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Abstract

Sepsis is defined as infection with organ dysfunction due to a dysregulated immune response. 

The lung is one of the most vulnerable organs at the onset of sepsis. Interleukin (IL)-33 can be 

released by injured epithelial and endothelial cells in the lung and regulate immune activation 

and infiltration. Therefore, we postulated that IL-33 would contribute to the immune response in 

the lung during sepsis. Using the cecal ligation and puncture (CLP) sepsis model, we show here 

that IL-33 contributes significantly to both sepsis-induced inflammation in the lung and systemic 

inflammatory response in the early phase of sepsis. Despite the higher intra-peritoneal bacterial 

burden, the absence of IL-33 resulted in less infiltration of neutrophils and monocytes into the 

lungs in association with lower circulating, lung and liver cytokine levels as well as reduced 

lung injury at 6 h after sepsis. IL-33 was required for the upregulation of IL-5 in type 2 Innate 

Lymphoid Cells (ILC2), while IL-5 neutralization suppressed neutrophil and monocyte infiltration 

in the lungs during CLP sepsis. This reduction in leukocyte infiltration in IL-33-deficient mice 

was reversed by administration of recombinant IL-5. These results indicate that IL-33 plays a 

major role in the local inflammatory changes in the lung, in part, by regulating IL-5 and this axis 

contributes to lung injury early after the onset of sepsis.
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INTRODUCTION

Sepsis is defined as infection with organ dysfunction1 and is a leading cause of mortality 

in Intensive Care Units worldwide.1,2 The ultimate cause of death is due to secondary 

development of life-threatening organ dysfunction, which is thought to result, in part, from 

a dysregulated inflammatory response.3 The lung is one of the most vulnerable organs 

during sepsis.3,4 and acute lung injury develops early during the course of sepsis and is 

associated with high morbidity and increased mortality.4 The infiltration of neutrophils and 

production of proinflammatory and chemotactic molecules, in particular tumor necrosis 

factor-α (TNF-α) and interleukin (IL)-1β, play central roles in the process of sepsis-induced 

acute lung inflammation and acute lung injury.5–7 The release of TNF-α and IL-1β initiates 

and also amplifies inflammatory cascades via myeloid cell activation and the upregulation 

of a network of proinflammatory cytokines, lipid mediators, and reactive oxygen species, 

leading to vascular leak and tissue injury.8 Simultaneously, anti-inflammatory responses, 

in particular IL-10 production, are engaged to counteract the actions of proinflammatory 

cytokines and to restore immunological balance.8–10 Although these pathophysiological 

events are well documented, the events that initiate the inflammatory cascades are not 

clearly understood.

IL-33 is a member of the IL-1 family, and has recently emerged as a cytokine with diverse 

functions in infectious and inflammatory diseases.11–13 IL-33 is mainly expressed in barrier 

cells, including the epithelial and endothelial cells.13–15 Upon cell damage or tissue injury, 

IL-33 expression increases and is released into the extracellular space, to subsequently 

alarm the neighboring tissues by activating various target cells, including T cells, mast cells, 

eosinophils, type 2 Innate Lymphoid Cells (ILC2), dendritic cells, monocytes, macrophages, 

NKT cells and NK cells.14,16,17 These cells express the IL-33 receptor ST2 (also known as 

IL-1RL1), and respond to IL-33/ST2 signaling by producing cytokines and chemokines.14,18 

However, IL-33 can activate multiple arms of the immune response. For example, IL-33 

can promote both Th1 and Th2 immune responses depending on type of cells activated, the 

cytokine microenvironment and host immune context.18–20 In cecal ligation and puncture 

(CLP) sepsis, IL-33 is important for immune cell activation and bacterial clearance21 but its 

role in systemic and pulmonary inflammatory responses is not known.

IL-33 has been shown to be a potent activator of ILC2, resulting in enhanced production 

of the key effector cytokines IL-5 and IL-13, which are responsible for the development 

of allergic airway inflammation.22–24 ILC2 are a recently described subset of linage-/ST2+, 

GATA3-dependent lymphocytes identified in multiple barrier tissues,24 and are known to 

have important functions in allergic diseases,25 influenza virus infection26 and dermatitis.27 

IL-33 can also contribute to lung protection through restoring airway epithelial integrity by 

stimulating ILC2 to produce amphiregulin.26 However, the roles of IL-33 in regulating early 

inflammatory responses in the lung in sepsis remain to be determined.
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In this study, we tested the hypothesis that IL-33 is a regulator of lung inflammation in the 

early phases of sepsis. Using a model of polymicrobial intra-abdominal sepsis, we showed 

that IL-33 plays a central role in inducing lung injury within hours after the onset of severe 

sepsis. IL-33 was found to drive systemic inflammation, ILC2 IL-5 expression as well as 

neutrophil and monocyte infiltration and cytokine production in the lungs. Exogenous rIL-5 

partially reversed the IL-33-deficient state in the lung response during sepsis. These findings 

identify IL-33 as a driver of systemic and pulmonary inflammation during intra-abdominal 

sepsis.

RESULTS

IL-33 levels increase rapidly in the plasma and lungs during CLP sepsis

To determine the roles of IL-33 in local lung and systemic inflammatory responses during 

sepsis wild-type C57BL/6 (WT) and IL-33-deficient (IL-33−/−) mice were subjected to CLP 

sepsis. As shown in Figure 1a, IL-33 levels were markedly increased in the plasma and lungs 

as early as 3–6 h and returned to baseline levels by 18 h in WT mice after CLP. IL-33 levels 

corresponded with IL-5 levels in the plasma and lungs in a 0–24 h time frame after CLP, but 

not IL-13 levels (Figure 1a). Immunohistochemistry of the lung localized IL-33 to epithelial 

cells at 6 h after CLP (Figure 1b).

IL-33 promotes systemic inflammation

As expected, CLP lead to marked increases in TNF-α, IL-1β, IL-6 and IL-10 in the plasma 

(Figure 2a) and TNF-α, IL-1β and IL-10 in lung homogenates (Figure 2b) between 6 and 

24 h. Levels of these cytokines were significantly lower in IL-33−/−mice across the first 

24 h following CLP. IL-33 also promoted a Th2 response as we show that IL-33 deletion 

resulted in significantly reduced levels of IL-5, IL-13 and CCL-22 in the plasma (Figure 

2c) and in lung homogenates (Figure 2d) at 6 h after CLP. Deletion of IL-33 also prevented 

CLP-induced increases in liver IL-1β, IL-10, IL-5, and CCL22 levels measured at 6 h 

(Supplementary figure 1). No increases in soluble ST2 (sST2) levels were detected in the 

lung in the first 24 h of -sepsis and plasma ST2 levels did not increase until 24 h following 

CLP in WT mice (Figure 1a). Interestingly, IL-33−/− mice subjected to CLP exhibited 

an increase in lung sST2 levels suggesting a negative IL-33-mediated feedback for sST2 

expression or release. These time course dynamics implicate IL-33 in the early inflammatory 

pathways activated by CLP.

To address the role of IL-33 in the setting of controlled infection, we treated mice with 

antibiotics which results in efficient clearance of bacteria and markedly improved survival 

in this model.28 IL-33−/− mice showed significantly lower circulating levels of TNF-α and 

IL-10 as compared to WT mice at 18 h after CLP with antibiotics (Supplementary figure 

2), indicating that even when the infection is controlled by antibiotics, IL-33 contributes to 

systemic inflammatory response during intra-abdominal infection.
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IL-33 contributed to CLP sepsis-induced infiltration of neutrophils and monocytes into the 
lung

H&E staining revealed a robust influx of leukocytes into the interstitium and 

broncheoalveolar space in the lung of mice subjected to CLP (6 h) (Figure 3a). IL-33−/− 

mice displayed reduced leukocyte infiltration (Figure 3a). The average numbers of CD45+ 

cells per lung was higher in WT mice (2.86 × 107) than IL-33−/− mice (1.70 × 107) at 6 h 

after CLP. Leukocytes were isolated from the lungs as described in the methods and flow 

cytometry performed to identify leukocyte subsets (Supplementary figure 3) as described by 

Zaynagetdinov et al.29 Abdominal sepsis induced a sharp increase in both the percentages 

and numbers of the neutrophils and pulmonary monocytes (Figure 3b) in the lungs at 6 h. 

In comparison to the WT mice, IL-33−/− mice had significantly reduced percentages and 

numbers of neutrophils (P < 0.05) in the lung after CLP. Pulmonary monocytes (P < 0.05) 

were also lower in number without a significant effect on the percentage (Figure 3b) in 

IL-33−/− mice.

To assess the macrophage subsets, we analyzed the expression of polarization markers 

within the F4/80+/CD11b+ cells, including intracellular inducible nitric oxide synthase 

(iNOS) for classical (M1) macrophages and CD206 (mannose receptor) surface expression 

for alternatively activated (M2) macrophages. We assessed the expression of Gr1 and 

CD11b within the CD206+ (or iNOS+) gate, and found that interstitial macrophages 

(IMs) represented the major source of CD206+ cells, while iNOS was mainly detected 

in pulmonary monocytes (Supplementary figure 3b). IL-33 deficiency resulted in a 

significantly reduced frequency of iNOS+ monocytes in the lung (Figure 3b) but did not 

affect the percentage of CD206+ IMs (data not shown). These results indicated that IL-33 

promoted the recruitment of neutrophils and monocytes into the lung within hours of the 

onset of sepsis and contributed to a M1 polarizaiton in the pulmonary monocytes.

IL-33 deletion resulted in less lung injury in the presence of a greater bacterial burden at 6 
h after the onset of sepsis

Lung injury was assessed over the first 24 h by calculating lung injury scores (Figure 3c). 

As expected CLP lead to an increase in lung injury scores at 6, 18 and 24 h that was 

significantly lower in the IL-33−/− mice at 6 h. To determine whether IL-33 also contributed 

to vascular leak, another hallmark of lung injury in sepsis, endothelial permeability was 

measured using Evans Blue Dye leakage. As shown in Figure 3d, IL-33 deletion prevented 

the sepsis-induced increase in pulmonary vascular permeability measured at 6 h. During 

polymicrobial sepsis, the efficiency of bacterial clearance determines the magnitude of 

inflammatory response and end organ injury.28 Others have shown that IL-33 is important 

for promoting bacterial clearance in the peritoneal cavity in CLP sepsis.21 We confirmed that 

IL-33−/− mice had higher peritoneal levels of bacteria and a trend toward higher counts in 

the blood and lung than their WT counterparts at 6 h (Figure 3e and Supplementary figure 

4a). In line with bacterial clearance, IL-33 deletion resulted in a slight increase in mortality 

after CLP (Supplementary figure 4b). Thus, the reduction in systemic inflammatory cytokine 

levels (Figure 2) and pulmonary leukocyte infiltration and lung injury (Figure 3a–d) 

observed in IL-33−/− mice occurred in the presence of a higher bacterial burden (Figure 

3e) in the early phase of CLP.
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IL-33 contributed to sepsis-induced TNF-α, IL-1β and IFN-γ production from pulmonary 
neutrophils and monocytes

As described above, cytokine levels in lung homogenates were found to correspond to the 

circulating levels (Figure 2). IL-33−/− mice displayed significantly lower (P < 0.05) levels 

of TNF-α, IL-1β (Figure 2b) and IFN-γ (Figure 2d) in the lung after CLP than the WT 

mice at 6 h. To identify the cellular sources of proinflammatory and anti-inflammatory 

cytokines in the lungs, we assessed the expression of Gr1, CD11b and F4/80 within the 

TNF-α+ gate and found that TNF-α in the lung was produced by several cell subsets, 

including neutrophils, monocytes, IMs and alveolar macrophages (AMs) (data not shown). 

These four cell subsets were also found to express the pro-form of IL-1β. We found that 

Gr1high/CD11b+ neutrophils were the major cellular source of IFN-γ. In comparison to the 

WT mice, IL-33−/− mice showed lower expression of TNF-α (Figure 4a) and IFN-γ (Figure 

4b) within pulmonary neutrophils, and reduced levels of TNF-α in pulmonary monocytes 

(Figure 4a). Deletion of IL-33 did not impact the expression of TNF-α within IMs and AMs 

at 6 h after CLP (data not shown).

Pulmonary neutrophils were ST2-negative but highly expressed IL-5Ra

To investigate the mechanism by which IL-33 regulated the inflammatory response in the 

lungs, leukocytes isolated from lungs were analyzed by flow cytometry for ST2 (IL-33 

receptor) expression. We also assessed the expression of the IL-5 receptor, IL-5α, since it 

is known that IL-33 can induce IL-5 production by ILC2.22–24 We found that the majority 

of pulmonary neutrophils were ST2-negative (Figure 5a), and only 2.5% of pulmonary 

monocytes were ST2-positive (Figure 5b). In contrast, 99.9% of the pulmonary neutrophils 

highly expressed IL-5Rα, and over 90% of pulmonary monocytes were intermediate positive 

for IL-5Rα, in both control mice (Figure 5c) and septic mice (Figure 5d). Other cell types 

that are known to express ST2 include eosinophils, mast cells and regulatory T cells.11,12 

Using flow cytometry, we failed to find mast cells in the lungs, and observed that IL-33 

deficiency had no impact on low percentages of eosinophils or Tregs in the lung tissue at 6 h 

after CLP (Supplementary figure 4c).

Sepsis-induced increases in lung ILC2 numbers and IL-5 production were IL-33-dependent

Using a combination of markers including CD45, lineage markers (Lin, including 

CD11b, CD3e, CD45R, NK1.1), CD90.2, ST2, sca-1, GATA-3, CD117(c-Kit), CD127 

and CD25,24,25 we identified a population of CD45+/Lin−/CD90.2+/ST2+/sca-1+/GATA-3+/

CD117+/CD127+/CD25+ cells as ILC2 (Figure 6a). These cells were strongly positive for 

ST2 and represented about 0.2% of the total leukocytes in the lung at baseline (Figure 6b). 

Sepsis induced a rapid increase in the prevalence of ILC2 (P < 0.05) in lungs of WT mice at 

6 h after CLP (Figure 6b). These ILC2 had enhanced expression of IL-5 (P < 0.05) (Figure 

6a, b) and this was accompanied by a significant increase in circulating IL-5 levels (P < 

0.05) in the plasma (Figure 2c) and in lung (Figure 2d). Both the increase in ILC2 frequency 

in the lung and upregulation of IL-5 in the ILC2 population were significantly lower in 

IL-33−/− mice (P < 0.05) than that observed in WT mice at 6 h after CLP (Figure 6b). IL-33 

deficiency also prevented the increase in IL-5 levels in the plasma (Figure 2c) and in lung 

(Figure 2d) in this early phase of sepsis.
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We also measured the plasma levels of IL-13, which is known to be produced by ILC2,23,30 

but found no significant difference (P > 0.05) between the control and septic WT mice at 6 h 

after CLP (Figure 2c). The pulmonary levels of IL-13 were very low at 6 h following CLP in 

both strains (Figure 2d). At 6 h after CLP, IL-33−/− mice had plasma IL-13 levels even lower 

(P < 0.05) than the baseline levels, indicating that IL-33 may play a role in maintaining 

IL-13 expression during sepsis (Figure 2c).

IL-5, but not ILC2, plays a role in IL-33-induced neutrophil and monocyte influx into the 
lungs in sepsis

Our observation that IL-5 expression in the lung is IL-33-dependent during CLP suggests 

that the effects of IL-33 on lung inflammation could be mediated partially through IL-5. 

Treatment of IL-33−/− mice with intravenous rIL-5 (50 μg kg−1) at the time of CLP 

increased recruitment of neutrophils and monocytes into the lung to levels similar to that 

observed in WT mice (Figure 7a). Administration of rIL-5 did not impact the peritoneal 

bacterial burden (Figure 7b) or the lung injury score (Figure 7c) in IL33−/− mice at 6 h 

after CLP. Pretreatment of WT mice with anti-IL-5 neutralizing antibodies (8 mg kg−1) 

resulted in reduced numbers of pulmonary neutrophils and monocytes (Figure 7d). Taken 

together, these data raise the possibility that IL-33 stimulates ILC2 to produce IL-5 that then 

participates in leukocyte recruitment and activation in the lung within hours of the onset 

of intra-abdominal sepsis. To test whether ILC2 deletion prevents lung injury following 

CLP sepsis, mice lacking ILC2 were generated through adoptive transfer of Rora+/+ or 

Rora−/− bone marrow into lethally irradiated WT mice as described in the methods. We 

have previously shown that this approach leads to complete irradication of ILC2 in the 

lungs.31 There were no significant differences in the plasma or lung levels of TNF-α or 

IL-1β, the frequency of neutrophils or monocytes in lung leukocytes, or lung injury scores 

in ILC2-deficient mice as compared with the bone marrow transplant control WT (Rora+/+) 

mice at 6 h after CLP (Supplementary figure 5). Thus, ILC2 alone do not account for the 

IL-33-dependent early lung injury and inflammation during abdominal sepsis.

DISCUSSION

The activation and recruitment of inflammatory cells such as neutrophils and monocytes 

into the lungs is a feature of pulmonary inflammatory processes associated with acute lung 

injury.7,8 We assessed the role of IL-33 in these early events in a clinically relevant model 

of polymicrobial intra-abdominal sepsis. While we confirmed that IL-33 participated in 

promoting bacterial clearance in the peritoneal cavity, our results established that the early 

upregulation of IL-33 has the adverse consequence of increasing inflammation-associated 

lung injury in the early phase of sepsis. These events occurred prior to increases in sST2, 

which would be expected to limit the extracellular actions of IL-33 and may involve the 

early upregulation of IL-5. These results established a dominant role for IL-33 in the initial 

lung and systemic inflammation response in sepsis and double-edged sword actions of 

IL-33, that is more efficient bacterial clearance at the cost of worse lung injury.

Previous studies have linked IL-33 signaling with LPS-induced lung injury.32,33 For 

example, overexpression of sST2 (a decoy receptor for IL-33) resulted in local inhibition 
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of IL-33 signaling and reduced IL-1β and IFN-γ levels in the lungs of LPS-treated 

mice, leading to reduced inflammatory cell infiltration and vascular leakage.32 sST2 gene 

transfer has been shown to provide a protective effect on LPS-induced acute lung injury 

by repressing inflammatory cell infiltration, alveolar hemorrhage and proinflammatory 

cytokines.33 Recent studies, using administration of recombinant protein28 or overexpression 

of the IL-33 gene,34,35 demonstrated that IL-33 could induce neutrophil migration and 

activation. Here, we show that IL-33 drives systemic and pulmonary inflammatory responses 

during intra-abdominal, polymicrobial sepsis. Our findings highlighted the central role of 

IL-33 in these conditions by showing that the deletion of IL-33 resulted in less inflammation 

in the lungs and less lung injury even in the face of higher bacterial counts in the peritoneal 

cavity at 6 h after sepsis. No effect of the absence of IL-33 is found with regards to the 

bacterial load and lung injury at later time points during sepsis.

The observation that IL-33 deletion resulted in lower systemic and liver levels of IL-1β, 

IL-10 and IL-5 at 6 h after CLP supports the role for IL-33 in driving systemic inflammatory 

responses during CLP sepsis. We speculate that the impact of extracellular IL-33 could be 

especially prominent in the early hours of the response when IL-33 levels peak and levels of 

the endogenous inhibitor of IL-33, sST2, remain low.

During polymicrobial sepsis, the efficiency of bacterial clearance determines the magnitude 

of inflammatory response and end organ injury.28 Previous studies have shown that 

genetically knockout IL-33 impairs bacterial clearance21 as well as increases mortality36 

after CLP. In line with these studies, IL-33 deletion resulted in significantly higher bacterial 

loads in peritoneal cavities as well as a slight increase in mortality in our sublethal CLP 

model. Furthermore, our results indicated that IL-33 contributed to systemic inflammatory 

response during intra-abdominal infection even when the infection is controlled by 

antibiotics. Therefore, it seems unlikely that prevention of lung inflammation and injury 

was due to a change in local bacterial counts in the lungs.

IL-33 levels in the lungs increased rapidly after the onset of sepsis and triggered robust 

inflammatory responses characterized by upregulation of both proinflammatory (TNF-α, 

IL-1β) and anti-inflammatory (IL-10) cytokines as well as an influx of neutrophils and 

monocytes. We provide evidence that these cytokines were mainly produced by neutrophils 

and monocytes. Previous work has shown that IL-33 has a direct impact on macrophages 

and can augment LPS-induced expression of proinflammatory mediators (iNOS, IL-6 and 

TNF-α) in macrophages.37 We showed that up to 2.5% of lung monocytes were positive 

for ST2. Therefore, a small population of monocytes might respond directly to IL-33 for 

increased TNF-α production in the presence of other stimulators, such as LPS. However, we 

also showed that pulmonary neutrophils and monocytes were positive for IL-5Ra. As is also 

shown, IL-33 activates ST2-expressing ILC2 to produce IL-5, and IL-5 drives recruitment 

of neutrophils and monocytes into the lung. Therefore, IL-33-driven cytokine upregulation 

may partially result from IL-5-mediated neutrophil and monocyte recruitment and activation. 

Other proinflammatory mediators in the lung microenvironment may also drive cytokine 

expressions. Our studies focused on the sources of cytokines in the CD45+ population of 

cells in the lungs. It is also possible that other cell types, including the epithelium and 

Xu et al. Page 7

Immunol Cell Biol. Author manuscript; available in PMC 2023 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



endothelium could contribute to the local production of some of these cytokines during 

sepsis.

Membrane-bound ST2 is recognized to be responsible for IL-33/ST2 signaling.12,18 

However, recent studies suggested that IL-33 can also function independently of ST2.19,38 

Blocking IL-33 signaling by sST2 administration significantly reduced LPS-mediated 

mortality and systemic levels of IL-6, IL-12, and TNF-α. Conversely, inhibition of 

endogenous ST2 through anti-ST2 antibodies aggravated the toxic effects of LPS.39 These 

conflicting results in studies using IL33−/−, ST2−/− mice and application of anti-ST2 

antibodies in the same model of disease indicate that some functions of IL-33 and ST2 

signaling are distinct.38–40 In this study, we observed increased neutrophil recruitment and 

inflammatory cytokine production in response to IL-33. However, since ST2, the only 

known IL-33 receptor, was shown to be minimally expressed in these cells, we concluded 

that the effects of IL-33 on neutrophils and monocytes required an intermediate signal. 

The observation that both neutrophils and pulmonary monocytes were positive for IL-5Rα 
identified these cells as targets for IL-5 in sepsis-induced lung inflammation. Endogenous 

IL-33 has been shown to induce the expansion of ILC2 and their production of IL-5 in 

allergic diseases22–24 and parasite infections.41 Using models of nematode infection induced 

acute lung inflammation, Jackson-Jones et al. reported crucial role of IL-33 in pleural 

B1-cell activation and local IgM secretion via IL-33-ILC2-IL-5 pathway, in which B1 cells 

are not the direct target of IL-33 but require IL-5 for activation.42 We recently reported 

that IL-33 can drive neutrophil IL-5 production through ILC2 activation in a model of 

sterile injury.31 In the current study, IL-33−/− septic mice had less IL-5-producing ILC2 

in the lungs and lower IL-5 levels. The suppressed inflammatory cell infiltration in the 

lung of IL-33−/− mice was partially reversed by administration of rIL-5. Thus, some of the 

proinflammatory actions of IL-33 in the lung during sepsis appear to be mediated by IL-5. 

However, deletion of ILC2 had no effect on lung cytokine levels, leukocyte infiltration, or 

injury. The lethal irradiation and adoptive transfer of bone marrow could have impacted 

other aspects of the immune response to CLP. Nonetheless, the findings with ILC2 deletion 

raise the possibility that other sources of IL-5 or mediators other than IL-5 may be important 

to the IL-33-mediated inflammatory changes.

IL-5 is recognized to promote eosinophil recruitment and maturation.43,44 However, the 

protective role of IL-5 in sepsis has been shown to be eosinophil-independent.45 Increased 

recruitment of monocytes and neutrophils has been described in IL-5-overexpressing mice 

and in mice with exogenous IL-5 administration46 and a chemotactic effect of IL-5 for 

monocytes and neutrophils has been reported.46,47 In addition, neutralization of IL-5 

inhibited neutrophil accumulation in a mouse model of filariasis,48 while anti-IL-5Rα 
treatment resulted in reduced numbers of neutrophils and monocytes in a clinical study 

on asthma.49 Consistent with the results from Linch et al.,45 we found in this study that 

neutrophils were highly positive for IL-5Rα and pulmonary monocytes were moderately 

positive. Therefore, one of the major effects of IL-33 induced IL-5 upregulation in the lung 

during sepsis could be the recruitment of IL-5α positive neutrophils and monocytes to the 

lungs.
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In summary, our studies demonstrate a major role for IL-33 not only in lung inflammation 

and injury in the early phases of sepsis but also in the systemic inflammatory response 

to bacterial infection. We propose that within hours of onset of sepsis, IL-33 is released 

from cells and increases the expression of other mediators including IL-5. This is associated 

with the recruitment of neutrophils and monocytes into the lung which likely exacerbates 

sepsis-induced lung injury. These findings open new perspectives for the roles of IL-33 in 

the pathogenesis of sepsis-induced lung injury and identify IL-33 as one of the major drivers 

of early systemic inflammation in polymicrobial sepsis.

METHODS

Reagents

For drug administration, recombinant Mouse IL-5, rat anti-mouse IL-5 (TRFK5) and Rat 

IgG1 κ isotype control (R3–34) were purchased from BD Biosciences (San Diego, CA). 

The panel of antibodies used in flow cytometry are listed in Supplementary table 1. For 

immunofluorescence staining, the following primary antibodies were used: anti-IL33 (5 

μg mL−1 + 0.01% Triton X-100 in PBB, goat IgG; R&D Systems, Minneapolis, MN), 

anti-collagen I (2 μg mL−1 in PBB, rabbit IgG; Abcam, Cambridge, MA); anti-CD45 

polyclonal antibody (2 μg mL−1 + 0.01% Triton X-100 in PBB, rat IgG; Abcam). Alexa 

Cy5-conjugated donkey anti-goat IgG (Jackson ImmunoResearch, West Grove, PA), Alexa 

488-conjugated donkey anti-rat (Jackson ImmunoResearch) and Alexa 488-conjugated 

donkey anti-rabbit (Molecular Probes, San Jose, CA) were used as secondary antibodies. 

Nuclear staining was performed with Bisbenzimide H 33258 (Sigma-Aldrich, St Louis, 

MO).

Mice

Male C57BL/6 WT mice were purchased from Jackson Laboratories (Bar Harbor, ME). 

IL-33−/− mice were originally from Dr S Nakae50 and are now bred in our facility. All 

mice were on a C57BL/6 genetic background and were used at the age of 8–12 weeks. 

Animals were handled according to the protocols approved by the University of Pittsburgh 

Institutional Animal Care and Use Committee. Experiments were performed in compliance 

with the National Institutes of Health Guidelines for the Use of Laboratory Animals.

For ILC2 deletion, B6.SJL-Ptprc Pepc mice (n = 4) were lethally irradiated at 1000 Rads and 

then received 107 bone marrow cells from 2- to 3-week-old WT (Rora+/+) or Rorasg/sg (ILC2 

deficient) mice. After 12 weeks, the reconstituted mice were subjected to CLP sepsis.

Cecal ligation and puncture

Sepsis was induced in mice by a CLP model. Mice were anesthetized with isoflurane 

(Piramal Critical Care, Bethlehem, PA) with oxygen. The cecum was 50% ligated and 

punctured twice with a 22-gauge needle. Mice received a subcutaneous injection of saline 

(0.9% w/v, 1 mL) immediately after surgery for fluid resuscitation. In some experiments for 

setting of controlled infection, mice received antibiotics (Primaxin 25 mg kg−1; Fresenius 

Kabi USA, LLC, Lake Zurich, IL, USA) subcutaneously every 12 h, starting 2 h after CLP. 

At the end time point, mice were anesthetized, peritoneal lavage fluid (PLF) was collected 
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under sterile conditions and blood was withdrawn by cardiac puncture. In a subset of mice, 

survival was monitored for 7 consecutive days after CLP.

Bacterial counts

Peritoneal cavity was washed with 1 mL sterile PBS for 1 min. Peritoneal lavage fluid 

was collected. The left lung was homogenated with 1 mL sterile PBS. Peritoneal lavage 

fluid, lung homogenates and blood were subjected to serial 10-fold dilutions and cultured 

overnight in 5% sheep blood agar (Teknova, Hollister, CA) at 37°C. Colony-forming units 

were quantified by manual counting.

Immunofluorescence

For immunofluorescence staining, the right upper lobe of the lung was inflated followed 

by perfusion-fixation with PBS and then 2% paraformaldehyde. The tissue was slowly 

frozen in 2-methylbutane according to a standardized protocol for cryopreservation. Tissue 

sections (5 μm) were incubated with 2% bovine serum albumin (BSA) in PBS for 1 h, then 

were incubated overnight with primary antibodies. The primaries were removed followed 

by five washes with PBB followed by addition of the corresponding secondary antibodies 

for one hour at room temperature, and then nuclear staining was performed. Imaging 

conditions were maintained at identical settings within each antibody-labeling experiment 

with original gating performed using the negative control. Imaging was performed using a 

Nikon A1 confocal microscope (Nikon, Melville, NY). Quantification was performed using 

NIS Elements (Nikon).

Hematoxylin and eosin staining

Lung samples were fixed in 2% paraformaldehyde overnight at 4°C, and then dehydrated 

and embedded in paraffin. The sections were stained with Hematoxylin and eosin and 

evaluated for histological changes. The histological alterations were quantitatively scored on 

a scale from 0 to 4 (0, absent and appears normal; 1, mild; 2, moderate; 3, strong; and 4, 

intense) for four parameters: infiltration or aggregation of neutrophils in airspaces or vessel 

walls, hemorrhage, alveolar congestion, and thickening of alveolar wall membrane. The sum 

of all the scores for the four parameters was calculated as the total scores, ranging between 0 

(least severe) and 16 (most severe).

Lung permeability assay

The changes in vascular permeability in lung were assessed by Evans Blue Dye (EBD) 

leakage from blood into lung airways. EBD (20 mg kg−1 bodyweight; Sigma-Aldrich) in 

200 mL PBS was injected intravenously by penial vein 30 min before the end of observation 

time point (6 h). Lungs were perfused with PBS to remove intravascular dye. Lungs were 

collected and dried at 60°C for 48 h. The dry weights of lungs were documented. EBD 

were extracted from lungs by incubated in formamide (Sigma-Aldrich) at 37°C for 24 h 

and centrifuged at 5000 g for 30 min. The EBD in the supernatant was quantitated by a 

dual wavelength (620 and 740 nm) spectrophotometric method, correcting for contaminating 

heme pigments using formula Corrected OD620 = Observed × OD620–1.2641 9 Observed 

OD740–0.0087. The EBD concentration in lung was calculated against a standard curve 
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and expressed as the dye normalized by dry lung weight. The fold change of EBD in lung 

between CLP and normal control was calculated.

Enzyme-linked immunosorbent assay

Lung tissue samples were lysed, and protein concentration for each was determined using 

BCA. Plasma and lung homogenates were analyzed for cytokine protein levels using 

Enzyme-linked immunosorbent assay kits from R&D Systems (Minneapolis, MN). Assays 

were performed according to the manufacturer’s protocols.

Flow cytometry

The right lung lobes were perfused with sterile PBS via heart puncture before excising, 

then removed into gentle MACS C tubes (Miltenyi Biotec Inc, Auburn, CA) and digested 

using a lung dissociation kit and an automated tissue dissociator (Miltenyi Biotec). Single-

cell suspensions were obtained after being filtered and washed. Cells numbers were 

calculated using a Hemacytometer. For intracelluar staining, cells were stimulated with 

PMA (10 ng mL−1), protein transport inhibitor (1 μL mL−1) and ionomycin (500 ng 

mL−1) for 3 h at 37°C. After having been stained with Fixable Viability Dye, cells were 

incubated with anti-mouse CD16/CD32 (BD Biosciences, San Diego, CA) at 4°C for 

10 min. Afterwards, cells were incubated with different sets of fluorochrome-conjugated 

antibodies for 30 min at 4°C in the dark. Intracelluar staining was performed using 

the intracellular fixation and permeabilization buffer set (eBioscience, San Diego, CA), 

positive signals were identified by comparison of staining with antibodies to the markers 

or isotype-matched control antibodies. Data were acquired using BD LSR II and BD FACS 

LSR Fortessa flow cytometer (BD Bioscience) and were analyzed with FlowJo software 

(TreeStar, Ashland, OR). Leukocyte subsets were identified based on the following markers: 

neutrophils (CD45+/Gr1high/CD11b+/F4/80−), alveolar macrophages (AMs: CD45+/F4/80+/

CD11b−/CD11chigh/Gr1−), pulmonary monocytes (CD45+/F4/80+/CD11b+/CD11c−/Gr1low) 

and interstitial macrophages (IMs: CD45+/F4/80+/CD11b+/CD11clow/Gr1−).

Statistical analysis

All data were analyzed using GraphPad Prism software (GraphPad Software Inc., San 

Diego, CA). Comparisons were performed using one-way ANOVA and a two-tailed t-
test. For measurements of bacterial Colony-forming units, groups were compared using 

nonparametric Mann–Whitney U-tests. Survival data were analyzed using the log-rank test. 

A value of P < 0.05 was considered statistically significant. All values are presented as mean 

values ± s.d.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
IL-33 increased in the lung and in the circulation during sepsis. (a) IL-33, IL-5, IL-13 and 

ST2 protein levels in the plasma or in the lung at indicated time points after CLP. Results 

shown are mean ± s.d. of n = 5–8 mice per group. Duplicates were measured for each 

sample. Significance is defined as *P < 0.05. (b) Immunofluorescence staining for IL-33 in 

the lung tissue. Red: IL-33, White: Collagen-I, Green: CD45, Blue: DAPI. Scale bar = 50 

μm. Unmanipulated mice serve as controls. Images shown are representative of n = 4 (WT), 

n = 4 (IL-33−/−) mice.
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Figure 2. 
IL-33 deletion resulted in reduced levels of circulating and pulmonary cytokines. TNF-α, 

IL-1β, IL-6 and IL-10 levels in the plasma (a) or in lung homogenates (b) of WT mice or 

IL-33−/− mice in a 0–24 h time frame after CLP. IL-5, IL-13, CCL-22 and IFN-γ levels in 

the plasma (c) or in lung homogenates (d) of WT mice or IL-33−/− mice at 6 h after CLP. 

Unmanipulated mice serve as controls. Data shown are mean ± s.d. of n = 5–8 mice per 

group. Duplicates were measured for each sample. *P < 0.05.
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Figure 3. 
IL-33 deletion ameliorated sepsis-induced lung injury and infiltration of neutrophil and 

monocyte into the lung. (a) Representative HE staining images of lung histopathology in 

unmanipulated mice (control) and septic mice at 6 h after CLP. Images are representative 

of n = 8 (WT), n = 8 (IL-33−/−) mice. (b) Percentages and numbers of neutrophils and 

pulmonary monocytes, and of M1 percentages of monocytes in the lung were assessed using 

flow cytometry. Data are presented as mean ± s.d. of n = 8–12 mice per group, *P < 0.05. (c) 
Scoring of lung histopathology in unmanipulated mice (control) and septic mice in a 0–24 h 

time frame after CLP. Data are presented as mean ± s.d. of n = 6 per group. Three different 

views were scored for each sample. *P < 0.05. (d) The changes in vascular permeability 

in lung were assessed by EBD leakage from blood into lung airways at 6 h after CLP. 
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Data shown are mean ± s.d. of n = 7 mice per group, *P < 0.05. (e) Bacteria load in the 

peritoneum of WT mice or IL-33−/− mice at indicated time points after CLP. Data shown are 

mean ± s.d. Symbols represent individual mice, *P < 0.05.
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Figure 4. 
IL-33 contributes to sepsis-induced cytokine production in pulmonary neutrophils and 

monocytes at 6 h after CLP. Expressions of TNF-α (a), IFN-γ (b) and IL-1γ (c) in 

neutrophils or in pulmonary monocytes were detected by flow cytometry at 6 h after 

CLP. Representative histograms show the comparison of TNF-a expression between WT 

and IL-33−/− mice. Plots shown are representative of n = 6 (WT), n = 6 (IL-33−/−) mice. 

Percentages of TNF-α-producing neutrophils and monocytes in the lung were calculated by 

flow cytometry. Data are mean ± s.d. of n = 6 mice per group. *P < 0.05.
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Figure 5. 
Neutrophils and pulmonary monocytes express IL-5Ra in the lung at 6 h after CLP. 

Representative flow cytometry plots showing ST2 expressions (a, b) and IL-5Ra expressions 

(c, d) on neutrophils and pulmonary monocytes in the lung from WT mice at 6 h after CLP. 

Numbers in quadrants indicate percentages of cells positive for ST2 or IL-5Rα. Plots shown 

are representative of n = 5 (WT), n = 5 (IL-33−/−) mice.
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Figure 6. 
Sepsis-induced increases in lung ILC2 numbers and IL-5 production are IL-33-dependent. 

Flow cytometry plots showing populations of ILC2 in the lungs of WT mice (a) at 6 h 

after CLP. After gating on the viable CD45+/Lin−/CD90.2+/CD117+/GATA-3+/sca-1+/ST2+ 

leukocyte subset, it revealed that this cell population was also positive for CD127 and 

CD25, and thus can be identified as ILC2. Intracellular IL-5 was detected within the ILC2 

subsets. Numbers in the gate indicates percentage of IL-5-producing ILC2. Plots shown are 

representative of n = 8 (WT), n = 8 (IL-33−/−) mice. (b) Percentages and numbers of ILC2s 

and IL-5-producing ILC2s in the lung at 6 h after CLP are shown. Data are mean ± s.d. of n 
= 6 mice per group, *P < 0.05.
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Figure 7. 
Exogenous rIL-5 partially reverses the suppressed inflammatory cell infiltration in the lung 

of IL-33/ mice in sepsis. (a) IL-33−/− mice were given rIL-5 or PBS i.v. at the onset of CLP. 

Experiments were terminated at 6 h. Total cell numbers were calculated and percentages 

of pulmonary neutrophils and monocytes were analyzed by flow cytometry. Bacteria load 

(b) in the peritoneum was examined and scoring of lung histopathology (c) was performed 

at 6 h after CLP. (d) WT mice were given anti-mouse IL-5 or isotype control i.v. at the 

onset of CLP. Lung samples were harvested at 6 h for flow cytometry. WT: wild-type mice, 

IL-33−/−: PBS-treated IL-33−/− mice, IL-33−/−+ IL-5: rIL-5-treated IL-33−/− mice, anti-IL-5: 

anti-IL-5-treated WT mice, isotype: isotype-treated WT mice. n = 6 mice per group. *P < 

0.05.
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