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Abstract
The cytokine interleukin-34 （IL-34） was recently described.  However, its role in the lungs 
is not well understood.  IL-34 binds to the colony stimulating factor-1 receptor, thereby 
enhancing tissue macrophage maturation and differentiation.  Macrophages are essential to the 
airway inflammation process and acute lung injury （ALI）.  This study aimed to evaluate the 
role of IL-34 in ALI establishment.  C57BL/6 male mice were stimulated intratracheally with 
lipopolysaccharide （LPS） and sacrificed on day 1, 3, 5, or 7.  Additionally, the mice were 
treated with an anti-IL-34 antibody intranasally before LPS stimulation.  The bronchoalveolar 
lavage fluid （BALF） and lung tissues were collected.  The cells of the human peripheral blood 
monocyte cell line THP-1 and the human airway epithelial cell line BEAS-2B were cultured 
with LPS in vitro.  The total cell number in BALF was higher in the LPS-stimulated mice than 
in the control mice.  The BALF IL-34 level was significantly elevated in BALF on days 1 and 
3.  IL-34 expression was detected in the pulmonary epithelium in the LPS-stimulated mice on 
day 1.  Anti-IL-34 antibody suppressed the number of macrophages in BALF.  IL-34 blockade 
resulted in pulmonary fibrosis reduction in LPS-stimulated mice on day 5.  LPS stimulation in 
vitro induced the production of tumor necrosis factor-α （TNF-α） in THP-1 cells.  Furthermore, 
TNF-α stimulation induced the IL-34 production in BEAS-2B cells.  These results suggest that 
IL-34 induction in the epithelial cells may enhance pulmonary inflammation and fibrosis in the 
murine model of LPS-induced acute lung injury.
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Introduction

　Interleukin-34 （IL-34） is a newly described cytokine, 
which consists of 222 amino acids.  Its amino acid 
sequence is not homologous to other cytokines1.   
In humans, IL-34 mRNA is widely expressed in 
numerous tissues including the heart, brain, lung, liver, 
kidney, spleen, thymus, testis, ovary, small intestine, 
prostate, and colon.  The IL-34 expression has been 

detected in keratinocytes, epidermis, and neurons1, 2.  
　IL-34 shares a common receptor with the 
macrophage-colony stimulating factor 3, known as colony 
stimulating factor-1 receptor （CSF-1R or CD115）.   
IL-34 leads to the formation of inflammatory lesions 
and autoimmunity because the binding of IL-34 to 
CSF-1R stimulates the differentiation and proliferation 
of monocytes and cytokine production4, 5.
　CSF-1R, a member of the platelet-derived growth 
factor receptor subfamily, is a transmembrane 
homodimeric type III receptor encoded by the 
c-Fms proto-oncogene6 that stimulates a tyrosine 
kinase signaling pathway.  The CSF-1R expression 
is restricted primarily to cells of the mononuclear 
phagocytic lineage, including macrophage precursors 
in the bone marrow, monocytes, osteoclasts, and 
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tissue macrophages such as liver Kupffer cells and 
microglia7.  Moreover, it can also be detected on the 
surface of some tissue fibroblasts8.
　The binding of IL-34 to CSF-1R is critical for 
better survival and differentiation of monocytes, 
macrophages, and Langerhans cells9.  The IL-34 
production is correlated with autoimmune diseases 
and chronic inflammatory diseases （e.g., rheumatoid 
arthritis, Sjogren’s syndrome, and gastrointestinal 
mucosa in inflammatory bowel disease）10-12.
　Acute lung injury （ALI） is caused by direct 
pulmonary insult and indirect systemic inflammatory 
responses to severe pneumonia, sepsis, trauma, 
and major surgery13. The lung is one of the most 
important target organs for proinflammatory 
mediators secreted during pulmonary infection, sepsis, 
and trauma14, 15.  While sepsis and trauma can 
lead to ALI, pulmonary infection and diffuse lung 
injury can cause systemic inflammatory response 
syndrome, sepsis, and even septic shock15.  These 
clinical syndromes result in significant morbidity 
and mortality in intensive care units and underscore 
the interplay between pulmonary and systemic 
inflammation in promoting disease progression.  The 
study of the pathological ALI mechanisms using the 
lipopolysaccharide （LPS）-induced murine ALI model 
is essential, in seeking an effective ALI therapeutic 
approach.  Corticosteroids are commonly used for the 
treatment of ALI/acute respiratory distress syndrome 
（ARDS）, but do not improve patients’ survival 
rates16.
　LPS is a major component of gram-negative 
bacteria, which contributes to the pathogenesis of 
bacterial infections17.  LPS-induced animal models 
provide means to explore the mechanisms of multiple 
diseases and provide useful information about the 
discovery of novel biomarkers and drug targets.  
Therefore, LPS has been previously used to induce 
murine ALI models.
　Monocytes are circulating blood leukocytes that 
play an important role in tissue homeostasis and 
inflammatory response, which are essential to innate 
immunity and combating pathogens18.  They are 
unique among peripheral blood cells because they 
can migrate to various tissues where they differentiate 
into morphological and functionally heterogeneous 
cells, including macrophages, myeloid dendritic cells, 
and osteoclasts, depending on the stimulus19.  The 
differentiation of peripheral blood monocytes into 
resident tissue macrophages can be recapitulated ex 
vivo by incubation in CSF-1 presence20. 
　This study aimed to investigate the role of IL-34 

in pulmonary inflammation and fibrosis in the murine 
model of LPS-induced ALI.  

Materials and methods

Animals
　C57BL/6 mice （male ; age, 8-12 weeks ; weight, 
20-26 g） were obtained from Saitama Experimental 
Animals Supply Co. Ltd （Saitama, Japan）.  The 
present study and the repeated experiments used 168 
mice.  All animal experiments were performed after 
obtaining approval from the Animal Care and Use 
Committee of Showa University （permit number : 
09074）, which operates following the Japanese 
Government for the care and use of laboratory 
animals.

LPS-induced ALI model establishment
　The mice intratracheally received 5 mg/ml LPS 
（Sigma-Aldrich, St. Louis, MO, USA） in 20 µl （100 µg/ 

mouse） phosphate-buffered saline （PBS） on day 0 to 
induce a murine ALI model.  Control mice received 
PBS.  They were euthanized on day 1, 3, 5, or 7.  
Furthermore, 5 µg/ml anti-IL-34 antibody （AF5195 ; 
R&D Systems, Minneapolis, MN, USA） in 20 µl  
（100 ng/mouse） PBS was intranasally administered 
to mice for three consecutive days before LPS 
stimulation.  They were also euthanized on day 1, 3, 
5, or 7 （Fig. 1）.  PBS was administered to control 
mice.

Measurement of cells and cytokines levels in 
bronchoalveolar lavage fluid
　The mice were euthanized on day 1, 3, 5, or 7, 
and the trachea was exteriorized via blunt dissection.  
Subsequently, a small-caliber needle was inserted and 
secured within the airway to instill normal saline 
for bronchoalveolar lavage fluid （BALF） collection.  
The airway was successively washed thrice with 350 
µl of normal saline, which was instilled and gently 
aspirated to obtain BALF.  Moreover, the BALF was 
centrifuged （3,000 rpm, 7 min, 4℃）, and the cells 
were washed and resuspended in 100 µl normal saline.   
The total cell count was calculated using a 
hemocytometer after staining with Turk’s solution 
（Wako, Osaka, Japan）.  Differential cell count was 
conducted on cytospin cell preparations （Cytospin 3 ; 
Shandon, Pittsburgh, PA, USA） and stained with Diff-
Quick （Dade Behring Inc., Newark, DE, USA）.  A 
differential cell count was performed on 400 cells 
using the standard morphological criteria.
　The IL-34 levels in BALF and cell culture supernatant 
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were measured using enzyme-linked immunosorbent 
assay （ELISA） kits （R&D Systems） according to the 
manufacturer’s instructions.

Gene expression measurement in the lung tissue
　The lung tissue was homogenized in TRIzol reagent 
（Invitrogen, Carlsbad, CA, USA） and extracted with 

chloroform.  RNA was precipitated with isopropanol, 
washed with 75％ ethanol, and resuspended in RNase-
free water.  The total RNA was treated with DNase 
I （Promega, Madison, WI, USA）.  The SuperScript 
II first-strand synthesis system （Invitrogen） was used 
to synthesize cDNA using reverse transcription in 
the presence of oligo dT primers from 1 µg of total 
RNA.  The amplification of each cDNA stand was 
achieved with a Taq DNA polymerase （Promega）.  
The cDNA expression was measured by quantitative 
polymerase chain reaction （qPCR） using the master 
mix of SYBR Green/ROX （Qiagen, Frederick, MD, 
USA） in the C1000 Touch thermal cycler （BIORAD, 
Hercules, CA, USA）.  The ratio of each mRNA 
molecule relative to the glyceraldehyde 3-phosphate 
dehydrogenase （GAPDH） mRNA was calculated with 
the ΔΔCt threshold cycle method.  The mouse primers 
for IL-34, tumor necrosis factor-α （TNF-α）, CCL22, 
and arginase-1 （Arg1） were obtained from Qiagen.

Lung histopathology analysis
　After obtaining BALF, the lungs were dissected 
from the chest and inflated with 500 µl of 10％ 
formalin in PBS.  The lung tissues were dehydrated in 
ethanol, embedded in paraffin, sectioned （5 µm）, and 
stained with Masson’s trichrome.  Histopathological 
examination of the lung was performed with an 
optical microscope under ×100 magnification.  The 
percentage of collagen deposition area in the entire 
lung field was measured in three lung sections per 
mouse by hybrid cell count using a digital microscope 
（BZ-X800 ; Keyence Tokyo, Japan） as previously 

described to evaluate pulmonary fibrosis 21.
　The lung sections mounted on amino alkylsilane-
coated glass slides were deparaffinized and rehydrated.  

The sections were heated with citrate buffer （0.1 M, 
pH : 6） for 10 min in a microwave oven for antigen 
retrieval, followed by incubation in 0.3％ hydrogen 
peroxide for 30 min to block endogen peroxidase.  
After repeated washing with PBS, protein blocking 
was performed with a serum-free protein block 
solution （X2w0909 ; DAKO, Carpinteria, CA, USA） 
for 15 min.  Monoclonal mouse anti-IL-34 antibodies 
（sc-517217 ; Santa Cruz Biotechnology, Santa Cruz, 
CA, USA） and its isotype control were used as 
the primary antibodies, along with broad-spectrum 
secondary antibodies （Envision Dual Link System-
HRP, K4063 ; DAKO）.  After flushing, the sections 
were treated with peroxidase-conjugated streptavidin 
（Thermo Fisher Scientific, Rockford, IL, USA）, 

followed by treatment with 3,3’-diaminobenzidine 
（liquid DAB＋substrate, K3467 ; DAKO） for antibody  

reaction visualization.  The lung sections were 
counterstained using Mayer’s hematoxylin and 
examined under light microscopy.  Each airway from 
the four lung sections was examined per mouse using 
a 0-5＋ score classification to determine the IL-34 
expression on the surface of the airway epithelium.  
For 0-5＋ scoring, the isotype control slide was set 
as 0, and the darkest dyed slide as 5＋ （Fig 2A-E）.  
The analysis was performed by two independent 
observers blinded to group information.

Investigating the IL-34 expression by LPS stimulation 
in vitro
　BEAS-2B （a human airway epithelial cell line 
transformed with an adenovirus 12-SV40 virus 
hybrid ; American Type Culture Collection, Manassas, 
VA, USA） and THP-1 （a human peripheral blood 
monocyte cell line from acute monocytic leukemia ; 
American Type Culture Collection） cells were 
cultured with 1 µg/ml of LPS in Dulbecco modified 
Eagle medium （Biofluids, Inc., Rockville, MD, 
USA） containing 10％ fetal bovine serum, 100 U/
ml penicillin, and 100 ng/ml streptomycin （Fisher 
Scientific, Gaithersburg, MD, USA） at 37℃ in 
humidified air containing 5％ CO2.  The cell culture 

Fig. 1.   Protocol for the murine model of LPS-induced ALI and treatment of anti-IL-34 antibody. 
LPS ; lipopolysaccharide, ALI ; acute lung injury, IL-34 ; interleukin-34, i.n. ; intranasally, 
i.t. ; intratracheally.
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supernatants were collected at 1, 3, 6, 12, and 24 
h after LPS incubation.  BEAS-2B cells were also 
cultured with 10 ng/ml of TNF-α for 24 h, and the 
supernatants were collected.  The IL-34 and TNF-α  
levels in the supernatants were measured using 
ELISA kits （BioSource International, Camarillo, CA, 
USA） according to the manufacturer’s instructions.  
Moreover, qPCR was performed as previously 
described.  The human primers for IL-34 and TNF-α 
were obtained from Qiagen.

Statistical analysis
　Comparisons between the two groups were performed  
using unpaired Student’s t-tests.  A one-way analysis 
of variance with Sidak’s correction for multiple 
comparisons was performed to compare three or 
more groups.  Comparisons were performed with the 
JMPⓇ-software （SAS Institute Japan, Tokyo, Japan）.  
Data are expressed as the mean±standard error of 
the mean （SEM）.  A p-value <0.05 was considered 
significant.  All experiments were performed at least 
twice with four animals per group.

Results

LPS treatment induced airway inflammation
　First, the progressive induction of lung inflammation 
caused by LPS over time was investigated.  A 
significant increase was observed in the total cell 
count in the LPS-treated mice and the neutrophil 
count in the BALF on day 1 compared with that  

in the control mice （49,375±1,219 vs. 941,250±68,859, 
p<0.01, n=8 for each ; Fig. 3A, B）.  The expansion 
of these cells continued until day 3.  On day 7, the 
percentage of neutrophils decreased compared with 
that on day 1, while the percentage of macrophages 
increased （7.67±1.45 vs 90.6±1.75, p<0.01, 80.67±1.33 vs.  
7.00±1.52, p<0.01, n=5 and 6, respectively ; Fig. 3B）.

LPS treatment induced IL-34 expression
　The IL-34 expression in BALF and lung tissue 
was measured to ascertain the role of IL-34.  The 
expression and production of IL-34 significantly 
increased in the lung tissue and BALF following LPS 
treatment on day 1 and returned to baseline levels 
after day 3 （Fig. 3D, E）.  The IL-34 distribution in the 
lung was also investigated using immunohistochemistry 
staining.  IL-34 was mainly detected on the surface of 
the epithelial cells.  IL-34 expression was significantly 
higher in LPS-treated mice on day 1 than in the 
control mice （n=8 for each group ; Fig. 2F）.

Anti-IL-34 antibody inhibits the LPS-induced airway 
inflammation and pulmonary fibrosis
　The mice with an anti-IL-34 antibody were treated 
next to investigate the role of IL-34 in the LPS-
induced lung injury mouse model.  A significant 
reduction was observed in the total cell count in 
BALF on day 3 after treatment with anti-IL-34 
antibodies （1,193,750±123,191 vs. 746,563±58,604, 
p=0.006, n=8 for each group ; Fig. 4A）.  Moreover,  
the number of macrophages in BALF significantly 

Fig. 2.   Representative lung sections are showing immunohistochemistry staining for IL-34 
（brown ; A-E）. Statistical analysis for IL-34 expression was examined using a 0-5+ scale 
classification （F）. The results are expressed as mean±SEM （n=8 for all groups）.  
＊p<0.05. IL-34 interleukin-34. isotype the antibody that has the same primary antibody 
and does not react with a specific protein.
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decreased from days 1 to 7 （Fig. 4B）.  The examination 
of lung tissue homogenate revealed that the CCL22 
expression was inhibited from days 1 to 7 and that of 
Arg1 was inhibited from days 3 to 7 after treatment 
with anti-IL-34 antibodies （Fig. 4C, D）.  Pulmonary 
fibrosis evaluation using histological analysis revealed 
a reduction in pulmonary fibrosis on day 5 in the 
anti-IL-34 antibody-treated mice （exposed to LPS） 
compared with that in the LPS-exposed untreated mice 
（percentage of collagen deposition, 0.22±0.04 vs. 0.40±

0.07, p=0.03, n=5 for each group ; Fig. 5）.

TNF-α stimulation induced IL-34 production in vitro
　Finally, BEAS-2B and THP-1 cells were stimulated 
with LPS in vitro to determine IL-34 source 
production.  Neither the BEAS-2B cells nor the THP-
1 cells were found to induce the IL-34 production 
upon stimulation with LPS （Fig. 6）.  However, there 
was significant induction of TNF-α gene expression 
and production in the THP-1 cells exposed to LPS 
for 3 h, which reduced after 24 h of LPS stimulation 
（Fig. 7A, B）.  IL-34 production in the BEAS-2B 
cells stimulated with TNF-α for 24 h was significantly 

higher than that in the unstimulated cells （Fig. 7C）.

Discussion

　The present study investigated the role of IL-34 
in a murine model of LPS-induced lung injury by 
focusing on airway inflammation and pulmonary 
fibrosis.
　The status of the LPS-induced lung injury model 
was examined over days 1, 3, 5, and 7, before 
examining the role of IL-34 in ALI.  The number 
of total cells in BALF started increasing on day 1, 
peaked on day 3, and subsequently decreased on day 
5.  The number of neutrophils increased with the 
increase in the total cell count whereas the number 
of macrophages increased as the total cell count 
decreased.  Fujino et al. reported that LPS-treated 
animals undergo resolution of lung inflammation 
and fibrosis 7 days after LPS exposure22.  Another 
study has also demonstrated the involvement of 
macrophages in pulmonary fibrosis23, and the results 
of the current study are consistent with those 
of previous studies.  These results suggest that 

Fig. 3.   Analysis of inflammatory cells and cytokines in the murine model of LPS-induced 
ALI. The total number of inflammatory cells （A） and differential cell percentages and 
cell counts of the inflammatory cells （B and C） in BALF. Analysis of IL-34 gene 
expression in the lung tissue by qPCR （D）. Analysis of cytokine production in the 
BALF by ELISA （E）. The results are expressed as mean±SEM （n=5-8）. ＊p<0.05. 
LPS lipopolysaccharide, ALI acute lung injury, BALF bronchoalveolar lavage fluid, IL-34 
interleukin-34, qPCR quantitative polymerase chain reaction, ELISA enzyme-linked 
immunosorbent assay.

pg/ml
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neutrophilic inflammation occurs in the lung at the 
early stage of LPS exposure, which is replaced by 
macrophage proliferation, which may in turn promote 
pulmonary fibrosis.

　The role of IL-34 was investigated first by 
examining the IL-34 expression in BALF and lung 
tissue of the LPS-induced murine model of lung injury.   
A significant increase in IL-34 expression was 

Fig. 4.   Analysis of inflammatory cells and gene expression of M2 macrophage markers in the 
murine model of LPS-induced ALI treated with anti-IL-34 antibody. The total number 
of inflammatory cells （A） and the number of macrophages （B） in the BALF. Analysis 
of gene expression of CCL22 and Arg1 in the lung tissue by qPCR （C and D）. The 
results are expressed as mean±SEM （n=8-12）. *p<0.05. LPS lipopolysaccharide, ALI 
acute lung injury, IL-34 interleukin-34, BALF bronchoalveolar lavage fluid, Arg1 arginase-1, 
qPCR quantitative polymerase chain reaction.

Fig. 5.   Representative lung sections are showing Masson’s trichrome staining for analysis of 
lung fibrosis （A and B）. The percentage of collagen deposition area in the entire lung 
field was measured （B）. The results are expressed as mean±SEM （n=4-5）. *p<0.05. 
LPS lipopolysaccharide, IL-34 interleukin-34.
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Fig. 6.   BEAS-2B cells and THP-1 cells were stimulated with LPS for 3, 6, 12, and 24 h. Analysis of IL-34 
gene expression in BEAS-2B cells stimulated with LPS （A）. Analysis of IL-34 production in the 
supernatant after stimulation of BEAS-2B cells with LPS （B）. Analysis of IL-34 gene expression 
in THP-1 cells stimulated with LPS （C）. Analysis of IL-34 production in the supernatant after 
stimulation of THP-1 cells with LPS （D）. The results are expressed as mean±SEM （n=6 for all 
groups）. LPS lipopolysaccharide, IL-34 interleukin-34, ns not significant.

pg/ml

pg/ml

Fig. 7.   Analysis of TNF-α gene expression in THP-1 cells stimulated with LPS for 3, 6, 12, and 24 h 
（A）. Analysis of TNF-α production in the supernatant after stimulation of THP-1 cells with LPS 
for 3, 6, 12, and 24 h （B）. Analysis of production of IL-34 in the supernatant after stimulation of 
BEAS-2B cells with TNF-α （C）. The results are expressed as mean±SEM （n=6 for all groups）. 
＊p<0.05. TNF-α tumor necrosis factor-α, LPS lipopolysaccharide, IL-34 interleukin-34.

pg/ml

pg/ml
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observed on day 1 in both samples.  Furthermore, 
IL-34 was confirmed to be mainly expressed in the 
airway epithelium, which peaked on day 1.  Thus, 
IL-34 was inferred IL-34 to be mainly produced 
by the airway epithelium during the early stage 
of LPS-induced injury and may contribute to the 
pathogenesis of lung injury.  Previous studies reported 
that IL-34 is involved in the fibrosis of organs such 
as the kidney and liver 24, 25.  However, no study 
has reported on the IL-34 involvement in pulmonary 
inflammation and lung injury.  The present study 
was the first to confirm the main expression site and 
production chronology of IL-34 in the LPS-induced 
lung injury model.
　Further investigations were conducted by adminis-
tering anti-IL-34 antibodies to the LPS-induced lung 
injury model.  The anti-IL-34 antibodies reduced the 
number of total cells in BALF on day 3 and the 
number of macrophages from days 1 to 7, showing 
that the IL-34 blockade inhibits the inflammation 
caused by LPS stimulation.  Moreover, the expression 
of CCL22 and Arg1, markers for M2 macrophages 26, 
was decreased by IL-34 blockade.  Preisser et al. 
reported that IL-34 is involved in the differentiation 
of profibrotic macrophages in the liver 27.  However, 
its role in lung macrophages is unknown.  The 
present study suggests that IL-34 may play a 
role in inducing the differentiation of immature 
macrophages into anti-inflammatory macrophages.  
Moreover, in this study, CCL22 and Arg1 were 
examined for gene expression in the whole lung 
and were expressed in cells other than macrophages.  
Therefore, further studies specific to macrophages are 
needed.  Moreover, histological analysis revealed that 
pulmonary fibrosis was inhibited by blockade of IL-34 
on day 7.  Overall, this suggests that IL-34 induces 
pulmonary inflammation and lung injury, resulting in 
pulmonary fibrosis induction.
　The mechanism of IL-34 production in the airway 
epithelium and its effect on the differentiation of 
macrophages using in vitro examination of BEAS-
2B and THP-1 cells was elucidated.  IL-34 production 
did not increase over time and was not significantly 
different from any other group when cell lines were 
exposed to LPS.  This means that both the BEAS-
2B and THP-1 cells are unlikely to produce IL-34 
in response to LPS stimulation alone.  Thus, other 
factors may be necessary for IL-34 production.  LPS 
increased TNF-α production in the THP-1 cells, and 
IL-34 production was induced by TNF-α in BEAS-
2B cells.  The results of the current study suggest that 
TNF-α is produced by LPS-stimulated monocytes 

or macrophages, and the airway epithelium produces 
IL-34 in response to stimulation by TNF-α.
　A limitation of this study was that the murine 
ALI model was created using only LPS since other 
factors also contribute to ALI in real-world settings.  
Furthermore, the mechanisms of IL-34 production in 
the airway epithelium are still unknown.  
　In conclusion, the present study suggested that 
TNF-α produced by LPS stimulation induces the 
production of IL-34 in the airway epithelium.  It also 
showed that IL-34 induces pulmonary inflammation 
and causes ALI.
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