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Cooperative Interactions between TLR4 and TLR9
Regulate Interleukin 23 and 17 Production in a Murine
Model of Gram Negative Bacterial Pneumonia
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Abstract

Toll like receptors play an important role in lung host defense against bacterial pathogens. In this study, we investigated
independent and cooperative functions of TLR4 and TLR9 in microbial clearance and systemic dissemination during
Gram-negative bacterial pneumonia. To access these responses, wildtype Balb/c mice, mice with defective TLR4 signaling
(TLR4"=9), mice deficient in TLR9 (TLR9 /") and TLR4/9 double mutant mice (TLR4"PS%/TLR9 /") were challenged with K.
pneumoniae, then time-dependent lung bacterial clearance and systemic dissemination determined. We found impaired
lung bacterial clearance in TLR4 and TLR9 single mutant mice, whereas the greatest impairment in clearance was observed
in TLR4™9/TLR9™/~ double mutant mice. Early lung expression of TNF-o, IL-12, and chemokines was TLR4 dependent, while
IFN-y production and the later expression of TNF-a. and IL-12 was dependent on TLR9. Classical activation of lung
macrophages and maximal induction of IL-23 and IL-17 required both TLR4 and TLR9. Finally, the i.t. instillation of IL-17
partially restored anti-bacterial immunity in TLR4'®*%/TLR9™/~ double mutant mice. In conclusion, our studies indicate that
TLR4 and TLR9 have both non-redundant and cooperative roles in lung innate responses during Gram-negative bacterial
pneumonia and are both critical for IL-17 driven antibacterial host response.
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Introduction

Pneumonia is a leading infectious cause of mortality in
immunocompetent individuals in the United States. Alebsiella
pneumoniae is a Gram negative bacteria that is a well described
cause of both community acquired and hospital acquired
pneumonia [1]. Mortality in pneumonia caused by K. preumoniae
is due to propensity for early systemic bacterial dissemination
resulting in sepsis, and the development of acute lung injury [2].
Early clearance of the pathogen from the lung is required to
prevent Klebsiella pneumonia associated complications [3].

Toll like receptors (TLRs) are a family of type I transmem-
brane receptor proteins that are required for the recognition of
various pathogen-associated molecular patterns expressed by a
diverse group of infectious microorganisms, resulting in the
activation of host immune responses [4]. For example, TLR4 has
been shown to be required for effective innate immunity against
selected extracellular Gram-negative pathogens, including Hae-
mophilus influenza, Eschericia coli and Klebsiella pneumoniae [5,6,7].
However, although innate signals produced early (at 4 h) in
response to challenge with K. pneumoniae are markedly diminished
in mice with defective TLR4 signaling, later responses (at 16 h)
remain largely intact [5]. TLR9 has also been shown to be
important for innate host defense against Gram-negative
bacteria, including Alebsiella and Neisseria [8,9]. Mice lacking
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TLRY display impaired bacterial clearance when challenged with
K. pneumoniae 1.t., which is associated with reduced dendritic cell
recruitment and activation, decreased type 1 cytokine expression,
and alternative rather than classical activation of lung macro-
phages [8]. Importantly, host innate responses against both
extracellular and intracellular bacterial pathogens are more
dramatically impaired in mice that lack the common adaptor
molecule MyD88 than in mice that are deficient in a single TLR
(e.g., TLR2 or TLR4), suggesting cooperativity of various TLRs
or the involvement of other MyD88-dependent TLRs [10,11].
Collectively, these data indicate that multiple MyD88-dependent
TLRs are required for the maintenance and/or full expression of
protective innate responses during Gram-negative bacterial
pneumonia.

To further mvestigate potential interactive role of TLRs in
generating host defense in the lung during Gram-negative
infection, we assessed innate antibacterial responses to it. Al
pneumoniae challenge in mice with defective TLR4 signaling
(TLR4™9), mice deficient in TLR9 (TLR9™’7) and double
mutant mice (TLR4"/TLR9 /7). We observed that maximal
classical activation of lung macrophages, expression of IL-23 and
IL-17, and lung bacterial clearance required cooperative interac-
tions between TLR4 and TLRY, whereas survival responses in
mice challenged with K. pneumoniae were largely dictated by the
presence or absence of functional TLR4.
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Materials and Methods

Reagents
Murine recombinant IL-17A for i.t. reconstitution experiments
was purchased from R&D Systems (Minneapolis, MN).

Mice

Female Balb/c (National Cancer Institute-Harlan, Frederick,
MD) were used at 8 to 12 weeks of age. Breeding pairs of TLR9™/~
mice generated by S. Akira (Osaka, Japan) were obtained from
Coley Pharmaceutical (Wellesley, MA) and a colony established at
the University of Michigan. These mice were generated on a Balb/c
background (>8 backcrosses), are phenotypically normal in the
uninfected state, and reproduce without difficulty. Breeding pairs of
mice with defective TLR4 signaling and bred onto a Balb/c
background (TLR4™) were obtained from Jackson Laboratories
and a breeding colony established. TLR4™“ mice were then
crossed with TLR9™/~ to generate TLR4'™“/TLR9™"~ double
mutant mice. All animals were handled in strict accordance with
good animal practice as defined by the relevant national and/or
local animal welfare bodies, and all animal work was approved by
the UCUCA(University Committee on Use and Care of Animals)
committee at the University of Michigan.

K. pneumoniae inoculation

K. pneumoniae strain 43816 serotype 2 (American Type Culture
Collection) was used in our studies. K. pneumoniae was grown
overnight in tryptic soy broth (Difco) at 37°C and quantitated
using spectrophotometry [12]. For i.t. administration, mice were
anesthetized with an i.p. ketamine and xylazine mixture. Next, the
trachea was exposed and 30 pl of inoculum was administered via a
sterile 26-gauge needle. The skin incision was closed using surgical
staples.

Lung harvesting for bacterial number, and cytokine
analyses

At designated time points, mice were euthanized by CO,
asphyxia. Prior to lung removal, the pulmonary vasculature was
perfused with 1 ml of phosphate-buffered saline (PBS) containing
5 mM EDTA via the right ventricle. Whole lungs were then
harvested for assessment of bacterial CFU and cytokine protein
expression. After removal, lungs were homogenized in 1 ml of PBS
with protease inhibitor (Boehringer Mannheim Biochemicals,
Indianapolis, Ind.) using a tissue homogenizer (Biospec Products,
Inc.) under a vented hood. Aliquots of homogenates (10 ul) were
inoculated on nutrient agar after serial 1:10 dilutions with PBS.
The homogenates were incubated on ice for 30 min and then
centrifuged at 1,100 xg for 10 min. Supernatants were collected,
passed through a 0.45-pm-pore-size filter (Gelman Sciences, Ann
Arbor, Mich.), and stored at 20°C for assessment of cytokine
levels.

Bronchoalveolar lavage

Bronchoalveolar lavage (BAL) was performed at various time
points post i.t. administration of bacteria. Briefly, the trachea was
exposed and intubated using a 1.7-mm outer diameter polyeth-
ylene catheter. BAL was performed by instilling PBS containing
5 mM EDTA in 1 ml aliquots for a total of 3 mls. Lavaged cells
were counted, cytospins performed and alveolar macrophages
were harvested after adherence purification and cultured for
1 hour. Supernatants were collected and analyzed by ELISA for
cytokine production and the cells were harvested for mRNA
expression by real time PCR.
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Total lung leukocyte preparation

Lungs were removed from euthanized animals, and leukocytes
were prepared as previously described [6,11]. Briefly, lungs were
minced with scissors to a fine slurry in 15 ml of digestion buffer
[RPMI medium/10% fetal calf serum/1 mg/ml collagenase
(Bochringer Mannheim Biochemical)/30 pg/ml DNase (Sigma)]
per lung. Lung slurries were enzymatically digested for 30 min at
37°C. Any undigested fragments were further dispersed by
drawing the solution up and down through the bore of a 10-ml
syringe. The total lung cell suspension was pelleted, resuspended,
and spun through a 40% Percoll gradient to enrich for leukocytes.
Cell counts and viability were determined using trypan blue
exclusion counting on a hemacytometer. Cytospin slides were
prepared and stained with a modified Wright-Giemsa stain.

Flow cytometry for intracellular IL-17 expression

Cells were isolated from lung digests as described above. For
analysis of T cell subsets, isolated leukocytes were stained with the
following FITC- or PE-labeled anti-yd TCR anti-CD4 (BD
Pharmingen). In addition, cells were stained with anti-CD45-
tricolor (Caltag Laboratories), allowing for the discrimination of
leukocytes from nonleukocytes and thus eliminating any nonspe-
cific binding of T cell surface markers on nonleukocytes. Cells
were then fixed and permeabilized using BD cytofix/cytoperm
fixation/permeabilization kit for 20 min on ice. After washing,
cells were stained for intracytoplasmic IL-17A expression with PE
conjugated rat anti-mouse IL-17A Ab (BD Pharmingen) diluted in
wash solution for 30 min. T cell subsets were analyzed by first
gating on CD45-positive “lymphocyte-sized” leukocytes and then
examined for FLI and FL2 fluorescence expression using three
color flow cytometry. Cells were collected on a FACScan or
FACScalibur cytometer (BD Biosciences) by using CellQuest
software (Becton Dickinson). Analyses of data were performed
using the CellQuest software package.

Isolation and culture of bone marrow-derived dendritic
cells

Bone marrow was harvested from the long bones of mice using a
previously described technique[8]. Recovered marrow cells were
seeded in tissue culture flasks in RPMI 1640 based complete media
with murine GM-CSF (10 ng/ml). Media and cytokines were
replaced after 3 days, loosely adherent cells collected after 6-7
days and cells positively selected for CD11lc+ by magnetic bead
separation. CD11lc+ DC were plated overnight and resuspended
in fresh media the following day. Flow cytometry of cells verified
>90% purity for DC. BMDC were cultured at a concentration of
5%10° cells/ml, incubated with vehicle or heat-killed K. pneumoniae
(10:1 MOI), then supernatants harvested 16 hrs later.

Expression of iNOS and Fizz-1 by alveolar macrophages

To assess spontaneous inducible nitric oxide synthase (iINOS)
and Fizz-1 expression in alveolar macrophages, cells were isolated
from lungs of WT and mutant mice post i.t. Klebsiella challenge by
BAL and alveolar macrophages isolated by adherence purification
and cultured for 1 hour at a concentration of 1—2x10° cells/well.
Cells were washed X 3, then RNA immediately isolated.

Murine cytokine ELISAs

Murine TNF-a, KC/CXCLI1, MIP-2/CXCL2, IL-12 p70,
IFN-y, IL-23 and IL-17 (R&D Systems, Minneapolis, MN) were
quantitated using a modification of a double-ligand method as
previously described [6,11]. The ELISA method used consistently
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detected murine cytokine concentrations above 20-50 pg/ml. The
ELISAs did not cross-react with other cytokines tested. [13]

Real-time quantitative RT-PCR

Measurement of gene expression was performed utilizing the ABI
Prism 7000 sequence detection system (Applied Biosystems, Foster
City, CA) as previously described [6]. Primers and probe nucleotide
sequences for miNOS, forward 5'- CCC TCC TGA TCT TGT
GTT GGA-3', reverse 5'-CAA CCC GAG CTC CTG GAA-3/,
and probe 5'-TGA CCA TGG AGC ATC CCA AGT ACG AGT-
3’; for m-actin: forward 5'-CCG-TGA-AAA-GAT-GAC-CCA-
GAT-C-3', reverse 5'-CAC-AGC-CTG-GAT-GGC-TAC-GT-3/,
probe 5'-TTT-GAG-ACC-TTC-AAC-ACC-CCA-GCC-A-3', for
Fizz-1 forward 5- CCC TGC TGG GAT GAC TGC TA-3',
reverse 5'-TCC ACT CTG GAT CTC CCA AGA -3’ and probe
5-TGG GTG TGC TTG TGG CTT TGC -3'. Specific thermal
cycling parameters used with the TagMan One-Step RT-PCR
Master Mix Reagents kit included 30 min at 48°C,, 10 min at 95°C,
and 40 cycles involving denaturation at 95°C for 15 seconds,
annealing/extension at 60°C for 1 min. Relative quantification of
cytokine mRNA levels was plotted as fold-change compared to
untreated control lung. All experiments were performed in
duplicate.

Statistical analysis

Survival curves were compared using the log-rank test. For
other data, statistical significance was determined using the
unpaired t test or one-way ANOVA corrected for multiple
comparisons as appropriate. All calculations were performed using
the Prism 3.0 software program for Windows (GraphPad
Software). All mean data shown are expressed as means * SEM.

Results

Survival in WT, TLR4"*9, TLRO ™/~ and TLR4"/TLR9 ™/~
double mutant mice after K. pneumoniae administration

We and others have previously shown that both TLR4 and
TLRY9 play a critical role in host defense during Alebsiella
pneumonia [5,8,14]. While the role of individual TLRs has been
studied, the relative contribution and potential interactions
between TLRs is unknown. For that reason, we administered A.
pneumoniae 8x10° CFU it. to WT, TLR4™¢ TLR9™/~ and
TLR4"9/TLR9™’~ double mutant mice, then assessed survival
out to 10 days. As shown in Figure 1, TLR9™/~ mutant mice died
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more quickly and had reduced long term survival, as compared to
WT mice (45% vs 85%, p<0.05). More impressively, all TLR4P<4
single mutant and TLR4™/TLR9 ™"~ double mutant mice died,
with mortality observed as early as 48 hrs post Klebsiella
administration and no animals surviving past 3 days.

Bacterial clearance in WT, TLR4'P*9 TLR9 ™/~ and TLR4'P*9/
TLR9 /™ double mutant mice after K. pneumoniae
administration

Having observed decreased survival in single and double
mutants challenged with 1.t. Klebsiella, we next explored the
mechanism accounting for reduced survival. WT, TLR4*,
TLR9™/~ and TLR4"/TLR9™’~ double mutant mice were
challenged with 5x10% CFU i.t. K. pneumoniae i.t., then lungs and
blood harvested 6, 24 or 48 hours later. At 24 hours, we found
that both TLR4"™% and TLR9™’~ mice challenged with K
pneumoniae i.t. displayed evidence of impaired lung bacterial
clearance, as compared to WT mice [90 and 65 fold increase in
CFU over WT, respectively, (Figure 2A, p<<0.05)]. Double mutant
(TLR4"Y/TLR9™/") mice had an even greater defect in lung
bacterial clearance, as compared to single mutant animals
(p<<0.05), with a 300-fold increase in CFU as compared to
infected W'T animals. No bacteremia was observed in any group
by 6 hrs post bacterial challenge. However, by 24 hrs bacteremia
was observed in all mutant mice, with blood CFU greatest in
TLR4"" single mutant and TLR4*"*%/TLR9™’" double mice.
By 48 hrs (Figure 2B), all mutant mice (TLR9™/~, TLR4"*,
TLR4"Y/TLR9 /") had statistically higher lung bacterial
burden as compared to the WT mice, (53, 309, and 560 fold
increase in CFU over W'T mice, respectively, p<0.05). Mutant
mice also had higher bacterial counts in blood, with the TLR4P*
and TLR4"/TLR9 ™"~ double mutant mice having the highest
bacteremic burden (704-fold and 523-fold, respectively, as
compared to the WT mice). The TLR9 ™/~ also had statistically
higher blood CFU (44-fold increase, as compared to the WT

mice).

Lung inflammatory cell influx in WT, TLR4'™s9 TLR9 '~
and TLR4"P*9/TLR9 ™/~ double mutant mice after K.
pneumoniae administration

To assess the role of TLRs in lung leukocyte influx, we

quantitated inflammatory cells in the lung digests of WT,
TLR4P4 TLR9™/~ and TLR4™9/TLR9™’~ double mutant

- WT

- TLR4'wsd
= TLR9™"

-¥- TLR4Psd/g--

Figure 1. Survival after i.t. Klebsiella challenge in WT, TLR4'*9, TLR9™'~, and TLR4'P>"9/TLR9 ™/~ mice. n=12 in each group. *p<0.01 as
compared to WT mice. #p<0.01 as compared to TLR9™/~ mice. Combined from 2 separate experiments.

doi:10.1371/journal.pone.0009896.9001
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Figure 2. Lung and blood CFU from WT, TLR4'P*9, TLR9™/~, and TLR4'P*9/TLR9™/~ mice 24 hrs and 48 hrs post i.t. Klebsiella
challenge. Mice were given 5x10? CFU Klebsiella i.t., lungs and blood harvested at designated time points and CFU assessed. Panel A shows lung
and blood CFU at 24 hrs and panel B is lung and blood CFU at 48 hrs post i.t. Klebsiella challenge. CFU are expressed in mean log;o = SEM. n=6-38,
* p<<0.05 as compared to WT mice, # p<0.01 as compared to single mutants, $<<0.05 as compared to TLR9™/~ mice.

doi:10.1371/journal.pone.0009896.g002

mice at 6 and 24 hrs after i.t. A pnewmoniae administration. Bacterial
challenge resulted in an early increase in total lung leukocytes in
WT mice by 6 hrs, which was largely due to an increase in
polymorphonuclear leukocytes (PMN). As compared to WT
infected animals, TLR4"™ 9 and TLR4™/TLR9™/" mice dis-
played significantly lower numbers of lung PMN at this time point
(Table 1). By comparison, numbers of total leukocytes and PMN in
infected TLR9™/™ mice did not significantly differ from similarly
treated WT animals. By 24 hrs post &. pneumoniae administration, no
differences in total leukocytes or PMN were observed in any of the
groups examined. Additionally, no differences in numbers of lung
monocyte/macrophages, CD4+ or CD8+ T cells was observed at 6
or 24 hrsin the four groups examined (Table 1 and data not shown).

Lung cytokine production in WT, TLR4"4, TLR9™/~ and
TLR4"*9/TLR9 ™/~ double mutant mice after
K. pneumoniae administration

Tumor necrosis factor-alpha (TNF-o), chemokines, type 1
cytokines (IL-12, IFN-y), and the Th17 cytokine IL-17 have been
shown to be critically important cytokine mediators of innate
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antibacterial host responses in the lung [15]. To determine
whether impaired localized expression of these cytokines could
contribute to the increased bacterial burden observed in TLR
single and double mutant mice, levels of TNF-o, KC/CXCLI,
MIP-2/CXCL2, IL-12 p70, IFN-y, and IL-17 were quantitated in
lung homogenates by ELISA at 6 and 24 hrs post K. preumoniae
administration. As shown in Figure 3, bacterial administration to
WT mice resulted in a rapid increase in the expression of all six
cytokines by 6 hrs, with declining levels of TNF-o,, IL-12 and IFN-
v at 24 hrs, while the expression of KC/CXCL1, MIP-2/CXCL2
and IL-17 continued to increase out to 24 hrs. The production of
TNF-oo was reduced in all mutant mice at 6 and 24 hrs. By
comparison, the levels of IL-12 were decreased at both 6 and
24 hrs in TLR4"™ TLR4"9/TLR9™/" mice, whereas late but
not early IL-12 production was reduced in mice deficient in
TLRY9. KC/CXCL1 and MIP-2/CXCL2 production were
reduced in both infected TLR4™ and TLR4"4/TLR9 ™~
mice, but not significantly affected in mice deficient in TLRO,
compared to WT animals. IFN-y production was significantly
decreased in TLR9™/~ and TLR4™‘/TLR9™"" mice, but well
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Table 1. Cell recruitment after i.t. Klebsiella challenge in WT and mutant mice.

Cell count WT/Un WT/kp TLR4 "**9/kp TLR9 '~ /kp TLR4 P99/~ /kp
Total cells 1.2+0.2x106 24.6+2.2x106 242+1.3x106 25.5+1.3x106 24.2+25x%x106

E PMN 0.4+0.73 x106 8.2+1.32x106 3.1+1.01x106" 8.9%1.1x106 3.5+0.4x106"

© Monocytes/Macrophages 0.8£0.4x106 15.2%£2.06 x106 21.2+2.06x106 17.7+2.03x106 21.5*+3.03x106
Total cells ND 32.3*+1.3x106 33.1+3.5%x106 31.2%3.3x106 33.3+4.4x106

é PMN ND 16.2+0.3x106 12.5*£0.2x106 14.81.04x106 14.8+£1.04x106

° Monocytes/Macrophages ND 16.12.03 %106 20.2+2.34%106 16.61.15x106 19.5£1.05%x106

mice. n=5 in each group. Un= untreated, ND= not done.
doi:10.1371/journal.pone.0009896.t001

maintained in TLR4 single mutant mice. As compared to infected
WT mice, the production of IL-17 was moderately reduced in
both TLR4™ % and TLR9™’~ mice (p<<0.05), and was nearly
completely extinguished in the lungs of TLR4'™4/TLR9™’~
double mutant mice.

IL-17 expression by CD4+ T cells and vd T cells in WT,
TLR4"P*9, TLR9 ™'~ and TLR4"**“/TLR9™/~ double mutant
mice after K. pneumoniae administration

To determine which cells were responsible for reduced IL-17
production in mutant mice during bacterial pneumonia, we
performed flow cytometry to quantitated the number and % of
CD4+ T cells and y8 T cells expressing intracellular IL-17 in WT,
TLR4™ TLR9™/~ and TLR4™/TLR9™/~ double mutant
mice 24 hours post 1.t. Klebsiella challenge. We focused on CD4+ T
cells and v T cells, as these cells are believed to be the major
cellular sources of IL-17 during lung bacterial infection [13,16]. As
shown in Figure 4, the % of CD4+ T cells expressing I1L-17 was
low in the uninfected state (<1%). In W'T mice, there was a >10-
fold increase in both the percentage and total number of cells co-
expressing CD4 and IL-17. As compared to WT infected animals,
the total number of CD4+/IL-17+ cells was decreased in infected
TLR4™9 TLR9™/~ and TLR4"“/TLR9™’~ double mutant
mice by 51, 56, and 68% respectively. The percentage of 8 T
cells expressing IL-17 in WT infected mice was considerably
higher than the percentage of CD4+ T cells. Similar to CD4+ T
cells, the % and total number of IL-17+ y3 T cells was reduced in
TLR4"™ 9 TLR9™/~ and most notably TLR4P%/TLR9™"~
double mutant mice. (26, 24 and 21%, respectively). These
findings indicate that both TLR4 and TLR9 contribute to IL-17
production from CD4+ T cells and y3T cells during bacterial

pheumonia.

IL-23 production in-vivo and from bone marrow derived
dendritic cells (BMDC) isolated from WT and TLR mutant
mice in-vitro in response to K. pneumoniae

The previous studies demonstrate reduced expression of IL-17
from TLR single and double mutant mice. As IL-23 is a strong
endogenous inducer of IL-17 [13,17], we next assessed the A
pneumoniae-induced expression of IL-23 in WT and mutant mice
in-vivo and from BMDC in-vitro. As shown in Figure 5A, whole
lung levels of 1L-23 peaked in W'T' mice at 6 hrs post bacterial
administration, returning toward baseline by 24 hrs. Maximum
IL-23 production was significanly diminished in TLR4" and
TLR9 ™/~ single mutant mice, and nearly completely mitigated in
infected TLR4'™“/TLR9 ™/~ double mutant mice. To determine
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Leukocytes were harvested from lung 6 and 24 hrs post Klebsiella administration by collagenase lung digest, and cytospins performed. *p<<0.05 as compared to WT

if reduced IL-23 responses were attributable to impaired
production of IL-23 by DC, we isolated BMDC from W', single,
and double mutant mice, incubated cells (5x10°/ml) with vehicle
or heat killed K. pneumoniae (10:1 MOI), then assessed for 11.-23
secretion 16 hrs later. As compared to vehicle-exposed control
cells, incubation with bacteria resulted in a 27-fold increase in IL-
23 levels (Figure 5B). Importantly, production of IL-23 by A
preumoniae-exposed BMDC isolated from TLR4™® or TLR9 ™/~
mice was reduced by 31 and 48%, as compared to WT DC
(p =0.08 and <0.01, respectively). Moreover, IL-23 production by
BMDC isolated from TLR4"™/TLR9™"" double mutant mice
was dramatically reduced, as compared to BMDC from WT and
single mutant animals (p<<0.05 for all groups).
Ex-vivo lung macrophage phenotype in WT, TLR4'P*¢,
TLR9 ™/~ and TLR4"™*“/TLR9 /"~ double mutant mice after
K. pneumoniae administration

We next assessed the activational status of lung macrophages
isolated from WT and mutant mice 24 hrs after intrapulmonary
bacterial challenge. The state of macrophage activation was
determined by mRINA expression of iNOS as a marker of classical
activation (M1) and Fizz-1 as a marker of alternative activation
(M2). Alveolar macrophages were isolated from BAL ex-vivo by
adherence purification, then constitutive expression of iNOS
(NOS2) and Fizz-1 assessed by realtime quantitative PCR. As
shown in Figure 6, Alebsiella infection in WT mice resulted in a
marked upregulation of iINOS mRNA expression in lung
macrophages (37-fold increase over uninfected controls). The
expression of iINOS was partially reduced in lung macrophages
from infected TLR#4 single mutant mice, whereas the induction of
iNOS was nearly completely mitigated in lung macrophages from
TLR9 ™'~ and TLR4"™9/TLR9 ™'~ mice. Interestingly, induc-
tion of Fizz-1 was detected only in alveolar macrophages isolated
from infected TLR4"*/TLR9™"~ double mutant mice.

Intrapulmonary administration of IL-17 improves lung
and systemic bacterial clearance in TLR4P¢/TLR9 ™/~
double mutant mice after K. pneumoniae challenge

To determine if the defect in IL-17 production contributed to
impaired host defense against K. preumoniae in the TLR4P<4/TLR9 ™/
~ double mutant mice, we performed rescue experiments using
recombinant murine IL.-17 administered it. immediately after i.t.
Kiebsiella challenge. Wildtype and TLR4™4/TLR9™/™ mice were
administered 8x10% CFU Klebstella followed sequentially by i.t. rm
IL-17A (1 pg) or vehicle, then blood and lungs harvested 24 hrs later.
As compared to WT animals, vehicle-treated TLR4™/TLR9 ™/~
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Figure 3. Cytokine production in whole lung after i.t. bacterial challenge. WT, TLR4P*%, TLR9™/~, and TLR4P*%/TLR9™/~ mice were
challenged with 5x10% CFU Klebsiella, then lungs harvested 6 hrs and 24 hrs post bacterial challenge. Cytokine levels were measured by ELISA. n=5
in each group. *p<<0.01 as compared to WT, # p<<0.01 as compared to single mutant mice.

doi:10.1371/journal.pone.0009896.g003

mice displayed a significantly higher burden of K. pneumoniae in lung
tissue and increased systemic dissemination, as measured by blood
CFU (Figure 7A). Treatment with IL-17 in WT mice resulted in a 21-
fold reduction in lung KA. preumoniae CFU. None of the WT mice
developed bacteremia. However, treatment of TLR4™/TLR9 ™/~
mice with IL-17 resulted in a more substantial 156- and 215-fold
reduction of K. pneumoniae CFU in lung and blood, respectively
(p<<0.01 for lung and p<<0.001 for blood). Interleukin-17 has been
shown to induce neutrophil active CXC chemokines from lung
macrophages in pneumonia [15,18]. Interestingly, the i.t. adminis-
tration of IL-17 resulted in a 2- and 2.2-fold induction of KC/
CXCLI and MIP-2/CXCL2 in infected TLR4™/TLR9 ™"~ mice
(Figure 7B, p<<0.05 and p =0.08, respectively), although treatment
with IL-17 failed to restore lung chemokines levels to that observed in
infected WT' animals.

@ PLoS ONE | www.plosone.org

Discussion

Toll like receptors are responsible for innate recognition of
microbes. Previous studies have identified several TLRs,
including TLR4, TLR5, and TLRY as active participants in
lung antibacterial immunity against extracellular Gram-nega-
tive bacterial pathogens [6,8,19]. While the contribution of
individual TLRs have been well described, the temporal
importance and potential interactions between TLRs during
bacterial infection has not been thoroughly investigated. Our
study indicates that TLR4 and TLR9 have both non-redundant
and complementary functions during the generation of
protective innate immunity. Moreover, we found that TLR4
and TLRY regulate lung IL-23 and IL-17 responses in
pneumonia.
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Figure 4. IL-17 expression by lung y6 and CD4+ T cells after i.t. K. pneumoniae administration. Flow cytometric analysis showing the
number and percentage of yd (A) and CD4+ T cells (B) with intracellular IL-17, 24 hours after i.t. K. pneumoniae challenge. n=4 in each group.

*p<<0.05 as compared to WT post i.t. K. pneumoniae.
doi:10.1371/journal.pone.0009896.9g004

Similar to previous reports, we observed impaired lung bacterial
clearance in mice with defective TLR4 or deletion of TLR9
[8,14,20]. However, the greatest defect in lung bacterial clearance
was observed in TLR4"™9/TLR9™/~ double mutant mice,
indicating that both TLR4 and TLRY are required for optimal
clearance. The early influx of PMN was markedly reduced in
Klebstella-infected TLR4™ mice, which may be due to impaired
production of the neutrophil active chemokines [21]. Moreover,
TLR4 appears to drive the early production of the type 1
promoting cytokine IL-12. By comparison, defects in later
production (24 hrs) of IL-12 and expression of the activating
cytokine IFN-y was observed in TLR9 deficient mice after
bacterial challenge, consistent with the notion the TLRY promotes
type 1 immunity during pneumonia. Importantly, both TLR4 and
TLRY contribute to the production of TNF-o, IL-23 and IL-17,
and maximal expression of IL-17 responses appears to require
both of these TLRs.

Alterations in the lung cytokine milieu are a probable cause for
differential activation of pulmonary macrophages in mutant mice

@ PLoS ONE | www.plosone.org

during pneumonia. Impaired classical activation of macrophages
(as manifest by constitutive ex-vivo expression of iINOS) was
observed in cells from all mutant mouse strains post infection, but
most prominent in macrophages with defective TLR9 signaling
(either TLR9™/~ or TLR4™9/TLR9™/" cells). This is consistent
with our previous finding of impaired expression of iINOS and
nitric oxide by lung macrophages from Alebsiella-challenged
TLR9™’~ mice, which was associated with reduced intracellular
bacterial killing but not phagocytic responses. IFN-y is a key driver
of classical macrophage activation [22], and the substantial
impairment in the production of this cytokine in TLR9 single or
double mutant mice corresponds with reduced iNOS expression.
Interestingly, the expression of Fizz-1 as a marker of alternative
activation or M2 phenotype [23,24] was found only in
macrophages from double mutant mice, suggesting that both
TLR4 and TLR9 are required to prevent alternative macrophage
activation during infection.

Differences in the expression of various cytokines in the TLR
mutant mice may be accounted for by cell-specific expression of

March 2010 | Volume 5 | Issue 3 | e9896
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Figure 5. Expression of IL-23 in WT and mutant mice in-vivo and in-vitro. (A) Whole lung IL-23 production after i.t. K. pneumonia
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pneumoniae for 18 hrs. n=5 in each group. *p<<0.01 as compared to WT BMDC; #p<0.05 as compared to single mutants.

doi:10.1371/journal.pone.0009896.g005

these TLRs. For example, lung macrophages express TLR4 but
minimal TLRY [25], which may contribute to early production of
TNTF-o and chemokines. Similarly, structural cells, including the
alveolar epithelium, express chemokines in response to both
PAMPs and host-derived cytokines elaborated by pulmonary
macrophages [26,27,28,29]. By comparison, TLR9 expressing
dendritic cells elaborate type 1 promoting cytokines that drive the
production of IFN-y from NK cells and T cells [8,30]. Our flow
cytometry studies indicate that y8-T cells, and to a lesser extent
CD4+ Thl7 cells, are important sources of IL-17 during bacterial
pneumonia. Moreover, the production of IL-17 by these cells is

@ PLoS ONE | www.plosone.org

regulated by both TLR4 and TLR9. We cannot exclude direct
TLR stimulation of 8 T cells by microbial products, as these cells
have been shown to respond in a TLR4 dependent fashion
[15,31,32,33]. However, our data indicates that impaired IL-17
production in TLR4 and TLR9 mutant mice may be attributable
to reduced IL-23 expression by DC and possibly other proximal
cells, as I1.-23 is known to be a major paracrine inducer of IL-17 in
bacterial pneumonia [13,15,16] and we observed substantial
defects in lung IL-23 production from TLR4/9 double mutant
mice compared to infected WT animals. Impairment in the
elaboration of IL-17 in double mutant mice clearly contributes to

March 2010 | Volume 5 | Issue 3 | e9896
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Figure 6. Expression of iNOS and FIZZ by alveolar macrophages. WT, TLR4'**®, TLR9™/~, and TLR4'"P*4/TLR9™/~ mice were challenged with
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expression measured by RT-PCR. n=5 in each group. *p<<0.01 as compared to WT, +<0.05 as compared to TLRO ™/~ mice.

doi:10.1371/journal.pone.0009896.9006

altered host immunity, as treatment with IL-17 largely restored
bacterial clearance mechanisms in TLR4"™“/TLR9™/~
While treatment with IL-17 resulted in some reconstitution of
CXC chemokine production, it is likely that full restoration of
chemokines was not achieved due to diminished TNF-o
expression, which has been shown to be required for optimal IL-
17 mediated induction of selected CXC chemokines [18].
Survival studies performed indicate that mortality in TLR4P*
single mutant and TLR4'*/TLR9™’" double mutant mice was
similar, despite more dramatic impairment in lung bacterial
clearance in the double mutant mice as compared the TLR4P*
single mutant mice. This suggests that mortality in this model is
not completely dependent on efficacy of lung bacterial clearance.
One distinct possibility accounting for differences in mortality is
divergent roles of TLRs in regulating the magnitude lung injury.
To this end, we have found that TLR4™% and TLR9™’~ mice

mice.

@ PLoS ONE | www.plosone.org

display quite different patterns of lung injury in response to A.
preumoniae  challenge, as TLR4™" mice develop substantial
alveolar leak (as measured by BAL albumin levels) as compared
to infected WT animals, whereas TLR9 ™/~ mice tended to be
protected against lung injury as compared to WT mice (data not
shown). Our finding of enhanced lung injury in TLR4™** mice is
consistent with the finding of increased lung injury in TLR4
deficient mice in response to intrapulmonary bleomycin admin-
istration or hyperoxic exposure [34,35]. The role of TLRY in
regulating lung injury responses has not been reported but is a
focus of ongoing investigations in our laboratory. Increased lung
injury in TLR4'™ single mutant mice may also account for
increased systemic dissemination in these animals relative to lung
bacterial burden.

Collectively our study shows for the first time that TLR4 and
TLRY have distinct time-dependent and interactive functions
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Figure 7. Bacterial clearance (A) and, lung expression of chemokines (B), in Klebsiella-infected WT and TLR4'P*4/TLR9™/~ mice post

i.t. IL-17 treatment. WT or TLR4™*YTLR9 ™/~

mice were challenged with 8x10? CFU K. pneumoniae followed immediately by intratracheal

administration of 1 pug rm IL-17A or vehicle. (A) Blood and lungs were collected at 24 hours post challenge and CFU quantitated. (B) Whole lung KC/
CXCL1 and MIP-2/CXCL2 levels in WT and TLR4PS9/TLRO™/~ mice 24 hours post treatment with K. pneumoniae. n=3-5 per group. *p<0.01 and
1<<0.001.

doi:10.1371/journal.pone.0009896.g007

during the development of protective innate antibacterial
immunity in the lung. Modulation of TLR-mediated responses
may represent an important target of therapy in patients with
severe bacterial infection of the respiratory tract.

References

1.

o

6.

Yinnon AM, Butnaru A, Raveh D, Jerassy Z, Rudensky B (1996) Klebsiclla
bacteraemia: community versus nosocomial infection. QJM 89: 933-941.
Gikas A, Samonis G, Christidou A, Papadakis J, Kofteridis D, et al. (1998)
Gram-negative bacteremia in non-neutropenic patients: a 3-year review.
Infection 26: 155-159.

. Paterson DL, Ko WC, Von Gottberg A, Mohapatra S, Cascllas JM, et al. (2004)

International prospective study of Klebsiella pneumoniae bacteremia: implica-
tions of extended-spectrum beta-lactamase production in nosocomial Infections.
Ann Intern Med 140: 26-32.

. Akira S, Uematsu S, Takeuchi O (2006) Pathogen recognition and innate

immunity. Cell 124: 783-801.

Schurr JR, Young E, Byrne P, Steele C, Shellito JE, et al. (2005) Central role of
toll-like receptor 4 signaling and host defense in experimental pneumonia caused
by Gram-negative bacteria. Infect Immun 73: 532-545.

Wang X, Moser C, Louboutin JP, Lysenko ES, Weiner D]J, et al. (2002) Toll-like
receptor 4 mediates innate immune responses to Haemophilus influenzae
infection in mouse lung. J Immunol 168: 810-815.

@ PLoS ONE | www.plosone.org

10

Author Contributions

Conceived and designed the experiments: UB TS. Performed the
experiments: UB MNB XZ MJN MDC. Analyzed the data: UB XZ
MJN. Wrote the paper: UB TS.

10.

. Jeyaseelan S, Manzer R, Young SK, Yamamoto M, Akira S, et al. (2005) Toll-

IL-1 receptor domain-containing adaptor protein is critical for early lung
immune responses against Escherichia coli lipopolysaccharide and viable
Escherichia coli. ] Immunol 175: 7484-7495.

. Bhan U, Lukacs NW, Osterholzer JJ, Newstead MW, Zeng X, et al. (2007)

TLRY is required for protective innate immunity in Gram-negative
bacterial pneumonia: role of dendritic cells. J Immunol 179: 3937-
3946.

Sjolinder H, Mogensen TH, Kilian M, Jonsson AB, Paludan SR (2008)
Important role for Toll-like receptor 9 in host defense against meningococcal
sepsis. Infect Immun 76: 5421-5428.

Skerrett SJ, Wilson CB, Liggitt HD, Hajjar AM (2007) Redundant Toll-like
receptor signaling in the pulmonary host response to Pseudomonas aeruginosa.
Am J Physiol Lung Cell Mol Physiol 292: L312-322.

Ramphal R, Balloy V, Huerre M, Si-Tahar M, Chignard M (2005) TLRs 2 and
4 are not involved in hypersusceptibility to acute Pseudomonas aeruginosa lung
infections. J Immunol 175: 3927-3934.

March 2010 | Volume 5 | Issue 3 | e9896



20.

21.

22.

23.

. Deng JC, Moore TA, Newstead MW, Zeng X, Krieg AM, et al. (2004) CpG

oligodeoxynucleotides stimulate protective innate immunity against pulmonary
Klebsiella infection. J Immunol 173: 5148-5155.

. Happel KI, Zheng M, Young E, Quinton LJ, Lockhart E, et al. (2003) Cutting

edge: roles of Toll-like receptor 4 and IL-23 in IL-17 expression in response to
Klebsiella pneumoniae infection. J Immunol 170: 4432-4436.

. Jeyaseelan S, Young SK, Yamamoto M, Arndt PG, Akira S, et al. (2006) Toll/
IL-1R domain-containing adaptor protein (TIRAP) is a critical mediator of

antibacterial defense in the lung against Klebsiella pneumoniae but not
Pseudomonas aeruginosa. J Immunol 177: 538-547.

. Ye P, Garvey PB, Zhang P, Nelson S, Bagby G, et al. (2001) Interleukin-17 and

lung host defense against Klebsiella pneumoniae infection. Am J Respir Cell Mol
Biol 25: 335-340.

. Roark CL, Simonian PL, Fontenot AP, Born WK, O’Brien RL (2008)

gammadelta T cells: an important source of IL-17. Curr Opin Immunol 20:
353-357.

. Happel KI, Dubin PJ, Zheng M, Ghilardi N, Lockhart C, et al. (2005) Divergent

roles of IL-23 and IL-12 in host defense against Klebsiella pneumoniae. J Exp
Med 202: 761-769.

. Hartupee J, Liu C, Novotny M, Li X, Hamilton T (2007) IL-17 enhances

chemokine gene expression through mRNA stabilization. J Immunol 179:

4135-4141.

. Uematsu S, Jang MH, Chevrier N, Guo Z, Kumagai Y, et al. (2006) Detection

of pathogenic intestinal bacteria by Toll-like receptor 5 on intestinal CD11c+
lamina propria cells. Nat Immunol 7: 868-874.

Branger J, Knapp S, Weijer S, Leemans JC, Pater JM, et al. (2004) Role of Toll-
like receptor 4 in gram-positive and gram-negative pneumonia in mice. Infect
Immun 72: 788-794.

Minegishi Y, Saito M, Nagasawa M, Takada H, Hara T, et al. (2009) Molecular
explanation for the contradiction between systemic Th17 defect and localized
bacterial infection in hyper-IgE syndrome. J Exp Med 206: 1291-1301.
Classen A, Lloberas J, Celada A (2009) Macrophage activation: classical versus
alternative. Methods Mol Biol 531: 29-43.

Gordon DJ, Meredith SC (2003) Probing the role of backbone hydrogen
bonding in beta-amyloid fibrils with inhibitor peptides containing ester bonds at
alternate positions. Biochemistry 42: 475-485.

@ PLoS ONE | www.plosone.org

1

26.

28.

29.

30.

31.

32.

Toll Receptors in Pneumonia

. Ma J, Chen T, Mandelin J, Ceponis A, Miller NE, et al. (2003) Regulation of

macrophage activation. Cell Mol Life Sci 60: 2334-2346.

Suzuki K, Suda T, Naito T, Ide K, Chida K, et al. (2005) Impaired toll-like
receptor 9 expression in alveolar macrophages with no sensitivity to CpG DNA.
Am J Respir Crit Care Med 171: 707-713.

Kannan S, Huang H, Seceger D, Audet A, Chen Y, et al. (2009) Alveolar
epithelial type II cells activate alveolar macrophages and mitigate P. Aeruginosa

infection. PLoS One 4: e4891.

. Zhou M, Wan HY, Huang SG, Li B, Li M (2008) [Expression of toll-like

receptor 4 in human alveolar epithelial cells and its role in cellular
inflammation]. Zhonghua Yi Xue Za Zhi 88: 2112-2116.

Heiman AS, Abonyo BO, Darling-Reed SF, Alexander MS (2005) Cytokine-
stimulated human lung alveolar epithelial cells release eotaxin-2 (CCL24) and
eotaxin-3 (CCL26). J Interferon Cytokine Res 25: 82-91.

Day C, Patel R, Guillen C, Wardlaw AJ (2009) The chemokine CXCLI16 is
highly and constitutively expressed by human bronchial epithelial cells. Exp
Lung Res 35: 272-283.

Elkins KL, Colombini SM, Krieg AM, De Pascalis R (2009) NK cells activated
in vivo by bacterial DNA control the intracellular growth of Francisella
tularensis LVS. Microbes Infect 11: 49-56.

Roses RE, Xu S, Xu M, Koldovsky U, Koski G, et al. (2008) Differential
production of IL-23 and IL-12 by myeloid-derived dendritic cells in response to
TLR agonists. J Immunol 181: 5120-5127.

Ito T, Schaller M, Hogaboam CM, Standiford TJ, Sandor M, et al. (2009)
TLRY regulates the mycobacteria-elicited pulmonary granulomatous immune
response in mice through DC-derived Notch ligand delta-like 4. J Clin Invest
119: 33-46.

. Lockhart E, Green AM, Flynn JL (2006) IL-17 production is dominated by

gammadelta T cells rather than CD4 T cells during Mycobacterium tuberculosis
infection. J Immunol 177: 4662-4669.

. Jiang D, Liang J, Fan J, Yu S, Chen S, et al. (2005) Regulation of lung injury and

repair by Toll-like receptors and hyaluronan. Nat Med 11: 1173-1179.

. Zhang X, Shan P, Qureshi S, Homer R, Medzhitov R, et al. (2005) Cutting

edge: TLR4 deficiency confers susceptibility to lethal oxidant lung injury.
J Immunol 175: 4834-4838.

March 2010 | Volume 5 | Issue 3 | e9896



