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Airway epithelial cells act as the first barrier against pathogens. These cells recognize conserved structural
motifs expressed by microbial pathogens via Toll-like receptors (TLRs) expressed on the surface. In contrast
to the level of expression in lymphoid cells, the level of expression of TLR2 and TLR4 in airway epithelial cells
is low under physiological conditions. Here we explored whether Klebsiella pneumoniae upregulates the expres-
sion of TLRs in human airway epithelial cells. We found that the expression of TLR2 and TLR4 by A549 cells
and human primary airway cells was upregulated upon infection with K. pneumoniae. The increased expression
of TLRs resulted in enhancement of the cellular response upon stimulation with Pam3CSK4 and lipopolysac-
charide, which are TLR2 and TLR4 agonists, respectively. Klebsiella-dependent upregulation of TLR expression
occurred via a positive IkBa-dependent NF-kB pathway and via negative p38 and p44/42 mitogen-activated
protein kinase-dependent pathways. We showed that Klebsiella-induced TLR2 and TLR4 upregulation was
dependent on TLR activation. An isogenic capsule polysaccharide (CPS) mutant did not increase TLR2 and
TLR4 expression. Purified CPS upregulated TLR2 and TLR4 expression, and polymyxin B did not abrogate
CPS-induced TLR upregulation. Although no proteins were detected in the CPS preparation by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and colloidal gold staining, we could not rule out the possibility that
traces of protein in our CPS preparation could have been responsible, at least in part, for the TLR

upregulation.

The lung is constantly exposed to potential pathogens. To
cope with this, the lung has sophisticated defense mechanisms
designed to clear pathogens without perturbing functionality.
Mechanical defenses, such as coughing and mucociliary move-
ment, are important for removing particulate matter from the
tracheobronchial tree (39). Resident and recruited phagocytes
in the lower respiratory tract and the alveoli eliminate partic-
ulate matter and pathogens that escape the first line of de-
fense. In this scenario, airway epithelial cells detect pathogens
and produce mediators important for the activation of innate
and adaptive immune responses (35).

Airway epithelial cells recognize conserved structural motifs
expressed by microbial pathogens, the so-called pathogen-associ-
ated molecular patterns (PAMPs). Toll-like receptors (TLRs),
which are the major epithelial PAMP receptors (3), are a set of
germ line-encoded receptors belonging to the pattern recog-
nition receptor family (33). Activation of TLRs leads to induc-
tion of direct antimicrobial pathways, expression of costimula-
tory molecules, and release of cytokines and chemokines that
influence airway inflammation (6, 7). TLR2 and TLR4 are the
best-studied TLRs. While TLR4 seems to be involved mainly
in the detection of lipopolysaccharide (LPS), TLR2 responds
to a variety of gram-positive products (33, 70). Studies using
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TLR2 or TLR4 knockout mice have clearly shown the impor-
tance of both of these receptors for clearance of pulmonary
infections (14, 37, 38, 44, 53, 61, 78).

Although under physiological conditions TLRs are ex-
pressed at low levels in airway epithelial cells, their expression
is upregulated under inflammatory conditions (31, 60, 67) and
during infection with pathogens such as nontypeable Hae-
mophilus influenzae (67). These findings might have important
implications in lung defense. First, the cellular responses to
pathogens could be controlled by regulating the amount of
TLR protein expressed. There have been several reports dem-
onstrating that there is a correlation between the amount of
TLR produced by a given cell and the amount of inflammatory
mediators secreted (1, 2, 32, 47, 52). Second, the elevated
levels of TLRs could contribute to the accelerated immune
response of airway epithelial cells and also to resensitization of
cells to pathogens, which may trigger an excessive inflamma-
tory response.

Klebsiella pneumoniae causes a wide range of infections
from urinary tract infections to pneumonia and is particu-
larly devastating in immunocompromised patients, whose
mortality rates are between 25 and 60% (59). The high prev-
alence of multidrug-resistant strains further complicates treat-
ment of these infections (73). Capsule polysaccharide (CPS) is
recognized as one of the most important virulence factors of
this bacterium. CPS-deficient mutants do not colonize the
mouse bladder as well as the wild-type strain (68), and various
studies have shown that CPS-deficient mutants are unable to
colonize pulmonary and systemic tissues (20, 41). In vitro stud-
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ies have shown that the presence of CPS inhibits deposition of
the complement component C3 onto the bacterium (4, 19, 21),
mediates resistance to antimicrobial peptides (15), and reduces
adhesion and phagocytosis of the bacterium by macrophages
and epithelial cells (19, 20, 25, 50). In a recent study we showed
that a CPS mutant activates cellular responses and that CPS
might prevent this activation through blockage of bacterial
adhesion and uptake (56). Altogether, these findings suggest
that CPS plays an important role in the interaction between K.
pneumoniae and the innate immune system.

Here we explored the possibility that K. pneumoniae upregu-
lates the expression of TLRs in human airway epithelial cells
via activation of specific signaling pathways. Our results show
that the expression of TLR4 and TLR2 is upregulated by K.
pneumoniae via a positive NF-kB signaling pathway and via
negative p38 and p44/42 mitogen-activated protein (MAP) ki-
nase pathways. Furthermore, Klebsiella-induced expression of
TLRs is dependent on TLR activation. Finally, we analyzed
whether CPS could be the bacterial component triggering the
upregulation of TLRs.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and reagents. K. pneumoniae 52145 is a
clinical isolate (serotype O1:K2) that has been described previously (48). The
isogenic mutant 52K 10, which does not express CPS, was described recently (20).
Bacteria were grown in Luria-Bertani medium at 37°C. When appropriate, an-
tibiotics were added to the growth medium at the following concentrations:
chloramphenicol, 25 pg/ml; and kanamycin, 20 pg/ml.

Blocking antibodies against TLR2 (clone TLR2.1 [43]) and TLR4 (clone
HTA125 [64]) were purchased from Hycult Biotechnology. CAPE, an NF-«xB
inhibitor, and SB203580, an p38 MAP kinase inhibitor, were purchased from
Sigma. U0126, a p44/42 MAP kinase inhibitor, was purchased from Calbiochem.
LPS from Escherichia coli conjugated to Alexa488 was purchased from Molec-
ular Probes. LPS purified from E. coli O111:B4 (Sigma Chemical Co.) was
repurified exactly as previously described (30). The procedure used resulted in
enterobacterial LPS preparations that utilized TLR4, but not TLR2, for signaling
(30). Pam3CSK4 was purchased from InvivoGen.

Cell culture and infection. Monolayers of A549 human lung carcinoma cells
(ATCC CCL185) derived from type II pneumocytes were grown to 80% conflu-
ence in RPMI 1640 medium supplemented with 10% heat-inactivated fetal
bovine serum plus penicillin and streptomycin in 24-, 6-, or 96-well tissue culture
plates at 37°C in a water-saturated atmosphere consisting of 95% air and 5%
CO,. Primary human airway epithelial cells (NHBE) (Lonza) were maintained in
bronchial epithelial basal medium (Lonza) by following the manufacturer’s in-
structions. Before infection A549 or NHBE cells were washed three times with
phosphate-buffered saline (PBS), and infection was performed using a multiplic-
ity of infection of 100:1 unless otherwise indicated. Cell viability was assessed by
trypan blue dye exclusion, and it was >95% even at 8 h postinfection.

Flow cytometry. Monolayers of epithelial cells were detached by incubation
with trypsin-EDTA and washed with 0.1% sodium azide in PBS. To analyze the
expression of TLR2 and TLR4, nonpermeabilized cells were incubated with
anti-TLR2 (clone TL2.1; 10 pg/ml; eBioscience) and anti-TLR4 (clone HTA125;
10 pg/ml; eBioscience) phycoerythrin-conjugated or immunoglobulin G2a iso-
type k-labeled antibodies. Cells were incubated with the antibodies at room
temperature (22 to 25°C) for 15 min. Analyses were performed using a Cultek
Epics XL flow cytometer. At least 9,000 cells were acquired in every experiment.
The levels of TLR2 and TLR4 were expressed as the relative mean fluorescence
intensity (rmfi) in arbitrary units (AU), and the nonspecific binding was cor-
rected by subtraction of the mean fluorescence intensity (mfi) values for isotype-
matched antibodies. Experiments were performed in duplicate and repeated four
times.

Preparation of nuclear and cytosolic extracts. Nuclear and cytosolic proteins
were extracted from approximately 5 X 10° cells. Briefly, A549 cells were washed
with ice-cold PBS and suspended in hypotonic buffer (10 mM HEPES, 10 mM
KCl, 2 mM MgCl,, 1 mM dithiothreitol, 0.1 mM EDTA, 0.2 mM NaF, 0.2 mM
Na;VO,, 1 ug/ml leupeptin, 0.4 mM phenylmethylsulfonyl fluoride). The cells
were left on ice for 15 min, and a cytosolic preparation was obtained by addition
of Nonidet P-40 (final concentration, 0.1%), followed by centrifugation (4,000 X
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g, 3 min, 4°C). The supernatant was collected and used as the cytosolic fraction.
The remaining pellet was resuspended in extraction buffer (50 mM HEPES, 50
mM KCl, 300 mM NaCl, 0.1 mM EDTA, 1 mM dithiothreitol, 10% glycerol, 0.2
mM NaF, 0.2 mM Na;VO,, 0.1 mM phenylmethylsulfonyl fluoride) and incu-
bated on ice for 20 min with agitation. The nuclear proteins in the supernatant
were recovered after centrifugation (12,000 X g, 20 min, 4°C) to remove nuclear
debris. Proteins present in the extracts were quantified using the Coomassie blue
protein assay (Pierce) with bovine serum albumin as a standard and were stored
in aliquots at —80°C.

NF-kB assay. NF-kB activation was measured using a TransAM NF-«B en-
zyme-linked immunosorbent assay (ELISA) kit (Active Motif). A549 cells
seeded into 60-mm tissue culture dishes were infected for different times. After
infection, cells were washed twice with ice-cold PBS. To each well, 3 ml of cold
PBS was added in order to collect the cells by scraping with a rubber policeman.
Cells were centrifuged for 10 min at 1,000 rpm at 4°C, the supernatants were
discarded, and nuclear and cytosolic extracts were prepared as described above.
Samples of the nuclear fractions containing 15 pg of protein were analyzed by
using the NF-kB ELISA. In this assay, activated NF-«kB specifically bound to the
NF-kB DNA binding site that was attached at the bottom of the ELISA plate. An
antibody against the p65 subunit of NF-«kB detected the NF-kB complex bound
to the oligonucleotide, which in turn was recognized by a secondary antibody
conjugated to horseradish peroxidase. The colorimetric reaction was read at 450
nm. A tumor necrosis factor alpha-stimulated HeLa cells extract, provided with
the kit, was used as a positive control for NF-kB activation. The results were
expressed as means * standard deviations of three independent experiments.

Immunoblotting. Cytoplasmic proteins (15 pg) were separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), electrotrans-
ferred to a nitrocellulose membrane, and blocked with 3% skim milk in PBS.
Immunostaining for IkBa was performed with polyclonal rabbit anti-IkBa anti-
body (Santa Cruz Biotechnology), whereas immunostaining to assess phosphor-
ylation of p38 and p44/42 was performed with polyclonal rabbit anti-phospho-p38
antibody and anti-phospho-p44/42 antibody (Cell Signaling), respectively. Immu-
noreactive bands were visualized by incubation with swine anti-rabbit immuno-
globulins conjugated to horseradish peroxidase (Dako P0217) using the Super-
Signal West-dura system (Pierce). Blots were reprobed with anti-human
tubulin, anti-p38, or anti-p44/42 polyclonal antibody to ensure that equal
amounts of proteins were loaded in the lanes. Images were recorded with a
GeneGnome HR imaging system (Syngene) as jpeg files, and they were
exported to a personal computer for densitometry analysis using the ImageJ
software (http://rsb.info.nih.gov/ij/download.html). Bands in each lane were
selected and analyzed using the Histogram analysis tool, recording the mean
intensity. The results were expressed as relative levels of protein (mean
intensity of protein/mean intensity of tubulin X 100).

qRT-PCR. A549 cells seeded into 60-mm tissue culture dishes were infected
for different times. After infection, A549 cells were washed with PBS, and total
RNA was purified using a Nucleospin RNAII kit (Macherey-Nagel) exactly as
recommended by the manufacturer. RNA integrity was verified using a formal-
dehyde-agarose gel, quantified spectrophotometrically with a NanoDrop, and
stored at —80°C. cDNA was obtained by retrotranscription of 5 pg of total RNA
using a commercial RT2 First Strand kit as recommended by the manufacturer
(Superarray Bioscience Corporation). The reaction included one step to elimi-
nate traces of genomic DNA. Real-time PCR analyses were performed with a
Smart Cycler real-time PCR instrument (Cepheid, Sunnyvale, CA). To amplify
human 7LR2 and TLR4, 500 ng of cDNA was used as a template in a 25-pl
reaction mixture containing 1X Quantitect SYBR green PCR mixture (Qiagen)
and QuantiTect primer assays (catalog numbers QT00236131 [TLR2] and
QT00035238 [TLR4]; Qiagen). As an internal control we amplified the human
glyceraldehyde-3-phosphate dehydrogenase housekeeping gene (GAPDH) using
50 ng of cDNA and the following intron-spanning primers: sense primer 5'-GA
AGGTGAAGGTCGGAGTC-3' and antisense primer 5'-GAAGATGGTGAT
GGGATTTC-3"). For detection of the GAPDH, TLR2, and TLR4 genes, the
following thermocycling protocol was used: 95°C for 15 min for hot-start poly-
merase activation, followed by 45 cycles of denaturation at 95°C for 30 s, an-
nealing at 60°C for the TLR genes or at 54°C for the GADPH gene for 30 s, and
extension at 72°C for 30 s. SYBR green dye fluorescence was measured at 521 nm
during the annealing phase. The threshold cycle (C;) value reflects the cycle
number at which the fluorescence generated in a reaction crosses a given thresh-
old. The C value assigned to each well thus reflects the point during the reaction
at which a sufficient number of amplicons have been accumulated. The relative
amount of mRNA in each sample was calculated based on its C, value in
comparison with the C; value of GAPDH. The results were expressed as changes
in gene expression as determined using the following formula: 2 — [(C4 of TLR
genes — C; of GAPDH gene of infected cells)/(Cy of TLR genes — Cy of
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GAPDH gene of control cells)] (with Cvalues in arbitrary units). The specificity
of the PCR products was determined by performing a melting curve analysis, and
amplification products were resolved on a 1.5% agarose gel to confirm the
correct sizes of the amplicons (92, 102, and 226 bp for TLR2, TLR4, and
GAPDH, respectively). cDNAs were obtained from three independent extracts
of mRNA, and each cDNA was amplified by quantitative reverse transcription
(qRT)-PCR on two independent occasions.

Cytokine stimulation assay. Epithelial cell monolayers were stimulated with
different concentrations of either purified LPS or Pam3CSK4, and after 18 h
supernatants were carefully removed from the wells, cell debris was removed by
centrifugation, and samples were frozen at —80°C. The levels of interleukin-8
(IL-8) in the supernatants were determined by performing an ELISA with a
commercial kit (Endogen) with a sensitivity of <2 pg/ml. The results were
expressed as means *+ standard deviations. Experiments were performed in
duplicate and were repeated at least three times.

CPS purification. Cell-bound CPS was purified by the phenol-water method
(77). Briefly, bacteria were grown in Luria-Bertani medium in 2-liter flasks (1
liter per flask) on an orbital shaker (180 rpm) for 24 h at 37°C. Cells were
removed by centrifugation and washed once with PBS. The pellet was extracted
with phenol, and the polysaccharides present in the aqueous phase were precip-
itated by adding 5 volumes of methanol plus 1% (vol/vol) of a saturated solution
of sodium acetate in methanol. After incubation for 24 h at —20°C, a pellet was
recovered by centrifugation, dissolved in distilled water, dialyzed against water,
and freeze-dried. To purify this preparation, it was dispersed (final concentra-
tion, 10 mg/ml) in 0.8% NaCl-0.05% NaN3;-0.1 M Tris-HCI (pH 7) and digested
with nucleases (50 mg/ml of DNase II type V and RNase A [Sigma Chemical Co.,
St. Louis, MO]) for 18 h at 37°C. Proteinase K (50 mg/ml; E. Merck, Darmstadt,
Germany) was added, and the mixture was incubated for 1 h at 55°C and for 24 h
at room temperature. The proteinase K digestion procedure was repeated twice,
and the polysaccharides were precipitated as described above. The pellet was
recovered by centrifugation and dissolved in distilled water. The LPS was re-
moved by ultracentrifugation (105,000 X g, 16 h, 4°C), and samples were freeze-
dried. The enzymatic treatment and ultracentrifugation steps were repeated one
more time.

CPS was quantified by determining the concentrations of uronic acid in the
samples, using a modified carbazole assay (11) exactly as described by Rahn
and Whitfield (55). The protein in the preparation was quantified using the
Coomassie blue protein assay (Pierce) with bovine serum albumin as a stan-
dard. The presence of LPS was determined by measuring the 3-deoxy-p-
manno-2-octulosonic acid content by the thiobarbituric acid method, which
was modified to correct for interference due to deoxy sugars (22). The protein
content was less than 0.5%, and the 3-deoxy-p-manno-2-octulosonic acid
content was less than 0.1%.

Statistical methods. Statistical analyses were performed using analysis of vari-
ance, the two-sample ¢ test, or, when the requirements were not met, by the
Mann-Whitney U test. A P value of <0.05 was considered statistically significant.
These analyses were performed using Prism4 for PC (GraphPad Software).

RESULTS

K. pneumoniae upregulates the expression of TLR2 and
TLR4 in human airway epithelial cells. It has been shown
previously that human airway epithelial cells express TLR2 and
TLR4 on their surfaces, albeit at lower levels than monocytes and
macrophages (5, 31). We examined whether K. pneumoniae 52145
upregulates the expression of TLR2 and TLR4 mRNA in human
airway epithelial cells. As shown in Fig. 1A, the expression of
TLR2 and TLR4 mRNA by A549 cells increased upon infection
with K. pneumoniae. A time course experiment revealed that the
expression of TLR2 peaked 4 h postinfection, whereas the ex-
pression of TLR4 peaked 2 h postinfection (Fig. 1A).

To determine whether upregulation of TLR2 and TLR4
mRNA was accompanied by elevated protein levels, flow cy-
tometry analyses were carried out. Figures 1B and C show that
upregulation of TLR2 and TLR4 in A549 cells was observed at
the protein level. Infection also upregulated the TLR2 and
TLR4 levels in NHBE cells (Fig. 1D).
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FIG. 1. K pneumoniae increases the expression of TLR2 and TLR4
in human airway epithelial cells. (A) A549 cells were infected with K.
pneumoniae 52145 for different times, and the TLR2 and TLR4
mRNA levels were assessed by qRT-PCR. CON, noninfected cells
(n = 3). (B) Flow cytometry analysis of TLR2 and TLR4 expression by
A549 cells after infection with K. pneumoniae 52145 for 5 h. Iso,
histogram showing the fluorescence intensity of A549 cells incubated
with isotype-matched antibodies; CON, histogram showing the fluo-
rescence intensity of A549 cells incubated with anti-TLR antibodies;
Kpn, histogram showing the fluorescence intensity of infected A549
cells incubated with anti-TLR antibodies. (C) Flow cytometry analysis
of TLR2 and TLR4 expression by A549 cells after infection with K.
pneumoniae 52145 for 5 h. A549 cells were not infected (CON) or were
infected with K. pneumoniae 52145 (Kpn). The mfi values for A549
cells incubated with isotype-matched antibodies were 10 = 3 AU (n =
4). (D) Analysis of NHBE cells that were not infected (CON) or were
infected with K. pneumoniae 52145 (Kpn). The mfi values for NHBE
cells incubated with isotype-matched antibodies were 16 = 5 AU (n =
4). The results (means and standard deviations) are expressed (in AU)
as rmfi values (mfi values obtained after staining with anti-TLR anti-
bodies — mfi values obtained after staining with isotype-matched
antibodies). *, results are significantly different from the results for
noninfected cells (P < 0.05).

Increased expression of TLRs by human airway cells en-
hances the cell response to microbial stimuli. Having estab-
lished that K. pneumoniae infection increases the expression of
TLR2 and TLR4 by airway epithelial cells, we asked whether
the elevated TLR protein levels resulted in increased cellular
responses to TLR agonists. To evaluate this, A549 cells were
infected with K. pneumoniae, the bacteria were washed off, and
gentamicin was added to kill the extracellular bacteria. After
2 h of treatment, the medium was removed, purified LPS (a
TLR4 agonist) or Pam3CSK4 (a TLR2 agonist) was added to
the cells, and the amount of IL-8 secreted by the cells was used
as a cellular readout. Figure 2A shows that LPS induced se-
cretion of a larger amount of IL-8 on K. pneumoniae-infected
cells than on noninfected cells. These results are consistent
with the higher level of binding of fluorescently labeled LPS to
K. pneumoniae-infected cells than to noninfected cells (Fig.
2B). The TLR2-specific agonist also induced secretion of a
larger amount of IL-8 on K. pneumoniae-infected cells than on
noninfected cells (Fig. 2C). Noninfected cells and infected cells
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FIG. 2. K pneumoniae infection increases TLR agonist responsiveness in A549 cells. (A) Levels of IL-8 secreted into the culture medium by
A549 cells stimulated with LPS. Cells were not infected or were infected with K. prneumoniae 52145 for 5 h. After this, bacteria were washed off,
and gentamicin was added to all wells. After 2 h, the medium was removed, and LPS was added. After 18 h supernatants were collected, and IL-8
was analyzed. The data are means * standard deviations. O, noninfected cells; @, infected cells. *, P < 0.05 (results are significantly different from
the results for nontreated cells; n = 4). (B) K. pneumoniae infection increases the binding of LPS to A549 cells. Cells were not infected or were
infected with K. pneumoniae 52145 for 5 h. After this, bacteria were washed off, and gentamicin was added to all wells. After 2 h, the medium were
removed, and the cells were exposed to LPS conjugated to the fluorophore Alexa488 (5 wg/ml) for 1 h at 37°C. LPS binding was analyzed by flow
cytometry. %, P < 0.05 (results are significantly different from the results for noninfected cells exposed to LPS); A, P < 0.05 (results are significantly
different from the results for noninfected cells; n = 4). (C) Levels of IL-8 secreted into the culture medium by A549 cells stimulated with
Pam3CSK4. The conditions were identical to those described above for panel A (n = 3). Before the agonists were added, the expression of TLR2
and TLR4 in representative wells was checked by flow cytometry, and it was significantly higher in K. pneumoniae-infected cells (TLR2 rmfi, 30
+ 7 AU; TLR4 rmfi, 24 = 7 AU) than in noninfected cells (TLR2 rmfi, 12 = 5 AU; TLR4 rmfi, 9 = 3 AU). %, P < 0.05 (results are significantly

different from the results for noninfected cells).

(with no LPS or Pam3CSK4 added) secreted similar amounts
of IL-8 (85 = 50 and 100 * 60 pg/ml, respectively; P > 0.05).

Together, these data indicate that infection of A549 cells
with K. pneumoniae increases the cellular response to TLR2
and TLR4 agonists, and this is related to the infection-depen-
dent increased expression of both TLRs.

IkBa-dependent activation of NF-kB is required for K.
pneumoniae-induced TLR2 and TLR4 upregulation. We sought
to determine which intracellular pathways are involved in K
pneumoniae-induced TLR upregulation. Based on the key role
of NF-«B in controlling the expression of genes involved in
inflammation and immunity, we asked whether NF-kB is be-
hind the K. pneumoniae-induced upregulation of TLRs. We
studied whether infection of A549 cells with strain 52145 acti-
vated NF-kB. Figure 3A shows that nuclear fractions obtained
from infected cells after 60 and 90 min contained larger
amounts of active NF-«kB than nuclear fractions obtained from
noninfected cells (control) or from infected cells after 30 and
120 min. Next, we asked whether CAPE, a chemical inhibitor
used to block the NF-kB signaling pathway (49), altered the K.
pneumoniae-induced TLR upregulation. As shown in Fig. 3B,
CAPE (15 pg/ml) reduced K. pneumoniae-induced TLR2 and
TLR4 upregulation of protein levels. A lower concentration of
the inhibitor (5 wg/ml) reduced only K. pneumoniae-induced
TLR2 protein levels. CAPE-treated cells (15 pg/ml) expressed
amounts of TLR2 and TLR4 (rmfi, 11 = 7 and 10 = 5 AU,
respectively) similar to the amounts expressed by untreated
cells (TLR2 rmfi, 17 = 5 AU; TLR4 rmfi, 15 = 3 AU). Addi-

tion of dimethyl sulfoxide (DMSO) (the vehicle used for
CAPE) to K. pneumoniae-infected cells did not affect the ex-
pression of either TLR2 (rmfi in the presence of DMSO, 29 *
7 AU; rmfi in the absence of DMSO, 30 = 4 AU) or TLR4
(rmfi in the presence of DMSO, 23 * 7 AU; rmfi in the
absence of DMSO, 32 + 6 AU).

Because one of the major pathways for NF-kB activation
involves the phosphorylation of IkBa followed by degradation
of the protein, we analyzed the levels of IkBa expression in
cytoplasmic extracts by immunoblotting. IkBa degradation was
apparent in extracts from cells infected with K. pneumoniae
52145 (Fig. 30).

Collectively, these findings demonstrated that IkBa-depen-
dent activation of NF-«kB is required for K. pneumoniae-in-
duced TLR2 and TLR4 upregulation in A549 cells.

Activation of p38 and p44/42 MAP kinases is negatively
involved in K. pneumoniae-induced TLR2 and TLR4 upregula-
tion. Besides the NF-kB pathway, many cellular stimuli also
activate MAP kinase pathways (23). Therefore, we asked
whether MAP kinases are also involved in K. pneumoniae-
induced TLR upregulation. Activation of p38, p44/42, and INK
occurs through phosphorylation of serine and threonine resi-
dues (23, 51). Western blot analysis showed that K. pneu-
moniae induced activation of p38 and p44/42 (Fig. 4A) but not
activation of JNK (data not shown).

Next we explored the role of p38 in K. pneumoniae enhance-
ment of TLR expression by using SB203580, a specific inhibitor
of p38 MAP kinase. Figure 4B shows that the p38 inhibitor
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FIG. 3. IkBa-dependent activation of NF-«kB is required for K. pneumoniae-induced TLR2 and TLR4 upregulation. (A) K. pneumoniae
infection induced the translocation of NF-«kB to the nuclei of A549 cells. The presence of NF-«B in nuclear extracts of infected cells was analyzed
by using the NF-kB ELISA described in Materials and Methods (n = 3). OD,5, nm, optical density at 450 nm. (B) The increased expression of
TLR2 and TLR4 by A549 cells infected with K. pneumoniae 52145 was inhibited by CAPE, an inhibitor of NF-kB. Flow cytometry analysis was
used to examine TLR2 and TLR4 expression by A549 cells that were not infected (CON) or were infected in the presence of different
concentrations of the inhibitor, which was added 1 h before the cells were infected. The results (means and standard deviations) are expressed as
rmfi values. The mfi values for A549 cells incubated with isotype-matched antibodies were 9 = 2 AU. *, P < 0.05 (results are significantly different
from the results for noninfected cells); A, P < 0.05 (results are significantly different from the results for infected cells in the absence of inhibitor;
n = 4). (C) (Upper panel) Immunoblot showing IkBa levels in cytoplasmic extracts of A549 cells infected with K. pneumoniae for different times.
(Lower panel) Immunoblot showing tubulin levels under the same conditions. The results are representative of four independent experiments. The
relative ratios of IkBa (means * standard deviations) obtained after densitometry analysis of gels are indicated below the lower panel (n = 4).

a-IkBa, anti-IkBa; a-tubulin, anti-tubulin.

increased K. pneumoniae-induced TLR2 and TLR4 upregula-
tion. Control experiments showed that SB203580-treated cells
expressed amounts of TLR2 and TLR4 (rmfi, 15 = 7 and 13 =
5 AU, respectively) similar to the amounts expressed by un-
treated cells (TLR2 rmfi, 16 = 5 AU; TLR4 rmfi, 13 = 3 AU).
To study the role of p44/42 in K. pneumoniae induction of
TLR2 and TLR4 expression, we used the specific inhibitor
U0126. The p44/42 inhibitor also enhanced K. pneumoniae-
dependent TLR2 and TLR4 expression (Fig. 4C). U0126-
treated cells expressed amounts of TLR2 and TLR4 (rmfi,
13 = 4 and 14 = 3 AU, respectively) similar to the amounts
expressed by untreated cells (TLR2 rmfi, 17 = 7 AU; TLR4
rmfi, 13 + 3 AU). Addition of DMSO (the vehicle used for
SB203580 and U0126) to K. pneumoniae-infected cells did not
affect the expression of TLR2 (rmfi in the presence of DMSO,
24 = 5 AU; rmfi in the absence of DMSO, 27 = 5 AU) and
TLR4 (rmfi in the presence of DMSO, 22 = 8 AU; rmfi in the
absence of DMSO, 19 = 6 AU).

In summary, the results indicate that the p38 and p44/42
MAP kinase pathways may be negatively involved in K. pneu-
moniae-induced TLR upregulation.

K. pneumoniae-induced TLR2 and TLR4 upregulation is de-
pendent on TLR activation. In most cases, the activation of
NF-kB and MAP kinase signaling pathways triggered by a
bacterial infection is dependent on the activation of TLRs (70,
71). Therefore, we asked whether TLR-dependent signaling

plays a role in K. pneumoniae-induced TLR2 and TLR4 up-
regulation. To study this, A549 cells were incubated for 30 min
with anti-TLR2 antibody (clone TL2.1 [43]) or anti-TLR4 an-
tibody (clone HTA125 [64]) and then infected with K. pneu-
moniae, and the expression of TLR2 and TLR4 was deter-
mined by qRT-PCR (Fig. 5). It has been shown previously that
the concentrations of antibodies used block the activation of
TLR2 and TLR4 signaling-dependent pathways (43, 56, 64).
The anti-TLR2 and anti-TLR4 antibodies reduced the expres-
sion of TLR2 and TLR4 increased by K. pneumoniae infection
(Fig. 5).

CPS upregulates the expression of TLR2 and TLR4. We
sought to pinpoint the bacterial factor responsible for K. pneu-
moniae-induced TLR upregulation. Taking into account the
fact that several authors have demonstrated the important role
of CPS in the interplay between K. pneumoniae and eukaryotic
cells, we asked whether CPS might be the bacterial factor
triggering TLR upregulation. We studied whether an isogenic
CPS mutant, strain 52K10 (20), induced TLR2 and TLR4
upregulation upon infection of A549 and NHBE cells. Flow
cytometry analysis revealed that 52K10 did not increase the
protein levels of either TLR2 or TLR4 in A549 and NHBE
cells (Fig. 6A and 6B, respectively), suggesting that CPS might
be the bacterial factor involved in TLR upregulation. To study
this hypothesis, we asked whether purified CPS increased TLR
expression. Our results showed that CPS induced TLR2 and
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FIG. 4. Activation of p38 and p44/42 MAP kinase pathways is negatively involved in K. pneumoniae-induced TLR2 and TLR4 upregulation.
(A) Immunoblots showing phospho-p38 (Pp38), total p38, phospho-p44/42 (Pp44/42), and total p44/42 levels in cytoplasmic extracts of A549 cells
infected with K. pneumoniae for different times. The results are representative of three independent experiments. The relative ratios of
phospho-p38 (means * standard deviations) obtained after densitometry analysis of gels are indicated below the p38 panel (n = 3). (B) The
expression of TLR2 and TLR4 by A549 cells infected with K. pneumoniae 52145 is increased by SB203580, an inhibitor of p38. Flow cytometry
analysis was used to examine TLR2 and TLR4 expression by A549 cells that were not infected (CON) or were infected in the absence or presence
(5 wM) of the inhibitor, which was added 2 h before the cells were infected. The results (means and standard deviations) are expressed as rmfi
values (n = 4). (C) The expression of TLR2 and TLR4 by A549 cells infected with K. pneumoniae 52145 is increased by U0126, an inhibitor of
p44/42. Flow cytometry analysis was used to examine TLR2 and TLR4 expression by A549 cells that were not infected (CON) or were infected
in the absence or presence (10 pM) of the inhibitor, which was added 1 h before the cells were infected. The results (means and standard
deviations) are expressed as rmfi values (n = 4). The mfi values for A549 cells incubated with isotype-matched antibodies were 9 + 2 AU. #, results
are significantly different from the results for noninfected cells (P < 0.05); A, results are significantly different from the results for infected cells
in the absence of inhibitors (P < 0.05).

TLR2

*

TLR4 TLR4 upregulation in a dose-dependent manner in A549 and

NHBE cells (Fig. 6C and D, respectively). To explore whether
protein contaminants present in the CPS preparation could
have been responsible for TLR upregulation, CPS was repuri-
fied by the method described by Hirschfeld and coworkers
(30). This method is widely used to remove proteins from
polysaccharide preparations. Analysis of the repurified CPS by
SDS-PAGE followed by silver-staining revealed no traces of
contaminant proteins (data not shown). SDS-PAGE-resolved
preparations were transferred to a polyvinylidene difluoride
membrane which was stained with colloidal gold to visualize
proteins (46). As observed previously, no proteins were de-
tected in the repurified CPS preparation. The repurified CPS
(600 pg/ml) upregulated TLR2 (rmfi, 18 + 1 AU; rmfi for
A549 cells, 9 = 0.5 AU [P < 0.05]) and TLR4 (rmfi, 15 * 0.4
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FIG. 5. K. pneumoniae-induced TLR2 and TLR4 upregulation is
dependent on TLR activation. A549 cells were not infected or were

infected with K. pneumoniae 52145 in the presence or absence of the
blocking antibodies anti-TLR2 («-TLR2) (clone TL2.1; 10 wg/ml) and
anti-TLR4 (a-TLR4) (clone HTA125; 10 wg/ml) for 3 h. The antibod-
ies were added 30 min before the cells were infected. The TLR2 and
TLR4 mRNA levels were assessed by qRT-PCR. The results (means
and standard deviations) are representative of three independent ex-
periments. *, results are significantly different from the results for
noninfected cells (P < 0.05); A, results are significantly different from
the results for infected cells in the absence of antibodies (P < 0.05).

AU; rmfi for A549 cells, 10.5 = 0.7 AU [P < 0.05]). To test
whether LPS contamination was responsible for TLR upregu-
lation, a widely used inhibitor of LPS-dependent signaling
pathways, polymyxin B, was used. However, repurified CPS
(600 pg/ml) in the presence of 10 wg/ml of polymyxin B up-
regulated TLR2 (rmfi, 19 = 1 AU; rmfi of A549 cells treated
with polymyxin B, 7 = 0.7 AU [P < 0.05]) and TLR4 (rmf,
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FIG. 6. CPS upregulates the expression of TLR2 and TLR4 in human airway epithelial cells. (A) Flow cytometry analysis of TLR2 and TLR4
expression by noninfected A549 cells (CON), cells infected with K. pneumoniae wild-type strain (52145), or cells infected with isogenic CPS mutant
strain 52K10 for 5 h. The results (means and standard deviations) are expressed as rmfi values (n = 4). (B) Experiments similar to those described
above for panel A except that NHBE cells were used instead of A549 cells (n = 4). (C) Flow cytometry analysis of TLR2 and TLR4 expression
by A549 cells (CON) or A549 cells treated with different amounts of purified K. pneumoniae CPS for 5 h. The results (means * standard deviations)
are expressed as rmfi values (n = 4). (D) Experiments similar to those described above for panel C except that NHBE cells were used instead of
A549 cells (n = 4). The mfi values for A549 cells and NHBE cells incubated with isotype-matched antibodies were 10 = 3 and 16 = 5 AU,
respectively. *, P < 0.05 (results are significantly different from the results for untreated cells [CON]).

16 = 0.3 AU; rmfi of A549 cells treated with polymyxin B,
9.6 £ 0.4 AU [P < 0.05]).

We asked whether NF-kB and p38 and p44/42 MAP kinase
signaling pathways also control CPS-dependent upregulation
of TLR2 and TLR4. Western blot studies revealed that repu-
rified CPS induced the degradation of IkBa (Fig. 7A). CAPE
(15 pg/ml) reduced CPS-induced TLR2 and TLR4 upregula-
tion of protein levels to the levels of control cells (Fig. 7B). A
5-pg/ml concentration of CAPE reduced only TLR2 protein
levels (Fig. 7B). Figure 7C shows that repurified CPS induced
the phosphorylation of p38 and p44/42 MAP kinases. p38 and
p44/42 MAP kinase inhibitors (SB203580 and U0126, respec-
tively) enhanced CPS-induced TLR2 and TLR4 upregulation
(Fig. 7D and E).

We studied whether TLR-dependent signaling plays a role
in CPS-dependent upregulation of TLR2 and TLR4. To do
this, A549 cells were incubated for 30 min with anti-TLR2 and
anti-TLR4 antibodies before CPS was added. qRT-PCR anal-
ysis showed that both antibodies reduced CPS-dependent in-
creased expression of TLR2 and TLR4 (Fig. 7F).

Since K. pneumoniae 52145 expresses a serotype K2 CPS, we
asked whether K. pneumoniae strains expressing CPS of other
serotypes also upregulate TLRs. Indeed, strains expressing se-
rotype K3 CPS (strain KD364), serotype K35 CPS (strain
USAL1555), and serotype K47 CPS (strain USA0352) upregu-
lated TLR2 (rmfi, 19.5 = 0.4, 304 = 2, and 22 * 0.9 AU,
respectively; rmfi of A549 cells, 11 = 0.5 AU [P < 0.05]) and

TLR4 (rmfi, 15 * 2, 12 = 0.7, and 14 = 0.4 AU, respectively;
rmfi of A549 cells, 8.7 = 0.3 AU [P < 0.05]).

DISCUSSION

In this work we showed that the expression of TLR2 and
TLR4 by human airway epithelial cells is upregulated upon
infection with K. pneumoniae. This occurs via a positive IkBa-
dependent NF-kB pathway and via negative p38- and p44/42-
dependent pathways. The increased expression of TLR2 and
TLR4 results in enhancement of the cellular response upon
stimulation with TLR2 and TLR4 agonists (Fig. 8). Finally, we
obtained evidence indicating that CPS might be the bacterial
factor inducing the upregulation of TLRs.

There is controversy over the surface expression of TLRs by
airway epithelial cells (10, 47, 56, 75). Although the surface
expression of TLR2 is not in dispute, some data indicate that
TLR4 is not expressed in the cell surface but in the Golgi
complex. In this study, we showed that K. pneumoniae in-
creased the surface levels of TLR2 and TLR4 and also the
mRNA levels of both genes. Supporting our results, it was
shown recently that airway epithelial cells do express func-
tional TLR2 and TLR4 on the surface and that inflammatory
cytokines increase the surface levels as well as mRNA levels of
both TLRs (5). Nevertheless, at present, we cannot rigorously
rule out the possibility that upon infection TLR4 traffics from
the Golgi complex to the cytoplasmic membrane of airway
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FIG. 7. CPS-induced expression of TLR2 and TLR4 is regulated via a positive NF-kB pathway and via negative p38- and p44/42-dependent
pathways. (A) (Upper panel) Immunoblot showing IkBa levels in cytoplasmic extracts of A549 cells treated with CPS (600 wg/ml) for different
times. (Lower panel) Immunoblot showing tubulin levels under the same conditions. The results are representative of four independent
experiments. The relative ratios of IkBa (means *+ standard deviations) obtained after densitometry analysis of gels are indicated below the lower
panel (n = 4). (B) Flow cytometry analysis of TLR2 and TLR4 expression by A549 cells that were not treated (CON) or treated with CPS (600
wg/ml) in the presence of different concentrations of the NF-«kB inhibitor CAPE, which was added 1 h before the cells were treated. The results
(means and standard deviations) are expressed as rmfi values (n = 4). (C) Immunoblots showing phospho-p38 (Pp38), phospho-p44/42 (Pp44/42),
and tubulin levels in cytoplasmic extracts of A549 cells treated with CPS (600 pg/ml) for different times. The results are representative of three
independent experiments. The relative ratios of phospho-p38 (means * standard deviations) obtained after densitometry analysis of gels are
indicated below the p38 panel (n = 3). (D) Flow cytometry analysis of TLR2 and TLR4 expression by A549 cells that were not treated (CON)
or treated with CPS (600 pg/ml) in the absence or presence of the SB203580 p38 MAP kinase inhibitor (5 wM), which was added 2 h before the
cells were treated. The results (means and standard deviations) are expressed as rmfi values (n = 4). (E) Flow cytometry analysis of TLR2 and
TLR4 expression by A549 cells that were not treated (CON) or treated with CPS (600 wg/ml) in the absence or presence of the U0126 p44/42 MAP
kinase inhibitor (10 wM), which was added 1 h before the cells were treated. The results (means and standard deviations) are expressed as rmfi
values (n = 4). (F) A549 cells were not treated or treated with CPS (600 wg/ml) in the presence or absence of the blocking antibodies anti-TLR2
(a-TLR2) (clone TL2.1; 10 pg/ml) and anti-TLR4 (a-TLR4) (clone HTA125; 10 pg/ml) for 5 h. The antibodies were added 30 min before the cells
were infected. The TLR2 and TLR4 mRNA levels were assessed by qRT-PCR. The results (means and standard deviations) are representative
of three independent experiments. *, results are significantly different from the results for noninfected cells (P < 0.05); A, results are significantly
different from the results for infected cells in the absence of inhibitors (P < 0.05).

epithelial cells. In any case, K. pneumoniae infection increases
TLR4 mRNA levels and surface levels of the protein.

Most likely, the increased expression of TLRs by airway
epithelial cells contributes to the clearance of invading patho-
gens. For example, it has been shown that there is a correlation
between the levels of expression of TLRs and the phagocytosis

of pathogens (13). Furthermore, it has been demonstrated that
overexpression of TLRs is associated with an increase in the
secretion of inflammatory mediators (1, 2, 9, 32, 36, 47, 52).
Studies using animal models have shown that an early inflam-
matory response is important for the clearance of several
pathogens (14, 27, 28, 37, 44, 53, 61, 78). It is tempting to
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postulate that the upregulation of TLRs could be one of the set
of host defense systems induced by an infection, the so-called
“common host response” (34). However, if this initial inflam-
matory response is not controlled, the early improvement in
disease resistance is followed by extensive tissue damage (9,
74). In addition, the increased TLR expression could contrib-
ute to resensitization of cells to TLR agonists, which may
trigger an excessive inflammatory response. On the other hand,
there have been reports suggesting that abnormal elevated
levels of TLRs are associated with systemic inflammation and
worsening of the clinical status in various diseases (16, 52, 58,
65). Taken together, these findings suggest that the amount of
TLRs expressed by a given cell should be tightly controlled and
that by controlling the amount of TLRs expressed cells fine-
tune their responsiveness.

It is interesting that nontypeable H. influenzae, a pathogen
frequently associated with respiratory infections, also induces
the upregulation of TLRs in vivo and in vitro (44, 67). The
intracellular signaling pathways responsible are similar to
those described in this paper (67). This may indicate that there
is a common regulatory circuit regulating the expression of
TLRs in airway epithelia and, furthermore, that the activation
of this circuit is independent of the infecting microorganism.
The molecular mechanism underlying p38 and p44/42 inhibi-
tion of TLR2 and TLR4 expression remains unclear. The hu-
man promoter of TLR2 and TLR4 contains multiple transcrip-
tion factor binding elements, including Ets-1, which has been
shown to be regulated by MAP kinase pathways (29, 45, 57,
72). Nevertheless, in both promoters there are some regulatory
elements that have not been completely characterized (29, 57).
The possibility that in addition to these transcription factors

INFECT. IMMUN.

there are posttranscriptional mechanisms, like increased
mRNA stability, cannot be ruled out.

Even though capsulated K. pneumoniae upregulated the ex-
pression of TLR2 and TLR4 in a TLR2- and TLR4-dependent
fashion (this study), the upregulation was not accompanied by
the secretion of inflammatory mediators (56), whereas an iso-
genic K. pneumoniae CPS mutant did not upregulate TLR
expression (this study) but induced the secretion of inflamma-
tory mediators in a TLR2- and TLR4-dependent manner (56).
These findings suggest that TLR2 and TLR4 are involved in
the recognition of K. pneumoniae but the cellular response is
different depending on the presence of CPS. The results of in
vivo experiments also support this notion. Thus, after intrana-
sal infection of mice capsulated K. pneumoniae induces less
inflammatory mediators and less infiltration of inflammatory
cells than a capsule mutant induces (40, 81). All these results
are reminiscent of those reported for Cryptococcus neoformans,
a fungus with a thick anionic CPS (8). Infection with this
fungus causes signaling through TLR2 and TLR4 in a mouse
model (79, 80), and heavily capsulated strains generally elicited
a poor inflammatory response in vitro and in vivo (12, 42, 76).
The available evidence indicates that C. neoformans CPS has
immunomodulatory properties and most likely is responsible
for host immunosuppression (24). K. pneumoniae CPS is also
anionic, like alginate expressed by Pseudomonas aeruginosa or
the Vi polysaccharide expressed by Salmonella enterica serovar
Typhi (18, 63, 69). Similar to capsulated Klebsiella, alginate- or
Vi-expressing bacteria induce a poor inflammatory response,
in contrast to isogenic CPS mutants (17, 54). Furthermore,
Vi polysaccharide seems to suppress early inflammatory re-
sponses (62). When the data are considered together, it is
tempting to postulate that anionic CPSs are PAMPs that
trigger downregulation of inflammatory responses. Studies
to examine this hypothesis are being performed now.

Two pieces of evidence suggest that CPS might be the bac-
terial factor responsible for K. pneumoniae-induced TLR up-
regulation. First, an isogenic CPS mutant, strain 52K10, did not
upregulate TLR expression. Second, purified CPS increased
the expression of TLRs. However, we are aware that despite
extensive purification our CPS preparation still contained
traces of proteins and LPS. In our efforts to rule out the
possibility that protein contaminants have an effect, the CPS
preparation was repurified using a method developed to re-
move proteins from polysaccharide preparations (30, 46). Al-
though no proteins were detected in the repurified CPS prep-
aration by SDS-PAGE and colloidal gold staining, we cannot
rule out the possibility that protein traces could be responsible,
at least in part, for TLR upregulation. In contrast, the fact that
polymyxin B, an inhibitor of LPS-dependent signaling path-
ways, did not affect the CPS-dependent upregulation of TLRs
allows us to rule out the possibility that traces of LPS are
responsible for CPS-induced increases in TLR expression.

Finally, our findings suggest that purified CPS could upregu-
late TLR expression in a TLR-dependent fashion, thereby
indicating that TLRs have a role as pattern recognition recep-
tors for K. pneumoniae CPS. In support of this, two reports
have suggested that TLRs can recognize CPSs from pathogens.
C. neoformans CPS is recognized by TLR4 (66), whereas P.
aeruginosa alginate activates macrophages via TLR2 and TLR4
(26). In any case, it is possible that K. pneumoniae CPS acti-
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vates signaling pathways other than TLRs. However, our data
indicate that these putative pathways are not involved in CPS-
dependent TLR upregulation.
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