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Abstract

C-type lectin receptors (CLRs), the carbohydrate recognizing molecules, orchestrate host immune 

response in homeostasis and in inflammation. In the present study we examined the function of 

macrophage galactose-type lectin-1 (MGL1), a mammalian CLR, in pneumonic sepsis, a deadly 

immune disorder frequently associated with a non-resolving hyperinflammation. In a murine 

model of pneumonic sepsis using pulmonary infection with Klebsiella pneumoniae (KPn), the 

expression of MGL1 was upregulated in the lungs of KPn infected mice and the deficiency of this 

CLR in MGL1−/− mice resulted in significantly increased mortality to infection than the MGL1-

sufficient wild-type mice, despite a similar bacterial burden. The phagocytic cells from MGL1−/− 

mice did not exhibit any defects in bacterial uptake and intracellular killing and were fully 

competent in neutrophil extracellular trap formation, a recently identified extracellular killing 

modality of neutrophils. Instead, the increased susceptibility of MGL1−/− mice seemed to correlate 

with severe lung pathology, indicating that MGL1 is required for resolution of pulmonary 

inflammation. Indeed, the MGL1−/− mice exhibited a hyperinflammatory response, massive 

pulmonary neutrophilia and increase in neutrophil-associated immune mediators. Concomitantly, 

MGL1 deficient neutrophils exhibited an increased influx in pneumonic lungs of KPn infected 

mice. Together these results show a previously undetermined role of MGL1 in controlling 

neutrophilia during pneumonic infection thus playing an important role in resolution of 

inflammation. This is the first report depicting a protective function of MGL1 in an acute 

pneumonic bacterial infection.

 Introduction

Pattern recognition receptors (PRRs) activate innate immune responses upon detection of 

conserved pathogen motifs as well as self-molecules released during a pathological insult. 

Among the PRRs, the Toll-like receptor (TLR) family is the most characterized group of 

receptors known to be involved in activation and maturation of innate immune cells such as 

dendritic cells and macrophages, among others (1). Another family of PRRs consists of 
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transmembrane and soluble C-type lectin receptors (CLRs), which have selective affinity for 

self and non-self glycan motifs in a Ca2+-dependent manner (2). Due to their abundant 

expression on sentinel cells of innate immune system that contribute to inflammation and 

maintenance of immune homeostasis, CLRs act as key sensors of tissue integrity and 

pathological insult and play a central role in orchestrating immune responses (3).

Macrophage galactose-type C lectin 1 (MGL1) is a type 2 transmembrane CLR expressed on 

macrophages and immature dendritic cells with a binding specificity for galactose and/or its 

monosaccharide derivative, that are abundantly expressed on tumor antigen MUC1 as well 

as self-antigens such as gangliosides (4). Not surprisingly, MGL1 is included in the family 

of scavenger receptors along with macrophage mannose receptor (5) that plays a role in 

recognition of tumor antigens and apoptotic cells (6, 7). Although this CLR can bind 

antigens from Neisseria gonorrhoeae (8), Campylobacter jejuni (9) and Bordetella pertussis 
(10), its role in overall disease pathogenesis is unknown. An anti-inflammatory function of 

this CLR in colitis via its interaction with commensal bacteria has been reported (11). 

However, the current knowledge of MGL1 function in infectious diseases, particularly the 

pathogenesis of pneumonia and sepsis is virtually non-existent.

Sepsis is a deadly disorder characterized by a systemic hyperinflammation resulting usually 

from an infectious insult. An estimated 20–50% of the 750,000 sepsis and severe sepsis 

patients die in the US owing to the lack of effective treatment strategies (12). Infections of 

the lung and the respiratory tract are the main causes of severe sepsis, and 41% of these 

infections are due to Gram-negative bacteria (13–15). Nosocomial infections with Klebsiella 
pneumoniae (KPn) account for 5–20% of Gram-negative sepsis cases (13, 15). KPn-induced 

lung infection is a clinically relevant animal model of sepsis and a better understanding of 

this model may help to increase the knowledge about sepsis pathophysiology (16). 

Additionally, emergence of multidrug resistant isolates of KPn in clinical settings is a 

serious health concern. In this scenario an understanding of the functioning of host innate 

immune components that influence the outcome of KPn pneumonia might provide targets 

for modulation of host immune system in a beneficial manner.

In this study we examined if MGL1 plays a role in orchestrating host defense against KPn 

pneumosepsis. Indeed, our results suggest that MGL1-mediated responses are required for 

the resolution of pneumonia and an increased susceptibility of MGL1−/− mice correlates 

with the increased inflammatory response and with massive accumulation of neutrophils in 

the lungs of infected mice, despite similar bacterial burden. These results identify for the 

first time, a protective role of MGL1 in regulation of neutrophil influx and inflammatory 

response against pneumonic KPn sepsis.

 Materials AND Methods

 Bacterial strains and Mice

The KPn (ATCC strain 43816) were grown to log phase in LB medium at 37°C. All in-vivo 
experiments were performed using 6–8 weeks old female wild-type C57BL/6 (WT) or 

MGL1−/− mice on same background obtained from JAX mice (Jackson Laboratory), and 
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bred in the animal facility of the University of North Dakota. The animals were used 

according to institutional and federal guidelines.

 Infection of Mice, survival and bacterial burden

Mice were anaesthetized with a mixture of 30mg/ml ketamine and 4 mg/ml xylazine in PBS 

and were infected intranasally with 3.0 x 104 CFUs in 20ul of saline, of KPn or with 20 μl of 

saline alone. Survival of the mice was recorded for up to 2 weeks post-infection (p.i.). Death 

was recorded as infection induced mortality. Mice displaying severe signs of distress 

(labored breathing, non-responsiveness to cage tapping, failure of grooming and feeding) 

were humanely sacrificed and also recorded as infection induced mortality. In some 

experiments, the mice were euthanized at indicated times p.i. and blood, lungs and liver 

were aseptically homogenized in cold PBS with Complete™ protease inhibitor cocktail 

(Roche Diagnostics, Germany). For the bacterial burden analyses, serially diluted 

homogenates and blood were plated on LB agar and incubated at 37°C overnight.

 Quantitative real-time PCR

Total RNA from lungs of infected and mock control mice harvested at various times p.i. was 

extracted using Trizol reagent (Invitrogen) according to the manufacturers’ instructions. 

Real-time PCR analysis was performed using SYBR green (Applied Biosystems, CA, USA) 

to measure the MGL1-specific mRNA by using specific primers (sense) 5′-5′-

TCTCTGAAAGTGGATGTGGAGG-3′ and (anti-sense) 5′-

CACTACCCAGCTCAAACACAATCC-3′ as described by us (17). The target gene 

expression levels were normalized to levels of the house keeping 18S gene in the same 

sample. Expression of MGL1 in infected samples was determined as fold change over that in 

control samples as calculated by using the formula 2−(ΔΔCt).

 Multi-analyte profile analysis

The lung homogenates were prepared as described for the bacterial burden analysis above 

and were centrifuged at 2000 x g for 15 min to clear cellular debris. The supernatants were 

immediately frozen at −80° C. The biomarker levels in lung homogenates were determined 

commercially by Myriad Rules-based Medicine (Austin, TX, USA) utilizing a multiplexed 

analysis.

 Histological and Immunofluorescence analysis

For histological analysis, frozen lung tissues were processed as previously described (18, 

19). Serial horizontal sections (10 μm thick) of frozen lung tissues thus obtained were 

stained with hematoxylin and eosin for pathological analysis as previously described (20, 

21). For Immunofluorescence staining, the frozen lung tissue sections were stained for the 

detection of MGL1, using an affinity purified anti-mMGL1/CD301 goat IgG (R&D 

Systems, Minneapolis, MN) and visualized with Alexa Fluor® 546 donkey anti-goat IgG 

(Life Technologies, Grand Island, NY). The images were acquired using a Nikon eclipse 80i 

upright microscope (Nikon Corporation, Tokyo, Japan) with an attached cooled RTke Spot 

7.3 three spot color camera (Diagnostic Instruments Inc., Sterling Heights, MI). The images 
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were processed and analyzed using Adobe Photoshop 7.0 software (Adobe, Mountain View, 

CA).

 Flow Cytometry

Lungs cells were harvested from mice at 3 days p.i. and processed as previously described 

by us (18, 19, 22). Cells types in the lungs were quantified by staining with Pacific Blue™ 

anti-mouse CD11b (Clone M1/70), APC-Cy7 anti-mouse CD11c (Clone N418), FITC anti-

mouse CD19 (Clone 6D5), Brilliant Violet 570 anti-mouse CD3 (Clone 17A2), APC anti-

mouse Ly6G (Clone 1A8), PerCP/Cyc5.5 anti-mouse Ly6C (Clone HK1.4), PE-Cy7 anti-

mouse F4-80 (Clone BM8) antibodies (Biolegend, San Diego, CA), and PE anti-mouse TCR 

β (Clone H57-597) antibody (Becton Dickinson Pharmingen, San Jose, CA). Enumeration of 

neutrophils by flow cytometry (using a BD LSR II, Becton Dickinson, San Jose, CA) was 

done by quantitating Ly6G+CD11b+ cells stained with Pacific Blue™ anti-mouse CD11b 

(Clone M1/70) and APC anti-mouse Ly6G (Clone 1A8) antibodies (Biolegend, San Diego, 

CA). FlowJo (Tree Star) software was used to analyze all data.

 Bacterial phagocytosis and killing by neutrophils and macrophages

Bacterial phagocytosis of WT and MGL1−/− neutrophils and macrophages was assessed by 

plating on LB media, incubating at 37°C overnight, and counting colonies. For this 

peritoneal neutrophils from C57BL/6 and MGL1−/− mice were isolated using an established 

method of thioglycollate-induced peritonitis. Sterile 4% thioglycollate was injected in 

peritoneal cavity of mice and neutrophils enriched 16–18h following the injection were 

isolated. Five x105 Neutrophils were incubated with KPn (MOI 50) for 1 hour to determine 

bacteria uptake and 3 hours to determine bacteria killing. After 1h the neutrophils were 

washed two times with warm PBS and one time with RPMI before adding 2μg/mL 

gentamicin in RPMI (Gibco) with 10% FBS for the remaining 2h (for the 3h samples) and 

for 15 minute for the 1h samples. The cells were washed extensively with warm PBS before 

lysing with 0.1% TritonX100. Serial dilutions of the lysates were plated on LB media 

overnight at 37°C before colonies were counted.

Bone marrow was isolated from wild-type and MGL1−/− mice and the cells were 

differentiated to macrophages as previously described (23). On day 6 of culture, 3x105 

macrophages were plated in 24-well flat bottom plates and were infected with KPn (MOI 

50) for 1 hour to determine bacteria uptake and 3 hours to determine bacteria killing as 

described above.

 Neutrophil Extracellular Traps

For detection of neutrophil NETs in-vivo, the bronchoalveolar lavage (BAL) was performed 

in WT and MGL1−/− mice at 3dp.i. (24). The lavage cells were cytocentrifuged on glass 

slides and were stained with Sytox Green (Molecular Probe, Eugene, OR) to visualize 

NETs. The percent NET formation was quantitated by dividing the number of NET-forming 

neutrophils by total number of cells in 8–10 random microscopic fields and multiplying the 

values by 100. The experiment was repeated 3 times.
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 Neutrophil Adoptive Transfer

Adoptive transfer of bone marrow neutrophils was performed by methods previously 

described with modifications (25–27). Briefly, bone marrow neutrophils were isolated from 

WT and MGL1−/− mice by gradient separation. Purified neutrophils (~80% purity 

determined by flow cytometry) were labeled with CellTracker Orange CMTMR (Life 

technologies) or CellTracker Green CMFDA (Life technologies) at 37°C for 10 minutes. 

Labeled cells were mixed in 1:1 ratio using 2x106 each group and then injected 

intravenously via tail vein into WT and MGL1−/− mice that had been infected with 3.0 x 104 

CFUs of KPn intranasally 24h prior. Lungs were harvested 2h after the tail vein injections 

and processed for flow cytometry as described above. Adoptively transferred neutrophils 

recruited to the lungs were enumerated using LSR II flow cytometer and analyzed using 

FlowJo software (BD Biosciences, San Jose, CA). Relative recruitment of WT and MGL1−/− 

neutrophils was calculated as the ratio of indicated populations.

 Statistical Analysis

Statistical analysis of survival studies was performed by Kaplan Meir log-rank test; bacterial 

burdens by non-parametric Mann-Whitney Test. All other statistical analyses were 

performed using the Student t test (SIGMA PLOT 8.0, Systat Software, San Jose, CA).

 Results

 MGL1 expression in mouse lungs during pneumonic KPn infection

To examine the role of MGL1 in KPn induced pneumonic sepsis, we first determined its 

transcript-level expression by real-time quantitative PCR using RNA from lungs of KPn-

infected wild-type (WT) mice. The results showed that MGL1 mRNA was maximally 

transcribed by 3dp.i. (Fig. 1A), a time when infiltration of immune cells is peaked during 

infection (21, 24). To examine the expression of MGL1 at the protein level, in-situ IF 

microscopy was performed on lung crysections of mock control and KPn infected WT mice 

at indicated post-infection times. In uninfected mock controls, the expression of MGL1 was 

at low basal level (Fig. 1B). Upon infection, this CLR was found to be abundantly expressed 

at 3dp.i., consistent with the high transcript level in lungs at that time (Fig. 1B). 

Interestingly, in addition to some infiltrating immune cells, MGL1 appeared to be expressed 

prominently by endothelial and alveolar epithelial cells in the lungs of these mice. This 

infection induced upregulation in the expression of MGL1 in pneumonic lungs during KPn 

infection indicated that this CLR likely plays a role in the pathogenesis of KPn pneumonia.

 Increased susceptibility of MGL1−/− mice to KPn pneumonia

To examine the role of MGL1 in disease development, overall disease severity and survival 

was compared in wild-type (WT) and MGL1−/− mice infected with KPn. As the WT mice 

are also susceptible to KPn infection, in order to dissect the role of MGL1, we 

experimentally standardized a sublethal dose of KPn at which 60–70% of the WT mice 

resolve the infection and display only transient signs of disease (ruffled fur, lethargy) early 

during infection. We found that MGL1−/− mice were significantly more susceptible to this 

dose and majority of mice succumbed to infection by day 5p.i. (Fig. 2A). These mice 
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exhibited progressive development of disease and overt signs of infection (weight loss, 

piloerection, hunched gait, lethargy, increased respiratory rate). The increased susceptibility 

of MGL1−/− mice clearly indicated a protective role played by this CLR during pneumonic 

KPn infection. To examine the impact of MGL1 deficiency on the host antibacterial defense 

mechanism, comparison of local and systemic bacterial burden in the organs of infected WT 

and MGL1−/− mice was performed. Intriguingly, there were no statistically significant 

differences in the bacterial loads in lungs, liver or in blood of WT and MGL1−/− mice, 

although the MGL1−/− mice tended to exhibit higher burdens at later times post-infection 

(Fig. 2B). Based on this data, the protective function of MGL1 did not appear to correlate 

with reduced bacterial burden or systemic dissemination.

 Role of MGL1 in phagocyte function

We next examined the direct effect of MGL1 deficiency on the bacterial uptake and killing 

capability of phagocytic cells i.e. neutrophils and macrophages. As shown in Fig. 3A and B, 

WT and MGL1−/− neutrophils and macrophages were equally competent in phagocytosis 

and clearance of KPn. Studies from our and other laboratories have shown that KPn 

infection induces Neutrophil Extracellular Trap (NET) formation in-vivo in lungs of mice 

and that NETs can effectively inhibit the growth of KPn (24, 28). We thus compared the 

extent of NET formation in-vivo in the lungs of KPn infected WT and MGL1−/− mice. As 

shown in Fig. 3C, neutrophils isolated from BAL of infected MGL1−/− mice did not exhibit 

any defect in extracellular trap formation. Together with our observation of similar bacterial 

burden in WT and MGL1−/− mice in-vivo, these data indicated that protective function of 

MGL1 was likely independent of the bacterial clearance mechanisms during pneumonic 

KPn infection.

 MGL1−/− mice exhibit severe lung pathology and hyperinflammatory response

We next compared the gross immunopathological changes and immune cell infiltration in 

KPn infected WT and MGL1−/− mice. The mock control mice of both strains displayed 

similar normal lung tissue morphology in H&E stained cryosections (Fig. 4i, 4v). A 

moderate transient infiltration of immune cells was observed in infected WT mice by day 

3p.i. which was reduced substantially by 5dp.i. (Fig. 4ii–iv). The overall architecture of the 

lungs was largely preserved in the WT animals throughout the course of infection. In 

MGL1−/− mice on the other hand, an increased immune cell infiltration was evident even at 

1dp.i. which progressively increased and resulted in pulmonary inflammation characterized 

by highly confluent immune cell infiltrates (Fig. 4vi–viii). To further examine the impact of 

MGL1 deficiency on inflammatory response, levels of multiple inflammatory cytokines in 

lung homogenates were compared between KPn infected WT and MGL1−/− mice. While the 

mock controls displayed low basal levels of these cytokines, KPn infected WT mice 

exhibited increased amounts at 3dp.i., a time of peak bacterial burden and cellular 

infiltration (Fig. 4B). Infected MGL1−/− mice on the other hand, exhibited significantly 

higher levels of inflammatory cytokines at that time compared to the WT mice (Fig. 4B). 

The levels of IL-10, an anti-inflammatory cytokine were also significantly higher in 

MGL1−/− mice, suggesting a condition of “cytokine storm” typical of sepsis, where anti-

inflammatory host mediators are upregulated in an attempt to counter-balance the systemic 

inflammatory response (29–31). Together, our results show that MGL1 deficiency did not 
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render the mice defective in their ability to mount an anti-inflammatory response to counter 

the on-going inflammation; instead these mice displayed a hyperinflammatory phenotype 

typically associated with sepsis. Our observations thus raised the possibility that despite a 

similar bacterial burden, increased lung pathology and hyperinflammatory response is 

causing increased susceptibility of MGL1−/− mice to KPn infection.

 MGL1−/− mice display altered neutrophil accumulation and neutrophilic immune 
mediators

Pneumonic infection with KPn typically results in immune cell infiltration in lungs. To 

examine if there were differences in the immune cell types infiltrating in the lungs of WT 

versus MGL1−/− mice, flow cytometry analysis of total lung cells was performed. The 

results revealed that the percent as well as absolute numbers of Ly6G+; Ly6C+ and CD11b+ 

myeloid cells were significantly higher in the infected MGL1−/− lungs than those in the WT 

mice (Fig. 5A and B). We found no significant differences in the numbers of macrophages 

(F4/80+), dendritic cells (CD11c+), αβ T cells (TCRβ+) or B cells (CD19+). Further 

analysis of the data revealed that the percent as well as total numbers of Ly6G+CD11b+ 

neutrophils were increased 2–3 fold in the lungs of MGL1−/− mice upon infection, as 

compared to the WT mice (Fig. 5C). This indicated that MGL1 likely plays a role in 

regulating neutrophil infiltration and that increased susceptibility of these mice may be due 

to excessive neutrophil accumulation contributing to exacerbated lung pathology. This was 

further corroborated with the analysis of neutrophil associated immune mediators which 

revealed significantly higher levels of neutrophil chemoattractants (CXCL1, CXCL6), 

neutrophil survival mediator (GM-CSF) and neutrophil activation markers (MMP9, MPO) in 

lung homogenates of MGL1−/− mice, as compared to their WT counterparts (Fig. 6). 

Together our data suggested a neutrophilia-promoting effect of MGL1 deficiency in KPn 

pneumosepsis, which results in severe pathology and hyperinflammatory response 

contributing to the increased susceptibility of MGL1−/− mice to KPn pneumonia.

 MGL-1 deficiency causes increased neutrophil influx into the lungs during KPn 
pneumonia

In order to gain mechanistic insights into the role of MGL1 in neutrophil accumulation, we 

performed neutrophil adoptive transfer using WT and MGL1−/− neutrophils labelled with 

two different intracellular dyes. Injecting a mix of the two types of neutrophils and 

calculating the ratio of MGL1−/− neutrophils to WT neutrophils and vice versa, allowed us 

to assess the relative migration efficiency of WT and MGL1−/− neutrophils in the exact 

same microenvironment (Fig. 7A). Consistent with our pathological and flow cytometry 

findings, we observed that MGL1−/− neutrophils were recruited at a higher rate than their 

WT counterparts in pneumonic lungs of recipient WT as well as MGL1−/− mice (Fig.7B). 

Deficiency of MGL1 on endothelial and possibly other resident cells did not appear to affect 

neutrophil recruitment, as evidenced by similar migration of WT neutrophils in MGL1−/− 

and WT mice (Fig. 7B black bar). These results further solidified the fact that MGL1−/− 

neutrophils exhibit an increased capacity to infiltrate the lungs during KPn pneumonia 

indicating a previously undetermined role of MGL1 in controlling neutrophilia during 

pneumonic infection.
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 Discussion

Gram-negative pneumonic sepsis remains a serious healthcare challenge despite effective 

antibiotic treatments. This underscores that erratic host response to the infectious insult is an 

important element in determining the outcome of the disease. Here we report that MGL1, a 

host CLR, impacts the outcome of Klebsiella induced pneumosepsis as evidenced by a 

reduced survival, severe neutrophilic lung pathology and hyperinflammation of MGL1−/− 

mice. While the antimicrobial functions of neutrophils and macrophages remain unaffected 

by MGL1 deficiency, the mechanistic basis for the observed differences between the WT 

and MGL1−/− mice appeared to be de-regulated neutrophil influx and excessive, non-

resolving inflammation. Our study shows, for the first time, a protective role of MGL1 in 

Gram-negative pneumonic sepsis in part by controlling neutrophil influx into the lungs.

CLRs, by way of their abundant expression on phagocytic cells, can mediate pathogen 

uptake and antigen presentation (32–34). MGL1 has been shown to mediate the attachment 

and entry of influenza A virus (35) and recombinant MGL1 can bind intestinal commensal 

bacteria (11). We examined if this CLR plays any role in KPn uptake and clearance by 

phagocytic cells which may explain the increased susceptibility of MGL1−/− mice to this 

infection. Strikingly, we observed no difference in the phagocytic and bacterial killing 

capacity of neutrophils and macrophages, two cells types involved in KPn phagocytosis and 

clearance. Neutrophils can also kill pathogens by the release of NETs composed of 

chromatin decorated with neutrophil derived proteins (36). The NETs have been 

demonstrated to play a role in controlling KPn growth (24, 28, 37). However, similar to the 

phagocytosis and intracellular killing, we did not find any defect in NETs formation in 

MGL1−/− neutrophils in-vivo. Together, these observations correlated with similar local and 

systemic bacterial burden in WT and MGL-1−/− mice and led to the possibility that the poor 

disease outcome in the absence of MGL1 is due to its impact on host immune responses 

other than those directly affecting antibacterial mechanisms.

Unlike humans, who express only one form of MGL, mice have two orthologues of this 

CLR: MGL1 and MGL2 (4). MGL1 and MGL2 have been suggested to perform non-

redundant functions with MGL1 being most widely studied for its role in inflammatory and 

infectious disease conditions (4). To the best of our knowledge, there are no reports to 

suggest that MGL2 expression is modulated due to a deficiency of MGL1 in MGL1−/− mice. 

While this will require detailed structural and functional studies utilizing MGL2−/− mice, 

our data presented in this manuscript shows a clear phenotype of increased susceptibility and 

poor disease outcome in the absence of MGL1 in MGL1−/− mice. Moreover, unlike MGL1, 

KPn infection did not cause any increase in expression of MGL2 at the transcript level in 

infected mouse lungs as compared to the uninfected control mice (data not shown). Whether 

or not MGL2 is involved synergistically, directly or indirectly; could be a topic of future 

investigation.

Despite a similar bacterial burden, MGL1 deficiency resulted in more severe lung pathology 

and heightened inflammatory response. These mice displayed hyperinflammation and a lack 

of resolution in their lungs, suggesting a protective, pro-resolving role of MGL1 in 

pneumosepsis. Both anti-as well as pro-inflammatory functions of MGL1 have been 
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described in distinct pathological conditions. Increased susceptibility of MGL1−/− mice to 

helminth parasitic infection with Taenia crassiceps was shown to correlate with reduction in 

the levels of proinflammtory cytokines (38). An MGL-dependent induction of pro-

inflammatory cytokines, TNF-α, IL-6 and IFN-γ in Bordetella pertussis stimulated mast 

cells was reported (10), however, the relevance of these findings to overall disease outcome 

was not examined. In contrast to these studies, an anti-inflammatory role of MGL1 was 

described in experimental colitis, where the protective function of MGL1 was attributed to 

induction of IL-10 by colonic lamina propria macrophages in response to commensal 

bacteria (11). We observed an excessive upregulation of both pro- as well as anti-

inflammatory cytokines in MGL1−/− mice undergoing KPn pneumoseptic infection. It is 

likely that the presence of multiple PAMPs and alarmins released due to bacterial growth 

and/or inflammation contributes to the effect of MGL1 deficiency and causes stimulation of 

multiple PRRs on immune cells resulting in a mixed pro-and anti-inflammatory hyper 

response reminiscent of characteristic cytokine storm. Indeed, a cross-talk between CLRs 

and Toll-like receptors (TLR)-induced immune responses has been reported where CLR 

mediated uptake of Schistosoma antigens suppresses TLR-mediated dendritic cell 

maturation (39). Whether an inverse relationship between MGL1 and TLR signaling exists 

or if MGL1 negatively regulates TLR stimulation in KPn pneumonia remains to be 

determined. Nonetheless, the fact that a hypeinflammation and more severe pathological 

changes were observed in MGL1−/− mice despite a similar bacterial burden indicate that 

MGL1 negatively regulates the inflammation and a perpetuation of inflammation rather than 

the bacterial growth contributes to lethality of MGL1−/− mice.

We found that KPn infected MGL1−/− mice exhibited significantly increased neutrophil 

accumulation in their lungs. Neutrophil mediated responses are essential for combating 

pneumonic bacterial infection and their protective role in sepsis and KPn infection in 

particular has been described elegantly (40, 41). However, persistent accumulation of 

neutrophils can lead to bystander tissue destruction, owing to their tissue destructive cargo. 

Accumulation of large numbers of neutrophils in the lungs of MGL1−/− mice and higher 

amounts of their associated inflammatory mediators suggested that there is a defect in 

neutrophil turnover in these mice. This could either be due to increased influx of neutrophils 

into the lungs; due to a defect in their clearance by efferocytosis; or a combination of both. 

While we are currently investigating the role of MGL1 in efferocytosis, our adoptive transfer 

experiment showed that MGL1 deficiency on neutrophils significantly increases their 

capacity to infiltrate the lungs of pneumonic mice. This suggested a novel role of MGL1 as a 

negative regulator of neutrophil influx, although previous studies have implicated this CLR 

in trafficking of other myeloid cell types. Relevant to our study, mouse MGL has been 

reported to impede migration of immature dendritic cells (DCs) via its interaction with its 

glycan ligands on endothelium, and blockage of MGL results in an enhanced random 

mobility of these cells (42). Mature DCs lose MGL expression (43), thus enabling these 

cells to overcome the negative effect of MGL and egress. Similar mechanisms could be at 

play in our model where MGL1 negatively regulates epithelium-neutrophil interactions 

thereby impeding neutrophil infiltration into the intrapulmonary space and retaining them 

into circulation, and only after MGL1 expression is lost, are these neutrophils able to 

infiltrate into the lungs. This could also explain why we could not detect MGL1 expression 
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on neutrophils infiltrating the lungs of KPn infected WT mice (data not shown). Curiously, 

while MGL1 was expressed on bronchial epithelial and endothelial cells in lungs, we did not 

see a significant effect of endothelial cell expressed MGL1 on neutrophil influx (evidenced 

by similar infiltration of labelled WT neutrophils in MGL1−/− and WT mice). While the role 

of MGL1 expressed on other resident cells cannot be ruled out at this time, the significance 

of this endothelial expression pattern remains to be experimentally determined.

In the absence of MGL1 we also observed significantly higher induction of neutrophil 

chemoattractants (CXCL1 and CXCL6), neutrophil survival mediator (GM-CSF) and 

neutrophil activation markers (MMP9, MPO) in MGL1−/− mice, as compared to their WT 

counterparts. These results further support the notion that MGL1 is likely involved in 

neutrophil turnover and the absence of MGL1 results in greater and prolonged accumulation 

of neutrophils in lungs of mice. This leads to a greater neutrophil-mediated inflammation 

and lung pathology observed in MGL1−/− mice as compared to their WT counterparts where 

the neutrophils infiltrate transiently and are cleared off as the infection resolves. These 

observations clearly suggest that while deficiency of MGL1 does not impair bacterial 

phagocytosis and activation of neutrophils, this CLR is required for regulating neutrophil 

trafficking.

In summary, this study shows that MGL1 plays an important role in mitigating the 

inflammation during a pneumonic infection, by negatively regulating the neutrophil influx. 

This study opens up new avenues of research on the role of MGL1 in neutrophil trafficking. 

This can have major implications in the therapeutic measurements of inflammation 

associated disorders.
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Figure 1. 
MGL1 is upregulated in the lungs of Klebsiella pneumoniae (KPn) infected pneumonic 

mice. (A) Total RNA was extracted by Trizol method from the lungs of KPn infected wild-

type (WT) C57/BL6 mice, harvested at indicated times post-infection. The mRNA levels of 

MGL1 were analyzed by real-time PCR as described in Methods and are expressed as fold 

changes over the levels in mock control mice calculated by using the formula 2−(ΔΔCt). Data 

shown are the mean ± SEM of 3–4 mice per time point in two independent experiments. 

Significant differences were measured by Student’s t test (p < 0.05) (B) MGL1 expression 

was examined by immunofluorescence staining on lung cryosections of mock control and 

KPn infected wild-type mice harvested at indicated times post-infection using an affinity 

purified anti-mouse MGL1 goat IgG followed by Alexa Fluor® 546 labelled (red) donkey 

anti-goat IgG. Nuclei (blue) were stained with 4′,6′-diamidino-2-phenylindole dilactate. 

Images shown are representative of 3 independent experiments with 3–4 mice each.
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Figure 2. 
MGL1−/− mice exhibit reduced survival despite similar bacterial burden as the WT mice. (A) 
WT and MGL1−/− mice were intranasally infected with 3.0x104 CFUs of KPn in 20μl of 

sterile PBS and were assessed daily for disease severity. The survival was monitored for two 

week. Statistical comparison of susceptibility was done by Kaplan-Meier survival curve 

statistical analysis (p=0.0019 **). The data shown is from 3 independent experiments 

(n=16). (B) WT and MGL1−/− were intranasally infected with KPn. At indicated times post 

infection the mice were sacrificed, systemic organs were isolated, homogenized and plated 

as described in Materials and Methods. Bacterial burden was enumerated after incubating 

the plates overnight at 37°C. No significant differences in bacterial burden (using non-

parametric Mann-Whitney test) in WT and MGL1−/− were found. Each symbol in the scatter 

plots represents individual mouse and the data is from 3–4 independent experiments.
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Figure 3. 
MGL1 deficiency does not impair bacterial clearance by phagocytes. Bacterial uptake and 

killing capacity of MGL1−/− and WT neutrophils (A) or bone-marrow derived macrophages 

(B) was determined at 1h and 3h by assessing intracellular CFUs in these cells as described 

in Methods. Data from a representative of 3 independent experiments is shown. (C) 
Neutrophils isolated from bronchoalveolar lavage fluid (BAL) of WT (upper panel) and 

MGL1−/− (lower panel) mice infected with KPn, were cytocentrifuged and stained with 

Sytox Green to visualize extracellular traps (NETs). Magnification 200X. Bar graph shows 

quantitation of NET forming neutrophils in BAL from KPn infected WT and MGL1−/− 

mice. Data are mean ± SEM from 8 mice per group in 3 independent experiments.
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Figure 4. 
Pneumonic MGL1−/− mice exhibit severe lung pathology and hyperinflammatory response. 

(A) Hematoxylin & Eosin staining of lung cryosections from mock control (i and v) and 

KPn infected WT (ii, iii, iv) and MGL1−/− (vi, vii, viii) mice isolated at indicated times post-

infection. Magnification 200X. (B) The lungs from mock control (WT-M and MGL1−/− M) 

and KPn infected WT and MGL1−/− (WT-Inf and MGL1−/− Inf) mice isolated at 3d p.i. were 

homogenized in PBS with protease inhibitors and analyzed commercially for host immune 

mediators by rodent multi-analyte profile (Myriad™ Rules-Based Medicine, Austin, TX). 

Results shown are mean ± SEM of 3–4 each infected and mock control mice from 2–3 

independent experiments. Statistical significance are denoted by asterisks (*, p<0.05; **, 

p<0.005). CRP; C-reactive protein.
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Figure 5. 
Pneumonic MGL1/−/− mice exhibit increased neutrophil accumulation in their lungs. (A) 
Flow cytometry analysis of total lung cells from mock and KPn infected WT and MGL1−/− 

at 3dp.i. Total lungs cells were isolated from mice by collagenase treatment followed by 

staining with antibodies against indicated cell markers as described in methods. Each bar 

represents percent cells positive for individual markers in lungs of indicated experimental 

mice. (B) Shows total number of cells positive for indicated cell markers. Data shown are the 

mean ± SEM of 5–6 mice from 3–4 independent experiments. Statistical significance are 

denoted by asterisks (*, p<0.05). (C) Ly6G+CD11b+ neutrophils in lungs of KPn infected 

WT and MGL1−/− mice at 3dp.i. The cells were double-stained with anti-Ly6G-APC and 

anti-CD11b-Pacific Blue antibodies as markers for neutrophils. The bar graph shows mean ± 

SEM of total number of neutrophils in lungs of 3–4 mock control and 4–5 KPn infected WT 

and MGL1−/− mice each from 3 independent experiments. Contour plots shown on the right 

are from one representative experiment. Statistical significance are denoted by asterisks (*, 

p<0.05).
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Figure 6. 
Pneumonic MGL1/−/− mice exhibit increased levels of neutrophil associated immune 

mediators. The lungs from mock control and KPn infected WT and MGL1−/− mice were 

harvested at 3dp.i. and analyzed commercially for host immune mediators by rodent multi-

analyte profile (Myriad™ Rules-Based Medicine, Austin, TX). Levels of neutrophil 

chemoattractants and growth factor (CXCL1, CXCL6, GM-CSF) and activation markers 

(matrix metalloproteinase-9, MMP-9 and myeloperoxidase, MPO) are shown. Results shown 

are mean ± SEM of 3–4 each infected and mock control mice from 2–3 independent 

experiments. Statistical significance are denoted by asterisks (*, p<0.05; **, p<0.005).
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Figure 7. 
MGL1 deficiency causes increased neutrophil influx in the pneumonic lungs. (A) Schematic 

representation of the adoptive transfer experiment as described in the Methods. Purified 

bone marrow neutrophils from WT mice were labelled with CellTracker Orange CMTMR 

and those from MGL1−/− mice labeled with CellTracker Green CMFDA, mixed in 1:1 ratio 

and injected intravenously (i.v.) into WT or MGL1−/− recipient mice infected intranasally 

with KPn 24h prior to injection. Lungs were harvested 2 hrs after the adoptive transfer and 

processed for flow cytometry. (B) Relative recruitment of MGL1−/− and WT neutrophils in 

each mouse strain is depicted as the ratio of indicated populations in the KPn infected lungs. 

Data shown are mean ± SEM form 9 mice per group in 3 independent. Statistical 

significance are denoted by asterisks (**, p<0.005).
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