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Abstract
Objective: Interleukin-38 (IL-38), a new type of cytokine, is involved in processes such as tissue repair,
in�ammatory response, and immune response. However, its function in pneumonia caused by
Pseudomonas aeruginosa is still unclear.

Methods: In this study, we detected circulating IL-38 in adults affected by pneumonia caused by P.
aeruginosa. The P. aeruginosa-induced pneumonia WT murine model was adopted to evaluate the effect
of IL-38 on Treg differentiation, cell apoptosis, survival, tissue damage, in�ammation, and bacterial
removal.

Results: IL-38 is insu�ciently secreted in patients who died of P.A. pneumonia.

Recombinant IL-38 improved survival, whereas anti-IL-38 antibody reduced survival in the experimental
pneumonia murine model. IL-38 exposure reduced the in�ammatory response, as suggested by the lung
injury, and reduced cytokine levels (IL-1β, IL-6, IL-17A, TNF-α, and CXCL-1, but not IL-10). It also increased
bacterial clearance and reduced cell apoptosis in the lungs. Furthermore, IL-38 was shown to reduce
TBK1 expression in vitro when naïve CD4+ T lymphocytes were differentiated to Tregs and played a
protective role in P.A. pneumonia.

Conclusions: To summarize, the above �ndings provide additional insights into the mechanism of IL-38
in the treatment of P.A. pneumonia.

Key Message
IL-38 is insu�ciently secreted in patients who died of P.A. pneumonia. Its negative correlation with
various in�ammation indicators in patients suggests potential protective effect. IL-38 attenuates
experimental P.A pneumonia by reducing in�ammation, apoptosis and increasing bacterial clearing. Its
protective effect is promoting differentiation of Naïve CD4+T cells into Tregs to improve uncontrolled
in�ammation in P.A pneumonia. IL-38 could be a novel cytokine-targeted for the regulation of T cell
differentiation in P.A pneumonia development.

Introduction
In recent years, broad-spectrum antibacterial drugs, or immunosuppressants, have been used widely in
clinical practice and invasive treatments, such as various operations and punctures, which breach the
natural barriers of the human body [1–4]. The incidence of Pseudomonas aeruginosa (MDR-PA) infection
in clinics is increasing. Pseudomonas aeruginosa is a conditional pathogen, which often causes
bacteremia, pneumonia, urinary tract infections, infections after burns, and secondary infections in cystic
�brosis [5–7]. Due to the continuous formation of drug-resistant strains and constant improvements in
drug resistance, P. aeruginosa has become one of the most serious conditional pathogens of acquired
infections in hospitals [8 9]. Particularly, in the intensive care unit (ICU), the increasing number of multi-
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drug resistant P. aeruginosa causing pneumonia has challenged the application of antibiotics [10].
Pulmonary immunity plays a vital role in �ghting against pulmonary respiratory pathogens;
simultaneously, diverse in�ammatory regulators (like growth factors, cytokines, and chemokines) regulate
the responses to an injury or infection [11]. Therefore, it is important to better understand the cellular and
molecular immune responses and pulmonary immunity regarding microbial infections to identify new
opportunities for combating bacterial pneumonia.

Interleukin-38 (IL-38) represents a novel cytokine belonging to the IL-1 family. It shares 41% homology
with IL-1Ra and 43% homology with IL-36Ra; thus, it has been identi�ed as the IL-1 family receptor
antagonist [12]. Recent studies have found that IL-38 can competitively bind to IL-1R1, preventing IL-1R
accessory protein (IL-1RAcP) recruitment, and causing anti-in�ammation in in�ammatory bowel disease
(IBD) [13], osteoarthritis (OS) [14], sepsis [15], and other in�ammatory diseases [16]. Previous research by
our group showed that IL-38 protects the cecal ligation and punctures the (CLP)-or lipopolysaccharide
(LPS)-mediated acute respiratory distress syndrome (ARDS) model by reducing Th17 differentiation [17].
Therefore, the present work focused on characterizing the effect of IL-38 on lung immunity to resist
Pseudomonas aeruginosa-induced pneumonia (P.A. pneumonia). For this, we examined IL-38 production
among patients admitted to the ICU with P.A. pneumonia. Then, the host immune responses to the
administration of IL-38 neutralizing antibody and recombinant IL-38 protein were determined by adopting
the P.A. pneumonia model constructed through intranasal injection.

Materials And Methods
Human subjects

Altogether, data of 27 cases suffering from P.A.pneumonia in the ICU was collected from The First
A�liated Hospital of Chongqing Medical University. Pneumonia caused by P. aeruginosa was diagnosed
from X-ray �lms by the presence of continuous in�ltration, accompanied by at least one of the symptoms
of hypothermia (< 35.0°C) or fever (≥ 38.0°C), pleuritic chest pain, cough, altered breathing sounds upon
auscultation, and dyspnea [18]. De�nite causative pathogens were con�rmed for isolates of P. aeruginosa
obtained either from sputum culture, or good-quality sputum containing < 10 epithelial cells and > 25
polymorphonuclear cells in each power �eld (100× magni�cation), and the dominant growth in sputum
culture containing ≥ 106 colony-forming units (CFUs)/mL [19]. We obtained patient data, such as the
Acute Physiology and Chronic Health Evaluation II (APACHE II) score, levels of procalcitonin (PCT), and
oxygenation index (PaO2/FiO2). This study excluded cases undergoing organ transplantations, or those
with cancer, infected with human immunode�ciency virus (HIV), or taking immunosuppressants over the
past eight weeks. Table 1 shows the patient data. Additionally, we also collected control samples from
normal subjects (n = 17) without any underlying disease from the Medical Examination Center of The
First A�liated Hospital of Chongqing Medical University and another 22 patients admitted to the ICU with
no P.A. pneumonia. The Clinical Research Ethics Committee of the Chongqing Medical University
approved our study protocols. Each participant provided informed consent for participation in line with
the Declaration of Helsinki.
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Human serum cytokine measurements

Blood samples were collected through venipuncture from patients infected by P. aeruginosa, other ICU
cases, or healthy people. The blood samples were centrifuged for 10 min at 1000 g and 4°C immediately
after collection. Serum samples were then divided evenly into the Eppendorf (EP) tubes and preserved at
-80 °C for subsequent experiments. The ELISA test kit (R&D Systems, California, USA, # DY9110–05) was
used for measuring IL-38 levels according to a previous method [17]. Serum levels of IL-6, IL-8, IL-10, IL-
17, IL-1β, and TNF-α were detected at the Clinical Testing Center of The First A�liated Hospital of
Chongqing Medical University.

Animals

We obtained 8–12-week-old male C57BL/6 mice weighing 20–24 g from the Laboratory Animal Center of
the Chongqing Medical University (Chongqing, China) under the license number SYXK (Chongqing, China)
2018–0003. All animals were housed under speci�c pathogen-free (SPF) conditions (relative humidity
(RH) between 50%-60%, temperature at 24°C, and light/dark cycle of 12 h/12 h). The mice had free
access to food and water and were healthy (without infection) during the experiment. We randomly
divided 20 mice into four groups (healthy control group, P.A.pneumonia model group, P.A.pneumonia +
rIL-38 group, and P.A.pneumonia + anti-IL-38 group), each group with �ve mice. 

Each animal was treated according to the guidelines for the care and use of laboratory animals in China.
Our experimental protocols were approved by the Institutional Animal Care and Use Committee of the
Chongqing Medical University. 

Pseudomonas aeruginosa-induced pneumonia mouse model

To perform experiments in vivo, 5 mg/kg xylazine and 100 mg/kg ketamine were used to anesthetize the
animals, followed by the intranasal infection of P. aeruginosa (5 × 107 contained in 50 µL PBS) to
simulate the natural pattern of human pneumonia infection. To analyze the animal survival, we
monitored the survival rate of mice for 10 days post-infection. Each experiment was performed following
the guidelines of the Institutional Animal Care and Use Committee of the Chongqing Medical University.

In vivo administration of recombinant murine IL-38

Recombinant murine IL-38 protein (1 µg, Adipogen, #AG-40B-0101) [15] was administered by intratracheal
injection (i.t.) 2 h after bacterial infection. The mouse IgG was similarly injected as a control vehicle.

IL-38 suppression in vivo

For blocking IL-38 in vivo, intranasal injection of 50 µg rat anti-mouse IL-38 antibody (R&D Systems,
California, USA, #MAB7774) [15] dissolved in 100 µL PBS was performed 2 h post-infection. The controls
were injected with a mouse IgG antibody. 
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Bronchoalveolar Lavage Fluid (BALF) and Lung Tissue Collection

After 24 or 72 h of P. aeruginosa i.t., mice were sacri�ced after being anesthetized and the BALF and lung
tissues were harvested immediately [20]. Then, the chest was tapped, the right bronchus was bundled,
and the left lung was rinsed. The right lung was resected, then the upper right lobe was harvested for
counting bacterial quantity, and the remaining tissue samples were immediately stored at -70 °C until
further analysis.

Determination of Lung Bacterial Burden

The upper right lung lobe was collected in an aseptic environment and homogenized using sterile saline
(1 ml) by a tissue homogenizer in a vented hood. The lung homogenate was obtained by gradient
dilutions, where 10 mL samples were added on the dry tryptic soy-base blood agar plates in solutions of
different dilutions and incubated at 37°C overnight. Then, we calculated the number of CFUs as the total
CFUs/lung.

Measurement of in�ammatory mediators

IL-38 concentration was measured by a murine IL-38 ELISA kit (R&D Systems, California, USA, #DY2427–
05) or the human IL-38 quanti�cation ELISA kit (R&D Systems, California, USA, #DY9110–05), as
appropriate. We also measured in�ammatory mediators, including TNF-α, IL-1β, IL-6, IL-17A, and CXCL-1,
in the BALF or lung homogenate, using the Mice Cytokine Magnetic Bead Panel Kit (eBioscience, USA)
according to speci�c instructions.

Histology

After in�ation by 0.5% agarose, 10% formalin was used to �x lung tissues for 24 h, followed by formalin
�xation, para�n embedding, and slicing into 6-µm sections for immunohistochemical (IHC) staining. A
pathologist assessed the pathology score of the lung surface according to previous descriptions.
Typically, the pathologist was blinded to the information regarding edema, bronchitis, intra-alveolar
in�ammation, interstitial in�ammation, endothelialitis, pleuritis, and the proportion of the lung surface
showing syncretic in�ammatory in�ltrate.

TUNEL assay

The TUNEL assay was performed to measure cell apoptosis by using the In Situ Cell Apoptosis Detection
Kit I, POD (Roche, Switzerland) according to the manufacturer’s protocol. Brie�y, 4-µm sections were
depara�nized with xylene and rehydrated using gradient ethanol. The activity of endogenous peroxidase
was blocked using 3% hydrogen peroxide (H2O2) for 10 min, and the sections were digested with
proteinase K solution (10–20 µg/mL) for 15 min at 37°C. The sections were later rinsed with PBS and
reacted with terminal deoxynucleotidyl transferase (TdT; dilution at 1:20) in a reaction buffer
(digoxigenin-labeled nucleotides) at 37°C for 2 h. The sections were rinsed in a stop/wash buffer thrice,
with 2 min of rinsing each time. Then, each section was incubated with the anti-digoxin antibody diluted
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at 1:100 for 30 min at 37°C, and later with ABC at 37°C for another 30 min. The 3,3’-Diaminobenzidine
chromogen was used to incubate sections for approximately 20 min, and the sections were
counterstained with hematoxylin to measure apoptosis. Subsequently, we randomized �ve �elds of view
(FOVs) in each section (400× magni�cation). Finally, we measured the proportion of TUNEL-positive cells
in each of the �ve FOVs at 400× magni�cation.

Western blot (WB) analysis

Using the protein extraction kit (Beyotime, China), total protein was extracted from lung tissues or T
lymphocytes. The BCA protein detection kit (Pierce, USA) was used to measure the protein content. After
separating the proteins using 10% SDS-PAGE, they were transferred onto the nitrocellulose membranes.
Next, 5% (w/v) skimmed milk in Tris-buffered saline containing 0.05% Tween-20 was used to block the
membranes, followed by overnight membrane incubation using the β-actin antibody (#3700) or anti-
TBK1/NAK (E9H5S) antibody (both obtained from the Cell Signaling Technology, USA, #51872) at 4°C. An
imaging system (BIO-RAD) was used for band densitometry. 

Flow cytometry

To separate the cells from the supernatant, we centrifuged the BALF at 400 g for 10 min and washed the
separated cells with PBS before converting them into pellets, followed by �ow cytometric analysis.
Monoclonal antibodies Foxp3 and CD4 were used, which were stained using the anti-Foxp3-APC, anti-
CD4-FITC, and Fixation/Permeabilization kits (eBioscience, USA) following speci�c protocols. Cells (105)
were harvested by the FACScan �ow cytometer (Becton Dickinson, USA) and analyzed by the Flow Jo
software 7.6.

Cell puri�cation and culture

Peripheral blood mononuclear cells (PBMCs) were isolated from the mouse spleen by the Lymphocyte
Separation Medium (GE Healthcare, USA). Then, naïve CD4+ T cells were isolated from the collected
PBMCs by magnetic-activated cell sorting (MACS, Miltenyi Biotec, Bergisch Gladbach, Germany) with the
use of the Naïve CD4+ T Cell Isolation Kit II (STEMCELL Technologies, Canada) according to speci�c
protocols. The purity of naïve CD4+ T cells (> 90%) was determined by �ow cytometry. Cells were
cultivated using the RPMI 1640 growth medium (Gibco, Grand Island, NY, USA) supplemented with 10%
fetal bovine serum (FBS) at 5% CO2 and 37°C.

Treg cell subset generation

Treg cell subsets were produced by culturing Treg cells in L-glutamine (2 mM), β-mercaptoethanol (50
mM), anti-CD3 (5 µg/mL), anti-CD28 (2 µg/mL), IL-2 (50 U/mL), and TGF-β (2.5 ng/mL) for three days. To
determine the role of IL-38 in induction, recombinant murine IL-38 protein was added to the culture
medium. The levels of surface markers and intracellular staining were determined by �ow cytometry.

Statistical analysis 
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Data were statistically analyzed in SPSS19.0 (IBM, Armonk, New York, USA) and are shown as mean ±SD
or median (with interquartile ranges). Mann-Whitney U tests were performed to assess the differences
between two speci�c groups, and one-way ANOVA was performed for comparing multiple groups.
Survival curves were assessed by the log-rank (Mantel-Cox) test. Differences between and among groups
were considered to be statistically signi�cant at P < 0.05.

Results
IL-38 levels in the serum of adult patients with P.A. pneumonia

For the 27 adults affected by P.A. pneumonia, the serum IL-38 levels on the day of ICU admission
markedly increased compared to that in the normal controls and ICU controls (Fig. 1A). High circulating
levels of IL-38 were detected between the onset of P.A. pneumonia and three days after the onset of the
disease. The serum IL-38 levels showed a decreasing trend but markedly increased on day 7 relative to
the levels in the normal controls (Fig. 1B). Surviving patients also showed signi�cantly higher IL-38 levels
than that in non-survivors with P.A. pneumonia (Fig. 1C). Besides, the serum IL-38 level of patients with
P.A. pneumonia showed signi�cantly positive correlations with IL-10 and the PaO2/FiO2 ratio
(oxygenation index) but showed negative correlations with IL-1β, IL-6, IL-8, IL-17, TNF-α, APACHE II score,
and PCT (Fig. 1D).

Pseudomonas aeruginosa impaired the host pulmonary immunity in mice

Subsequently, we adopted the extensively used mouse model of bacterial pneumonia induced through
the intranasal injection of P. aeruginosa. At 24 h post-infection, IL-38 levels markedly increased in the lung
homogenates and BALF in P. aeruginosa-infected C57BL/6 mice (p < 0.01). After 72 h, its level decreased
gradually; the decrease was signi�cant (Fig. 2A). The lung histopathological and CFU examination
showed that when the infection was prolonged, the number of CFUs in the lungs and the lung injury score
gradually increased (Fig. 2B-C). Furthermore, the results of the �ow cytometry analysis also showed that
the expression of Treg cells in the BALF had a similar trend as IL-38 (Fig. 2D). When the P.A. pneumonia
lasted for a longer time in the mouse model, the BALF or serum levels of cytokines, such as CXCL-1, IL-1β,
IL-6, IL-17A, and TNF-a, showed an increasing trend, whereas that of IL-10 showed a decreasing trend
(Fig. 2E-F). Collectively, the above results suggested that the mouse model of P.A. pneumonia had similar
IL-38 expression to human P.A. pneumonia. Additionally, IL-38 was possibly associated with Treg cells.

IL-38 blockade aggravated P.A. pneumonia

After observing the levels of IL-38 in experimental and clinical sepsis, we used IL-38 antibodies for
determining the effect of IL-38 on P.A. pneumonia. After P.A. pneumonia was induced in C57BL/6 mice, IL-
38 antibodies were used to treat mice 2 h postoperatively. After treatment, the P.A. pneumonia mouse
survival rate remarkably decreased relative to the survival of the mice treated with the control IgG
(Fig. 3A). The H&E-stained lung section analysis revealed a higher lung injury score in mice from the P.A.
pneumonia group compared to those in the IgG group following IL-38 antibody exposure (Fig. 3B).
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Additionally, the proportion of TUNEL-positive cells were elevated after treatment with IL-38 antibodies in
the P.A. pneumonia group of mice (Fig. 3C). Furthermore, P.A. pneumonia mice exposed to IL-38 antibody
treatment showed a higher mortality rate, which was related to an increased bacterial load, as veri�ed
through the comparison of CFUs in the BALF (Fig. 3D).

Administration of anti-IL-38 increased the production of cytokines and ablated Treg cells during P.A.
pneumonia

The effect of anti-IL-38 on P. aeruginosa-induced cytokines in the BALF and lungs was evaluated 24 h
after modeling. For the P.A. pneumonia model, anti-IL-38 exposure enhanced cytokine response, leading
to a signi�cant increase in the levels of IL-1β, IL-6, IL-17, TNF-α, and CXCL-1, but not IL-10 (Fig. 4A-B).
Moreover, as suggested by the results of the �ow cytometry assay, the Treg cells in the BALF remarkably
decreased after anti-IL-38 exposure for 24 h (Fig. 4C).

IL-38 administration protected against P.A. pneumonia

After anti-IL-38 treatment, bacterial pneumonia was aggravated in mice. We conducted a rescue assay to
determine the impact of recombinant IL-38 protein exposure. After 2 h from the onset of P.A. pneumonia,
recombinant IL-38 protein treatment enhanced the survival of the treated mice compared to the control
mice exposed to vehicle treatment (Fig. 5A). This highlighted the therapeutic effect of IL-38 on P.A.
pneumonia. The recombinant IL-38 protein-treated mice showed a decreased bacterial load in the BALF 2
h post-modeling (Fig. 5B). Mice with therapeutic rIL-38 administration also exhibited a lower lung injury
score and pulmonary TUNEL-positive cells (Fig. 5C-D).

IL-38 regulated in�ammatory responses in the P.A. pneumonia mouse model

For assessing whether IL-38 protected the mice from P.A. pneumonia, the mice were treated with
recombinant IL-38 protein or IgG. The rIL-38 treated group exhibited a signi�cant decrease in cytokines
and chemokines (e.g., CXCL1, IL-1β, IL-6, IL-17A, and TNF-α) in the lung homogenates and BALF, relative
to the IgG group, whereas, IL-10 levels were markedly elevated (Fig. 6A-B). Notably, treatment with
recombinant IL-38 protein signi�cantly enhanced Treg cells in the BALF of IL-38-treated mice compared to
that in the IgG-treated mice (Fig. 6C). The above results elucidated the IL-38 related immune mechanism
in the regulation of P.A. pneumonia in mice.

IL-38 promoted the differentiation of regulatory T lymphocytes through downregulation of the TBK1
signaling pathway

Treg lymphocytes in the mouse BALF have been previously suggested to markedly aggravate the effects
of P.A. pneumonia in mice treated with recombinant IL-38 protein. To better understand the role of IL-38 in
the differentiation of Treg lymphocytes, we isolated the splenic naïve CD4 + T lymphocytes for in vitro
culture. After rIL-38 treatment for three days, naïve CD4 + T lymphocytes were found to differentiate into
Treg cells (Fig. 7A). The TBK1 signaling pathway is important in the differentiation of the naïve CD4 + T
lymphocytes to Treg cells. To elucidate the effect of IL-38 on the TBK1 signal transduction pathway, a WB
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assay was performed for detecting TBK1 expression in T lymphocytes. The TBK1 expression showed a
gradually decreasing trend in T lymphocytes with the increase in the level of recombinant IL-38 (Fig. 7B).

Discussion
Pseudomonas aeruginosa-induced pneumonia is a common and refractory disease in the intensive care
unit (ICU). With the progress of the disease, patients are prone to complications such as ARDS and
multiple organ dysfunction syndrome (MODS), which endanger their lives [19, 21, 22]. As P. aeruginosa
can easily develop drug resistance, traditional treatment methods like antibacterial drugs, mechanical
ventilation, �uid support, etc. are not su�cient [23]. In recent years, studies have revealed that the
in�ammatory responses mediated by in�ammatory factors play a vital role in the outcome of P.A.
pneumonia, and the imbalance between pro-in�ammatory and anti-in�ammatory factors can worsen the
disease [24, 25]. As an important in�ammatory mediator, interleukin is a vital part of the disease
occurrence and prognosis [26–29]. Some researchers performed detailed studies on IL-6, IL-8, and TNF-α
in elderly patients with severe pneumonia, and found that the above cytokines were signi�cantly higher in
those patients [30]. These cytokines can cause artery spasm, platelet aggregation, abnormal blood
viscosity, and microvascular thrombosis, causing multiple organ failure [31–34]. Therefore, targeted
therapy speci�c to immune activity is one promising approach. IL-38 is a new type of anti-in�ammatory
cytokine, which has an anti-in�ammatory effect in in�ammatory bowel disease [13], osteoarthritis [14],
sepsis [15], and other in�ammatory diseases [16]. Our previous studies found that in the model of cecal
ligation and puncture (CLP)-induced ARDS, IL-38 played a protective role by downregulating the
differentiation of Th17 [17]. In this study, we �rst observed a signi�cant increase in IL-38 levels during the
early stages of clinical P.A. pneumonia (Fig. 1A). However, as the disease progressed, the amount of IL-38
in the body was insu�cient (Fig. 1B). Further investigations showed that the expression of IL-38 was
lower in patients who died of P.A. pneumonia (Fig. 1C) and was negatively correlated with various pro-
in�ammatory cytokines such as IL-1β, IL-6, TNF-α, IL-8, etc. (Fig. 1D). The results suggested that IL-38
might be a novel molecule for adjuvant therapy in P.A. pneumonia.

The experimental induction of P.A. pneumonia resulted in increased local IL-38 levels in mice (Fig. 2A),
which was associated with the higher IL-38 levels found in clinical studies. Although in our previous study
there was no statistical difference in the expression of IL-38 in the lungs after 6 h and 24 h in the LPS-
induced ARDS model, it showed an increasing trend in the initial stage of infection and then gradually
decreased, which was consistent with the results of our present study. This may be related to the dose of
LPS and the virulence of P. aeruginosa. Therefore, on further investigation, we found that IL-38
administration protected mice from experimental P.A. pneumonia and IL-38 blockade aggravated the
experimental model. Previous studies have shown that MRL/lpr mice intravenously administered with
murine recombinant IL-38 improved lupus-like symptoms, along with reduced serum levels of CXCL10, IL-
6, IL-17, and IL-22 [35]. Additionally, based on the concanavalin A–mediated liver injury model, it was
found that the exogenous IL-38 expression remarkably decreased hepatic toxicity, along with reduced pro-
in�ammatory cytokines (such as IL-6, IL-17, IL-22, IFN-γ, and TNF-α), AST, and ALT [36]. In our study on
P.A. pneumonia, the recombinant IL-38 showed survival bene�ts by reducing systemic and local
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in�ammatory responses, determined by the signi�cantly reduced levels of IL-1β, IL-6, IL-17A, CXCL1, and
TNF-α, in the lung homogenate and BALF (Fig. 6A-B). Additionally, blocking IL-38 activity was related to
the increased systemic and local in�ammatory responses in P.A. pneumonia (Fig. 4A-B). Lung damage
caused by P. aeruginosa is associated with the unregulated in�ammation resulting from a signi�cant
increase in chemokines and cytokines [37]. Consequently, IL-38–mediated protection during the
experimental P.A. pneumonia was related to the mitigation of in�ammation. IL-38 possibly counteracted
the different in�ammatory disorders, shown by the reduced systemic and local in�ammation (such as
chemokines, Th17, IFN-γ, and TNF-α), and improvement of bacterial clearance. Therefore, we also found
that the administration of recombinant IL-38 protein can effectively eliminate P. aeruginosa from the
lungs, and the clearance rate of P. aeruginosa was reversed after administering the IL-38 antibody.

Endotoxin (lipopolysaccharide LPS) is the main pathogenic substance in P. aeruginosa, and its virulence
is related to its quantity [38]. The LPS-mediated acute lung injury (ALI) represents one of the
in�ammatory pulmonary disorders, which is characterized by the overproduction of pro-in�ammatory
factors, alveolar epithelial cell apoptosis, and in�ammatory cell in�ltration [39, 40]. The control of
abnormal in�ammation and apoptosis greatly helps to improve the prognosis [41]. The aggravated
alveolar epithelial cell apoptosis is the main cause of ALI [42], and the overproduction of in�ammatory
factors like ROS, IL-1β, IL-6, and TNF-α, results in cell apoptosis [43, 44]. Therefore, the inhibition of
epithelial cell apoptosis provides a target for the treatment of ALI [45]. The alveolar epithelial cells
synthesize and secrete cytokines associated with lung in�ammation, and their apoptosis may result in
pneumonia [46]. Apoptosis is a major factor in the loss of body defense, and it involves two major
synergistic pathways, the internal apoptosis signaling pathway and the external death receptor signaling
pathway [47]. Decreasing the apoptosis of mouse alveolar epithelial cells can effectively improve
mycoplasma pneumonia [46]. In this study, we found that lung apoptosis markedly aggravated P.A.
pneumonia in the mouse model. Nonetheless, recombinant IL-38-based treatment remarkably decreased
mouse lung apoptosis (Fig. 6D). The above results indicated another key IL-38-mediated regulatory
mechanism in P.A. pneumonia.

The occurrence, development, and outcome of bacterial pneumonia are largely related to cellular immune
dysfunction [48]. The body's immune response against bacterial infection is mainly via cellular immunity
[49]. T lymphocytes are the core cells that mediate cellular immunity, and they are also the regulators of
the immune response [50]. When the body is invaded by microorganisms, T lymphocytes differentiate,
proliferate, synthesize, and secrete a series of cytokines, and produce speci�c cellular immunity [51]. Treg,
an important subgroup of CD4 + T lymphocytes, controls autoimmune reactivity through cell contact and
produces inhibitory cytokines [52]. It has an immunosuppressive function that can reduce in�ammation
in the body [53]. Treg cells have been shown to reduce lung injury by regulating the immune response
[54]. Immunoglobulins can further promote the production of Treg cells and immunosuppressive function
to improve the progression of P.A. pneumonia [55]. Treg cells were detected in the BALF of the
experimental mice. According to our results, IL-38 elevated the Treg cell proportion in the BALF (Fig. 6C).
To better understand the role of IL-38 in the differentiation of T lymphocytes, we isolated splenic naïve
CD4 + T lymphocytes from mice to culture in vitro. According to our results, IL-38 remarkably enhanced
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the differentiation of naïve CD4 + T lymphocytes into Treg cells (Fig. 7A). Furthermore, T lymphocyte
differentiation requires the activation of signaling pathways. T-cell subset development is mostly
modulated via STAT phosphorylation of different cytokine stimuli. However, it has been strongly
suggested that other signal transduction pathways are also related to the regulation of the differentiation
of T cells [56]. TANK Binding Kinase 1 (TBK1) is a serine/threonine methionine kinase at the center of the
signal pathway that maintains homeostasis of the immune system [57] and is abundantly expressed in
lymphocytes [58]. Studies have shown that TBK1 can be used as a signal center and cell-type-speci�c
regulator for virus-induced lung injury. It regulates the recruitment and cytokine expression of
in�ammatory macrophages in the lungs [59]. Moreover, TBK1 de�ciency effectively inhibits the
phosphorylation at S727 of STAT3, which regulates T cell activation and autoimmunity [58]. Other
studies have found that the TBK1 inhibitor Alexino (ALX) effectively reduces TBK1/AKT and TBK1/IRF3
signals and increase Tregs to alleviate the progression of autoimmune encephalomyelitis (EAE) [60]. It is
speculated that the competitive binding of IL-38 with IL-36R can block the recruitment of the trimeric
complex composed of IL-1RAcP and inhibit the strong in�ammatory signal in the cell [13]. A recent study
showed that IL-38 enhanced CD4 + CD25 + Treg cells for immunosuppression, thus facilitating the
improvement of host immunity and sepsis prognosis [61]. Our in vitro cell experiments con�rmed that IL-
38 effectively reduced the TNK1 signal expression of initial T lymphocytes, enhanced the differentiation
of naïve T lymphocytes to Treg cells, and inhibited in�ammation in experimental P.A. pneumonia
(Fig. 7B).

Conclusion
Our data indicate that IL-38 plays an important protective role during P. aeruginosa-induced pneumonia
by regulating the dynamic balance of pro-in�ammatory and anti-in�ammatory factors, enhancing the
elimination of P. aeruginosa bacteria and reducing cell apoptosis. Furthermore IL-38 could promote the
differentiation of naïve CD4 + T cells into CD4 + Foxp3 + Tregs, which help control in�ammation in P.A.
pneumonia, and these effects of IL-38 were increased through inhibiting TBK1 pathway.
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Tables
Table 1 Characteristics of the study population.
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Characteristic P. aeruginosa pneumonia
Patient

(n=27)

Patient
controls

(n=22)

Healthy
controls

(n=17)

Age(years) 61±8 57±10 59±6

Biological sex 

(Proportion of male)

16/11(59.2%) 14/8(63.6%) 10/7(58.8%)

WBC, 109/L 13.18±3.93 12.79±4.63 6.11±3.28

PCT ng/ml 20.45±9.41 9.62±6.50 0.02±0.01

CRP mg/ml 195.43±93.60 214.68±82.80 73.86±22.08

P. aeruginosa, no. of
patients

27 NA NA

PaO2/FiO2 ratio 232±37 241±46 NA

APACHE II score 14±4 16±5 NA

Ventilator Free Days 12.86±5.68 8.73±4.17 NA

ICU free days 16±6 10±5 NA

Survival 20/27 17/22 NA

Table 1 a) Data as a percentage of patients or median ± interquartile range. b) ARDS acute respiratory
distress syndrome. c) APACHE II score: Acute Physiology and Chronic Health Evaluation II score. The
APACHE II score system includes: (1) acutephysiology score, (2) agepoints, (3) chronichealthpoints[1]. d)
The patient’s white blood cell(WBC), procalcitonin(PCT), C-reactive protein(CRP), PaO2/FiO2 ratio and
APACHE II score were collected within 24 hours of entering our ICU unit. e) The survival indicates the
patient's survival on the 28th day

Figures
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Figure 1

The levels of circulating IL-38 increased in P.A. pneumonia cases, related to other cytokines and disease
severity. (A-C) IL-38 level in serum samples from 27 adults with P.A. pneumonia, 22 adult patients without
P.A. pneumonia in ICU, and 17 normal controls from the Medical Examination Center was determined by
ELISA. (D) IL-38 showed a signi�cant positive correlation with IL-10 and the oxygenation index
(PaO2/FiO2 ratio) but a negative correlation with TNF-α, IL-17, IL-1β, IL-6, IL-8, APACHE II score, and PCT
during P.A. pneumonia. The Clinical Testing Center of The First A�liated Hospital of Chongqing Medical
University was responsible for detecting the levels of TNF-α, IL-1β, IL-6, IL-8 IL-10, and IL-17 in the blood.
One-way ANOVAs were performed, followed by the LSD multiple comparisons test to compare the two
groups.
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Figure 2

IL-38 markedly increased in the lungs and BALF in the mouse model of P.A. pneumonia. C57BL/5 mice
were divided into three groups: the no treatment group (normal control), the P.A. pneumonia model (24 h)
group, and the P.A. pneumonia model (72 h) group, with �ve mice in each group. For every animal, each
indicator was measured thrice. (A) At speci�c time points, we dissected organs. BALF was sampled from
the left lung of mice. The lung homogenate was sampled by blending 1 mL PBS and 0.5 g of tissue. IL-38
levels were measured in the samples by ELISA. (B) Following H&E staining, we processed lung tissues of
individuals from each group for histological analysis. The results showed aggravated alveolar wall
thickening, in�ammatory cell in�ltration, and alveolar collapse and hemorrhage as the bacterial infection
time extended. (C) Bacterial CFUs in the lungs of individuals from every group following injection of P.
aeruginosa (n = 5 mice/group). (D) Separation of T cells from the mouse BALF. The proportion of Tregs
was measured by �ow cytometry. Data from �ve animals were averaged to obtain the �nal result. Shown
here are dot plots. (E-F) Levels of CXCL-1, IL-1β, IL-6, IL-10, IL-17A, and TNF-α in the BALF were determined
by the Mice Cytokine/Chemokine Magnetic Bead Panel Kit. The comparison between the two groups was
performed by one-way ANOVA followed by the LSD multiple comparisons test.
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Figure 3

IL-38 blockade aggravated Pseudomonas aeruginosa-induced pneumonia. C57BL/6 mice were
administered with anti-IL-38 antibodies (50 µg, R&D Systems) at 2 h after models. Mouse IgG served as
the control group. (A) Pneumonia mouse survival (n = 10 mice/group) after IL-38 suppression following
modeling by anti-IL-38 treatment, with mouse IgG used as the control. Kaplan–Meier analysis was
performed to compare between the two groups through log-rank tests; ##p < 0.01 relative to isotypical
IgG-treated septic mice. (B) Representative H&E stained lung tissues after 24 h of infection with P.
aeruginosa and treatment with IgG or anti-IL-38 antibodies. Histological scores of the P. aeruginosa-
induced pneumonia after exposure to recombinant anti-IL-38 or IgG (n = 5 mice/group). (C) Cell apoptosis
was determined by TUNEL assay, and TUNEL-positive cells showed dark-brown nuclei. (D) Bacterial
number in the mouse BALF (n = 5 mice/group) following anti-IL-38 or IgG treatment, at 24 h following
modeling. The comparison between the two groups was performed by one-way ANOVA followed by the
LSD multiple comparisons test.
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Figure 4

(A-B) IL-38 inhibition increased the release of pro-in�ammatory factors but decreased the release of anti-
in�ammatory factors in the P.A. pneumonia mouse model. After recombinant IL-38 or IgG treatment,
cytokine levels in the BALF and lung homogenates in �ve mice were measured using the mouse cytokine
magnetic bead panel kit at 24 h following modeling. Increased levels of CXCL-1, IL-1β, IL-6, IL-17A, and
TNF-α, and a decreased level of IL-10 in the BALF and lung were observed following recombinant IL-38
stimulation. (C) T cells were isolated from the mouse BALF. Flow cytometry was performed to determine
the proportion of CD4+ CD25+ Foxp3 Tregs, and the data from �ve mice were averaged for the �nal
result. The comparison between the two groups was performed by one-way ANOVA followed by the LSD
multiple comparisons test.
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Figure 5

IL-38 administration attenuated P.A. pneumonia. (A) Pneumonia mouse survival (n = 10 mice/group) after
IL-38 treatment. A Kaplan–Meier analysis was performed to compare the two groups using log-rank tests;
#p < 0.05 relative to isotypical IgG exposure. (B) Dilutions of BALF obtained from experimental mice at 24
h after P.A. pneumonia were cultivated on blood agar plates. The bacterial colony number was
determined as CFU (n = 5). (C) Histological scores of the P.A. pneumonia after exposure to the
recombinant IL-38 protein or IgG (n = 5 mice/group). (D) Cell apoptosis was determined by TUNEL assay,
and TUNEL-positive cells showed dark-brown nuclei. The comparison between the two groups was
performed by one-way ANOVA followed by the LSD multiple comparisons test.
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Figure 6

(A-B) IL-38 treatment decreased the generation of pro-in�ammatory factors in the pneumonia models.
After the recombinant IL-38 treatment, cytokine levels in the BALF and lung homogenates in �ve mice
were measured using the mouse cytokine magnetic bead panel kit at 24 h following modeling. Decreased
levels of CXCL-1, IL-1β, IL-6, IL-17A, and TNF-α, and an elevated level of IL-10 in the BALF and lungs were
observed following recombinant IL-38 stimulation. (C) We isolated T cells from the BALF of mice. The
frequency of Tregs was subsequently determined by �ow cytometry, and the results were from �ve mice
per time point. Shown here are representative dot plots. The comparison between the two groups was
performed by one-way ANOVA followed by the LSD multiple comparisons test.
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Figure 7

IL-38 enhanced the differentiation of naïve CD4 T lymphocytes to Tregs. (A) Naïve CD4 T lymphocytes
were isolated from the spleen of mice. The mouse recombinant IL-38 was added (at 10, 100, or 200
ng/mL) to the medium, which induced the naïve CD4 T lymphocyte differentiation to Tregs. Three days
post-stimulation, the proportion of Tregs was detected by �ow cytometry. (B) The expression of TBK1 in
CD4+ T lymphocytes was analyzed by the Western blot assay; *P < 0.05, ***P < 0.001. One-way ANOVA
and LSD multiple comparisons test were performed to compare the two groups.


