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Abstract

Bcl-3 is an atypical member of the 1xB family that has the potential to positively or negatively
modulate nuclear NF-xB activity in a context-dependent manner. Bcl-3's biologic impact is
complex and includes roles in tumorigenesis and diverse immune responses, including innate
immunity. Bcl-3 may mediate LPS tolerance, suppressing cytokine production, but it also appears
to contribute to defense against select systemic bacterial challenges. However, the potential role of
Bcl-3 in organ-specific host defense against bacteria has not yet been addressed. Here we
investigate the relevance of Bcl-3 in a lung challenge with the Gram-negative pathogen Klebsiella
pneumoniae. In contrast to wild-type mice, Bcl-3 deficient mice exhibited significantly increased
susceptibility towards K. pneumoniae pneumonia. The mutant mice showed increased lung
damage marked by neutrophilic alveolar consolidation and they failed to clear bacteria in lungs,
which correlated with increased bacteremic dissemination. Loss of Bcl-3 incurred a dramatic
cytokine imbalance in the lungs characterized by higher levels of IL-10 and a near total absence of
IFNy. Moreover, Bcl-3 deficient mice displayed increased lung production of the neutrophil-
attracting chemokines CXCL-1 and CXCL-2. Alveolar macrophages and neutrophils are important
to antibacterial lung defense. In vitro stimulation of Bcl-3-deficient alveolar macrophages with
LPS or heat-killed K. pneumoniae recapitulated the increase in IL-10 production and Bcl-3
deficient neutrophils were impaired in intracellular bacterial killing. These findings suggest that
Bcl-3 is critically involved in lung defense against Gram-negative bacteria, modulating functions
of several cells to facilitate efficient clearing of bacteria.

Keywords
Bcl-3; NF-«xB; pneumonia; Klebsiella; IL-10

Introduction

Host defense against pathogen invasion and infection relies on a potent inflammatory
response aimed at clearing the pathogen and restoring the function of the infected organ.
This response requires a balanced and coordinated production of pro-inflammatory
mediators to fight pathogens, but also anti-inflammatory mediators to avoid excessive
immunopathological damage at the focus of infection or in distant organs. Upon infection,
recognition of the pathogen-associated molecular patterns by pattern-recognition receptors
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such as Toll-like receptors triggers innate defenses via activation of intracellular mediators
such as NF-kB transcription factors. NF-kB factors transcriptionally activate a large array of
genes in various cells, including those encoding proinflammatory cytokines, chemokines
and anti-pathogenic agents to initiate the immune response and defend the host against the
invading pathogen.

NF-«xB transcription factors are homo- or heterodimers that are comprised of various
combinations of five different subunits, namely RelA (p65), RelB, c-Rel, p50 and p52. In
contrast to other NF-kB subunits, p50/NF-kB1 and p52/NF-xB2 lack transactivation
domains. Instead of activating transcription, p52 homodimers and the much more abundant
p50 homodimers largely function as inhibitors of gene transcription, in part by association
with histone deacetylases, but also by competing with transactivating dimers for B binding
sites (1, 2). NF-kB activity is regulated by members of the IxB family, including the
classical inhibitors IkxBa, 1kBp and IxBg, as well as the atypical regulators Bcl-3, 1kBE and
IkBNS. In contrast to the classical kB proteins, Bcl-3 does not interact with the typical
transactivating NF-xB dimers and thus does not affect signal-induced liberation of NF-xB
complexes; instead, Bcl-3 modulates nuclear NF-xB activity by interacting exclusively with
p50 and p52 homodimers on DNA (3, 4). In this way Bcl-3 may function as a positive
regulator of NF-«B activity, owing to its transactivation domains, or it may function as a
negative regulator, depending on the specific promoter/enhancer context (5-8) and likely
also depending on its phosphorylation and ubiquitination status (1, 9).

The potential of Bcl-3 to variably modulate NF-«xB activity, depending on context, may
explain the variety of attributed biologic roles. This modulator acts in stromal cells to help
develop a proper splenic architecture and, as a consequence, germinal centers and antibody
responses (10, 11). It also acts in thymic epithelial cells to help insure negative selection of
autoreactive thymocytes (12). Furthermore, Bcl-3 is critical for mounting an effective Thl
response against Toxoplasma gondii infection, possibly acting indirectly although
mechanisms remain to be determined (10), and it has been suggested to directly modulate
functions of mature T cells (13-15). Finally, Bcl-3 has been implicated in tumorigenesis. In
particular, various B cell malignancies have been shown to express high levels of Bcl-3 on
account of recurrent t(14;19) translocations (16-19). As a consequence, upregulated Bcl-3
may induce expression of cyclin D1 and thus promote cell cycle progression (20, 21).

Several lines of evidence point to a role for Bcl-3 in innate immune responses. Bcl-3 has
been implicated in the regulation of LPS—induced cytokine production by macrophages and
dendritic cells (22-24), as well as anti-bacterial agents in epithelial cells (25), i.e.cells on the
frontline of pathogen defense. Bcl-3 may dampen LPS-induced expression of pro-
inflammatory cytokines such as TNF-a, IL-1 and IL-23p19 (22-24) and it may specifically
mediate tolerance to LPS by stabilizing the repressive p50 homodimers on target genes such
as TNFa (26, 27) (7). While these activities portend an anti-inflammatory role, Bcl-3 also
ostensibly serves a pro-inflammatory role, as it inhibits LPS-induced expression of the anti-
inflammatory cytokine 1L-10 (7, 24). Because IL-10 can induce Bcl-3, this atypical 1B
protein mediates a negative auto-regulatory loop limiting production of 1L-10 (22-24, 28).

Also consistent with a role of Bcl-3 in innate immunity to pathogens, prior studies have
revealed a high susceptibility of Bcl-3 deficient mice to systemic infections with Gram-
positive Streptococcus pneumoniae and Listeria monocytogenes (11, 24), though not Gram-
negative Escherichia coli (11). Of note, these infection models all relied on intra-peritoneal
administration of the pathogen, a route of infection whose pathophysiology does not involve
organ-specific defense against trans-epithelial bacterial invasion, the physiologic route of
infection. To address the role of Bcl-3 in innate immune responses in more physiologic
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organ-specific bacterial infections, we challenged Bcl-3 deficient and sufficient mice with
Gram-negative pneumonia induced by intratracheal instillation of Klebsiella pneumoniae.

Materials and Methods

Mice

Bcl-3 deficient mice were generated as previously described (10) and backcrossed to
C57BL/6 (Taconic Farms, Derwood, MD) for 11 or more generations. C57BL/6 (Taconic
Farms) wild-type (WT) controls were co-housed at all times. Mice were bred and housed in
National Institute of Allergy and Infectious Diseases (NIAID) facilities, and all experiments
were done with the approval of the NIAID Animal Care and Use Committee and in
accordance with all relevant institutional guidelines.

Induction of pulmonary infection

Klebsiella pneumoniae (strain 43816, serotype 2; American type Culture collection) was
grown overnight in Luria-Bertani (LB) broth at 37°C in a rotating shaker. The culture was
100-fold diluted in fresh LB broth and grown for 2 h, allowing the culture to reach early log
phase. Bacteria were then washed, diluted in PBS, and the desired concentration was
adjusted by spectrophotometry (absorbance at 600 nm) according to a reference curve.
Bacterial concentration was systematically verified by quantitative culture of the inoculum
onto LB agar plates. Pulmonary infection was initiated by intratracheal instillation of
bacteria. For this purpose, short-duration anesthesia was induced by isoflurane inhalation
and a gavage canula was inserted into the trachea. The intratracheal position was verified by
respiratory oscillations of a droplet inside a 1-mL syringe. The desired quantity of bacteria
was instilled in a volume of 50 pL. The survival status of animals was observed twice daily
up to 14 days after induction of pneumonia.

Bronchoalveolar lavage

Mice were anesthesized by i.p. injection of ketamine/xylazine. The trachea was exposed and
a bronchoalveolar lavage (BAL) was performed with 1 mL sterile PBS. BAL fluid (BALF)
was subjected to 10-fold serial dilutions and cultured for 24 hours on LB agar plates to
quantify the number of colony-forming units (CFU). Erythrocytes were lysed with ACK
lysis buffer and the total number of viable cells per BAL was quantified by an automated
hemocytometer. Neutrophils were identified as CD11b and Gr-1 double-positive cells by
flow cytometry. To determine myeloperoxydase (MPO) activity, BAL fluid was incubated
with o-dianisidine dihydrochloride in Hank's medium supplemented with 0.004% H,0,. The
reaction was stopped by adding 1% NaN3 and MPO activity was determined by
spectrophotometry.

Lung homogenates

The left lung was finely minced with scissors and homogenized with an electric mortar in
200ul PBS under sterile conditions. Lung homogenates were serially diluted and plated on
LB agar at 37°C for 24h for the purpose of bacterial CFU quantification. The right lung was
homogenized using the same technique in 200ul PBS containing protease inhibitor cocktail |
(Millipore) and 8ug/ml AEBSF (Sigma). Samples were centrifuged at 4°C to pellet debris
and the supernatant was snap frozen for the purpose of quantification of chemokines
CXCL-1/KC and CXCL-2/MIP-2q.

Assessment of bacteremic dissemination

K. pneumoniae bacteremia was assessed through quantitative blood cultures on LB agar
plates. Blood was collected by cardiac puncture. Bacteremic dissemination was also
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assessed through quantitative spleen cultures. Spleen was removed and mechanically
homogenized under sterile conditions. Spleen homogenates were subjected to 10-fold serial
dilutions and cultured for 24 hours on LB agar plates.

Histological analysis

Lungs were immersion-fixed in 10% paraformaldehyde, embedded in paraffin blocks and
cut into 3-um sections (Histoserv, Germantown, MD). Sections were stained with
hematoxylin and eosine (H&E) and examined by light microscopy.

Lung digestion

Right lungs were perfused with 1 mL Collagenase/Dispase (1 mg/mL) and DNase 1 (0.5 mg/
mL) (Roche) and incubated at room temperature for 45 min on a rotating shaker. Digested
lungs were then smashed and passed through a 40-um cell strainer. Erythrocytes were lysed
with ACK lysis buffer. The total number of viable cells per lung was quantified by an
automated cell counter and the proportion of neutrophils (CD11b* Gr-1*) was determined
by flow cytometry.

Flow cytometry analysis

FITC-conjugated Gr-1 and PE-conjugated CD11b and Fc-blocker antibodies were purchased
from Becton Dickinson (San Diego, CA). Cell suspensions from BAL fluid and total lung
were incubated with Fc-blocker antibody for 5 minutes, then stained with fluorescent
antibodies for 30 min at 4°C. Acquisition was performed on a FACSCanto Il flow cytometer
(Becton Dickinson) and analysis was performed using the FlowJo software. Neutrophils
were identified as CD11b*Gr-1" cells.

Isolation and stimulation of alveolar macrophages

Alveolar macrophages were collected through successive BAL collections of 1 mL up to a
total of 10 mL. BAL fluids from 6 to 10 mice were pooled, and red blood cells were lysed
with ACK lysis buffer. Cells were seeded at a concentration of 10° cells per well onto flat-
bottom 96-well plates in RPMI 1640 medium supplemented with 10% fetal calf serum.
Following overnight plastic adherence, non-adherent cells were removed by medium
replacement. Adherent cells were stimulated with either LPS (E. coli 0111:B4, Sigma) or
heat-killed (95°C for 30 min) K. pneumoniae at a multiplicity of infection ratio of 1:100,
based on the bacterial concentration before heat inactivation.

RNA isolation and real-time PCR

Lungs were frozen and ground on dry ice, and powder tissue was used for RNA isolation. 1
mL of TRIzol (Invitrogen, Carlsbad, CA) was added to 100 mg of powder tissue and
homogenized with a needle syringe. For cell cultures of alveolar macrophages, adherent
cells were lysed using RLT lysis buffer (Qiagen, Valencia, CA).

RNA cleanup/DNase digestion was carried out using the RNeasy mini kit (Qiagen)
following the manufacturer's instructions. cDNA was synthesized using oligo(dT) and
Superscript 111 reverse transcriptase (Invitrogen). Expressions of 1L-10, TNF-a, IFN-y,
IL-12p40, IL-17, 1L23p19, CXCL-1/KC, CXCL-2/MIP-20 and B-actin were quantified by
real-time PCR using the TagMan Fast Universal PCR Master Mix and gene-specific primers
on a StepOnePlus thermocycler (Applied Biosystems, Foster City, CA). Pulmonary gene
expression was expressed as 2"ACt where A cycle threshold (Ct) = (Cttarget — Ctp-actin) for
each individual sample. Gene induction results in alveolar macrophages were expressed as
2°AACt where -AACt = (Ctiarget — Ctp-actin) for LPS or heat-killed bacteria stimulation -
(Cttarget — Ctp-actin) for untreated cells.
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Quantification of cytokine and chemokine levels

IL-10, TNF-o, IFN-y and IL-17 concentrations were quantified in BALF, and CXCL-1/KC
and CXCL-2/MIP-2a were quantified in supernatants of lung homogenates using ELISA
assays according to the manufacturer's instructions (R&D Systems, Minneapolis, MN).

Phagocytosis and killing assay

Alveolar macrophages were infected with K. pneumoniae at a multiplicity of infection ratio
of 1:10 in flat-bottom 96-well plates. The plates were centrifuged at 1500 rpm for 10 min at
4°C to initiate the contact between cells and bacteria, and were incubated at 37°C for 30
min. Extracellular bacteria were then removed by washing with PBS and killed with 100 pg/
mL Gentamycin (Mediatech, Inc, VA). Phagocytosis was assessed after 30 min (t=0). Cells
were washed twice with PBS and were lysed with reporter lysis buffer (Promega, WI). The
number of intracellular bacteria was determined by serial dilutions of lysates plated onto LB
agar plates. The intracellular killing of the bacteria was assessed by the same method after
2h.

Neutrophils were purified from the bone marrow of WT and Bcl-3 deficient mice using
Ly6G beads (Miltenyi Biotec) and were separated using an AutoMACS (Miltenyi Biotec).
Cells were then resuspended in Krebs Ringer bicarbonate buffer (Sigma Aldrich) and
incubated at 37°C for 1 h with K. pneumoniae at a multiplicity of infection ratio of 1:100.
Cells were then washed with Krebs Ringer buffer containing 100pug/mL Gentamicin to
remove extracellular bacteria. Samples were taken for t=0 and additional samples were
incubated for a further 30 and 60 min to measure bacterial killing. At time of collection cells
were lysed in 200ul PBS containing 0.1% Triton 100 and 20ul were plated on LB agar and
grown overnight at 37°C. Colonies were counted the next day. Killing was calculated from
the percentage of colonies present at t=30 or t=60 min compared to t=0 (i.e. 100 - (number
of CFUi=3¢ / number of CFU;=).

Statistical analysis

Results

Survival curves were analyzed using the Kaplan-Meier method and compared using the log-
rank test. Continuous variables were expressed either as scatterplots, or median and
interquartile range using the boxplot representation and compared using the Mann-Whitney
test, or expressed as mean + SD and compared using the Student t-test. P values lower than
0.05 indicated statistically significant differences.

Bcl-3 deficient mice display increased susceptibility towards K. pneumoniae pneumonia

To determine whether Bcl-3 has a role in the host response to Gram negative bacterial
pneumonia, we subjected WT and Bcl-3 deficient mice to an experimental pulmonary
infection with the Gram-negative bacillus K. pneumoniae. Following intratracheal (i.t.)
instillation of 10* bacteria, approximately 60% of WT mice died within the 14-day follow-
up. In contrast, all but one of the Bcl-3 deficient mice died within 6 days, 40% of them
within 3 days (Fig. 1A). Similar results were obtained when using a five-fold lower bacterial
inoculum (2x103 CFU) (Fig. 1B). While the survival rate of WT mice was slightly higher
(approximately 60% were still alive after 14 days), Bcl-3 deficient mice remained
significantly more susceptible to the bacterial challenge. These results suggest that Bcl-3
makes important contributions to the host response against Gram negative pulmonary
infection. In order to further explore the role of Bcl-3 in lung defense, we first assessed the
time course of Bcl-3 expression in lungs of WT mice subjected to K. pneumoniae pulmonary
infection. As compared to non-infected mice (time point Oh), pulmonary infection led to an
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early (6 hours after instillation) and sustained (at least 72 hours) increase in Bcl-3 expression
(Fig. 2).

Bcl-3 controls lung bacterial clearance during K. pneumoniae pneumonia

To test whether Bcl-3 deficiency affects bacterial clearance in the lung, we performed
quantitative bacterial cultures of the BAL fluid (Fig. 3A) and of lung homogenates (Fig.
3B). No significant differences were observed 24h after inoculation; however, Bcl-3
deficient mice displayed significantly higher pulmonary bacterial loads than their WT
counterparts at 48h and 72h. Local impairment in pathogen control is usually associated
with increased bacteremic dissemination. Accordingly, bloodstream bacterial concentrations
were much higher in Bcl-3 deficient mice than in WT mice 72h after inoculation (Fig. 3C).
Since bacteremia is transient and may not reliably assess the circulating bacterial burden, we
also concurrently performed quantitative bacterial cultures of spleen homogenates.
Consistent with the blood results, the amount of bacteria in spleen was higher in Bcl-3
deficient mice (Fig. 3D). Altogether these results suggest that Bcl-3 contributes to efficient
lung clearance and the prevention of bacteremic dissemination.

Exacerbated lung damage in K. pneumoniae-infected Bcl-3 deficient mice

48h and 72h after induction of pneumonia, WT mice exhibited moderate neutrophil
infiltration, predominantly in the peribronchial areas, but the overall structure of the lung
was largely preserved. In contrast, the lungs of Bcl-3 mice were characterized by extensive
foci of consolidation related to massive alveolar infiltration by neutrophils (Fig. 4A).
Neutrophils account for the large majority of cells recovered in BALF in the setting of
bacterial pneumonia. Neutrophil counts in BAL fluid (Fig. 4B) as well as MPO activity, a
marker of neutrophil activation (Fig. 4C), did not markedly differ between WT and Bcl-3
deficient mice. However, consistent with neutrophil accumulation in consolidated areas of
the lung in infected Bcl-3 deficient mice, the total number of neutrophils obtained from
digested lung of these mutant mice was notably higher than in WT mice at 72h (Fig. 4D). Of
note, the lifespan of neutrophils is measured in a few hours and is even shorter following
infection. It is thus likely that many dead cells also contributed to the large infiltrates seen in
histologic sections, but such dead cells were not enumerated in the analyses of BALFs and
digested lung tissue, which only focused live cells.

Bcl-3 deficiency induces imbalanced cytokine and chemokine production during K.
pneumoniae pneumonia

Pro-inflammatory and anti-inflammatory cytokines are major regulators of the anti-bacterial
response. We investigated the cytokine production profile in WT and Bcl-3 deficient mice
with quantitative RT-PCR of whole lung (Fig. 5A). While IL-10 levels remained minimal in
WT mice throughout the first 72 hours of infection, Bcl-3 mice displayed increased levels of
IL-10 after 48h and 72h. In contrast, IFN-y levels were dramatically lower in Bcl-3 deficient
when compared to WT mice at all post-infection times queried, consistent and concomitant
with lower IL-12p40 levels. Of note, 1L-12p35 transcript levels were very low in most
samples (data not shown). We also observed some differences in IL-23p19 and IL-17; there
were lesser amounts of IL-17 in Bcl-3 deficient mice after 24h and there was a similar trend
after 72h (p= 0.08). Consistent with this, IL-23p19 was reduced in Bcl-3 deficient mice, at
least at 72h after infection. We also observed somewhat lower levels of TNF-a mRNA in
Bcl-3 deficient mice at 72h. The dramatic IL-10/IFN-y mRNA imbalance of Bcl-3 deficient
as compared to WT mice was confirmed by the quantification of these cytokine proteins in
the BAL fluid (Fig. 5B). In addition, protein analyses also showed a trend towards lower
production of IL-17, but failed to show significant differences in the production of TNFa
(Fig. 5B).
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Since the recruitment of neutrophils at the site of infection is highly dependent on
chemokines, we assessed the lung production of two major neutrophil-attracting
chemokines, CXCL-1/KC and CXCL-2/MIP-2a via quantitative RT-PCR (Fig. 6A) and
protein quantification (Fig. 6B) in whole lung homogenates. Interestingly, Bcl-3 deficient
mice produced higher levels of mMRNA and protein of these chemokines at 48h after
infection. These results suggest a potential role for Bcl-3 in the control of neutrophil influx
within the infected organ.

Loss of Bcl-3 results in increased production of IL-10 as well as IFN-y by alveolar
macrophages

Alveolar macrophages represent the first line of lung defense against invading pathogens
through phagocytosis and production of inflammatory mediators. We assessed the
antibacterial capacities of alveolar macrophages towards live K. pneumoniae. We found no
differences in ex vivo bacterial uptake or bacterial killing between wild-type and Bcl-3
deficient alveolar macrophages (Fig. 7A). Similar results were observed with bone marrow-
derived macrophages (data not shown). Upon exposure to pathogens, alveolar macrophages
also produce various cytokines. Since we observed imbalanced cytokine production in Bcl-3
deficient mice subjected to Gram negative pneumonia, we assessed the ex vivo cytokine
response of alveolar macrophages after stimulation with LPS or heat-killed K. pneumoniae
via quantitative RT-PCR analyses (Fig. 7B). While TNF-a production was similar in WT
and Bcl-3 deficient alveolar macrophages, production of IL-10 was notably higher in Bcl-3
deficient mice, consistent with higher levels observed in vivo. Surprisingly, LPS or bacterial
stimulation also led to an increased production of IFN-y in Bcl-3 deficient alveolar
macrophages, contrasting with the dramatically lower levels of this cytokine in lungs of
infected mutant mice. However, the protein levels of IFNy and IL-10 in the supernatants
were too low to be reliably assessed under our experimental conditions. Therefore, Bcl-3
deficient alveolar macrophages may contribute to the increased production of IL-10 seen in
vivo, but are not likely to be a major source of IFN-y release in the setting of pulmonary
infection in vivo.

Bcl-3 deficient neutrophils are impaired in killing bacteria

K. pneumoniae pneumonia in Bcl-3 deficient mice is characterized by impaired bacterial
clearance despite an increase in the local recruitment of neutrophils, the major phagocytic
cell in this context. This suggests that Bcl-3 deficient neutrophils might be defective in
bacterial uptake and/or killing. We assessed phagocytosis and bacterial killing of K.
pneumoniae with bone-marrow derived neutrophils in vitro. The absence of Bcl-3 did not
appear to affect the bacterial uptake by these neutrophils (Fig. 8A), but it did significantly
impair intracellular killing (Fig. 8B). While about half of bacteria were killed within 60 min
in WT neutrophils, the number of intracellular bacteria did not significantly decrease in
Bcl-3 deficient cells. Of note, we did not observe any differences in apoptotic rates between
WT and Bcl-3 deficient K. pneumoniae-infected neutrophils (data not shown). These data
suggest that an apparent defect in the ability of Bcl-3 deficient neutrophils to kill bacteria
may contribute to the impaired lung clearance of K. pneumoniae observed in Bcl-3 deficient
mice.

Discussion

The present study employs a physiologically relevant lung infection model to reveal a
critical role for the atypical 1xB protein Bcl-3 in the innate immune defense against Gram
negative K. pneumoniae. Bcl-3 was required to locally contain bacteria. Unlike wild-type
mice, Bcl-3 deficient mice were unable to prevent the rapid rise of bacterial counts in the
lung within 48h, and arguably in consequence, these mutant mice exhibited significantly
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higher systemic infection by 72h, resulting in the demise of the infected animals between
3-6 days post infection. Since the outcome of the infection is decided within 96h, well
before adaptive immune response can be established, our findings highlight the importance
of Bcl-3 in mounting an effective innate immune response against this bacterial infection.
Mice lacking Bcl-3 also exhibited lung damage marked by extensive areas of neutrophilic
consolidation that was consistent with increased pulmonary production of neutrophil-
attracting chemokines. Furthermore, the balance between I1L-10 and IFNy was skewed
towards an anti-inflammatory pattern in Bcl-3 deficient lungs. As discussed below these
changes could account for the inability to control bacterial counts. In addition to the in vivo
findings, BCL-3 deficiency was associated with some functional defects in two important
innate cell types. Bcl-3 deficient neutrophils appeared to be defective in killing bacteria and
Bcl-3 deficient alveolar macrophages displayed altered cytokine levels upon stimulation.

Gram-negative bacteria are frequently involved in severe community-acquired and
healthcare-associated pneumonia. Mechanisms of lung defense against K. pneumoniae have
been addressed and require the integrity and early activation of 11-12p70 / IFNy and IL-23 /
IL-17 pathways in order to eradicate the pathogen (29, 30). In particular, some studies have
highlighted the critical role of the IL-10 / IFNy balance in this setting. Thus inhibition of
IL-10 improved bacterial clearance and survival of mice subjected to a K. pneumoniae
pneumonia, while IFNy deficient mice were conversely more susceptible (31, 32). In the
present study increased susceptibility of Bcl-3 deficient mice to K. pneumoniae pneumonia
was associated with both an increased production of IL-10 and a concomitant decreased
production of IFNy, and to a lesser degree, IL-17. Skewing of these critical cytokines
towards such an anti-inflammatory profile locally in lungs could therefore be responsible for
the impaired bacterial lung clearance in Bcl-3 deficient mice, overwhelming local barrier
functions and resulting in uncontrolled bacteremic dissemination during the first 48 - 72 h
post infection. In addition, systemic defenses may have been compromised as well and
failure to control K. pneumoniae systemically may have contributed to the worse outcome in
Bcl-3 deficient mice.

Impaired production of IFNy and IL-12 has also been noted in the serum of Bcl-3 deficient
mice challenged systemically with Gram positive Listeria monocytogenes (24); these mutant
mice exhibited defective bacterial clearance from spleens as well as increased mortality (11).
Unlike the present study, however, these previous reports involved intra-peritoneal
injections of the pathogen, which completely bypassed the organ-specific defense against
trans-epithelial bacterial invasion. It was also reported that Bcl-3 deficient mice challenged
with an intra-peritoneal injection of LPS exhibited a serum cytokine imbalance similar to
what we observed in lungs, namely high levels of IL-10 and reduced levels of IFNy and, to a
lesser extent, of IL-12 (24). Furthermore, it was proposed that high levels of IL-10 were
responsible for the suppression of IL-12, and to a lesser extent, of IFNy. In our studies we
also observed a rise in IL-10 locally in lungs of Bcl-3 deficient mice, which was presumably
prevented in wild-type mice by the rise in Bcl-3 expression in response to Gram-negative
pulmonary infection with K. pneumoniae. However, it does not necessarily follow that IL-10
was responsible for suppression of IFNy in this organ-specific immune defense model: lung
levels of IFNy were already reduced in Bcl-3 deficient mice within 24h post infection, while
the rise in IL-10 levels was not observed until later. A lung-specific regulatory network may
control expression of these cytokines; in this setting Bcl-3 may be able to promote IFNy
expression in lungs of challenged mice by means other than by delimiting IL-10 production.
In accordance with this hypothesis, administration of neutralizing antibodies against I1L-10
was not able to prevent mortality in Bcl-3 deficient mice (unpublished observations). Apart
from 1L-10's anti-inflammatory effect, which is presumed to negatively impact pathogen
clearance, IL-10 is also involved in the prevention of immunopathological damage within
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infected tissues. Thus, antibodies to IL-10 may also exacerbate harmful effects of the
inflammatory responses.

In addition to cytokines, chemokines are also critical to the host's anti-bacterial response, as
they direct the migration of circulating polymorphonuclear and mononuclear leukocytes to
sites of infection. In accord with the increased recruitment of neutrophils within infected
lungs of Bcl-3 deficient mice, we observed a rise in the neutrophil-attracting chemokines
CXCL-1/KC and CXCL-2 / MIP-2a, which may have contributed to the neutrophilic
consolidation and extensive lung damage observed in this setting. However we cannot
exclude that the increased lung production of CXCL-1 and CXCL-2 was related to the
higher burden of bacteria. Interestingly, bone-marrow derived macrophages from Bcl-3
deficient mice exhibited increased LPS-induced expression of various chemokines,
including CXCL-1 and CXCL-2 (7). In addition, splenocytes and CD4* lymphocytes from
Bcl-3 deficient mice were reported to produce elevated levels of chemokines as well (33).
Altogether these findings suggest that loss of Bcl-3 in the context of a bacterial pulmonary
infection evoked an abnormal chemokine response, potentially from several cellular sources,
which in turn contributed to the observed pathophysiology.

It is worth noting that the response of mice to the systemic presence of LPS or Gram-
negative bacteria in Bcl-3 deficient mice is not well understood. Counter to the notion that
Bcl-3 promotes inflammation by delimiting expression of I1L-10, Bcl-3 was also reported to
induce tolerance to LPS-induced endotoxic shock by delimiting expression of pro-
inflammatory cytokines (34). Furthermore, despite higher IL-10 and reduced IL-12/IFNy
levels in Bcl-3 deficient mice challenged with E. coli-derived LPS, these mutant mice were
reportedly able to defend against systemic infections with E. coli (11). In contrast, the
present study shows that Bcl-3 deficient mice are impaired in their lung response towards
Gram negative K. pneumoniae pulmonary infection and thereby fail to delimit bacteremic
dissemination. Thus, systemic responses may be distinct from organ-specific host defense,
which in the present case relies on lung-specific containment of trans-epithelial invasion by
bacteria.

Alveolar macrophages represent the first line of defense against bacterial invasion in lungs
and play a key role in recognition of the pathogen and initiation of immune responses,
including production of cytokines in the early phase of infection. Although no differences in
phagocytosis or bacterial killing were observed between wild-type and Bcl-3 deficient
alveolar macrophages in vitro, the mutant macrophages produced significantly higher levels
of IL-10 mRNA in response to stimulation with either LPS or heat-killed K. pneumoniae, in
line with the in vivo data. This finding is also consistent with previously reported
observations in peritoneal or bone-marrow derived macrophages from Bcl-3 deficient mice
(22, 24, 27). Unexpectedly, mutant alveolar macrophages also produced higher amounts of
IFNy mRNA in vitro when compared to their wild-type counterparts, despite significantly
reduced levels of this cytokine in lungs of K. pneumoniae challenged mutant mice. Thus, the
behavior of alveolar macrophages in vitro may not recapitulate all in vivo functions that are
likely influenced by paracrine signals. Moreover, several cell types are involved in host
defense against bacterial pulmonary infections, including epithelial cells and various other
hematopoietic immune cells. IFNy may be differently regulated in these latter cell types and
alveolar macrophages most likely are not a primary source of IFNy in this setting. Instead,
innate T lymphocytes or NK cells are likely to significantly contribute to IFNy release
during pulmonary bacterial infections.

Neutrophils are essential to the host's ability to clear bacteria and are they represent the
majority of cells recruited at the site of bacterial infection; they also directly contribute to
lung damage through the release of reactive oxygen species and proteases. Limitation and
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termination of this inflammatory process requires neutrophil apoptosis. We investigated for
possible defects of neutrophils through in vitro challenge with K. pneumoniae to measure
antibacterial functions of neutrophils. While Bcl-3 deficiency did not impact the bacterial
uptake, it did impair the intracellular bacterial killing functions of neutrophils. Of note, we
did not observe any differences in apoptosis between WT and mutant cells (data not shown).
Nevertheless, the in vitro functions of neutrophils might not reliably recapitulate their
behavior in a particular in vivo environment. The generation of conditional Bcl-3 deficient
mice may allow us to address the respective contributions of different cell types in lung
defense against K. pneumoniae infections in the future.

In conclusion, our findings demonstrate that Bcl-3 is critically involved in innate host
defense in lungs in a model of Gram-negative K. pneumoniae pneumonia. Bcl-3 appears to
control this response by modulation of cytokine production, especially by promoting IFNy
expression and suppressing IL-10. In addition, Bcl-3 may also be involved in the regulation
of neutrophil-attracting chemokines. Finally, Bcl-3 appears to contribute to bacterial Killing
by neutrophils. Together these findings implicate Bcl-3 in the control of a coordinated
response to a bacterial challenge by way of modulating NF-«xB controlled gene expression in
multiple cell types. Whether the role of Bcl-3 in pneumonia is restricted to Gram-negative
bacteria or also extends to non-Gram-negative bacteria devoid of LPS remains to be
established.
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Figure 1. Bcl-3 deficient mice display increased susceptibility towards K. pneumoniae pneumonia
Survival of wild-type (WT, continuous line) and Bcl-3 deficient (Bcl-3 KO, dotted line)
mice subjected to intratracheal instillation of 104 (A) and 2x10° (B) CFU of K. pneumoniae.
Survival was monitored for 14 days. Survival curves summarize four distinct experiments.
P< 0.001 between WT and Bcl-3 KO mice for both bacterial inoculums.
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Figure 2. K. pneumoniae pulmonary infection upregulates Bcl-3 lung expression

Wild-type mice were subjected to intratracheal instillation of 10* CFU of K. pneumoniae.
Bcl-3 gene expression was assessed in the whole lung by quantitative RT-PCR at the
indicated time points from induction of pulmonary infection, and expressed as 2"2Ct. Data
are represented as boxplots (n=10-12 animals per time point from three different
experiments). * P < 0.01 as compared to non-infected (Oh) mice.
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Figure 3. Bcl-3 deficient mice display impaired bacterial lung clearance and increased
bacteremia

Wild-type and Bcl-3 deficient mice were subjected to intratracheal instillation of 104 CFU of
K. pneumoniae (WT, open triangles; Bcl-3 deficient, solid triangles). Lung bacterial load
was assessed at the indicated time point by quantitative cultures of BAL fluid (BALF) (A)
and of supernatants from lung homogenates (B). Bacteremia was quantified at the indicated
time point by quantitative cultures of whole blood (C) and of spleen homogenates (D). Data
are expressed as scatterplots from three different experiments. * P < 0.05, ** P < 0.01
between WT and Bcl-3 deficient mice.
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Figure 4. Bcl-3 deficient mice exhibit major lung damage following K. pneumoniae pulmonary
infection

Wild-type (WT) and Bcl-3 deficient (Bcl-3 KO) mice were subjected to intratracheal
instillation of 10* CFU of K. pneumoniae. A. H&E-stained lung sections from WT (a, ¢) and
Bcl-3 KO mice (b, d) mice 48-hours (a, b) and 72-hours (c, d) after intra-tracheal inoculation
((40x magnification). The pictures shown are representative of three animals per group and
per condition. B. BALF were collected at the indicated time points following inoculation.
The absolute number of neutrophils was determined by the relative percentage of live cells
expressing both Gr-1 and CD11h. C. The BAL fluid was tested for myeloperoxydase (MPQO)
activity (expressed as arbitrary units= absorbance at 450 nm). D. Neutrophils were
quantified in the lungs of infected mice using flow cytometry. The absolute number of
neutrophils was determined by the relative percentage of live cells expressing both Gr-1 and
CD11b. Data are expressed as boxplots (12 animals per group from three different
experiments). * P < 0.05 between WT (open rectangles) and Bcl-3 KO mice (filled
rectangles).
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Figure 5. Bcl-3 deficient mice display imbalanced pulmonary production of cytokines during K.
pneumoniae pneumonia

Wild-type (WT) and Bcl-3 deficient (Bcl-3 KO) mice were subjected to intratracheal
instillation of 10* CFU of K. pneumoniae. A. The amounts of 1L-10, TNF-a, IFN-y,
IL-12p40, IL-17 and 1L-23p19 mRNA were determined in the whole lung by quantitative
RT-PCR at the times indicated following the challenge. Baseline levels of mMRNA
expression were very low or even undetectable, WT and Bcl-3 KO being indistinguishable.
B. The concentrations of the cytokines IL-10, TNF-a, IFN-y and IL-17 were determined by
ELISA in the BAL fluid. Data are expressed as boxplots (12 animals per group from three
different experiments). * P < 0.05, ** P < 0.01 between WT (open rectangles) and Bcl-3 KO
mice (filled rectangles).
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Figure 6. Bcl-3 deficient mice display increased pulmonary production of chemokines during K.
pneumoniae pneumonia

Wild-type (WT) and Bcl-3 deficient (Bcl-3 KO) mice were subjected to intratracheal
instillation of 10* CFU of K. pneumoniae. A. The amounts of CXCL-1/KC and CXCL-2/
MIP-20 mRNA were determined in the whole lung by quantitative RT-PCR at the times
indicated following the challenge. Baseline levels of mMRNA expression were very low or
even undetectable, WT and Bcl-3 KO being indistinguishable. (12 animals per group from
three different experiments) B. The concentrations of the chemokines CXCL-1/KC and
CXCL-2/MIP-2a were determined by ELISA in supernatants of lung homogenates. Data are
expressed as boxplots (10-12 animals per group from three different experiments). * P <
0.05, ** P < 0.01 between WT (open rectangles) and Bcl-3 KO mice (filled rectangles).
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Figure 7. Bcl-3 deficiency does not affect antibacterial functions and increases both 1L-10 and
IFN-y production in alveolar macrophages

Alveolar macrophages were collected by BAL from non-infected wild-type (WT) or Bcl3
deficient (Bcl-3 KO) mice and pooled (10 mice per group).

A. Cells were incubated at 37°C for 30 min with K. pneumoniae at a multiplicity of infection
ratio of 1:10. Extracellular bacteria were then removed by washing with Gentamycin. Cells
were lysed with reporter lysis buffer for determination of bacterial uptake (t=0h) and
intracellular killing (t=2h). The number of intracellular bacteria was determined by serial
dilutions of lysates plated onto LB agar plates. The experiment shown is representative of
two independent experiments performed in duplicates.

B & C. Cells were stimulated for 2, 4 or 6 hours with either LPS (1pg/mL) (B) or heat-killed
K. pneumoniae (pre-killed multiplicity of infection 100) (C). Unstimulated cells served as
reference. Production of the cytokines IL-10, IFN-y and TNF-a was determined by
quantitative RT-PCR. Data are reported as 2"AACt, The experiment shown is representative
of three independent experiments.
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Figure 8. Bcl-3 deficiency impairs bacterial killing in neutrophils

Neutrophils were collected from the bone marrow of non-infected wild-type (WT) or Bcl3
deficient (Bcl-3 KO) mice and incubated at 37°C for 1 h with K. pneumoniae. Cells were
then washed with buffer containing Gentamicin to remove extracellular bacteria, and were
lysed at various time points after washing (t=0 for reference, t=30 min and t=60 min). Live
intracellular K. pneumoniae was quantified by culture. Bacterial uptake was assessed at the
time point t=0 (A). Killing was calculated from the percentage of colonies present at t=30
min or t=60 min compared to t=0 (i.e. 100-(number of CFU=3¢ / number of CFU;=p) (B).
The result shown here is a combination of two independent experiments in duplicates with a
total of 7 WT mice and 10 Bcl-3 KO mice. * P < 0.01 between WT (open rectangles) and
Bcl-3 KO mice (filled rectangles).
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