numbers in lungs from CD44 KO mice during the resolution phase of 
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both sublethal pneumonia and LPS. CD44 has been shown to be required for 

extravasation of activated lymphocytes into the peritoneal cavity (32, 33). As we 

found similar lymphocyte numbers in BALF from WT and CD44 KO mice in the acute 

inflammatory phase, the enhanced lymphocyte counts in a later stage likely are a 

result of prolonged presence or delayed recruitment rather than enhanced early 

recruitment. The fact that CD44 KO mice displayed elevated pulmonary cytokine and 

chemokine concentrations 4, but not 1 or 2 days, after LPS administration further 

indicates that the proinflammatory phenotype of CD44 KO mice at the later time 

points likely is due to prolonged rather than enhanced induction of proinflammatory 

responses.

 CD44 may attenuate lung inflammation via several mutually non-exclusive 

mechanisms. Recent studies have shown that CD44 positively regulates the induction 

of negative regulators of TLR signaling (8, 22). We found reduced gene expression 

levels of IRAK-M, A20 and SOCS3 in lung homogenates of CD44 KO mice at 24 and 

48 h, which may have contributed to the enhanced pulmonary inflammation at the 

latter time point. Moreover, CD44 is known to bind and to internalise HA fragments 

(5, 34). It has become clear that HA fragments induce NF-κB activation (35), and 

thereby proinflammatory gene expression through TLR2 and TLR4 signaling (36-39). 

Indeed, CD44 KO mice showed impaired clearance of HA in bleomycin or E. coli LPS 

induced lung inflammation accompanied by sustained accumulation of inflammatory 

cells (8, 12). In line, we found significantly increased HA concentrations in BALF from 

CD44 KO mice at 4 and 10 days after sublethal pneumonia and from 1 to 4 days after 

Klebsiella LPS, suggesting that CD44 facilitates the resolution of inflammation during 

Klebsiella pneumonia at least in part through clearance of HA from the lungs. 

 In conclusion, we show here that CD44 influences several components of the 

innate immune response to K. pneumoniae in the airways. CD44 KO mice displayed an 

improved antibacterial defense during lethal Klebsiella pneumonia, which, however, 

was associated with enhanced lung pathology upon histological examination. 

During sublethal pneumonia and Klebsiella LPS induced inflammation we further 

demonstrated that CD44 contributes to an adequate resolution of the inflammatory 

response in the lung. 
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