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Pseudomonas aeruginosa causes hospital-acquired pneumonia and is associated with high mortality. An effective response to
such an infection includes efficient clearance of pathogenic organisms while limiting collateral damage from the host inflamma-
tory response, known as host resistance and host tolerance, respectively. P. aeruginosa expresses a type III secretion system
(T3SS) needle complex that induces NLRC4 (NOD-like receptor C4) activation, interleukin-1 (IL-1B) production, and host
tissue damage. Chitinase 3-like-1 (Chill) is expressed during infection and binds to its receptor, IL-13 receptor a2 (IL-13Ra2), to
regulate the pathogen-host response during Streptococcus pneumoniae infection, but the role Chill plays in balancing the host
resistance and host tolerance during P. aeruginosa pneumonia is not known. We conducted experiments using C57BL/6 mice
with or without a genetic deficiency of Chill and demonstrated that Chill-deficient mice succumb to P. aeruginosa infection
more rapidly than the wild type (WT). The decreased survival time in infected Chill-deficient mice is associated with more neu-
trophils recruited to the airways, more lung parenchymal damage, and increased pulmonary consolidation while maintaining
equivalent bacterial killing compared to WT mice. Infected Chill-deficient mice and bone marrow-derived macrophages (BM-
DMs) from Chill-deficient mice have increased production of tumor necrosis factor alpha (TNF-a) and IL-1f3 compared to in-
fected WT mice and macrophages. Infection of Chill-deficient BMDMs with non-NLRC4-triggering P. aeruginosa, which is defi-
cient in the T3SS needle complex, did not alter the excessive IL-1f3 production compared to BMDMs from WT mice. The
addition of recombinant Chill decreases the excessive IL-1f3 production but only partially rescues stimulated BMDMs from IL-
13Ra2-deficient mice. Our data provide mechanistic insights into how Chill regulates P. aeruginosa-induced host responses.

H ospital-acquired pneumonia is a common cause of hospital-
associated death and morbidity (1, 2). Pseudomonas aerugi-
nosa causes both acute and chronic respiratory infections. P.
aeruginosa is a common cause of opportunistic infection in hos-
pitalized patients and is known to chronically colonize patients
with structural lung diseases, such as cystic fibrosis, bronchiecta-
sis, and chronic obstructive pulmonary disease (COPD), as op-
posed to nonstructural lung diseases, such as pulmonary edema,
chronic thrombotic disease, or atelectasis (3, 4). Acute lower
respiratory tract infections caused by P. aeruginosa can lead to
severe complications, such as acute respiratory distress syndrome
(ARDS) and sepsis (5, 6). The clinical outcomes associated with P.
aeruginosa pneumonia are the product of the immune system’s
ability to recognize and clear pathogenic organisms, known as
host resistance (7-9). Recent investigations have led to a better
appreciation that the pathogen-mediated immune response also
causes collateral damage to host tissues independently of the bac-
terial burden, which also can contribute to the overall clinical
outcome during infection (10-12). The concept of preventing un-
necessary damage and promoting repair to host tissues during
infection is known as host tolerance, disease tolerance for infec-
tion, or tissue resilience (13, 14). Some of the means by which the
host induces tolerance are mechanisms that prevent damage to
host tissues, promote the repair of host tissue when damage oc-
curs, and limit excessive energy utilization through mechanisms
that prevent overexuberant microbially induced immune re-
sponses (10, 11). An imbalance between host resistance and host
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tolerance can lead to poor patient outcomes, such as the develop-
ment of the above-mentioned ARDS or sepsis.

Pseudomonas expresses various pathogen-associated molecu-
lar patterns that are recognized by the germ line-encoded pattern
recognition receptors, such as Toll-like receptors (TLRs) and
NOD-like receptors (NLRs). Two well-characterized bacterial
surface virulence factors are the TLR4 agonist lipopolysaccharide
(LPS) and the TLR5 agonist polar flagellin. P. aeruginosa also pos-
sesses a functional type IIT secretion system (T3SS) that injects
bacterium-derived proteins into host cells to promote bacterial
survival and evasion of the immune system (9). The P. aeruginosa
T3SS apparatus is composed of a needle-like complex that pene-
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trates the host tissue cell membrane to insert T3SS-derived pro-
teins. Additionally, the needle complex induces NOD-like recep-
tor C4 (NLRC4) inflammasome activation (15, 16). Two of the
T3SS-derived proteins are ExoU and ExoT (17). ExoT is an ADP
ribosyltransferase that alters the cellular cytoskeletal arrangement
and membrane disruption (18). The T3SS-derived protein ExoU
is a phospholipase A2 that inhibits NLRC4 activation (19). To-
gether, TLR activation leads to tumor necrosis factor alpha (TNF-
a), pro-interleukin-1@ (IL-1B), and pro-IL-18 production, while
the type III secretion system induces inflammasome activation
and subsequent cleavage of pro-IL-1f3 to active IL-13. These stim-
uli culminate in neutrophil recruitment to the lungs and airways,
which promotes bacterial clearance (8).

Chitinase 3-like-1 (Chill [formerly Chi3l1]) is a member of the
18-glycosyl hydrolase protein family that possesses the ability to
bind its natural substrate, chitin, but does not possess catalytic
activity (20). Chill is also known as BRP-39 in mouse and YKL-40
in humans. Chill is a secreted protein and is known to be ex-
pressed by both bone marrow-derived macrophages (BMDMs)
and stromal cells (20, 21). The protein is also expressed in healthy
volunteers into whom Escherichia coli endotoxin is injected; in the
sera of patients with pneumococcal pneumonia; and in patients
with COPD, asthma, cancer, arthritis, and lung fibrosis (20, 22—
25). Chill was recently reported to signal through the cell surface
receptor IL-13 receptor a2 (IL-13Ra2) (26). Chill binding to IL-
13Ra2 induces the formation of a multiprotein complex that sup-
ports downstream cell survival pathways (26). Our laboratory has
demonstrated that Chill promotes bacterial resistance and host
tolerance during pneumococcal pneumonia; however, the roles
that Chill plays in pneumonia caused by Gram-negative bacteria,
such as P. aeruginosa pneumonia, are not known (26, 27). We
asked whether Chill plays a role in bacterial resistance and host
tolerance during P. aeruginosa pneumonia. We hypothesized that
P. aeruginosa infection in the genetic absence of Chill would lead
to lower host resistance (as defined by a decreased bacterial bur-
den) and host tolerance (as defined by less host tissue damage and
fewer inflammatory cells recruited to the site of infection) than
infection in wild-type (WT) mice through the ability of Chill to
promote macrophage survival and cytokine modulation.

MATERIALS AND METHODS

Mice. The Yale Animal Use and Care Committee approved all the animal
protocols. Chill-deficient mice on a C57BL/6 background were previ-
ously generated (21, 28). IL-13Ra2-deficient mice were purchased from
Jackson Laboratory and backcrossed onto a C57BL/6 background
(26, 27).

Bacteria. PA103 (a WT P. aeruginosa strain that expresses a functional
type III secretion system but does not possess a polar flagellum), PA103
DUT (PA103 with genetic absence of ExoU and ExoT), and PA103-PSCI
(PA103 with genetic absence of the T3SS needle complex) stocks were
stored at —80°C in 15% glycerol. The bacteria were cultured overnight in
Luria-Bertani medium at 37°C in a rotator at 250 rpm. The bacteria were
subcultured in Luria-Bertani medium at 37°C in a rotator at 250 rpm the
next morning for approximately 1.5 h at 1:5, 1:10, and 1:20 dilutions. The
bacterial count was estimated from the optical density at 600 nm (ODy,),
and the bacteria were diluted to final CFU concentrations as needed for
each experiment. Bacteria from the inoculum were serially diluted and
cultured on Vogel-Bonner medium agar to determine the final infectious
inoculum concentration.

Pneumonia model. Eight- to 12-week-old age- and sex-matched mice
were lightly sedated with ketamine-xylocaine via intraperitoneal injec-
tion. For each mouse, after adequate sedation, an incision was made over
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the trachea, and the soft tissue was cleared. Fifty microliters of phosphate-
buffered saline (PBS) (control) or PA103 in PBS was injected into the
trachea. Mice were euthanized at 4, 8, 12, 16, and 24 h after infection.
Bronchoalveolar lavage (BAL) was performed using 0.8 ml PBS in two
aliquots. A 10-pl aliquot of BAL fluid was serially diluted and plated on
Vogel-Bonner medium agar for determination of the BAL fluid bacterial
load. The BAL fluid was centrifuged at 10,000 X g for 10 min, and the
supernatant was collected and stored at —80°C until it was assayed. The
cell pellet was resuspended in 100 wl of PBS, and red blood cell (RBC)
counts were determined using a Beckman Coulter AcT 10. The RBCs were
lysed with RBC lysis buffer prior to white blood cell (WBC) counting by
hemocytometer. The BAL fluid WBCs were stained with Diff-Quik to
differentiate cell types. A minimum of 100 cells were counted for differ-
entials.

Bronchoalveolar lavage fluid Chill and cytokine analysis. The con-
centrations of Chill, TNF-q, and IL-18 were determined using commer-
cially available enzyme-linked immunosorbent assay (ELISA) kits (R&D
Systems) following the manufacturer’s protocols.

Real-time quantitative RT-PCR. After performing BAL, the whole
lung was collected and flash-frozen using liquid nitrogen. The whole lung
was stored at —80°C until RNA purification. The whole lung was homog-
enized in TRIzol (Life Technologies), and RNA was purified using RNeasy
(Qiagen) following the manufacturer’s protocol. The RNA concentration
was determined using Nanodrop. An iScript cDNA kit (Bio-Rad) was
used to make a cDNA library according to the manufacturer’s protocol.
Sequences for quantitative reverse transcription-PCR (RT-PCR) were
obtained using GenBank (http://pga.mgh.harvard.edu/primerbank).

Histopathology and immunofluorescence. After performing BAL,
the mouse lung was instilled with 0.5% low-melting-point agarose, fixed
with 10% paraformaldehyde, and then stored at 4°C overnight. The lung
was then cleared of any mediastinal tissue and stored in 70% ethanol.
Lung tissue was embedded, cut, and hematoxylin and eosin (H&E)
stained by the Yale Histopathology Department. Double immunofluores-
cence was performed using Gr-1 (BD Pharmingen), CD68 (eBioscience),
and terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick
end labeling (TUNEL) (Roche) to identify neutrophils, macrophages, and
cells undergoing cell death, respectively. Fluorescence was detected using
a Nikon Eclipse Ti microscope with a Lumencor filter.

In vitro experiments with bone marrow-derived macrophages.
Bone morrow cells were removed from the tibias and fibulas of WT mice
or Chill-deficient mice. The bone marrow cells were resuspended in 30 ml
of conditioning medium (RPMI with 20% L-929 cell [Sigma] condition-
ing medium and 1% penicillin-streptomycin [pen-strep]) and plated in 5
tissue culture dishes (Falcon). The cells were cultured for 7 days, with the
conditioning medium changed 3 days after the cells were harvested from
the bone marrow. After a total of 7 days of differentiating in conditioning
medium, the adherent cells were removed with a cell scraper (Falcon) and
washed three times with sterile PBS. The cells were counted using a Beck-
man Coulter AcT 10 and plated on a 24-well plate at 10° cells per well in
conditioning medium without antibiotics and rested overnight (~15 h).
For experiments requiring Pseudomonas infection, cells were primed with
LPS derived from Pseudomonas (Sigma L8643) for 2.5 h and then stimu-
lated with various strains of PA103 or PBS control, as indicated. For ex-
periments where recombinant mouse Chill (rmChill) was used, cells
were primed with rmChill and LPS for 2.5 h prior to exposure to P.
aeruginosa or PBS control.

Statistical analysis. Statistical analysis was performed using Graph-
Pad Prism software and Microsoft Excel. Normally distributed data were
expressed as means and standard errors of the mean (SEM) and were
assessed for significance using Student’s ¢ test or analysis of variance
(ANOVA), as appropriate. Data that were not normally distributed
were analyzed for significance using a Kruskal-Wallis test, followed by the
Mann-Whitney U test to compare individual groups. Statistical signifi-
cance was defined as a P value of <0.05.
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FIG 1 Infected mice expressing Chill have prolonged survival compared to
Chill-deficient mice. WT and Chill-deficient mice were infected with 107
CFU of PA103, and survival was monitored. The survival time of WT mice was
25 h postinfection, while the survival time of Chill-deficient mice was 14 h
postinfection. The data represent three independent experiments with 8 to 10
mice per group.

RESULTS

Chill expression prolongs survival during P. aeruginosa pneu-
monia. Chill expression is induced in the presence of various
infectious and noninfectious stimuli, including endotoxin and hy-
peroxia (22,27, 29). We first sought to determine if the expression
of Chill would impact survival during P. aeruginosa pneumonia.
WT and Chill-deficient mice were infected with a lethal dose (107

CFU) of PA103, and survival was monitored. The survival times of
infected WT mice were doubled compared to those of infected
Chill-deficient mice (Fig. 1). This suggests that Chill plays a role
in regulating host antibacterial responses affecting survival during
P. aeruginosa pneumonia.

P. aeruginosa-induced production of Chill limits inflamma-
tory cell recruitment to the lung. After determining that Chill
prolongs survival during P. aeruginosa pneumonia, we investi-
gated if Chill regulates host tolerance (as measured by inflamma-
tory response and host tissue injury) or host resistance (as mea-
sured by bacterial clearance). We determined that 10° CFU would
induce mortality in a significant fraction of the mice at 24 h
postinfection (data not shown). Therefore, 10> CFU was chosen
for the inoculum to investigate mechanisms of acute lung injury
using a nonlethal model.

First, we investigated the role that Chill plays in regulating P.
aeruginosa-induced inflammation. WT and Chill-deficient mice
were infected with 10° CFU of PA103, and BAL was performed at
various time points after infection. Infected Chill-deficient mice
had more total WBCs recovered from BAL fluid than infected WT
mice at 8 h, 12 h, and 16 h postinfection (Fig. 2A). Pseudomonas
infection is known to induce robust recruitment of neutrophils to
the lung during infection, which is essential for host survival; how-
ever, excessive neutrophil recruitment may play a role in decreas-
ing host tolerance through excessive inflammatory-mediator re-
lease (8, 30). Infection of both WT and Chill-deficient mice
induced rapid and sustained neutrophil recruitment; however,
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FIG 2 Chill expression is important in regulating neutrophil recruitment to the lung. WT and Chil1-deficient mice were infected with 10°> CFU of PA103, with
BAL fluid recovered at the times indicated. (A to D) Infected Chill-deficient mice had more total WBCs (A) and neutrophils (B) but statistically similar numbers
of macrophages (C) and lymphocytes (D) recruited in BAL fluid compared to infected WT mice. (E) BAL fluid was recovered, serially diluted, and then placed
on Vogel-Bonner minimal medium (VBM) plates to determine the bacterial load. BAL fluid bacterial loads were similar in WT and Chill-deficient mice
throughout the infection course. (F) Infected Chill-deficient mice had more pulmonary consolidation than infected WT mice. *, P < 0.05; **, P < 0.001; NS, not
significant. The data represent three independent experiments with 8 to 10 mice per group. The error bars indicate SEM.
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FIG 3 Infected Chill-expressing mice have less pulmonary injury and improved host health during PA103 infection. WT and Chill-deficient mice were
infected with 10° CFU of PA103. BAL fluid was collected, and temperature and weight loss were measured at the times indicated. (A and B) Infected
Chill-deficient mice had increased pulmonary injury, as assessed by BAL hemorrhage (A) and BAL fluid protein recovery (B). PA, P. aeruginosa. (C and
D) Infected Chill-deficient mice had more weight loss compared to their preinfection weight than infected WT mice (C), while temperature changes from
baseline were similar in the two groups (D). Cont, control. ¥, P < 0.05; NS, not significant. The data represent three independent experiments with 8 to 10 mice

per group. The error bars indicate SEM.

Chill-deficient mice recruited significantly more neutrophils
than WT mice at 8 h, 12 h, and 16 h postinfection (Fig. 2B).
Infected WT and Chill-deficient mice had similar numbers of
macrophages and lymphocytes recruited in BAL fluid (Fig. 2C
and D, respectively). The excessive neutrophil recruitment
seen in Chill-deficient mice was associated with increased pul-
monary consolidation and tissue edema as early as 8 h postin-
fection (Fig. 2F).

Chill-deficient mice maintain bacterial clearance during
Pseudomonas pneumonia. Neutrophils are prominent phago-
cytes during P. aeruginosa pneumonia. This is demonstrated by
increased mortality due to bacterial overgrowth in P. aeruginosa-
infected mice when neutrophils are depleted (8, 30, 31). In our
model, Chill-deficient mice recruited more neutrophils during P.
aeruginosa infection than WT mice (Fig. 2B). We determined if
host resistance is affected in the setting of recruitment of increased
numbers of phagocytic cells to the lung observed in infected
Chil1-deficient mice compared to infected WT mice. CFU recov-
ered by BAL were measured at various time points after infection.
Interestingly, infected WT and Chill-deficient mice had similar
bacterial loads throughout the infection course, suggesting no dif-
ferences in overall bacterial resistance (Fig. 2E). Together, these
data show that Chill expression promotes survival by promoting
host tolerance by limiting neutrophil recruitment while maintain-
ing adequate bacterial control despite lower phagocyte recruit-
ment in the WT animals.
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Chill limits pulmonary damage and promotes host health.
Mechanisms of host tolerance are beginning to be explored. One
mechanism by which the host induces tolerance for an infectious
organism is by preventing overexuberant inflammation and thus
preventing excessive tissue damage (10). We sought to determine
if Chill promotes survival by limiting host tissue damage. Two
markers of host tissue damage during pneumonia are RBC and
protein leakage recovered in BAL fluid. We measured RBCs recov-
ered in BAL fluid from infected WT and Chill-deficient mice, and
as expected, both the WT and Chill-deficient mice had evidence
of lung hemorrhage; however, the Chill-deficient mice had more
RBCs recovered than the WT mice (Fig. 3A). Similar results were
noted in protein measured in recovered BAL fluid early after in-
fection, but this trend was lost by 12 h after infection (Fig. 3B).
These results suggest that Chill limits host tissue damage during
P. aeruginosa pneumonia.

We wanted to determine if Chill promotes host health during
P. aeruginosa infection. Clinically, markers of general host health
during infection include fever curves and weight changes. We
measured these markers of general host health throughout the
infection course. As expected, both WT and Chill-deficient mice
lost weight during the infection time course, but Chill-deficient
mice were less able to maintain their weight close to baseline than
WT mice (Fig. 3C). Interestingly, WT and Chill-deficient mice
had similar changes in temperature during the infection course
(Fig. 3D).
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condition. The error bars indicate SEM.

Pseudomonasinfection induces robust Chill expression, and
Chill regulates TNF-a production in vivo. First, we sought to
determine if PA103 induces Chill expression. We infected WT
mice with 10° CFU of PA103 and determined the time course of
Chill expression. Chill can be detected under basal conditions in
BAL fluid (85.12 = 10.00 pg/ml). Chill is rapidly induced in the
BAL fluid with PA103 infection, with peak induction at 8 h postin-
fection, and is continuously expressed throughout the time course
investigated. The peak concentration of Chill at 8 h postinfection
is 310 £ 35.19 ng/ml, which is a 3-log-fold-higher concentration
than baseline (Fig. 4A).

TLR activation is a well-described feature of P. aeruginosa in-
fection that leads to the production of cytokines known to induce
host resistance (bacterial clearance) and inflammatory-cell re-
cruitment to the site of infection (32-34). PA103 expresses the
TLR4 agonist lipopolysaccharide; therefore, we measured TLR-
associated cytokines to investigate if Chill modulates TLR activa-
tion (35, 36). We chose to measure cytokine production at 8 h
postinfection, as that was the time at which Chill was most ro-
bustly produced. First, we measured TNF-a, a well-described cy-
tokine produced during P. aeruginosa infection that promotes
host resistance and clearance of bacteria (8, 37). Surprisingly,
TNF-a production was exaggerated in Chill-deficient mice com-
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pared to WT mice, although the bacterial loads remained similar
in the two groups (Fig. 4B). This suggests that in the setting of
equivalent bacterial loads in both WT and Chill-deficient mice,
Chill-deficient mice exhibit increased TNF-a compared to WT
mice and that the excessive TNF-a production may contribute to
increased tissue damage.

Chill limits IL-1f3 production and is associated with macro-
phage death. Next, we turned our attention to the role that Chill
plays in regulating IL-1B production, given the known role of
Chill in promoting cell survival in infectious and noninfectious
states (20). First, we sought to determine if Chill plays a role in
regulating TLR-mediated pro-IL-1@ production. We measured
pro-IL-1P expression in lung tissue from infected WT and Chill-
deficient mice at 8 h postinfection. We determined that infection
of WT and Chill-deficient mice induces similar levels of pro-
IL-1P expression (Fig. 4C). We next measured the active form of
IL-1B cytokine production in BAL fluid and determined that in-
fected Chill-deficient mice produce more IL-1f than infected WT
mice (Fig. 4D). This suggests that Chill plays a role in regulating
IL-1pB production through inflammasome regulation rather than
TLR-mediated pro-IL-1[3 expression.

Inflammasomes cleave pro-IL-1f3 to active IL-13 and induce
caspase-dependent cell death through pyroptosis (17). As noted

July 2016 Volume 84 Number 7


http://iai.asm.org

>

o
(=]
*
*

®x O P &5
== — e =]

NS

= B :
- -
PBS+  LPS+ LPS+ LPS+  LPS+
PBS  PBScont PA103  PA103  PA103

15min 45min 75min
1.4
1.2
1
0.8
0.6
0.4
0.2
0

NS
S S
L3 ¥

> W RS

Chill (pg/ml)

[SS T
o o o O

IL-13Ra2/RS18

>
\Q
iy

Chil1 and Inflammation in Pseudomonas Infection

os]

250
NS NS

200
E 150 NS
-1
g
= 100
S |

50

0 —— .
60( 6‘\‘ &\\( 'LB‘\\‘
¥ Ww° & §°

FIG 5 Macrophages express Chill and its receptor, IL-13Ra2. Bone marrow-derived macrophages were primed with LPS for 2.5 h and then stimulated with
PA103 or PBS control for the times indicated. Chill (A and B) and IL-13Ra2 (C) expression was determined by ELISA and quantitative PCR, respectively. (A)
LPS-primed and PA103-stimulated BMDMs expressed Chill early after stimulation, but this response was not sustained. (B) Prolonged LPS stimulation alone
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expression. Neither LPS priming nor LPS priming with PA103 stimulation altered the expression of IL-13Ra2. The data represent two independent experiments
performed in triplicate. The error bars indicate SEM. *, P < 0.05; NS, not significant.

above, Chill limits IL-1 production via a TLR-independent
mechanism, suggesting that Chill may regulate inflammasome
activation. Next, we asked if Chill could regulate P. aeruginosa-
induced macrophage death. We stained lung tissue from infected
WT and Chill-deficient mice with TUNEL stain (a cell death
marker) and CD68 (a macrophage marker). Chill-deficient mice
infected with P. aeruginosa had more double-positive staining
cells, where CD68 and TUNEL stain colocalized, than WT mice
infected with P. aeruginosa (Fig. 4E and F).

Pseudomonas stimulation of macrophages induces early
Chill expression. Since macrophages are well-described early re-
sponders during pneumonia to promote neutrophil recruitment
and macrophages produce Chill in noninfectious states (21), we
next sought to determine if macrophages express Chill and its
receptor, IL-13Ra2. We primed WT BMDMs with LPS for 2.5 h
and then stimulated them with PA103 at a multiplicity of infection
(MOI) of 20:1 for 15 min, 45 min, and 75 min, and then measured
Chill release. We determined that Chill is released early after
stimulation with P. aeruginosa, suggesting that Chill may be
stored in a preformed state for immediate release (Fig. 5A). Next,
we sought to determine if BMDMs could produce Chill with pro-
longed LPS exposure. We did not use P. aeruginosa stimulation for
these experiments due to bacterial overgrowth at these late time
points. We found that prolonged LPS stimulation does not induce
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additional Chill expression (Fig. 5B). Next, we sought to deter-
mine if BMDMs express IL-13Ra2 and if stimulation of the mac-
rophages alters IL-13Ra2 expression. We again stimulated LPS-
primed BMDMs with PA103 for 45 min and measured IL-13Ra2
expression. We found that BMDMs express IL-13Ra2, but that
stimulation with bacteria did not alter the IL-13Ra2 expression
level (Fig. 5C).

Pseudomonas stimulation of Chill-deficient macrophages
induces exaggerated expression of TNF-a. During P. aeruginosa
pneumonia, numerous immune cell types are activated and re-
cruited to the lungs for host defense. Alveolar macrophages are
one of the first cell types to recognize P. aeruginosa infection, and
Chill is reported to regulate their activity in other models (8, 38).
We sought to determine if Chill regulates macrophage produc-
tion of TLR- and inflammasome-related cytokines. We primed
WT or Chill-deficient BMDMs with LPS for 2.5 h and then
stimulated them with PA103 at an MOI of 20:1 for 15 min and
45 min. PA103 stimulation of Chill-deficient BMDMs pro-
duced significantly more TNF-a than PA103-stimulated WT
BMDMs (Fig. 6A).

PA103 possesses a T3SS that introduces the bacterium-derived
proteins ExoU and ExoT into host cells, which inhibits inflam-
masome activation and regulates TNF-a production (15, 39, 40).
WT and Chill-deficient BMDMs were primed with LPS and stim-
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FIG 6 Chill expression limits TNF-a production that is independent of ExoU or ExoT. Bone marrow-derived macrophages were primed with LPS for 2.5h and
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priming alone induced more TNF-a in Chill-deficient BMDMs than in WT BMDMs. (B) The addition of PA103 or DUT (MOI 20:1 for 45 min) to LPS-primed
BMDMs did not induce additional TNF-a expression. The data represent two or three independent experiments performed in triplicate. The error bars indicate

SEM. *, P < 0.05; NS, not significant.

ulated with either PA103 or DUT (PA103 with genetic absence of
ExoU and ExoT) at a multiplicity of infection of 20:1 for 45 min.
Stimulation of LPS-primed BMDMs with PA103 or DUT induced
similar amounts of TNF-a in WT BMDMs (Fig. 6B). Priming of
Chill-deficient BMDMs with LPS induced more TNF-a than LPS
priming of WT BMDMs. After priming with LPS, neither stimu-
lation with PA103 nor stimulation with DUT induced additional
TNF-a production from Chill-deficient or WT BMDMs com-
pared to LPS stimulation alone (Fig. 6B). Priming of Chill-defi-
cient BMDMs with LPS with subsequent stimulation with either
PA103 or DUT induced more TNF-a than WT BMDMs that were
LPS primed and stimulated with PA103 or DUT (Fig. 6B). These
data suggest that Chill plays a role in regulating TNF-a produc-
tion in macrophages.

Pseudomonas stimulation of Chill-deficient macrophages
induces exaggerated expression of IL-1 production. Macro-
phage-mediated IL-1@ production is induced by NLRC4 inflam-
masome recognition of the P. aeruginosa T3SS needle complex
(17). In order to understand if Chill limits IL-1(3 production via
an NLRC4-dependent inflammasome mechanism, we infected
LPS-primed BMDMs with PA103, DUT (which lacks ExoU and
ExoT and does not inhibit the inflammasome), or PA103 PSCI
(which lacks the T3SS needle complex and thus does not induce
the inflammasome). PA103-stimulated BMDMs from Chill-
deficient mice induced more IL-13 than PA103-stimulated WT
BMDMs (Fig. 7A). The expression of the P. aeruginosa-derived
proteins ExoU and ExoT, which enter host cells via expression of
the T3SS complex, inhibits NLRC4-dependent IL-1 production
(15). We hypothesized that Chill may regulate macrophage-me-
diated IL-1B production. To test this hypothesis, we stimulated
LPS-primed BMDMs with DUT and observed that, as expected,
more IL-13 was produced than by PA103-stimulated WT
BMDMs. Of interest, the greater increase in IL-13 production by
both IL-13Ra2-deficient and Chill-deficient BMDMs than by
similarly stimulated WT BMDMs remained (Fig. 7A). Next, we
sought to determine the role the T3SS needle complex plays in
Chill regulation of IL-1f production. Interestingly, stimulation
of Chill-deficient BMDMs with PSCI (lacking the T3SS needle
complex) induced slightly more IL-1$ production than WT and
IL-13Ra2-deficient BMDMs (Fig. 7A). Given that infection of

2100 iai.asm.org

Infection and Immunity

Chill-deficient BMDMs with PA103 (which inhibits NLRC4) and
PA103 PSCI (which does not induce NLRC4) induces more IL-13
production than infection of BMDMs from WT mice, we con-
cluded that Chill regulates IL-13 production by at least an
NLRC4-independent mechanism. Together, these data suggest
that Chill regulates IL-1p production in macrophages. We are
actively investigating the various inflammasome complexes that
Chill regulates during P. aeruginosa infection.

Recombinant Chill partially rescues IL-13 production by
macrophage-mediated BMDMs. In an attempt to demonstrate
that Chill exerts its anti-inflammatory effect via its receptor, IL-
13Ra2, we measured the production of IL-13 from LPS-primed
PA103- or DUT-stimulated BMDMs for 45 min in the presence or
absence of rmChill (500 ng/ml for 2 h prior to priming with LPS).
The addition of rmChill decreased IL-1f production by WT and
Chill-deficient BMDMs compared to PA103 stimulation in the
absence of rmChill (Fig. 7B). Interestingly, the addition of rm-
Chill to PA103-stimulated IL-13Ra2-deficient BMDMs only par-
tially decreased IL-1f production (Fig. 7B). This suggests the pos-
sibility that Chill signals through both IL-13Ra2-dependent and
IL-13Ra2-independent mechanisms. Again, DUT stimulation of
LPS-primed BMDMs from WT, Chill-deficient, and IL-13Ra2-
deficient cells induced more IL-1B production than PA103 stim-
ulation of WT, Chill-deficient, and IL-13Ra2-deficient BMDMs
(Fig. 7C). The addition of rmChill lessens IL-13 production from
WT, Chill-deficient, and IL-13Ra2-deficient BMDMs stimulated
with either PA103 or DUT (Fig. 7C). To determine if the Chill-
dependent regulation of IL-1[3 expression is specific to PA103, we
primed BMDMs from WT and Chill-deficient mice with LPS and
then infected them with Pseudomonas strain PAK. Similar results
were observed, with more IL-1B production from infected BM-
DMs from Chill-deficient mice than from BMDMs from WT
mice (data not shown). These findings show that administration
of rmChill is able to downmodulate IL-1f production by regulat-
ing inflammasome activation, as measured by IL-1f production.

DISCUSSION

Here, we sought to determine the role that Chill plays during P.
aeruginosa pneumonia. The survival of pneumonia pathogens in-
volves a balance between two distinct processes, host resistance
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$, P < 0.05 between PA103 stimulation with and without rmChill; &, P < 0.05 between DUT stimulation with and without rmChill.

and host tolerance (sometimes called host resilience). Host resis-
tance is the efficient killing and clearance of infectious organisms,
while host tolerance includes mechanisms that prevent microbi-
ally induced collateral damage to host tissue and mechanisms that
promote the repair of unavoidable host tissue damage (10, 12).
We hypothesized that Chill expression promotes host resistance
and host tolerance by inhibiting inflammatory myeloid-derived
cell response and cell death during P. aeruginosa pneumonia. To
test this hypothesis, we measured host tolerance and resistance by
determining host survival, pulmonary inflammatory-cell recruit-
ment, and bacterial loads in WT and Chill-deficient mice. These
investigations demonstrated that infected WT mice had pro-
longed survival compared to infected Chill-deficient mice and
that infected WT mice had less neutrophil recruitment than in-
fected Chill-deficient mice. WT mice infected with PA103 were
able to maintain their weight closer to baseline than infected
Chil1-deficient mice, which was independent of temperature fluc-
tuations. Similar observations have been demonstrated during
Burkholderia (also known as Pseudomonas) pseudomallei infection
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when WT mice were infected with the prototypical B. pseudomal-
lei strain and a more virulent B. pseudomallei strain (41, 42). As in
our P. aeruginosa infection model, the physiologic characteristics
noted in B. pseudomallei infection were associated with more
IL-1B and TNF-a production in mice infected with the more vir-
ulent B. pseudomallei strain than in mice infected with the less
virulent strain of B. pseudomallei. Despite the differences in cyto-
kine expression during B. pseudomallei infection, the surviving
mice did not demonstrate correlation of weight loss and temper-
ature changes. The early and intermediate clinical features in the
B. pseudomallei model include early decreased grooming, fol-
lowed by a rough coat with decreased motility. Late clinical fea-
tures include cessation of grooming, abnormal posturing, and na-
sal and ocular discharge (42). These similar clinical features may
play a role in our model. The idea that metabolic derangements
lead to decreased host health in infected Chill-deficient mice
compared to infected WT mice is an intriguing possibility and
merits further investigation.

Neutrophil recruitment plays a key role in bacterial resistance
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during P. aeruginosa infection. The important role neutrophils
play in P. aeruginosa pneumonia has been demonstrated clinically
by increased mortality of neutropenic patients infected with P.
aeruginosa and increased mortality in neutropenic-mouse models
of infection with P. aeruginosa (43, 44). Although Chill-deficient
mice had more neutrophils recruited to the airways, this did not
seem to impact their host resistance, as WT and Chill-deficient
mice had similar bacterial loads. The role of Chill in response to P.
aeruginosa infection differed from the role Chill plays during
pneumococcal infection (26, 27). The absence of Chill during
pneumococcal infection results in more neutrophil recruitment,
as well as a greater bacterial burden (27). This suggests that Chill
regulates the inflammatory response differently during P. aerugi-
nosa and pneumococcal infection by promoting or maintaining P.
aeruginosa bacterial killing or clearance.

P. aeruginosa is a complex extracellular Gram-negative rod-
shaped bacterium that expresses TLR agonists, as well as a type I1I
secretion system. P. aeruginosa-induced immune activation leads
to the production of the TLR-associated cytokine TNF-a (37).
TNF-a is expressed from bone marrow-derived cells and plays a
role in promoting host resistance to P. aeruginosa infection (37).
During P. aeruginosa infection in our model, the absence of Chill
resulted in increased TNF-o measured in the BAL fluid. In addi-
tion, macrophages deficient in Chill produced more TNF-a upon
LPS stimulation alone. However, no further elevation in TNF-a
levels was observed upon subsequent treatment with P. aeruginosa
in WT or Chill-deficient BMDMs.

Several NLRs have been identified as playing a role in various
disease states (45-47). Inflammasome activation is a well-recog-
nized mechanism by which a host responds to microbial attack. P.
aeruginosa pneumonia is known to activate NLRs. The best-char-
acterized NLR during P. aeruginosa infection is NLRC4. Inflam-
masome activation promotes host resistance by increasing bacte-
rial killing. The Pseudomonas T3SS needle complex induces IL-13
production via activation of NLRC4, while expression of P. aerugi-
nosa-derived proteins that pass through the T3SS needle complex
inhibits inflammasome activation (17, 19, 48, 49). While there are
similar expression levels of pro-IL-1 in the lungs of infected WT
and Chil1-deficient mice, we observed that P. aeruginosa infection
of Chill-deficient mice induced more active IL-1p in BAL fluid
than infection of WT mice. This led us to hypothesize that Chill
regulates IL-1B production by regulating inflammasome activa-
tion, because NLRC4 plays a significant role in recognizing the P.
aeruginosa needle complex. In an attempt to determine if Chill
regulates inflammasome-dependent IL-13 production, we stimu-
lated bone marrow-derived macrophages with a P. aeruginosa
T3SS-expressing strain, as well as P. aeruginosa strains deficient in
the T3SS needle complex or the secreted T3SS proteins ExoU and
ExoT. Our data indicate that Chill regulates IL-1f production in
macrophages. The inflammasome(s) that Chill targets during P.
aeruginosa infection is not known, but it may act through the
regulation of Nlrp3-mediated tissue injury, as was demonstrated
in pneumococcal infection (27), or through direct regulation of
NLRCA4. This is an active area of investigation in our laboratory.

The 18-glycosyl hydrolase protein family is composed of true
chitinases and chitinase-like proteins (20, 21, 50). True chitinases
possess the ability to cleave their natural ligand, chitin, while chiti-
nase-like proteins can bind to chitin but lack the ability to cleave
chitin due to point mutations in the cleavage site (20, 50). This
evolutionarily conserved family of proteins is known to inhibit
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innate immune activation while promoting T helper type 2 (Th2)
responses that can contribute to tissue healing and fibrosis. The
mechanism by which Chill augments host tolerance was recently
recognized to be through its ability to form a heterodimer with
IL-13 and IL-13Ra2, leading to antiapoptosis by subsequent mi-
togen-activated protein kinase (MAPK) and AKT cellular signal-
ing activation (26). Our investigations revealed that Chill signals
through an IL-13Ra2-dependent and an IL-13Ra2-independent
mechanism. The IL-13Ra2-independent signaling mechanism re-
mains elusive, but it may involve the pro-Th2 receptor CRTH2 or
another, unidentified pathway (25).

As demonstrated above, our investigations are the first to show
that Chill is an important immune regulator during P. aeruginosa
pneumonia. These data add to our understanding of Chil1 biology
during innate immune activation in Gram-negative infections.
We demonstrated that Chill expression promotes host toler-
ance by decreasing the expression of the TLR-associated cyto-
kine TNF-q, as well as the inflammasome-associated cytokine
IL-1B. Our investigations focused on Chill as a regulator of
inflammasome signaling and showed that Chill regulates in-
flammasome activation and is partially dependent on signaling
through the Chill receptor, IL-13Ra2.

In summary, our investigation has added to the scientific un-
derstanding of the mechanisms by which a host balances host
tolerance and resistance during acute P. aeruginosa infection. Our
data demonstrate that Chill can limit the immune response to P.
aeruginosa while maintaining the ability to clear the pathogen.
Macrophages contribute to TNF-a and IL-13 production early in
P. aeruginosa infection. Additional investigation into the role of
Chill in regulating inflammasome activation during P. aeruginosa
infection is warranted. Moreover, studies on the involvement of
cells other than macrophages that contribute to Chill, TLR-asso-
ciated cytokines, and the inflammasome during P. aeruginosa in-
fection would further increase our understanding of the role of
Chill in the anti-P. aeruginosa host response in the lung.
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