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Abstract

Klebsiella pneumoniae is one of the most common pathogens in nosocomial infections and is

becoming increasingly multidrug-resistant. However, the underlying molecular pathogenesis of

this bacterium remains elusive, limiting the therapeutic options. Understanding the mechanism of

its pathogenesis may facilitate the development of antibacterial therapeutics. Here, we show that

Lyn, a pleiotropic Src tyrosine kinase, is involved in host defense against K. pneumoniae (Kp) by

regulating phagocytosis process and simultaneously downregulating inflammatory responses.

Using acute infection mouse models, we observed that lyn−/− mice were more susceptible to Kp

with increased mortality and severe lung injury compared with wild-type mice. Kp infected-lyn−/−

mice exhibited elevated inflammatory cytokines (IL-6 and TNF-α), and increased superoxide in

the lung and other organs. In addition, the phosphorylation of p38 and NF-κB p65 subunit

increased markedly in response to Kp infection in lyn−/− mice. We also demonstrated that the

translocation of p65 from cytoplasm to nuclei increased in cultured murine lung epithelial cells by

Lyn siRNA knockdown. Furthermore, lipid rafts clustered with activated Lyn and accumulated in

the site of Kp invasion. Taken together, these findings revealed that Lyn may participate in host

defense against Kp infection through the negative modulation of inflammatory cytokines.
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Introduction

K. pneumoniae (Kp) is a capsulated Gram-negative bacterium found in the normal flora of

the mouth, skin, and intestine, and is also the third most commonly isolated microorganism

in blood cultures from sepsis patients. Due to the emerging antibiotic resistance, Kp

infection is fast becoming a major health threat [1]. The most common infection caused by

Klebsiella bacteria outside the hospital is pneumonia, typically in the form of

bronchopneumonia and also bronchitis, which have a high mortality rate of about 50% even

under antimicrobial therapy [2]. However, the molecular mechanisms that underlie

pathogenesis and determinants of the host defense against pulmonary Kp infections remain

elusive. It is thought that multi-faceted factors are involved in Kp infection in a coordinated

manner. Our recent studies have indicated that endocytosis regulating protein caveolin-1 is

involved in inflammatory responses in Kp infected mice [3]. Another study indicates that the

Src kinase Lyn may coordinate lipid rafts and impact cellular function of caveolin-1 [4].

Therefore, it is possible that Lyn is also involved in host defense against Kp infection.

Lyn is involved in monocyte-related phagocytosis through FcγR via the phosphorylation of

tyrosines in immunoreceptor tyrosine-based activation motifs (ITAM) [5]. By contrast,

immunoreceptor tyrosine-based inhibition motifs (ITIM) phosphorylation subsequently

leads to recruitment and activation of phosphatases, such as SHIP-1 and SHP-1, which

down-modulate signaling pathways, attenuating cell activity [6]. Ageing Lyn deficient mice

may manifest a phenotype including splenomegaly and proliferation of myeloid progenitors/

monocytes [7]. A complex and intertwined network may explain Lyn’s role as a pleiotropic

player involved in a variety of cellular processes, including inflammatory responses. Lyn is

shown to be associated with diseases caused by viral infection as the first direct link to

infectious diseases [8]. Recently, we also showed that Lyn may participate in immune

defense against Pseudomonas aeruginosa infection as this protein is highly expressed in

both alveolar macrophages and epithelial cells [9]. Lyn is located on the inner leaflet of the

plasma membrane and in the proximity of lipid rafts, and can thus be translocated into the

activated membrane domains to transmit cellular signals for either facilitating phagocytosis

or regulating inflammatory responses [10]. However, it is unknown whether Lyn in the host

cells is involved in Kp infection.

Employing a murine model, we investigated the role of Lyn in host defense during Kp-

induced acute pneumonia. We demonstrated that Lyn deficiency led to a more severe

disease phenotype in mice and a heightened inflammatory cytokine response. Furthermore,

our studies showed that Lyn, working with lipid rafts, may be crucial in clearing the

invading bacteria which otherwise drive intensified inflammatory cytokine responses.

RESULTS

Kp infection caused severe disease and mortality rates in lyn−/− mice

To assess the role of Lyn in Kp infection, we set out to use lyn−/− mice after backcrossing

the mice to C57BL6 background for 7 generations. We intranasally instilled mice with Kp

Xen-39 (ATCC43816, an engineered bacterium used for bioluminescence imaging) at 1×105

colony-forming unit (CFU in 50 µl PBS) per mouse (6 mice per group) [11]. Although the

Li et al. Page 2

Eur J Immunol. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



distribution of the bacteria in the lung were variable and somewhat influenced by breath, the

results showed that lyn−/− mice exhibited wider dissemination of bioluminescence in the

area of thoracic cavity after 4 h post infection with in vivo dynamic analysis using an IVIS

XRII 200 biophotonic imager. However, dissemination areas in WT mice were more

constrained than those in lyn−/− mice (Fig. 1A). Approximately 50% of lyn−/− mice died

within 24 h post infection, and all lyn−/− mice had died at 56 h, whereas 50% of WT control

mice remained alive at that time point (Fig. 1B). Lung homogenates were used to measure

bacterial burdens. We found that lyn−/− mice manifested significantly increased CFU of Kp

compared with WT mice both at 8 h and 24 h post infection (Fig. 1C). These increased

bacterial loads may be responsible for severe pneumonia [3].

Lyn deficiency was associated with increased oxidation and severe lung injury during Kp
infection

Because Kp Xen-39 was an engineered bacterium which was specifically used for IVIS

imaging, we next chose the widely used Kp and Kp-GFP strain both in ATCC 43816

background to explore the pathogenesis mechanisms of Kp infection. Alveolar macrophages

(AM) are a key immunity entity against Gram-negative bacteria infection. We retrieved AM

cells from infected mice to evaluate their viability post infection. After culturing the lavaged

AM for 24 h, we found that survival levels of AM decreased by approximately 2.0-fold in

lyn−/− mice compared with WT mice both at 8 h and 24 h post infection, as assessed using

an MTT assay. These results suggest that lyn deficiency contributes at least in part to

impaired AM function against Kp infection (Fig. 2A). We also enumerated

polymorphonuclear neutrophils (PMN) from blood vessels in the lungs and blood at 8 h and

24 h post infection [12]. PMN penetrations were higher both in the BAL fluid and blood of

lyn−/− mice compared with WT mice, and further increased with time (Fig. 2B, C). These

findings suggest that the increased PMN penetration in lyn−/− mice may also contribute to

the increased lung damage and worsened disease.

Phagocyte-derived reactive oxygen species (ROS) is of crucial importance for host

resistance to bacterial infection [13]. Untreated AM cells and PMNs were isolated from

mice to determine oxidative stress. AMs of lyn−/− mice showed about 2-fold increase in

oxidative stress at both 8 h and 24 h post infection compared with WT AMs, as determined

by NBT assays (Fig. 2D). H2DCF-DA assay was also used to quantify superoxide in AMs

and PMNs, which showed a similar increase in superoxide in lyn−/− mice (Fig. 2E, F).

Excessive production of ROS may lead to a loss of cell function, and ultimately cell death.

A decreased mitochondrial membrane potential was also observed in lyn−/− AMs using a

JC-1 fluorescence assay (Fig. 2G). In mice, PMNs may migrate to the lung to clear bacteria

through ROS and proteases, also contributing to increased superoxide release [14, 15].

Based on lung histology analysis at 24 h post infection, both WT mice and lyn−/− mice

exhibited signs of pneumonia. However, more severe histological alterations (signs of

inflammatory response and tissue damage) occurred in the lungs of lyn−/− mice (Fig. 2H),

which may be related to the intense superoxide release.
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lyn−/− mice exhibited increased infection dissemination

Another mortality factor may be bacterial dissemination from lungs to other organs, as also

called septicemia [16]. We thus examined bacterial burdens in the liver, spleen, and kidney

and found that although the magnitude of the bacteria loads is much lower than those in

lungs, bacterial CFUs also increased significantly in the liver, spleen, and kidney of lyn−/−

mice compared with the same organs of WT mice (Fig. S1A). Of note, our in vivo imaging

analysis with a bioluminescence strain could not track the infection in liver or spleen, which

may be due to overall less bacterial loads than those in the lung. These data suggest that the

bacteria were spread from the original inoculation site (lungs) to other organs, which may be

causally related to increased mortality. We next detected myeloperoxidase (MPO) activity of

the lung and other organs to gain additional evidence of neutrophils penetration [17, 18]. As

expected, MPO activity increased in the lung, liver, spleen, and kidney of lyn−/− mice (Fig.

3A, S1B). Increased MPO in these major organs suggests that oxidative stress may have

resulted from systemic spread of the invading Kp bacteria. As increased oxidation can also

cause tissue injury by oxidative degraded lipids, we used a thiobarbituric acid-reactive

substrate assay to detect lipid peroxidation in the lung, liver, spleen, and kidney tissue [19].

To our no surprise, lipid peroxidation significantly increased in the organs of lyn−/− mice

compared with that of WT mice (Fig. 3B, S1C). Notably, lipid peroxidation levels of the

lung and spleen were even higher than those of the liver and kidney, respectively, suggesting

that the lung and spleen might be the main targets. These data were consistent with the

severity of lung injury determined by MPO and superoxide assays, indicating that increased

lipid peroxidation in lyn−/− mice may also play a role in the progression of lung injury.

Lyn modulated Kp-induced inflammatory response via the p38/NF-κB pathway

To analyze whether Lyn deficiency impacts the inflammatory responses induced by Kp

infection, various cytokines in BAL fluids were assessed by a standard ELISA [20]. The

levels of TNF-α, IL-2, IL-4, and IL-22 increased significantly in the BAL fluids of lyn−/−

mice compared with those of WT mice at both 8 h and 24 h post infection (Fig. 3C, S2A).

However, the levels of IL-1β and IL-17 did not have significant changes upon Kp infection

(data not shown), which may indicate that deficiency of Lyn selectively impacted the

production of proinflammatory cytokines in Kp-infected mice.

To validate the inflammatory response data and directly measure the lung environment, we

assayed mRNA and protein levels of cytokines by RT-PCR and Western blotting in lung

tissue homogenates. Both mRNA and protein levels of TNF-α, IL-4, and IL-12A increased

by more than 2-fold in lyn−/− mice compared with wild-type mice, consistent with the

ELISA results (Fig. S2B, C). To further explore the molecular mechanism of Lyn in Kp

infection, we examined inflammatory-relevant signaling proteins in lung homogenates. We

found that Lyn deficiency resulted in slightly increased phosphorylation of p38 in uninfected

mice, consistent with a previous finding that Lyn dysfunction may impair the p38 pathway

[21]. Though Lyn deficiency results in lowered p38 expression, the phosphorylation of p38

(not ERK) increased by 1.79 fold in lyn−/− mice upon Kp infection compared with

uninfected lyn−/− mice (Fig. 3D). These data implied an important role of p38 in cellular

processes during this infection. NF-κB, a master transcription factor, is involved in a variety

of cellular processes and is required for initiating transcription of cytokines, while p38 was
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previously shown to activate NF-κB in bacterial infections [22, 23]. To elucidate a potential

role for NF-κB, we examined the protein expression and phosphorylation of NF-κB (p65/

p50), and found that both p65 and pp65 (Ser 536) increased under Lyn deficiency, while p50

and pp50 (Ser 337) did not show significant changes (Fig. 3D), suggesting the specific

involvement of p65 in this model. Lyn deficiency also results in higher phosphorylation of

IκBα (Fig. 3D). These results collectively indicate that Lyn may act as an upstream

regulator to impact the p38/NF-κB pathway.

Lyn facilitated the phagocytosis of Kp in cooperation with lipid rafts in vitro

Almost immediately after microbial attacks, AM cells in the lungs begin to migrate to the

infection sites and exert their phagocytic actions. When activated by the products of

invading microorganisms and host inflammatory mediators, the first effect is rapid

accumulation of these cells. All the in vivo data strongly indicate that Lyn had a function

during Kp infection, and our prior finding suggests that Lyn and lipid rafts are both involved

in P. aeruginosa infection [9]. To further define the interrelationship between Lyn and rafts

in Kp infection, we performed a morphological study of lipid rafts by knocking down Lyn in

both alveolar macrophages (MH-S) and primary macrophages in vitro. Cells were infected

with 10:1 of m.o.i. (bacteria to cells) and stained with lipid raft marker rhodamine-labeled

cholera toxin B chain (CTB-red) [24]. Confocal microscope demonstrated that the

internalized Kp co-localized with lipid rafts. Lyn-deficiency interfered with the formation of

raft aggregates and similarly cholesterol chelator (MβCD at 10 mM, 30 min pretreatment)

diminished the co-localization between Lyn and Kp. Importantly, combining Lyn-deficiency

and MβCD almost completely abolished lipid raft aggregation, resulting in less bacterial

internalization (Fig. 4A, B, S3A, B) in Lyn siRNA transfected MH-S cells as well as

primary AM cells. To convincingly determine the role of lipid rafts, we performed classical

raft isolation assay to identify the signal proteins involved raft aggregation as described

previously [25]. Lipid rafts were isolated from MH-S cell lysates by sucrose density gradient

centrifugation in detergent containing buffer, and fractions of 1.1 ml were collected and

analyzed by SDS-PAGE from top to bottom after concentrated by ammonium sulfate

precipitation. Fractions 3, 4 and 5 were identified as raft fractions by the presence of Cav-1

(caveolar rafts). Kp-infected samples showed a shift of Lyn from the detergent-soluble

fractions (8, 9, and 10) to the raft fractions (3, 4, and 5) as compared with uninfected

controls (Fig. 4C). With 10 mM MβCD to block lipid raft, Lyn was pushed away from raft

to nonraft fractions which clearly indicates that the role of Lyn is associated with raft

platform. Phagocytosis usually occurs at the initial time upon infection in macrophages. We

determined whether phagocytic function is dependent on lipid rafts, and found that either

Lyn siRNA transfection or MβCD pretreatment decreased phagocytosis in MH-S cells (Fig.

4D). Moreover, clearance usually starts after internalization and may take longer times to

finish. Similar results were found in primary macrophages (Fig. S3C, D). Our studies

suggest that Lyn may have two critical roles in these processes. The first is the mediation of

phagocytosis and the second is the regulation of the intracellular response including

bacterial clearance. Bacterial clearance was also inhibited in Lyn siRNA-transfected cells

(Fig. 4E). These results indicate that Lyn in cooperation with lipid rafts potently influences

phagocytosis and bacterial clearance.
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ROS overproduction impaired host defense against Kp infection in vitro

Both in vivo and in vitro data suggested that Lyn deficiency impaired phagocyte-mediated

oxidative response against Kp infection. However, the underlying mechanism remains

unknown. We have noted enhanced NADPH-dependent ROS generation in lyn−/− AMs may

be counterproductive upon Kp infection. Thus we used diphenyleneiodonium (DPI) as ROS

inhibitor to determine whether ROS played a role in host defense or inflammatory responses

during Lyn deficiency. MH-S cells and PMNs were infected with 10:1 of m.o.i. Kp with DPI

pretreatment (5 µM) for 30 min. DPI effectively decreased part of ROS generation in MH-S

cells and PMNs (Fig. 5A, S4A). Despite some untoward effects, DPI successfully relieved

some cell lethality upon Kp infection when Lyn was knocked down (Fig. 5B, S4B). Besides,

TNF-α and IL-6 release was partially inhibited by DPI, which was mesured by ELISA in

MH-S cells (Fig. 5C, D). To clarify the possible involvement of p38 with Lyn deficiency

during Kp infection, we examined pp38 and found that DPI addition effectively inhibited

p38 phosphorylation (Fig. S4C). These inhibitor-based data indicate that ROS acts as a

double-edged sword, which may contribute to tissue damage with Lyn deficiency through

affecting p38 upon Kp infection.

p38/NF-κB pathway was activated by Lyn siRNA in MLE-12 cells upon Kp infection

Alveolar epithelial cells may not uptake bacteria as efficiently as macrophages but they do

ingest bacteria and participate in immune defense. To further validate our animal data in Lyn

deficiency, in vitro models with MLE-12 cells were used to assess the underlying

mechanisms since these cells have been widely used for analyzing murine lung epithelial

function [26]. Consistent with the mouse data, bacterial burdens increased in Lyn siRNA-

transfected cells compared with WT or control siRNA groups (Fig. 6A). To further dissect

the role of p38 in the Lyn/NF-κB pathway, we pre-treated cells with p38 inhibitor

SB202190 for 30 min. Using CFU and western blotting analysis, we found that inhibiting

p38 activity significantly decreased bacterial burdens (Fig. 6A, S5A) and cytokine release

(Fig. 6B), and thus decreasing the inflammatory response. These results suggest that

augmented p38 affects Kp infection. Furthermore, we found that Lyn siRNA transfection

increased the phosphorylation of p38, p65, IKKα and IκBα (Fig. 6B) upon Kp infection.

Also, the phosphorylation of p38, p65, IKKα and IκBα was inhibited by adding SB202190,

indicating that NF-κB is a downstream factor of the p38 pathway (Fig. 6B). These results

suggest that Lyn can regulate NF-κB mediated inflammatory responses by regulating p38

activity. Next, we used p38 siRNA interference and ERK siRNA interference as comparison

to further determine whether the specificity of cytokine signaling was p38 dependent.

Without Lyn siRNA interference, knocking down p38 markedly decreased Kp-induced p65

phosphorylation and TNF-α release, and the phosphorylation of IκBα and IKKα was also

inhibited (Fig. S5B). By contrast, siRNA interference of ERK1/2 did not affect

inflammatory response upon Kp infection. Taken together, these data suggest that Lyn

deficiency was involved in the p38/NF-κB axis in Kp infection. Inactive NF-κB is normally

retained in the cytosol of MLE-12 cells [27], whereas activated NF-κB is translocated to the

nucleus to trigger cytokine transcription [28]. To further prove our hypothesis,

immunostaining of MLE-12 cells was used to determine the localization of NF-κB. As

expected, p65 was translocated to the nucleus in the Lyn siRNA group upon Kp infection
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but not in the contorl siRNA group. Further, the translocation could be inhibited by

pretreatment with SB202190, which indicates that Lyn plays a role in p38 inhibition, thus

impacting the NF-κB activity (Fig. 6C). A similar result was found in p50 (Fig. S5C). In

conclusion, both in vivo and in vitro results indicate that Lyn is an overall critical factor in

inflammatory responses, and could cooperate with lipid rafts in regulating p38. Then p38

modulates NF-κB activity and thereby impacting Kp infection. Fig. 6D presents a schematic

model of this cell signaling process, illustrating that Lyn and rafts may affect the cell

function from membrane signals to cytoplasm to nuclear regulation and affecting

physiological outcomes in infectious context.

Discussion

In this study, we showed that Kp infection in lyn−/− mice resulted in a severe disease

phenotype. We also demonstrated that Lyn deficiency significantly decreased bacterial

clearance, heightened pro-inflammatory cytokines, and increased ROS release in animals.

Previous studies have demonstrated that, Lyn in cooperation with lipid rafts and TLR2,

could be activated by phosphorylation, which in turn significantly impacted internalization

of P. aeruginosa to alveolar epithelial cells or bone marrow-derived mast cells [14, 15, 29].

Lyn has been reported to be engaged in phagocytosis of IgG-coated particles (through FcγR)

in J774 cells [30]. Mechanistically, we demonstrated that the Lyn/p38/NF-κB circuit was

responsible for the dysregulated inflammatory response. Furthermore, we found that Lyn

was in cooperation with lipid rafts in phagocytosis of Kp, bringing in the significance of Lyn

as it is normally localized in a region around raft domains. Thus, Lyn may directly

participate in immune response against Kp infection.

The major finding of our study is that Lyn deficiency could accelerate and intensify cytokine

responses (TNF-α, IL-22, and IL-6) in mice infected by Kp, which is observed both in the

lungs and BAL fluid. Although IL-2, IL-4, and IL-12A which targets T cells are not the

typical proinflammatory cytokines, in this model TNF-α is regulated directly by NF-κB,

which was increased in the lyn−/− mice. Others showed that IL-1β and IL-17 are important in

the host responses to Kp [31]; however, we have not found significant changes in our model,

which may be due to selective impact of Lyn deficiency on the production of

proinflammatory cytokines in Kp-infected mice. The strong inflammatory responses may

also contribute to higher ROS production as seen in the AM cells and neutrophils after Kp

infection as we confirmed by determination of the superoxide dynamics with the ROS

inhibitor DPI. Our data indicate that Lyn activity may be associated with ROS levels,

influencing both cytokine production and cellular viability (Fig. 6 A–D), which is consistent

with previous reports [32, 33]. ROS also acted like a double-edged sword and played a

harmful role in host defense against Kp infection. Moreover, the wide-range bacterial

dissemination into other organs may be the possible cause of mortality in these mice, a

possibility which is supported by the increased MPO activity in the lung and other organs [3,

17]. Despite its importance in bacterial clearance, ROS accumulation may cause lung injury

when produced excessively. Remarkably, many bacteria also have oxidation-sensing

mechanisms to respond to and counteract the oxidation-mediated host response [34]. Our

results also showed that lipid peroxidation increased markedly in some Kp-infected organs

of lyn−/− mice as compared with those of WT mice [19].

Li et al. Page 7

Eur J Immunol. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The loss of Lyn leads to a spontaneous activation of p38/NF-κB in the absence of infection.

However, there is no alteration of the lung tissue and the phenotype in resting conditions as

we used mice within 3 months age, thus our data of the inflammatory responses were fully

valid. p38, an important MAPK in cellular responses to external stress signals, may have

anti-inflammatory effects in preclinical disease models, primarily through the inhibition of

the expression of inflammatory mediators [35, 36]. To delve into the molecular mechanism

in the infection progression, we probed the p38 and ERK1/2 pathway along with several

other signaling proteins. Interestingly, even though ERK1/2 was previously reported to be

associated with Lyn deficiency, its activity did not have significant changes upon Kp

infection. However, the p38 activity was markedly activated with Lyn deficiency. NF-κB is

a key transcription factor for various proinflammatory mediators, such as chemokines,

cytokines, and adhesion molecules [21, 23, 35]. Here we found an increase in TNF-α release

upon Kp infection by Lyn deficiency. The pro-inflammatory cytokine TNF-α triggers a

signaling cascade, converging on the activation of the transcription factor NF-κB, which

forms the basis for numerous physiological and pathological processes. Published data

demonstrated that both the MyD88 and TRIF pathways downstream of TLR2/4 are critical

for MAPK and NF-κB activation, cytokine production and neutrophils recruitment during

Klebsiella infection, with the MyD88 pathway playing an earlier and somewhat greater role

in these events. Also, Lyn is found to be able to control both MyD88- and TRIF-dependent

signaling pathways downstream of TLR4 [37]. NF-κB involves the interaction of the ligand

with its receptor at the cell surface (TNFR), which then recruits a protein called TRADD

(TNF Receptor-Associated Death Domain). This protein binds to TRAF2 (TNF Receptor-

Associated Factor-2), which activates RIP (Receptor-Interacting Protein). RIP interacts with

MEKK (Mitogen-Activated Protein Kinase Kinase) and NIK (NF-κB-Inducing Kinase) to

phosphorylate and activate IKK (IκBα kinase complex). Here NF-κB is actually impacted

by Lyn and Lyn knockdown increased both the expression and phosphorylation of NF-κB

by affecting the IKK complex which phosphorylates IκBα, leading to ubiquitination. The

degradation of IκBα by the proteosome resulted in the translocation of NF-κB to the nucleus

[38, 39]. Coincidentally, NF-κB nuclear translocation and IκBα phosphorylation were found

to be suppressed by adding p38 inhibitor SB202190 in Lyn siRNA transfected cells upon Kp

infection, consistent with the above observations. Our data also showed that raft aggregates

decreased significantly in Lyn siRNA-transfected cells. In addition, perturbation of lipid

rafts drastically reduced bacterial internalization in AM cells, indicating impairment in

phagocytosis. These results strongly suggest that Lyn played an essential role in immune

defense against Kp invasion by cooperation with lipid rafts, and that Lyn deficiency could

lead to more severe dysfunction of innate immunity, impairing host defense against Kp

infection. These results collectively demonstrate two important functions of Lyn. The first is

its role in bacterial clearance by AM phagocytosis. The second is down-regulating

proinflammatory responses (cytokine production) to minimize tissue injuries by epithelial

cell-mediated inflammatory through direct influence on p38, through which Lyn regulates

NF-κB and initiates protective immune defense during Kp infection.

The previous work has primarily focused on illustrating the role of Lyn in regulating cellular

stress responses and tumorigenesis [40], with limited observations in infectious diseases.

Lyn deficiency may affect bacterial adhesion to host cells and could differentially affect the
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extent of MyD88 and TRIF pathway activation. Although additional studies may be needed,

to our knowledge, this is the first to define infection patterns in vivo with a Xen-39

bioluminecence strain in lyn−/− mice, with prior studies investigating this strain of infection

with peptide radio-labeling [41] or in other mice [42]. Altogether, our observations

demonstrated that bacterial clearance activity is impaired in lyn−/− mice during Kp infection.

Thus our study reveals Lyn as a new target and may open new avenues for therapeutic

strategies.

In summary, we found Lyn is required for full resistance to Kp infection and its deficiency

contributes to elevated inflammatory cytokine responses, which resulted in a severe

susceptibility to this infection. This is the first finding that demonstrates the corporation of

Lyn-lipid rafts and anti-inflammatory function upon Kp infection, consistent with a recent

report which analyzed the role of Lyn signaling in Francisella tularensis infection [43].

Further, we discovered that the phosphorylation and nuclear translocation of NF-κB are

required for cytokine responses after IκBα phosphorylation, while inhibiting p38 reversed

IκBα phosphorylation and diminished NF-κB activation. p38 is required for initiating the

inflammatory response and is upstream of NF-κB since the activation and nuclear

translocation of NF-κB is dependent on p38. The extents and levels of some inflammatory

cytokines may not be as dramatically high despite being significant. Thus further studies of

the molecular mechanism for inflammatory regulation will be useful for unraveling the

novel circuit and developing therapeutically relevant regulators. Nonetheless, our studies

revealed that the Lyn/p38/NF-κB axis may be one of the critical regulators in this particular

dysregulated cytokine response.
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Abbreviations

Kp Klebsiella pneumoniae

ITIM immunoreceptor tyrosine-based inhibition motifs

AM alveolar macrophage

m.o.i. multiplicity of infection

MPO myeloperoxidase

NBT nitro blue tetrazolium

ANOVA analysis of variance
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PMN polymorphonuclear neutrophil

ROS reactive oxygen species

CFU colony-forming unit

RLU relative luciferase units

RFU relative fluorescence units
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Figure 1. lyn−/− mice showed increased mortality rates and lung infection against Kp
(A) Whole animal imaging (6 mice per group, the data are representative) of

bioluminescence were obtained using IVIS XRII system at different time points. (B)

Kaplan-Meier survival curves were obtained (p=0.0195; 95% confidence interval: 11.7–

36.3, log rank test). (C) Bacterial burdens of Kp-infected lyn−/− mice and WT mice at 8 h

and 24 h. *, p<0.05; **, p<0.01; Mann Whitney U test.
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Figure 2. Increased PMN and oxidation injury in lyn−/− mice following Kp infection
(A) Viability was determined in Alveolar macrophages (AM) by MTT assay. (B and C)

PMN infiltration in the BAL and blood was counted by Hema staining. (D) Superoxide

production in AM cells detected using NBT assay. (E and F) Oxidative stress in AM cells

was determined by H2DCF assay. (G) Mitochondrial potential as assessed by the JC-1

fluorescence assay. (H) Lung injury as assessed by histological analysis (20×, scale bar=50

µm, inset shows the typical tissue injury and inflammatory influx). The data are

representative of three independent experiments in triplicate. Mean+SEM; *, p<0.05; **,

p<0.01; one-way ANOVA (Tukey’s post hoc). RLU, relative luciferase units; RFU, relative

fluorescence units.
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Figure 3. Lyn deficiency altered the inflammatory responses and induced activation of p38/NF-
κB pathway
(A) Increased MPO in lung of lyn−/− mice. (B) Increased lipid peroxidation in the lung of

lyn−/− mice. (C) TNF-α in BAL fluid was assayed by ELISA (n=3 per group). (D) The

p38/NF-κB pathway was evaluated by western blot. GAPDH was used as a loading control.

Data are representative of three independent experiments. Mean+SEM; *, p<0.05; **,

p<0.01; one-way ANOVA (Tukey’s post hoc). p65 phospho-p65; pp38, phospho-p38.
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Figure 4. Decreased lipid raft function upon Lyn siRNA interference
(A) Confocal microscopy image showing Kp internalization with lipid raft staining using

CTB (scale bar=10 µm). (B) Mean lipid raft counts of MH-S cells. (C) Raft association with

Lyn upon Kp infection shown by western blot. Data are representative of three independent

experiments. (D) Phagocytosis ability was measured in MH-S cells following Kp infection

at m.o.i. of 10:1 (bacteria: cells) for 1 h, and data was evaluated by CFU. (E) Bacterial

clearance was evaluated in MH-S cells following Kp infection overnight at m.o.i. of 10:1.

The data are representative of three independent experiments in triplicate. Mean+SEM; *,

p<0.05; **, p<0.01; ***, p<0.001; one-way ANOVA (Tukey’s post hoc).
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Figure 5. ROS plays complex roles in host defense against Kp infection in vitro
(A) ROS generation was determined by H2DCF-DA assay. (B) The cell viability index was

measured by MTT assay. (C, D) Cytokine levels in MH-S cells culture supernatant were

assayed by ELISA. The data are representative of three independent experiments in

triplicate. Mean+SEM; *, p<0.05; **, p<0.01; ***, p<0.001; one-way ANOVA (Tukey’s

post hoc).
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Figure 6. Increased nuclear translocation of NF-κB in Lyn siRNA MLE-12 cells
(A) MLE-12 cells were infected with Kp at m.o.i. of 10:1 for 1 h followed by polymyxin B

treatment for 1 h (100 µg/ml) (n=3 per group). Finally, cells were lysed to perform CFU.

One-way ANOVA (Tukey’s post hoc); *, p<0.05. (B) Cells were treated with p38 inhibitor,

SB202190 (16 nM) for 30 min before infection, western blotting was used to determine the

p38/NF-κB pathway and phosphorylation of signaling proteins. GAPDH was used as a

loading control. (C) Confocal microscopy results showed the translocation of p65 using

immune staining (arrow indicates the nuclear translocation, scale bar=20 µm). Data are

representative of three independent experiments. (D) A schematic diagram showing how
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Lyn cooperates with lipid rafts and regulates the p38/NF-κB pathway to modulate the

inflammatory response to Kp infection.
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