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IL-24 deficiency protects mice against bleomycin-induced
pulmonary fibrosis by repressing IL-4-induced M2 program
in macrophages
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Abstract

Idiopathic pulmonary fibrosis (IPF) is the most common type of idiopathic interstitial pneumonia and has one of the poorest
prognosis. However, the molecular mechanisms underlying IPF progression remain largely unknown. In this study, we
determined that IL.-24, an IL-20 subfamily cytokine member, was increased both in the serum of IPF patients and the
bronchoalveolar lavage fluid (BALF) of mice following bleomycin (BLM)-induced pulmonary fibrosis. As a result, IL-24
deficiency protected mice from BLM-induced lung injury and fibrosis. Specifically, loss of IL-24 significantly attenuated
transforming growth factor p1 (TGF-p1) production and reduced M2 macrophage infiltration in the lung of BLM-induced
mice. Mechanistically, IL-24 alone did not show a perceptible impact on the induction of M2 macrophages, but it synergized
with IL-4 to promote M2 program in macrophages. IL-24 suppressed IL-4-induced expression of suppressor of cytokine
signaling 1 (SOCS1) and SOCS3, through which it enhanced signal transducer and activator of transcription 6/peroxisome
proliferator-activated receptor gamma (STAT6/PPARYy) signaling, thereby promoting IL-4-induced production of M2
macrophages. Collectively, our data support that IL-24 synergizes with IL-4 to promote macrophage M2 program
contributing to the development of pulmonary fibrosis.

Introduction

These authors contributed equally: Li-Zong Rao, Yi Wang Idiopathic pulmonary fibrosis (IPF) is a severe health
problem worldwide. Although the incidence of IPF is
only 2.8-18 cases/100,000 per year [1, 2], the average
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pathogenesis of IPF involves the repair of lung tissue
injury by alveolar epithelial cells, the differentiation and
proliferation of fibroblasts, and the recruitment and acti-
vation of innate immune cells [4, 5]. Given the fact that
macrophage is a typical innate immune cell, its role in the
pathogenesis of pulmonary fibrosis has long been recog-
nized [6]. Generally, macrophages manifest two dis-
tinctive phenotypes, the classically activated phenotype
(M1) under the action of IFN-y and TNF-a, and the
alternatively activated phenotype (M2) under the action
of IL-4, IL-13, and IL-10 [7]. Importantly, there is com-
pelling evidence that M2 macrophages can produce
copious amount of TGFP1 to induce fibroblast differ-
entiation and proliferation, thereby exacerbating pul-
monary fibrosis [8, 9].

IL-24 is a member of the IL-20 subfamily of cytokines
(IL-19, IL-20, IL-22, and IL-24), and it has two hetero-
dimer receptor isoforms, the IL-20Ro/IL-20Rf and IL-
22R/IL-20RpB, which are widely expressed in the skin,
lungs, and reproductive tissues [10]. Current research
regarding IL-24 mainly focuses on skin wound healing
and tumor inhibition [11-15], while its potential role in
the lung injury repair and fibrosis is yet to be tackled. It
was found that IL-22 promoted extracellular matrix
deposition and protease expression during the course of
skin wound healing process, thereby promoting fibroblast
activation and causing skin tissue remodeling [16, 17].
Importantly, IL-24 can be expressed by human and rat
macrophages [18], and we further noted that IL-24 was
increased both in the serum of IPF patients and the
bronchoalveolar lavage fluid (BALF) of mice following
bleomycin (BLM)-induced pulmonary fibrosis. Therefore,
we hypothesized that IL-24 may play a critical role in the
pathogenesis of fibrosis by affecting M2 program in
macrophages. To address this assumption, we employed
IL-247"~ mice to establish a lung fibrosis model via BLM
induction. Our results indicated that the loss of IL-24
significantly attenuated BLM-induced pulmonary fibrosis
and markedly reduced M2 macrophages in the lung. In
agreement with the above observations, depletion of
macrophages in the lung or adoptive transfer of wild type
(WT) M2 macrophages into the IL-24-deficient lung after
macrophage depletion almost completely abolished the
protective effect. Mechanistic studies showed that 1L-24
itself does not play a role in M2 macrophage differ-
entiation, but it enhances the potency of IL-4 for induction
of M2 macrophages by regulating signal transducer and
activator of transcription 6 (STAT6) phosphorylation and
peroxisome  proliferator-activated receptor gamma
(PPAR-y) expression. Together, our studies suggest that
IL-24 synergizes with IL-4 to promote M2 program in
macrophages, thereby contributing to the development of
pulmonary fibrosis.

Results

Pulmonary fibrosis is featured by the increased
IL-24 expression

We first sought to examine IL-24 expression in the serum of
IPF patients. ELISA analysis revealed that serum IL-24
levels in control subjects were almost undetectable, while
high levels of IL-24 were detected in the serum of IPF
patients (Fig. 1a). Similarly, high levels of IL-24 were noted
in the BALF of mice with BLM-induced pulmonary fibrosis
(Fig. 1b). Given that IL-24 receptors are mainly dependent
on the restrictive expression of IL-20Rf in certain non-
haemopoietic tissues including lung [10], we examined the
expression of IL-20Rf in the lung homogenates derived
from IPF patients and control subjects. Western blot ana-
lysis indicated increased expression of IL-20Rp in IPF
patients (Fig. 1c). Additionally, as M2 macrophages are the
main infiltrating cells in the lungs of patients with IPF, we
conducted co-immunostaining of lung sections derived
from IPF patients and control subjects with IL-20Rf (IL-24
receptor) and CD206 (a marker for M2 macrophages). The
number of IL-20RBT/CD206™ cells in IPF patient-derived
lung sections was significantly increased as compared to
that of control subjects (Fig. 1d). To confirm this result, we
next checked BALF from IPF patients by co-
immunostaining of IL-20Rf and CD206, and interestingly
found that M2 macrophages were the predominant cells
manifesting IL-20Rp overexpression (Fig. le). Next, we
examined the expression of other IL-24 receptors (i.e., IL-
20Ra and IL-22R) in CD206™ macrophages. Interestingly,
we only detected very low levels of IL-20Ra and IL-22R
expression in M2 macrophages in the lung sections origi-
nated from IPF patients and control subjects (Supplemen-
tary Fig. 1). Collectively, these data suggest that pulmonary
fibrosis manifests altered IL-24 expression along with
overexpression of its cognate receptor IL-20Rp during
disease development.

Loss of IL-24 attenuates BLM-induced lung injury
and fibrosis

Based on the above observations, we next sought to
demonstrate the effect of IL-24 on pulmonary fibrosis by
using IL-24~"~ and WT mice following BLM induction.
The severity of lung injury and fibrosis following 21 days
of BLM induction were significantly attenuated in /L-24-
deficient mice. Specifically, the H&E, Masson’s tri-
chrome, and Sirius red staining indicated that lung injury
and pulmonary fibrosis were significantly attenuated in
the IL-24~"~ mice (Fig. 2a, left panel). In particular, the
severity of pulmonary fibrosis was substantially lower as
evidenced by the lower Ashcroft scores (Fig. 2a, right
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Fig. 1 Analysis of IL-24 expression in IPF patients and in BLM-
induced mice. a ELISA analysis of IL-24 levels in the serum from IPF
patients and healthy subjects. A total of ten IPF patients and ten control
subjects were analyzed. Results are shown as the median; each dot
represents one patient. The dotted line indicates the detection limit.
Statistical analysis was performed using the Student’s ¢ test (¥*p <
0.01). b ELISA analysis of IL-24 levels in the BALF of mice fol-
lowing 21 days of BLM induction. Twelve mice were analyzed in each
group. Each dot represents an animal, and the median is presented. The
dotted line indicates the detection limit. Statistical analysis was per-
formed using the Student’s ¢ test (**p < 0.01). ¢ Western blot analysis
of IL-20Rf expression in the lung homogenates derived from IPF
patients and control subjects. Left panel: a representative Western blot
result. Right panel: a bar graph showing the mean data for five IPF
patients and five control subjects analyzed. Statistical analysis was
performed using the Student’s ¢ test (**p <0.01). d Representative

panel). Consistently, Western blot analysis indicated
decreased expression of the fibrogenic markers fibronectin
(Fib) and collagen I (Coll I) in BLM induced IL-247~
mice (Fig. 2b). We also determined the hydroxyproline
content in the lung homogenates, a marker correlated with
fibrosis severity, and found that the hydroxyproline level
in BLM-induced /L-24~"~ mice was much lower than that
in WT mice (Fig. 2c). Interestingly, following day 7 of
BLM induction, both WT and IL-24~~ mice manifested a
significant weight loss, a common phenotype usually
associated with pulmonary fibrosis [19-21], although a
temporal increase in body weight was observed after this
point. Importantly, IL-24~~ mice had significantly less
weight loss at days 7 and 14 after BLM induction, and a
similar trend was also observed at day 21 (Fig. 2d), which
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results for co-immunostaining of IL-20Rp and CD206 (an M2 mac-
rophage marker) in the lung sections from patients with IPF and
healthy subjects. The nuclei were stained blue by DAPI, Scale bar, 50
um. A total of ten IPF patients and ten control subjects were analyzed.
Scatter plot indicates the IL-20Rp/CD206™ cell count (numbers/mm?)
in the lung sections from IPF patients and healthy subjects; each dot
represents a patient. Statistical analysis was performed using the Stu-
dent’s ¢ test (***p<0.001). e Representative results for co-
immunostaining of IL-20Rf and CD206 (an M2 macrophage mar-
ker) in the BALF from patients with IPF and healthy subjects. The
nuclei were stained blue by DAPI, Scale bar, 50 pm. A total of ten IPF
patients and ten control subjects were analyzed. Scatter plot indicates
the TL-20RB/CD206™ cell count (numbers/mm?) in the BALF from
IPF patients and healthy subjects; each dot represents a patient. Sta-
tistical analysis was performed using the Student’s 7 test (***p<
0.001). BLM bleomycin, IPF idiopathic pulmonary fibrosis.

was likely caused by the differences of the severity for
lung injury and inflammatory responses. Taken together,
these results indicate that loss of IL-24 protects mice
against BLM-induced lung injury and fibrosis.

IL-24 deficiency represses BLM-induced
TGF-B1 signaling

Given that TGF-pf1 plays an important role in the pro-
gression of pulmonary fibrosis, we thus next examined
TGF-B1 expression in the lung. First, we conducted RT-
PCR analysis of TGF-1 mRNA. IL-24~"~ mice had sig-
nificantly lower TGF-f1 mRNA expression after BLM
induction (Fig. 3a). Next, we conducted ELISA analysis
of matured TGF-p1 in the BALF. TGF-f1 secretion in
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Fig. 2 Loss of IL-24 attenuates lung injury and fibrosis. a Histo-
logical analysis of the severity of lung fibrosis in mice after BLM
induction. Left panel: representative results for H&E (top), Masson
(center), and Sirius red (bottom) staining. The insets show higher
magnification images for a particular location. Right panel: a bar graph
showing the semiquantitative Ashcroft scores for the severity of
fibrosis, Scale bar, 50 pm. Error bars represent means + SEM (n = 12).
Statistical analysis was performed using one-way ANOVA (¥**p <
0.001). b Western blot analysis of the fibrotic markers collagen I and
fibronectin. Left panel: a representative Western blot result. Right
panel: a bar graph showing the mean data for all mice analyzed in each

BLM-induced IL-24~/~ mice was markedly lower than
that in WT mice (Fig. 3b). In line with this observation,
the downstream phosphorylated Smad2 and Smad3 levels
in BLM-induced WT mice were substantially higher than
that in JL-24~/~ mice (Fig. 3c), although there was no
perceptible difference in terms of total Smad2/3 between
IL-247~ and WT mice. Co-immunostaining of BLM
challenged lung sections further revealed that M2 mac-
rophages (CD206") were the predominant cells for
secretion of TGF-p1. However, IL-24 ™'~ mice exhibited
markedly less TGF-p17/CD206" cells following BLM
induction (Fig. 3d), and similar results were also observed
by flow cytometry analysis of gated F4/80 macrophages
(Fig. 3e). Of note, other than macrophages, positive
staining of TGF-f1 was also observed in other cell types
(Fig. 3d, indicated by white arrows), and single-cell
sequencing also confirmed this observation (Supplemen-
tary Fig. 4). Together, our data indicate that /L-24 defi-
ciency reduces the number of M2 macrophages along with
decreased TGF-B1 secretion, thereby attenuating Smad?2/
3 signaling following BLM induction.

7 14 21

Time after BLM induction (d)

group. Error bars represent means + SEM (n = 12). Statistical analysis
was performed using one-way ANOVA (***p <(0.001). ¢ Bar graph
showing the quantification of hydroxyproline content in the lungs of
mice after BLM induction. Error bars represent means + SEM (n =
12). Statistical analysis was performed using one-way ANOVA (***p
<0.001). d Body weight changes during the course of BLM-induced
fibrosis. Error bar represents the mean + SEM of 12 mice analyzed.
Statistical analysis was performed using one-way ANOVA (¥*p <
0.01). BLM bleomycin, Coll I collagen I, Fib fibronectin, WT
wild type.

The protection conferred by IL-24 deficiency relies
on reduced M2 macrophages

To further investigate whether the protective effect observed
in IL-247~ mice was dependent on the reduction of M2
macrophages, we first depleted macrophages by intra-
tracheal injection of clodronate liposomes into IL-24 "~ and
WT mice, and mice injected with PBS liposomes were
served as the controls (Fig. 4a). As expected, almost all
macrophages were depleted, and a fivefold reduction in
terms of total cell number was observed in the lung as
compared with that of liposomes-treated mice following day
2 of clodronate injection (Fig. 4b). Next, WT and IL-24~"~
mice were induced with BLM as above to induce pul-
monary fibrosis 1 day after clodronate liposome adminis-
tration (Fig. 4a). As expected, administration of chlodronate
liposomes attenuated BLM-induced lung injury and fibrosis
both in WT and IL-24~/~ mice, but more importantly, the
WT and IL-24~~ mice displayed comparable disease
severity as manifested by the similar histological changes
and Ashcroft scores (Fig. 4c). Indeed, Western blot analysis
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Fig. 3 Loss of IL-24 attenuates TGF-p1 signaling after BLM
induction. a RT-PCR analysis of TGF-f1 expression in the lung
homogenates. b ELISA results for TGF-p1 levels in the BALF. Error
bar represents the mean + SEM of 12 mice analyzed. Statistical ana-
lysis was performed using one-way ANOVA (¥**p < 0.001). ¢ Results
for Western blot analysis of TGF-f1 and downstream Smad2 and 3
activities. Left panel: a representative Western blot result for Smad2/3,
p-Smad2, and p-Smad3 in the lung homogenates. Right panel: a bar
graph showing the results for all mice examined. Error bar represents
the mean = SEM of 12 mice analyzed. Statistical analysis was per-
formed using one-way ANOVA (***p <0.001). d Co-immunostaining
of TGF-B1 and CD206 in the lung sections. Scale bar, 50 um.

further confirmed similar levels of fibronectin and collagen I
expression in the lung between WT and IL-24~~ mice
following BLM induction (Fig. 4d).

Next, we conducted BLM induction in IL-24~/~ and
WT mice following macrophage depletion as above, and
IL-4-induced WT M2 BMDMs were then adoptively
transferred into clodronate liposome-treated or PBS
liposome-treated WT and IL-24~~ mice through intra-
tracheal injection at day 7 of BLM induction (Fig. 5a).
Similar as above, both WT and IL-247'~ mice with
adoptively transferred BMDMs developed severe lung
injury and fibrosis following BLM induction. Importantly,
no significant difference in terms of disease severity was
noted between WT and IL-24~/" mice, as evidenced by
the comparable histological changes and Ashcroft scores
(Fig. 5b). Consistently, WT and IL-24~" mice displayed
comparable fibronectin and collagen I expression levels in
the lung (Fig. 5c). Collectively, these results suggest that
IL-24 deficiency protects mice from BLM-induced lung
injury and fibrosis depending on the reduction of M2
macrophages.

SPRINGER NATURE

The white arrows indicate TGF-B17/CD206 ™ cells in the lung sections.
Error bar represents the mean = SEM of 12 mice analyzed. Statistical
analysis was performed using one-way ANOVA (¥**p<0.001).
e Flow cytometry analysis of TGF-f1 and CD206 expression in the
lung single-cell suspensions in both BLM induced WT and IL-247/~
mice. Left panel: a scatter diagram for flow cytometry analysis. Right
panel: a bar graph showing the data with five mice examined, the cells
were first gated in F4/80 and CD11b, and then subjected to analysis of
TGF-B1-FITC and CD206-APC expressions. Error bar represents the
mean = SEM of five mice analyzed. Statistical analysis was performed
using one-way ANOVA (**p <0.01). BALF bronchoalveolar lavage
fluid, BLM bleomycin, TGF-p1 transforming growth factor 1.

IL-24 synergizes with IL-4 to promote M2 program
in macrophages

To dissect the mechanisms by which IL-24 deficiency
represses M2 program in macrophages, we examined lung
sections after BLM induction to characterize the cells with
altered IL-24 receptor expressions. Similar to the data
derived from IPF patients (Fig. 1d, e). The IL-24 receptor
(IL-20Rp) was predominantly overexpressed by the infil-
trated macrophages (Fig. 6a). Furthermore, less number of
IL-20RB*/F4/80" cells in the lung single-cell suspension of
IL-24"~ mice following BLM induction were also noted by
flow cytometry analysis of gated F4/80 macrophages
(Fig. 6b). Importantly, arginase-1, a marker for M2 mac-
rophages, was highly expressed in F4/80" cells, but
the number of arginase-17/F4/80" cells was reduced in
IL-24~~ mice as compared to that of BLM-induced WT
mice (Fig. 6¢), indicating that those IL-20RB™ macrophages
manifested an M2 phenotype, and loss of IL-24 likely
attenuated M2 program in macrophages. Flow cytometry
analysis of CD11c¢ /CD206" cells in the lung single-cell
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0.01; **¥%p <0.001). ¢ Depletion of macrophages restored IL-24~'~
mice with manifestations similar as WT mice following BLM induc-
tion, as evidenced by the comparable histological changes and

suspension of WT and IL-24~~ mice following BLM
induction further confirmed this observation (Fig. 6d). We
thus next conducted Western blot and RT-PCR analyses of
lung homogenates from BLM-induced WT and IL-24~'~
mice for the three M2 macrophage markers, arginase-1
(Fig. 6e), Fizzl (Fig. 6f), and Mgi-1 (Fig. 6g). Since IL-24
deficiency reduced the number of M2 macrophages (Fig. 6c,
d) coupled with low levels of M2 macrophage markers
expression (Fig. 6e—g) in animals, our data suggest that IL-
24 is probably capable of enhancing M2 program in
macrophages.

To address the above notion, IL-24~/~ mice-derived
BMDMs were subjected to stimulation with IL-4, IL-24,
and IL-4 plus IL-24, respectively. In contrast to our
expectation, flow cytometry analysis revealed that IL-24
stimulation alone did not result in a significant difference
between control BMDMs in terms of the number for F4/80
*/CD206" M2 macrophages. However, once IL-24 co-sti-
mulated with IL-4, a significantly higher number of M2
macrophages were induced as compared to that of IL-4
alone stimulated cells (Fig. 7a). Similar results were

Ashcroft scores. Left panel: representative results for H&E, Sirius red,
and Masson staining. Scale bar, 50 um. Right panel: a bar graph
showing the semiquantitative Ashcroft scores for the severity of
fibrosis. Error bars represent means = SEM (n = 5). Statistical analysis
was performed using one-way ANOVA (*p<0.05; **p<0.01).
d Macrophage-depleted WT and IL-24~/~ mice manifested compar-
able levels of collagen I and fibronectin expression in the lung fol-
lowing BLM induction. Error bar represents the mean + SEM of five
mice analyzed. Statistical analysis was performed using one-way
ANOVA (*p <0.05; **p <0.01; ***p <0.001). BALF bronchoalveo-
lar lavage fluid, BLM bleomycin, Clo Lipo clodronate liposomes, Coll
I collagen I, Fib fibronectin, WT wild type.

observed by Western blot analysis of arginase-1 expression
(Fig. 7b), and RT-PCR analysis of Fizzl (Fig. 7c) and Mgl-
1 expression (Fig. 7d). Taken together, our results support
that IL-24 synergizes with IL-4 to promote M2 program in
macrophages.

IL-24 represses SOCS1/3 activity to enhance
STAT6/PPAR-y signaling

To further determine the molecular mechanisms by which
IL-24 synergizes with IL-4 to promote M2 macrophage
differentiation, we studied STAT6/PPAR-y signaling, an
essential pathway for the induction of M2 macrophages
[22]. To this end, IL-24~~ BMDMs were stimulated with
either IL-4 or IL-4 plus IL-24. No significant difference
was detected in terms of total STAT6 and phosphorylated
STATG6 (p-STAT6) levels in BMDMs before stimulation.
However, high levels of p-STAT6 were detected after
30 min of IL-4 stimulation, after which p-STAT6 under-
went a steady decrease following 3 h of stimulation. A
similar trend was noted for BMDMs co-stimulated with
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Fig. 5 IL-24 deficiency protects mice against pulmonary fibrosis
relies on the reduction of M2 macrophages. a The schematic dia-
gram for macrophage adoptive transfer studies. IL-4-induced WT M2
BMDMs were adoptively transferred into clodronate liposomes-treated
or PBS liposomes-treated WT and IL-24" mice through intratracheal
injection at day 7 of BLM induction. b Adoptive transfer of WT M2
macrophages into IL-24~/" mice restored their susceptibility to BLM-
induced pulmonary fibrosis. Left panel: a representative result for
H&E, Sirius red, and Masson staining, the images were taken under

IL-4 and IL-24, but the p-STAT6 levels were markedly
higher as compared to BMDMs stimulated with IL-4
alone at all time points examined (Fig. 8a). In consistent
with these results, a steady increase in PPAR-y expression
was also observed in BMDMs following IL-4 stimulation,
and the highest expression was noted following 3h of
stimulation. Importantly, BMDMs co-stimulated by IL-4
and IL-24 displayed significantly higher levels of PPAR-y
expression than that of BMDMs stimulated with IL-4
alone (Fig. 8a). However, BMDMs with IL-24 stimulation
alone did not affect p-STAT6 and PPAR-y expression at
different time points (Supplementary Fig. 3a). These
results prompted us to check the expression of SOCS1 and
3, inhibitors for STAT6 activity in macrophages. In gen-
eral, SOCS1 is almost undetectable before stimulation,
while IL-4 time-dependently induced high levels of
SOCSI1 and 3 expression in BMDMs, and in sharp con-
trast, IL-24 significantly attenuated IL-4 induced SOCSI1
and 3 expression (Fig. 8b), although IL-24 alone failed to
affect SOCS1 and 3 expression (Supplementary Fig. 3b).
Of note, p38, ERK, JNK, Akt, and PI3K signaling are also
implicated in macrophage M2 program [23-27], but it
seemed that IL-24 does not have a perceptible impact on
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those signaling pathways (Fig. 8c and Supplementary
Fig. 3c). Altogether, our data suggest that IL-24 indirectly
represses SOCS1 and 3 expression, which then enhances
STAT6/PPAR-y signaling to promote M2 program in
macrophages.

Discussion

In the present report, we first demonstrated that IPF patients
and mice with BLM-induced pulmonary fibrosis exhibited
higher IL-24 expression than controls. Based on this
observation, we then checked the function of IL-24 in
pulmonary fibrosis and found that loss of IL-24 protected
mice from BLM-induced pulmonary fibrosis as character-
ized by the reduced TGF-p1 production and attenuated
Smad2/3 signaling. Mechanistic studies showed that 1L-24
alone does not have a perceptible impact on the induction of
M2 macrophages, but it synergized with IL-4 to promote
M2 program in macrophages. Specifically, IL-24 indirectly
repressed IL-4-induced SOCS1 and 3 expression, by which
it enhanced STAT6/PPAR-y signaling to promote the M2
program together with IL-4. As a result, WT and IL-24~/~
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Fig. 6 IL-24 deficiency attenuates the number of M2 macrophages
in the lung of mice following BLM induction. a Results for co-
immunostaining of IL-20Rp and F4/80 in BLM-induced lung sections.
IL-20Rp was significantly overexpressed in infiltrated macrophages.
Scale bar, 50 um. Error bar represents the mean+ SEM of 12 mice
analyzed. Statistical analysis was performed using one-way ANOVA
(***p <0.001). b Flow cytometry analysis of IL-20Rf and F4/80
expression in lung single-cell suspensions in both BLM induced WT
and IL-24~~ mice. Left panel: a scatter diagram for flow cytometry
analysis. Right panel: a bar graph showing the data with five mice
analyzed. The L-20Rp FITC' and F4/80-PerCP/Cy5.5" cells were
gated from CD206-APC"/CD11b-PE/Cy7" cells. Error bar represents
the mean + SEM of five mice analyzed. Statistical analysis was per-
formed using one-way ANOVA (**¥p <0.01). ¢ Co-immunostaining of
Arg-1 and F4/80 in the lung sections. Scale bar, 50 um. Error bar
represents the mean+ SEM of 12 mice analyzed. Statistical analysis
was performed using one-way ANOVA (***p<0.001). d Flow
cytometry analysis of the number of M2 macrophage in the lung

mice displayed similar disease severity following BLM
induction when WT M2 macrophages were adoptively
transferred into the lungs after depletion of endogenous
macrophages. Collectively, these results not only provide
novel insights into the understanding of the pathoetiology
underlying pulmonary fibrosis, but also demonstrate evi-
dence suggesting that targeting 1L-24 could be a viable
strategy for prevention and treatment of pulmonary fibrosis
in clinical settings.

There is emerging evidence that IL-20 subfamily cyto-
kines are relevant to skin wound healing process and are
associated with fibrosis. Although IL-24 is a member of the
IL-20 subfamily, but most research on IL-24 has focused on
its role in inflammatory skin diseases and tumorigenesis
[12, 14], while no study was conducted to address its role in

single-cell suspensions from both BLM induced WT and IL-24~/~
mice. Left panel: a scatter diagram for flow cytometry analysis. Right
panel: a bar graph showing the data with five mice analyzed. CD206-
APC" and CD11c-PerCP/Cy5.5" cells were gated from the F4/80-PE
and CD11b-PE/Cy7 two positive cells. Error bar represents the mean
+ SEM of five mice analyzed. Statistical analysis was performed using
one-way ANOVA (**p <0.01). e Results for arginase-1 expression in
the lung homogenates. Upper panel: a representative Western blot
result. Lower panel: a bar graph showing the expression levels of
arginase-1 in all mice examined for each group. Error bar represents
the mean +SEM of 12 mice analyzed. Statistical analysis was per-
formed using one-way ANOVA (***p<0.001). f Real-time PCR
results for analysis of Fizz/ expression in the lung. g Real-time PCR
analysis of Mgl-I expression in the lung. Error bar represents the
mean + SEM of 12 mice analyzed. Statistical analysis was performed
using one-way ANOVA (¥**p<0.001). Arg-1 arginase-1, BLM
bleomycin, Fizzl Found in Inflammatory Zone-1, Mgl-1 Probable
metabotropic glutamate receptor mgl-1.

fibrosis and injury repair in the lung. To address this
question, we first examined IL-24 expression in the serum
of IPF patients, and found that IL-24 is almost undetectable
in the serum of healthy controls, which was consistent with
the published data [28]. The undetectable serum IL-24 in
our healthy controls was likely by that its serum levels were
not high enough to be detected by this particular ELISA kit
(assay range 62.5-4000ng/ml). However, serum samples
derived from IPF patients are characterized by the detection
of IL-24, and consistently, high levels of IL-24 are also
detected in the BALF originated from BLM-induced pul-
monary fibrotic mice. We then conducted study in animals
and demonstrated that mice deficient in IL-24 were sig-
nificantly protected from BLM-induced lung injury and
fibrosis.

SPRINGER NATURE
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Fig. 7 IL-24 indirectly promotes the macrophage M2 program.
a Flow cytometry analysis of CD206 expression in BMDMs following
stimulation with IL-4 with or without IL-24 co-stimulation. Left panel:
a scatter diagram for flow cytometry analysis. Right panel: a bar graph
showing the data of five mice analyzed. Error bar represents the mean
+ SEM of five mice analyzed. Statistical analysis was performed using
one-way ANOVA (¥**p <0.001). b Results for arginase-1 expression
in BMDMs following stimulation with IL-4 with in the presence or
absence IL-24 co-stimulation. Error bar represents the mean + SEM of

The next key question is to characterize the cells con-
tributing to the difference in terms of disease severity
between WT and IL-24~/~ mice. We first demonstrated in
the lung sections that M2 macrophages were the pre-
dominant infiltrated immune cells following BLM induc-
tion. According to previous studies [29], the enhanced
macrophage M2 program is generally associated with
fibrotic remodeling of internal organs, including the heart,
kidneys, liver, and lungs. In particular, upon activation, M2
macrophages produce profibrotic mediators such as TGF-f1
and PDGF to induce continuous fibroblast differentiation
and proliferation [30]. We thus then conducted studies and
confirmed that those infiltrated M2 macrophages expressed
high levels of IL-24 receptor IL-20Rf. Next, we intend to
address the impact of IL-24/IL-20Rp axis on macrophage
M2 program. Studies in IL-24~~ mice and BMDMs pro-
vided feasible evidence that mice deficient in IL-24 were
significantly characterized by the blunted M2 program in
macrophages.

Based on the above data, we assume that /L-24 defi-
ciency may impair macrophage M2 program to protect mice
from BLM-induced lung injury and fibrosis. Indeed, WT
and IL-247~ mice manifested comparable lung fibrosis
once macrophages were depleted by clodronate liposomes,
or in the condition of WT M2 macrophages were adoptively
transferred into macrophage-depleted IL-24~~ mice. A
rescue experiment was further carried out by adoptive
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five mice analyzed. Statistical analysis was performed using one-way
ANOVA (¥*¥p <0.001). Real-time PCR results for analysis of Fizz/
(c) and Mgl-1 (d) expression in BMDMs following stimulation with
IL-4, IL-24, and IL-24/IL-4, respectively. Each bar represents the
mean + SEM of five mice analyzed. Statistical analysis was performed
using one-way ANOVA (¥**p<0.001). Arg-1 arginase-1, Fizzl
Found in Inflammatory Zone-1, Mgl-1 Probable metabotropic gluta-
mate receptor mgl-1.

transfer of WT M2 macrophages into /L-24-deficient mice
without macrophage depletion. In line with our expectation,
adoptive transfer of WT M2 macrophages rendered /L-24-
deficient mice to develop a comparative disease severity as
that of WT mice. Collectively, those data support that IL-24
probably modulates M2 program in macrophages to trigger
the pathological processes of pulmonary fibrosis.

Given the fact that TGF-p1 serves as an essential factor
for generating and maintaining a fibrotic microenvironment
[31, 32], which is predominantly produced by M2 macro-
phages [33], we, therefore next, examined TGF-p1 expres-
sion in the lungs. As expected, BLM induced pulmonary
fibrosis by enhancing macrophage infiltration along with
increased TGF-B1 production. For example, BLM induced a
64-fold increase of TGF-Pfl production in the BALF,
whereas IL-24 deficiency attenuated BLM-induced TGF-$1
production by onefold. Consistently, TGF-f1 downstream
signaling was significantly inhibited in IL-24~/~ mice as
featured by the decreased levels of p-Smad2 and p-Smad3,
which were also essential to the pathogenesis of pulmonary
fibrosis [34]. To further demonstrate how loss of IL-24
attenuates TGF-B1 production, we embarked on the impact
of IL-24 on macrophage M2 program. Previous studies
suggested that IL-4 is the most powerful inducer of M2
macrophages [7], and therefore, IL-4 was used as a positive
control. Unexpectedly, IL-24 alone did not show a sig-
nificant impact on M2 macrophage induction, but it
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Fig. 8 The impact of IL-24 on IL-4-stimulated STAT6/PPAR-y
signaling and SOCS1/3 expression in macrophages. a 1L-24 pro-
moted IL-4-induced STAT6/PPAR-y signaling. Upper panel: repre-
sentative Western blot results for STAT6, p-STAT6, and PPAR-y at
different time points stimulated with IL-4 and IL-24/IL-4. Lower
panel: figures showing the data with five mice analyzed. Statistical
analysis was performed using one-way ANOVA (**p <0.01; ***p <
0.001). b IL-24 indirectly repressed SOCS1/3 expression. Upper
panel: representative Western blot results for SOCS1 and SOCS3 at

significantly enhanced the potency of IL-4 for induction of
M2 macrophages, suggesting that IL-24 synergizes with IL-
4 to promote M2 program in macrophages. It is noteworthy
that other than macrophages, certain cells were also positive
for TGF-P1 staining in the fibrotic lung sections (Fig. 3d,
indicated by white arrows), they could be alveolar epithelial
type Icells, T cells and mesenchymal cells according to
previous reports [35, 36] and our single-cell sequencing
data from IPF lungs (Supplementary Fig. 4), which would
be tackled in our future studies.

The last important question is how IL-24 synergizes with
IL-4 to promote M2 program in macrophages. Previous
studies have shown that Th2 cytokines can stimulate
STAT6 phosphorylation, which then directly induces mac-
rophage expression of M2 genes [37]. However, nuclear
receptor PPAR-y activity seems to be required for the full
implementation of M2 program [38]. We therefore
embarked on the impact of IL-24 on STAT6/PPAR-y sig-
naling. Indeed, IL-24 markedly promoted IL-4-induced
STAT6 phosphorylation and PPAR-y expression, as indi-
cated by the significantly increased p-STAT6 and PPAR-y
levels detected in BMDMs. To further confirm these data,

the indicated time points following IL-4 and IL-24/IL-4 stimulation.
Lower panel: figures showing the data with five mice studied. Statis-
tical analysis was performed using one-way ANOVA (**p<0.01;
*##%p < 0.001). ¢ IL-24 did not affect MAPK (p38, ERK1/2, and JNK),
Akt and PI3K signaling. PPAR-y peroxisome proliferator-activated
receptor gamma, p-STAT6 phosphorylated STAT6, SOCSI1 and
SOCS3 suppressor of cytokine signaling 1 and suppressor of cytokine
signaling 3, STAT6 signal transducer and activator of transcription 6.

we then examined the effect of IL-24 on SOCS1 and 3
expression, as they serve as negative regulators for the
STAT6 signaling in macrophages [39]. Notably, macro-
phages stimulated with IL-4 and IL-24 had significantly
lower levels of SOCS1 and SOCS3 than macrophages sti-
mulated with IL-4 alone. Altogether, our results support that
IL-24 indirectly represses SOCS1 and 3 expression in
macrophages and upregulates STAT6/PPAR-y signaling to
promote IL-4-induced production of M2 macrophages.

In conclusion, we demonstrated that altered IL-24
expression is a characteristic feature during the course of
pulmonary fibrosis. Therefore, mice deficient in IL-24 are
protected from BLM-induced lung injury and fibrosis.
Mechanistic studies revealed that IL-24 is involved in the
pathogenesis of pulmonary fibrosis by synergizing with
IL-4 to promote M2 program in macrophages. Specifi-
cally, IL-24 indirectly represses SOCS1 and 3 expression
to enhance STAT6/PPAR-y signaling, thereby promoting
IL-4-induced production of M2 macrophages. Together,
our data suggest that targeting IL-24 could be a viable
strategy for prevention and treatment of pulmonary
fibrosis in clinical settings.
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Tab!e 1 Characteristics of Serum Lung tissue BALF
subject.
IPF (n=10) Control (n=10) IPF (n=10) Control (n=10) IPF (n=10) Control (n=10)
Age 58.43+2.432  60.32+3.483 48.23+2.512  50.28 +£2.942 56.25+1.453 61.25+2.542
Sex
Male 6 (60%) 5 (50%) 3 (30%) 5 (50%) 6 (60%) 5 (50%)
Female 4 (40%) 5 (50%) 7 (710%) 5 (50%) 4 (40%) 5 (50%)
FVC, % 56.03+4.254 NA 57.16 £3.657 NA 46.43+3.537 NA
DLCO, % 43.74+3.232 NA 41.13+£3.475 NA 3048 +4.743 NA

IPF idiopathic pulmonary fibrosis, BALF bronchoalveolar lavage fluid, DLCO diffusion capacity for carbon
monoxide, FVC forced vital capacity.

Materials and methods
Human samples

Serum, lung tissue, and BLAF from patients with IPF and
healthy donors were collected in the Affiliated Hospital of
Guilin Medical University and Tongji Hospital. IPF was
diagnosed according to the ATS/ERS consensus diagnostic
criteria [40]. The study was approved by the Human
Assurance Committee of the Affiliated Hospital of Guilin
Medical University and the Human Assurance Committee
of Tongji Hospital. Clinical data and pulmonary function
test results are provided in Table 1. Informed consent was
obtained from all participants.

Animals

IL-24 knockout (IL-24~7) mice were generated as pre-
viously reported [41] and the expression of IL-24 was
confirmed by Western blot (Supplementary Fig. 2). WT
(C57BL/6) mice were purchased from the Animal
Experimental Center of Hubei province (Wuhan, China).
All animals were housed in a specific pathogen-free ani-
mal facility at the Tongji Medical College under a 12:12 h
light/dark photocycle and were provided with food and
water ad libitum. All experimental procedures were
approved by the Animal Care and Use Committee at the
Tongji Hospital. Both male and female mice were used in
all experiments.

Reagents and antibodies

Murine recombinant IL-24 was obtained from R&D Sys-
tems (Minneapolis, MN, USA, # NP_444325). Murine
recombinant IL-4 was obtained from Biolegend (574304),
and clodronate liposomes was obtained from FormuMax
(CAS: 22560-50-5). Antibodies against fibronectin, IL-
20Rp, and arginase-1 were purchased from Abcam (ab6328,
ab 95824, ab60176), while antibodies against p38, p-p38,
IJNK, P-JNK, p-Smad2, p-Smad3, Stat6, p-Stat6, Akt, and
p-Akt were obtained from Cell Signaling (9212S, 9211s,
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92528, 9255s, 3108S, 95208, 657902, 56554s, 9272s, and
4060s). CD206, TGF-p1, Gapdh, p-actin, SOCS1, and
SOCS3 antibodies were originated from Santa Cruz Bio-
technology (sc-58986, Sc-146, Sc-47724, Sc-47778, Sc-
9021, and Sc-9023). IL-24, ERK1/2, and p-ERK1/2 anti-
bodies were purchased from R&D Systems (MAB2786,
AF1576, and AF1018). Anti-mouse F4/80-PE, F4/80-
PerCP/Cy5.5, CDI11b-PE/Cy7,  CDl1lc-PerCP/Cy5.5,
CDl11c-APC, CD206-FITC, and CD206-APC were pur-
chased from Biolegend (123110, 123128, 101216, 117328,
301614, 141710, and 141708).

BLM induction of pulmonary fibrosis

WT and IL-24~~ mice (8-10 weeks old) were randomized
to BLM-induced pulmonary fibrotic mice group or saline
group. The BLM-induced pulmonary fibrotic mice group
was anesthetized with 1% pentobarbital sodium and were
then administered 2 U/kg BLM (Nippon Kayaku, Japan,
H20090885) in 30 ul of normal saline via the intratracheal
route as reported [42]. Mice administered with same volume
of normal saline served as controls, and the mice were
sacrificed 21 days after BLM administration for analysis of
pulmonary fibrosis. Sample sizes were determined accord-
ing to G Power calculations and approved by the Institu-
tional Ethics Committee, and randomly assigned to
treatment groups, non-blinded due to the nature of disease
progression.

Preparation of BALF

BALF was collected by cannulating the trachea and lava-
ging the lung with 0.6 ml of sterile PBS using the estab-
lished techniques [43]. Approximately 0.4 ml of BALF was
routinely recovered from each animal.

Histological and immunohistochemical analysis
The left lung was inflated with 4% neutral buffered par-

aformaldehyde by 25 cm of H,O pressure for 1 min, and
the lungs were removed and placed in fresh 4% neutral
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buffered paraformaldehyde for 24 h at room temperature,
followed by paraffin embedding and histological analysis
as previously reported. Each successive field was indivi-
dually assessed for the severity of interstitial fibrosis in a
blinded fashion by two pathologists using the Ashcroft
scoring system [44], and six mice were included in each
group. For immunostaining, the lung section was probed
with first antibody (CD206, F4/80, TGF-p1, IL-20Rp, or
Arg-1) and then stained with the fluorescent secondary
antibody of corresponding species (Invitrogen, San
Diego, CA).

ELISA

The IL-24 level in the serum were measured using an IL-24
ELISA kit for human (RD DY 1965), and the 1L-24 level in
the BALF were measured using an IL-24 ELISA kit for
mice (RD DY2786-05). The TGF-p1 levels in the BALF
were measured with a TGF-p1 ELISA kit (eBioscience, San
Diego, CA) using the established techniques [45].

Culture and treatment of primary BMDMs

Primary BMDMSs were obtained from male mice as pre-
viously reported [46]. Bone marrow cells first underwent
lysis of red blood cells and were then resuspended in 50 ml
of RPMI 1640 culture medium containing 10% fetal bovine
serum, penicillin/streptomycin, and 30 ng/ml macrophage
colony-stimulating factor. The cells were next plated in
35 x 15-mm tissue culture dishes and maintained at 37 °C,
and the culture medium was changed every 2 days. After
7 days, the differentiated macrophages were cocultured with
IL-4 (10ng/ml), IL-24 (10ng/ml) or both for the
indicated time.

Macrophage depletion and macrophage adoptive
transfer studies

Clodronate liposomes (40 pul) and PBS liposomes were
administered intratracheally for two successive days 1 day
before BLM induction, and the severity of pulmonary
fibrosis was assessed 21 days after BLM induction. Total
cell and macrophage count in the BALF were conducted
using Wright-Giemsa stained cytospins to confirm the
depletion of macrophages after 4 days of clodronate lipo-
somes treatment. For adoptive transfer studies, BMDMs
derived from WT mice were stimulated with IL-4 (10 ng/
ml) for 12h and were then transferred by intratracheal
injection into the lungs of clodronate liposomes- or PBS
liposomes-treated WT and IL-24~ mice at a density of 1 x
10° cells/mouse (50 ul) at day 7 of BLM induction. The
mice were sacrificed for analysis of pulmonary fibrosis
2 weeks after adoptive transfer.

Western blot analysis

Lung tissues and cultured cells were homogenized in RIPA
lysis buffer (Biyuntian, China). The proteins were then
subjected to Western blotting with the indicated primary
antibodies using the established techniques [47].

Quantitative RT-PCR analysis

Quantitative RT-PCR analysis was performed using SYBR
Premix Ex Taq (Takara Dalian, China) as previously
reported [48]. The relative expression of each target gene
was normalized to P-actin expression. The following pri-
mers were used for each target gene: TGF-$1,5-AAC CAA
GGA GAC GGA ATA-3' and 5-GTG GAG TAC ATT
ATC TTT GCT-3’; Mgl-1, 5-CAG GAT CCA GAC AGA
TAC GGA-3’ and 5-GGA AGC CAA GAC TTC ACA
CTG-3'; Fizzl, 5'-TCC CAG TGA ATA CTG ATG AGA-
3" and 5’-CCA CTC TGG ATC TCC CAA GA-3; p-actin,
5-TGA CGT TGA CAT CCG TAA AGA CC-3’ and 5'-
CTC AGG AGG AGC AAT GAT CTT GA-3'.

Flow cytometry

The cultured BMDMs were stimulated with IL-4 (10 ng/
ml), IL-24 (10 ng/ml), or both for 12 h, and mononuclear
cells in the lung tissue samples were obtained as previously
reported [45], followed by staining with anti-mouse F4/80-
PerCP/Cy5.5 along with CD206-FITC for BMDMs, or anti-
mouse F4/80-PerCP/Cy5.5 or F4/80-PE, along with
CD11b-PE/Cy7, CD206-APC, CDl1l1c-PerCP/CyS5.5,
TGFP1-FITC, and IL-20RB-FITC for mononuclear cells,
respectively. After washes, the cells were analyzed by flow
cytometry. Data analysis was performed using FACS
Express V3 software (De Novo Software, Glendale, CA).

Statistical analysis

Comparisons between groups were undertaken using the
GraphPad Prism (version 7.0) software (GraphPad Software
Inc., San Diego, CA, USA). Two experimental groups were
compared using a Student’s ¢ test for paired data or a Stu-
dent’s 7 test with Welch’s correction for unpaired data. For
comparisons more than two groups, a one-way ANOVA
with Bonferroni’s correction was used. The data are pre-
sented as the mean + SEM. In all cases, p <0.05 was con-
sidered significant. *p <0.05; **p <0.01; ***p <0.001.
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