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C/EBP homologous protein (Chop) has been shown to 
have altered expression in patients with idiopathic pul-
monary fibrosis (IPF), but its exact role in IPF pathoaeti-
ology has not been fully addressed. Studies conducted in 
patients with IPF and Chop−/− mice have dissected the role 
of Chop and endoplasmic reticulum (ER) stress in pulmo-
nary fibrosis pathogenesis. The effect of Chop deficiency on 
macrophage polarization and related signalling pathways 
were investigated to identify the underlying mechanisms. 
Patients with IPF and mice with bleomycin (BLM)-induced 
pulmonary fibrosis were affected by the altered Chop 
expression and ER stress. In particular, Chop deficiency pro-
tected mice against  BLM-induced lung injury and fibrosis. 
Loss of Chop significantly attenuated transforming growth 
factor β  (TGF-β) production and reduced M2 macrophage 
infiltration in the lung following BLM induction. Mechanis-
tic studies showed that Chop deficiency repressed the M2 
program in macrophages, which then attenuated TGF-β 
secretion. Specifically, loss of Chop promoted the expres-
sion of suppressors of cytokine signaling 1 and suppressors 
of cytokine signaling 3, and through which Chop deficiency 
repressed signal transducer and activator of transcription 6/
peroxisome proliferator-activated receptor gamma signal-
ing, the essential pathway for the M2 program in macro-
phages. Together, our data support the idea that Chop and 
ER stress are implicated in IPF pathoaetiology, involving at 
least the induction and differentiation of M2 macrophages.

Received 28 June 2015; accepted 22 January 2016; advance online  
publication 15 March 2016. doi:10.1038/mt.2016.36

INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a severe health prob-
lem worldwide and has one of the poorest prognoses.1 Despite 

extensive studies, the mechanisms underlying IPF pathoaetiolo-
gies remain poorly understood. As a result, current therapies for 
this devastating disorder have been largely unsuccessful,2,3 result-
ing in an average survival time of only 3–5 years following diagno-
sis. Macrophages are the most abundant inflammatory cells after 
neutrophil degranulation during lung injury.4 In particular, mac-
rophages are hallmarked by their plasticity and diversity, in which 
they can be activated either by interferon-gamma and lipopolysac-
charides with manifestations of a classically activated phenotype 
(M1)5 or by IL-4 and IL-13 with characteristics of an alternatively 
activated phenotype (M2).6 Importantly, IPF patients are pre-
dominantly infiltrated by M2 macrophages during the course of 
disease development and progression.7 Evidence in animals also 
suggests that M2 macrophages could be a novel target for the 
prevention and treatment of pulmonary fibrosis.8–10 Indeed, upon 
activation, M2 macrophages produce profibrotic mediators such 
as transforming growth factor β (TGF-β) and platelet-derived 
growth factor to induce myofibroblast activation.11

C/EBP homologous protein (Chop) is a marker for endoplas-
mic reticulum (ER) stress following the phosphorylation of eukary-
otic initiation factor 2 α and the upregulation of ATF-4.12 Although 
Chop has been recognized as being involved in the pathogenesis of 
diabetes,13 neurodegenerative disorders,14 renal dysfunction15 and 
experimental colitis,16 implying the pathogenesis of IPF, the mech-
anism has yet to be fully elucidated. Interestingly, a recent study 
indicated that ER stress may modulate the activation of M2 macro-
phages,17 and we further noted that macrophages originating from 
the lungs of patients with IPF exhibited significantly upregulated 
Chop expression. These observations prompted us to hypothesize 
that Chop modulates M2 macrophages in favour of pathological 
processes during the course of IPF development. Therefore, in the 
present report, we induced pulmonary fibrosis in mice and then 
assessed the impact of Chop deficiency on disease development. 
Remarkably, the loss of Chop significantly attenuated bleomycin 
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(BLM)-induced pulmonary fibrosis and markedly reduced M2 
macrophages in the lung. In line with this observation, deple-
tion of macrophages in the lung or adoptive transfer of wild-type 
(WT) M2 macrophages into the Chop-deficient lung after macro-
phage depletion almost completely abolished the protective effect. 
Mechanistic studies showed that Chop regulates signal transducer 
and activator of transcription 6 (STAT6) phosphorylation and per-
oxisome  proliferator-activated receptor gamma (PPAR-γ) expres-
sion, promoting the M2 program in macrophages. Together, our 
studies suggest that targeting Chop-related ER stress could be a 
viable strategy for the prevention and treatment of pulmonary 
fibrosis in clinical settings.

RESULTS
Pulmonary fibrosis manifests altered Chop expression 
and ER stress
We first sought to examine the expression of Chop in the lungs of 
patients with IPF. Interestingly, Chop expression in lung sections 
from normal subjects was quite low (Figure 1a, left panel), whereas 
high levels of Chop were detected in IPF patient-derived lung sec-
tions (Figure 1a, right panel). In particular, patients with IPF were 
characterized by significant M2 macrophage infiltration, manifest-
ing in the overexpression of Chop as evidenced by the costaining of 
Chop along with CD206, a marker for M2 macrophages (Figure 1a).

To confirm the above data, B6 mice were treated with BLM 
for 21 days followed by analysis of Chop expression in the lung 
homogenates. A twofold higher Chop expression was detected in 
BLM-induced mice as compared with control mice (Figure 1b); its 
upstream molecules, phosphorylated eukaryotic initiation factor 2 α 
(Figure 1c) and activating transcriptional factor 4 (Figure 1d) were 
increased as well. Another ER stress marker, Bip, was also signifi-
cantly increased (Figure 1e). Collectively, these data support that ER 
stress that occurs during the development of pulmonary fibrosis.

Loss of Chop attenuates BLM-induced lung injury and 
fibrosis
Based on the above observations, we next sought to address the 
impact of Chop-related ER stress on pulmonary fibrosis in which 
Chop−/− and WT mice were induced with BLM, as above, and 
lung injury and fibrosis were assessed after 21 days of induction. 
Significantly attenuated lung injury and pulmonary fibrosis were 
noted in the Chop−/− mice as shown by the H&E, Sirius red, and 
Masson’s trichrome staining (Figure 2a, left panel). In particular, the 
severity of pulmonary fibrosis was substantially lower, as shown by 
the lower Ashcroft scores (Figure 2a, right panel). Indeed, western 
blot analysis of lung homogenates revealed a significant reduction 
of collagen I (Figure  2b) and fibronectin expression (Figure  2c). 
Interestingly, both WT and Chop−/− mice were observed to undergo 
significant weight loss on day 7 of BLM induction, although a tempo-
ral increase in body weight was observed after this point. However, 
Chop−/− mice exhibited significantly less weight loss at all examined 
time points (Figure 2d). Together, our data support that loss of Chop 
protects mice against BLM-induced lung injury and fibrosis.

Chop deficiency represses TGF-β signalling
Given the role that TGF-β plays in the progression of pulmo-
nary fibrosis, we examined TGF-β1 expression in the lung. 

Interestingly, Chop−/− mice displayed substantially lower levels of 
TGF-β1 expression after BLM induction (Figure  3a). Similarly, 
ELISA analysis of mature TGF-β1 in the bronchoalveolar lavage 
fluids (BALF) revealed a onefold lower TGF-β1 secretion in 
 BLM-induced Chop−/− mice than in control mice (Figure  3b). 
These results prompted us to examine TGF-β1 downstream mole-
cules. Indeed, significantly higher levels of p-Smad2 and p-Smad3 
were detected in BLM-induced WT mice, although there was no 
difference in total Smad2/3 (Figure 3c). Immunostaining revealed 
that airway epithelial cells were the major source of  TGF-β1 
before BLM induction and was predominantly localized in the 
infiltrated macrophages after BLM induction as determined by 
F4/80 costaining (Figure 3d).

Chop deficiency attenuates the M2 program in 
macrophages
To dissect the mechanisms by which Chop deficiency represses 
TGF-β1 secretion, we examined lung sections after BLM induc-
tion to characterize the cells with altered Chop expression. Similar 
to the data from patients with IPF (Figure 1a), Chop was predom-
inantly overexpressed by the infiltrated macrophages (Figure 4a), 
although immunohistochemical staining revealed a moderate 
increase in Chop expression in airway epithelial cells. However, its 
relative intensity was significantly lower than in infiltrated mac-
rophages (see Supplementary Figure S1). Of note,  arginase-1, a 
marker for M2 macrophages, was highly expressed in all F4/80+ 
cells (Figure 4a), indicating an M2 phenotype for those macro-
phages. Indeed, a sixfold increase in arginase-1 expression was 
characterized in the lung homogenates of BLM-induced WT 
mice, while Chop deficiency attenuated BLM-induced arginase-1 
expression by 1.6-fold (Figure  4c). Similarly, RT-PCR analysis 
of two additional M2 markers, YM1 (Figure  4d) and Found in 
Inflammatory Zone-1 (FIZZ1; Figure  4e), showed consistent 
results.

The aforementioned results suggest that Chop deficiency 
attenuates the induction of M2 macrophages, thereby repressing 
TGF-β1 secretion. To address this question, bone  marrow-derived 
macrophages (BMDMs) were generated from WT and Chop−/− 
mice and then subjected to IL-4 stimulation, as described. 
Remarkably, flow cytometry analysis revealed a significantly lower 
number of M2 macrophages in Chop−/− BMDMs as manifested by 
CD206 expression (Figure 5a), and similar results were observed 
by RT-PCR analysis of YM1 (Figure  5b) and FIZZ1 expression 
(Figure 5c). Consistently, ELISA analysis of culture supernatants 
from IL-4-stimulated WT BMDMs showed significantly higher 
levels of TGF-β1 (Figure  5d). To further address the impact of 
Chop expression on the induction of M2 macrophages, we exam-
ined Chop temporal expression changes in BMDMs during IL-4 
stimulation. Chop was almost undetectable in BMDMs before 
stimulation, but a steady increase was noted upon IL-4 stimula-
tion, and the highest levels of expression were detected after 12 
hours of IL-4 stimulation (Figure 5e). Overall, these data support 
that Chop modulates the induction of M2 macrophages and pro-
motes the production of TGF-β. Notably, unlike its impact on M2 
macrophages, Chop deficiency did not seem to affect the induc-
tion of M1 macrophages, as we failed to detect perceptible dif-
ferences in the number of CD11b+F4/80+ macrophages following 
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lipopolysaccharides stimulation (Figure 5f), suggesting that Chop 
might selectively modulate the M2 phenotype in macrophages.

M2 macrophages are required for Chop  deficiency-
mediated protection
To further investigate whether the protective effect observed 
in Chop−/− mice was dependent on the induction of M2 macro-
phages, we first compared the differences in disease severity after 
macrophage depletion. Clodronate liposome was intratrache-
ally administered to deplete macrophages in the lung, and the 
mice administered only liposomes (control vehicle) served as the 
controls. Indeed, macrophages were almost undetectable in the 
BALF of clodronate liposome-treated mice, and a threefold reduc-
tion for the total cell number was also noted as compared with 
liposome-treated mice (Figure 6a). Next, WT and Chop−/− mice 
were induced with BLM as above to induce pulmonary fibrosis 
1 day after administration of clodronate liposome. As expected, 

WT and Chop−/− mice displayed comparable disease severity as 
manifested by the similar histological changes and Ashcroft scores 
(Figure 6b). Western blot analysis further demonstrated compar-
ative lung expression levels of fibronectin and collagen I between 
WT and Chop−/− mice (Figure 6c).

Next, BMDMs originated from WT mice were treated with 
IL-4 for the induction of M2 macrophages, and equal number 
of IL-4-induced BMDMs was adoptively transferred through 
intratracheal injection into clodronate liposome-treated WT and 
Chop−/− mice at day 7 of BLM induction as described. Both WT 
and Chop−/− mice with adoptively transferred BMDMs devel-
oped severe lung injury and fibrosis following BLM induction. 
Remarkably, no perceptible difference in terms of disease severity 
was noted between WT and Chop−/− mice, as shown by the compa-
rable histological changes and Ashcroft scores (Figure 6d), which 
was further confirmed by the observation of similar expression 
levels of fibronectin and collagen I between WT and Chop−/− mice 

Figure 1 Analysis of Chop expression and ER stress in patients with IPF and in BLM-induced mice. (a) Representative results for coimmunostain-
ing of Chop and CD206, an M2 macrophage marker in the lung sections from patients with IPF and healthy subjects. The nuclei were stained blue 
by DAPI, and the images were taken under original magnification ×400. A total of eight patients with IPF and six control subjects were analyzed. 
(b) Western blot analysis of Chop expression in the lung of mice 21 days after BLM induction. (c–e) Analysis of additional ER stress markers: p-eIF2α 
(c), Atf4 (d) and Bip (e) in the lung of mice 21 days after BLM induction. Twelve mice were analyzed in each group. Bar graphs indicate the differ-
ences (mean ± SEM) between BLM- and saline-treated mice. **P < 0.01; ***P < 0.001. Atf4, activating transcriptional factor 4; BLM, bleomycin; ER, 
endoplasmic reticulum; IPF, idiopathic pulmonary fibrosis; p-eIF2α, phosphorylated eukaryotic initiation factor 2 α.
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(Figure 6e). Collectively, those data support that the loss of Chop 
protects mice against BLM-induced lung injury and fibrosis 
depends on the induction of M2 macrophages.

Loss of Chop enhances suppressors of cytokine 
signaling 1/3 (SOCS1/3) activity to repress  STAT6/
PPAR-γ signalling
STAT6/PPAR-γ signalling has been suggested to be critical for an 
optimal and sustained M2 program upon IL-4 or IL-13 stimula-
tion.18 We, therefore, examined the impact of Chop deficiency on 
STAT6/PPAR-γ signalling in IL-4-stimulated BMDMs. No sig-
nificant difference was detected in terms of total STAT6 between 
WT and Chop−/− BMDMs following IL-4 stimulation, and phos-
phorylated STAT6 (p-STAT6) was undetectable in both types of 
BMDMs before stimulation. However, high levels of p-STAT6 
were detected after 0.5 hour of IL-4 stimulation, after which, 
p-STAT6 underwent a steady decrease and became undetectable 
following 12 hours of stimulation. A similar trend was noted for 

the Chop−/− BMDMs, but the p-STAT6 levels were substantially 
lower and even undetectable after 1 hour of IL-4 stimulation 
(Figure 7a). In line with these results, a steady increase in PPAR-γ 
expression was characterized in WT BMDMs upon IL-4 stimu-
lation. The highest expression was noted following 12 hours of 
stimulation. By contrast, no perceptible change in PPAR-γ expres-
sion was observed in Chop−/− BMDMs during the course of IL-4 
stimulation, and its expression after 12 hours of IL-4 stimulation 
was threefold lower than that of WT BMDMs (Figure 7a).

To dissect the mechanisms by which Chop deficiency attenu-
ates STAT6/PPAR-γ signalling, we examined the impact of Chop 
deficiency on the expression of SOCS1 and 3, which are inhibi-
tors of STAT6 in macrophages.19 Only low levels of SOCS1 and 
3 were detected in WT BMDMs, and no significant changes were 
observed following IL-4 stimulation. In sharp contrast, substan-
tially higher levels of SOCS1 and 3 were detected in Chop−/− 
BMDMs, and IL-4 induced a steady increase for both SOCS1 and 
3 with the highest expression detected following 12 hours of IL-4 

Figure 2 Comparison of the severity of lung fibrosis between Chop−/− and WT mice 21 days after BLM induction. (a) Histological analysis for the 
severity of lung fibrosis in mice after BLM induction. Left panel: representative results for H&E (Top), Sirius red (center), and Masson staining (bot-
tom). The inset shows higher magnification for a particular location. Right panel: a bar graph showing the semiquantitative Ashcroft scores for the 
severity of fibrosis. Images were taken under original magnification ×200. b, c Western blot analysis of fibrotic markers collagen I (b) and fibronectin 
(c). Left panel: a representative western blot result. Right panel: a bar graph showing the mean data of all mice analyzed in each group. (d) Body 
weight change during the course of BLM-induced fibrosis. Each bar represents mean ± SEM of 12 mice analyzed. *P < 0.05; **P < 0.01; ***P < 0.001. 
BLM, bleomycin; Coll, collagen I; Fib, fibronectin; WT, wild type.
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stimulation (Figure 7b). Of note, MAPK and PI3K signalling are 
also implicated in macrophage M2 programming,20 but did not 
seem to be involved in the Chop-mediated M2 program, because 
we failed to detect a significant difference in terms of the phos-
phorylated form of p38, JNK, ERK1/2 and, PI3K between WT 
and Chop−/− BMDMs (Figure 7c). Together, our data support that 
Chop deficiency enhances SOCS1 and 3 expression, which then 
represses STAT6/PPAR-γ signalling to attenuate the M2 program 
in macrophages.

DISCUSSION
In this report, we conducted studies in patients and animals to 
dissect the impact of Chop-related ER stress on the development 
of pulmonary fibrosis. We demonstrated that IPF patients and 
mice with onset of BLM-induced pulmonary fibrosis experienced 
altered Chop expression and ER stress. In particular, Chop was 
predominantly overexpressed by the infiltrated macrophages. As 
a result, the loss of Chop protected mice against BLM-induced 
pulmonary fibrosis. Mice deficient in Chop were characterized 
by a reduced TGF-β production along with attenuated Smda2/3 

signalling following BLM induction. Mechanistic studies showed 
that Chop deficiency enhanced the expression of SOCS1 and 3 
and then repressed the activity of STAT6/PPAR-γ signalling to 
attenuate the M2 program in macrophages. Thereafter, the loss 
of Chop reduced the production of TGF-β. As a result, WT and 
Chop−/− mice manifested with a similar disease severity following 
BLM induction once macrophages were depleted or WT M2 mac-
rophages were adoptively transferred into the lungs after deple-
tion of endogenous macrophages. These results not only provided 
novel insights into the understanding of IPF pathoaetiology but 
also provided evidence supporting that targeting Chop-related ER 
stress could be a viable strategy for the prevention and treatment 
of pulmonary fibrosis in clinical settings.

Although a great deal of effort has been recently devoted to 
dissect the pathoaetiologies underlying pulmonary fibrosis, the 
exact molecular mechanisms remained poorly understood. The 
lack of those related information significantly hampered the 
development of novel and effective therapies against this devastat-
ing disorder, reducing the survival rate for these patients to less 
than 5 years upon diagnosis. There is emerging evidence that ER 

Figure 3 Loss of Chop attenuates TGF-β signalling after BLM induction. (a) Western blot analysis of TGF-β1 expression in the lung homogenates. 
Left panel: representative western blot results. Right panel: a bar graph showing the data of all mice studied. (b) ELISA results for TGF-β1 levels in the 
BALF. (c) Results for western blot analysis of TGF-β 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 of all mice examined. (d) Coimmunostaining of 
 TGF-β1 and F4/80 in the lung sections. The images were taken under original magnification ×400. Each bar represents the mean ± SEM of 12 mice 
studied. **P < 0.01; ***P < 0.001. BALF, bronchoalveolar lavage fluids; BLM, bleomycin; TGF-β, transforming growth factor β.
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stress is present in the lungs of patients with familial and sporadic 
IPF. Specifically, ER stress markers, such as ATF-6, ATF-4, and 
Chop, were significantly elevated in type II alveolar epithelial cells 
originated from IPF lungs.21 In particular, targeted induction of 
ER stress in type II alveolar epithelium exacerbated BLM-induced 
lung fibrosis along with increased apoptosis of alveolar epithelial 
cells and greater numbers of fibroblasts in the lungs.22 In line with 
these studies, we also detected ER stress in the type II alveolar 
epithelial cells of mice following BLM induction. Together, those 
data support that ER stress is implicated in the pathogenesis of 
pulmonary fibrosis, but the mechanisms by which ER stress leads 
to pulmonary fibrosis are yet to be elucidated.

To address the above question, we first examined inflam-
matory cells in IPF lungs and mouse lungs after BLM induction 
and found that pulmonary fibrosis was featured by a predomi-
nant macrophage infiltration. The most exciting discovery in 
this report is that those infiltrated macrophages also resulted in 
ER stress as evidenced by the elevated expression of Chop and 
other ER stress markers such as eIF-2α, activating transcrip-
tional factor 4, and Bip. More importantly, those macrophages 
with altered ER stress showed an M2 phenotype as evidenced by 
CD206 coimmunostaining. These results support the notion that 

altered Chop expression along with ER stress may modulate the 
generation of M2 macrophages, which then trigger the patho-
logical processes of pulmonary fibrosis. In support of this notion, 
Chop has been suggested as affecting the generation of M2 macro-
phages during atherosclerosis17 and the neutralization of CCL17, 
an M2-associated chemokine, abolishing the lethal effect in mice 
caused by  BLM-induced lung fibrosis.23 In particular, we demon-
strated that mice deficient in Chop were significantly protected 
from  BLM-induced lung injury and fibrosis, although the protec-
tive effect was abolished once macrophages were depleted or WT 
M2 macrophages were adoptively transferred into the lung.

Because TGF-β is an essential factor for generating and main-
taining a fibrotic milieu, we next conducted immunostaining 
of the lung sections to analyze TGF-β expression. Interestingly, 
TGF-β was only detected in epithelial cells under physiological 
conditions but was predominantly localized in infiltrated macro-
phages after BLM induction, suggesting that BLM induces pul-
monary fibrosis through enhancing macrophage infiltration along 
with increased TGF-β secretion. Indeed, BLM induced a 43-fold 
increase in TGF-β production in the BALF, whereas Chop defi-
ciency attenuated BLM-induced TGF-β production by onefold. 
Consistently, TGF-β downstream signalling was significantly 

Figure 4 Chop is predominantly overexpressed by the infiltrated M2 macrophages in the lung following BLM induction. (a,b) Results for 
coimmunostaining of Chop and F4/80 (a), and arginase-1 and F4/80 (b) in BLM-induced lung sections. Chop was significantly overexpressed in 
infiltrated macrophages, and type II alveolar epithelial cells also resulted in increased Chop expression in BLM-induced mice, while arginase-1 was 
predominantly localized within the infiltrated macrophages. (c) Results for arginase-1 expression in the lung homogenates. Left panel: a representa-
tive western blot result. Right panel: a bar graph showing the expression levels of arginase-1 of all mice examined for each group. (d) Real-time PCR 
results for analysis of YM1 expression in the lung. (e) Real-time PCR analysis of FIZZ1 expression in the lung. Each bar represents the mean ± SEM of 
12 mice examined. *P < 0.05; **P < 0.01. Arg-1, arginase-1; BLM, bleomycin; FIZZ1, Found in Inflammatory Zone-1.

WT
saline

W
T

 c
on

tr
ol

W
T

 c
on

tr
ol

A
rg

-1
β-

ac
tin

1.0

10

N
um

be
r 

of
 C

ho
p+

F
4/

80
+
 c

el
ls

8

6

4

2

0
WT saline WT BLM

**

N
um

be
r 

of
 C

ho
p+

F
4/

80
+
 c

el
ls

8

6

4

2

0
WT saline WT BLM

***

****
***

0.8

0.6

A
rg

-1
/β

-a
ct

in

0.4

0.2

0.0

1.0

0.8

0.6

Y
M

1/
β-

ac
tin

0.4

0.2

0.0

1.0

0.8

0.6

F
IZ

Z
1/

β-
ac

tin

0.4

0.2

0.0

WT
BLM

Chop−/−

saline
Chop−/−

BLM

DAPI

Saline
BLMSaline

BLM
Saline
BLM

MergedF4/80Chop

DAPI MergedF4/80Arg-1

Chop−/−WTChop−/−WTChop−/−WT

W
T

 B
LM

W
T

 B
LM

a

b

c d e

920 www.moleculartherapy.org vol. 24 no. 5 may 2016



© The American Society of Gene & Cell Therapy
Chop in Bleomycin-induced Pulmonary Fibrosis

inhibited in Chop−/− mice, as shown by the decreased levels of 
p-Smad2 and p-Smad3. To address how the loss of Chop attenu-
ates TGF-β production, we next sought to examine the impact of 
Chop deficiency on the macrophage M2 program. Given that IL-4 
has been shown to be the most powerful inducer of M2 macro-
phages,24 IL-4 was employed to stimulate both WT and Chop−/− 
macrophages followed by the analysis of phenotypical differences. 
In line with our expectation, flow cytometry analysis revealed that 
Chop deficiency significantly inhibited the IL-4-induced produc-
tion of M2 macrophages as shown by the decreased number of 
CD206+ cells. Similarly, RT-PCR analysis of YM1 and FIZZ1, two 
additional M2 markers, further confirmed that loss of Chop atten-
uated IL-4 induced the expression of YM1 and FIZZ1 in macro-
phages. Importantly, studies, including ours, have also shown that 
Chop modulates BLM-induced epithelial apoptosis. Therefore, it 
is likely that Chop-mediated epithelial apoptosis serves as the ini-
tiating factor, and Chop-regulated macrophage recruitment and 

M2 program are critical causative factors during the course of 
BLM-induced pulmonary fibrosis.

The last important question is how Chop expression promotes 
the M2 program in macrophages. Previous studies have revealed 
that Th2 cytokines (e.g., IL-4 or IL-13) can stimulate STAT6 phos-
phorylation, which then directly induces macrophage expression 
of M2 genes.25 However, nuclear receptor PPAR-γ activity seems 
to also be required for full implementation of the M2 program.26 
These observations prompted us to focus on the impact of Chop 
deficiency on STAT6/PPAR-γ signalling. Indeed, the loss of Chop 
markedly inhibited IL-4-induced STAT6 phosphorylation as 
shown by the significantly lower levels of p-STAT6 detected in 
Chop−/− BMDMs as compared with WT BMDMs. Consistently, IL-4 
induced a steady increase of PPAR-γ expression in WT BMDMs 
but did not result in a perceptible change in PPAR-γ expression 
in Chop−/− BMDMs. To further confirm those data, we examined 
the effect of Chop deficiency on SOCS1 and 3 expression because 

Figure 5 Loss of Chop inhibits the macrophage M2 program. (a) Flow cytometry analysis of CD206 expression in BMDMs following IL-4 stimula-
tion. Left panel: representative results for flow cytometry analysis. Right panel: a bar graph showing the data with three replications. (b) Real-time 
PCR analysis of YM1 expression in IL-4-stimulated BMDMs. (c) Real-time PCR results for FIZZ1 in BMDMs after IL-4 stimulation. (d) ELISA analysis of 
TGF-β1 production in BMDMs following IL-4 stimulation. (e) Temporal Chop expression changes in BMDMs during the course of IL-4 stimulation. 
(f) Flow cytometry analysis of BMDMs following lipopolysaccharides stimulation. Each bar represents the mean ± SEM of at least six mice. *P < 0.05; 
**P < 0.01; ***P < 0.001. BMDMs, bone marrow-derived macrophages; FIZZ1, Found in Inflammatory Zone-1.
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Figure 6. Loss of Chop protects mice from BLM-induced pulmonary fibrosis dependent on its effect on the macrophage M2 program. 
(a) Clodronate liposome efficiently depleted the macrophages in the lung; macrophages were almost undetectable in the BALF of clodronate 
 liposome-treated mice along with a significant reduction for the number of total cells. (b) Depletion of macrophages restored Chop−/− mice with 
manifestations similar as WT mice after BLM induction, as evidenced by the comparable histological changes and Ashcroft scores. Left panel: rep-
resentative results for H&E, Sirius red, and Masson staining and an inset picture was employed to show the indicated area at higher magnification. 
Right panel: a bar graph showing the semiquantitative Ashcroft scores for the severity of fibrosis. (c) Macrophage depleted WT and Chop−/− mice 
manifested comparable levels of collagen I and fibronectin expression in the lung after BLM induction. (d) Adoptive transfer of WT macrophages into 
Chop−/− mice restored their susceptibility to BLM-induced pulmonary fibrosis. Similar as above, the left panel presents representative results for H&E, 
Sirius red, and Masson staining, and the right panel displays the semiquantitative Ashcroft scores relevant to the severity of fibrosis. (e) western blot 
results for analysis of collagen I and fibronectin expression in the lung homogenates of above WT and Chop−/− mice with adoptive transfer studies. All 
images were taken under original magnification ×200, and eight mice were included in each study group. *P < 0.05; **P < 0.01; and ***P < 0.001. 
BALF, bronchoalveolar lavage fluids; BLM, bleomycin; Coll I, collagen I; Fib, fibronectin; WT, wild type.
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they inhibit STAT6 signalling in macrophages.19 Notably, Chop−/− 
macrophages resulted in significantly higher levels of SOCS1 and 
SOCS3 than WT macrophages upon IL-4 stimulation. All together, 
our results suggest that the loss of Chop promotes SOCS1 and 3 
expression in macrophages and then suppresses STAT6/PPAR-γ 
signalling to attenuate the induction of M2 macrophages.

Previous studies have suggested a negative feedback network 
between STAT6 phosphorylation and SOCS1 expression in macro-
phages upon IL-4 stimulation.27 Because Chop deficiency attenuates 
STAT6 phosphorylation, it would therefore be logical to observe 
increased SOCS1 expression in Chop−/− BMDMS following IL-4 
stimulation. Interestingly, IL-4 was only shown to induce a rapid de 
novo SOCS1 expression in WT macrophages,20 whereas BMDMs 
deficient in Chop were found to result in enhanced expression for 
SOCS3 and SOCS1 following IL-4 stimulation. Chop has been char-
acterized as the only inhibitor of the C/EBP family, in which it can 
form a heterodimer with C/EBPβ to repress its transcriptional activ-
ity.28 Because C/EBPβ is a crucial transcription factor for SOCS3 
expression,29 the loss of Chop would release C/EBPβ from the inhibi-
tory heterodimer with Chop, promoting SOCS3 transcription.

In conclusion, we demonstrated evidence indicating that 
altered Chop expression along with ER stress is a characteristic 
manifestation during the course of pulmonary fibrosis. Therefore, 
mice deficient in Chop are protected from BLM-induced lung 
injury and fibrosis. Mechanistic studies showed that Chop is 
involved in the pathogenesis of pulmonary fibrosis by regulat-
ing the generation of M2 macrophages and TGF-β signalling. 
Specifically, the loss of Chop promotes expression of SOCS1 and 
3, which then represses STAT6/PPAR-γ signalling, thereby attenu-
ating the induction of M2 macrophages. Together, our data show 
that targeting Chop and ER stress could be a viable strategy for 
the prevention and treatment of pulmonary fibrosis in clinical 
settings.

MATERIALS AND METHODS
Human samples. Lung tissues from patients with non-small cell lung can-
cer (NSCLC, n = 6), patients with IPF (n = 8) were collected in the Tongji 
hospital after receiving informed consent. IPF was diagnosed according to 
the ATS/ERS consensus diagnostic criteria.30 The studies were approved 
by the Human Assurance Committee of Tongji Hospital. Clinical data and 
pulmonary function tests are provided in Table 1.

Figure 7 The impact of Chop deficiency on IL-4-stimulated STAT6/PPAR-γ signalling and SOCS1 and 3 expressions in macrophages. (a) Loss of 
Chop attenuated IL-4-induced STAT6/PPAR-γ signalling. Left panel: a representative western blotting results for STAT6, p-STAT6, and PPAR-γ at differ-
ent time points of IL-4 stimulation. Right panel: figures showing the data with three replications. (b) Chop deficiency enhanced SOCS1 and 3 expres-
sion during the course of IL-4 stimulation. Left panel: representative western blotting results for SOCS1 and SOCS3 at indicated time points of IL-4 
simulation. Right panel: figures showing the data with three replications. (c) Chop deficiency did not affect MAPK (p38, ERK1/2, and JNK) and PI3K 
signalling. *P < 0.05; **P < 0.01; ***P < 0.001. PPAR-γ, peroxisome proliferator-activated receptor gamma; p-STAT6, phosphorylated STAT6; SOCS1 
and SOCS3, suppressors of cytokine signaling 1 and suppressors of cytokine signaling 3; STAT6, signal transducer and activator of transcription 6.
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Animals.  Chop-knockout (Chop−/−) mice were purchased from the 
Jackson’s Laboratory (Bar Harbor, ME). WT C57BL/6 (B6) mice were 
purchased from the Animal Experimental Center of the Hubei province 
(Wuhan, China). All animals were housed in an specific pathogen-free ani-
mal facility at the Tongji Medical College under a 12:12 hours light/dark 
photocycle provided with free diet and water ad libitum. All experimental 
procedures were approved by the Animal Care and Use Committee at the 
Tongji Hospital.

Reagents and antibodies. Collagen type I was purchased from EMD 
Millipore (Rockford, IL) , and murine recombinant IL-4 was obtained from 
PeproTech (Rocky Hill, NJ), and lipopolysaccharides and paraformalde-
hyde were obtained from Sigma (St. Louis, MO). Clodronate liposome was 
obtained from FormuMax (Shanghai, China). Antibodies against activating 
transcriptional factor 4, fibronectin, and arginase 1 were purchased from 
Abcam (Cambridge, MA), and phosphorylated eukaryotic initiation factor 
2 α, p-Smad2, p-Smad3, Stat6, JNK, p-JNK, PI3Kp85, p-PI3Kp85, P38, and 
p-P38 antibodies were obtained from Cell Signaling (Danvers, MA). Bip 
antibody was obtained from BD Bioscience (San Jose, CA), Chop, CD206, 
TGF-β, GAPDH, β-actin, p-Stat6, SOCS1 and SOCS3 antibodies origi-
nated from Santa Cruz Biotechnology (Santa Cruz, CA), and ERK1/2 and 
p-ERK1/2 antibodies were from R&D Systems (Minneapolis, MN). Anti-
mouse F4/80-PE and CD206-FITC were from Biolegend (Santa Cruz, CA), 
and  CD11b-PerCP/Cy5.5 was from BD Pharmingen (San Diego, CA).

BLM induction of pulmonary fibrosis. WT and Chop−/− mice (8–10 weeks 
old) were anesthetized with 1% pentobarbital sodium and then subjected 
to 2 U/kg BLM administration (Nippon Kayaku, Japan) in 30 μl of normal 
saline via an intratracheal route. Mice administered the same volume of 
normal saline served as controls, and the mice were sacrificed 21 days after 
BLM administration for the analysis of pulmonary fibrosis.

Preparation of BALF.  BALF was collected by cannulating the trachea and 
lavaging the lung with 0.6 ml of sterile PBS using established techniques,31 
and ~0.4 ml of BALF was routinely recovered from each animal.

Histological and immunohistochemical analysis. The left lung was 
inflated with 4% neutral buffered paraformaldehyde by 25 cm of H2O pres-
sure for 1 minute and were then removed and placed in fresh 4% neutral 
buffered paraformaldehyde for 24 hours at room temperature, followed 
by paraffin embedding and histological analysis, as previously reported.32 
Each successive field was individually assessed for the severity of intersti-
tial fibrosis in a blinded fashion by two pathologists using the Ashcroft 
scoring system,33 and six mice were included in each group. For immunos-
taining, the frozen sections (10 μm) were probed with antibodies against 
TGF-β, Chop, arginase-1 and F4/80. For immunostaining of the blood 
smear and lung sections from patients with IPF, the slides were first probed 
with a  mouse-derived CD206 antibody and a rabbit-originated Chop anti-
body and were then stained with an Alexa 594-labelled anti-mouse and an 

Alexa 488-conjugated anti-rabbit antibody (Invitrogen, San Diego, CA), 
as instructed.

ELISA. The levels of TGF-β in the BALF and culture medium were measured 
using a TGF-β1 ELISA kit (eBioscience, San Diego, CA) using established 
techniques.34

Culture and treatment of primary BMDMs. Primary BMDMs were 
obtained from male mouse as previously reported.35 Bone marrow cells 
first underwent lysis of red blood cells and were then resuspended in 50 ml 
of culture medium consisting of RPMI 1640, 10% foetal bovine serum, 
penicillin/streptomycin, and 30 ng/ml macrophage colony-stimulating 
factor (MCSF). The cells were next plated across in 35 × 15-mm tissue cul-
ture dishes and maintained at 37 °C with culture medium changed every 
2 days. After 7 days, the differentiated macrophages were cocultured with 
IL-4 (10 ng/ml) for the indicated time to collect supernatants to assay 
 TGF-β secretion and protein analysis.

Macrophage depletion and macrophage adoptive transfer stud-
ies. Clodronate liposome (40 µl) was administered for two successive 
days intratracheally 1 day before BLM induction, and the severity of 
 pulmonary fibrosis was assessed after 21 days of BLM induction. Total 
cell and  macrophage counts in the BALF were conducted using Wright–  
Giemsa-stained cytospins to confirm the depletion of macrophages after 
4 days of clodronate liposome treatment. For adoptive transfer studies, 
BMDMs derived from WT mice were stimulated by IL-4 (10 ng/ml) for 
12 hours as described and were then transferred by intratracheal injection 
into the lungs of clodronate liposome-treated WT and Chop−/− mice at a 
density of 1 × 106 cells/mouse (50 μl) at day 7 of BLM induction, and the 
mice were sacrificed for the analysis of pulmonary fibrosis after 2 weeks of 
adoptive transfer as above.

Western blot analysis. Lung tissues and cultured cells were homogenized 
in RIPA lysis buffer (Biyuntian, China). The proteins were subjected to 
western blotting with the indicated primary antibodies using established 
techniques.36,37

Quantitative RT-PCR analysis. Quantitative RT-PCR analysis was per-
formed using the SYBR Premix Ex Taq (Takara Dalian, China) as 
reported.38 The relative expression for each target gene was normalized by 
β-actin. The following primers were used for each target gene: YM1 (5′-
GGG CAT ACC TTT ATC CTG AG-3′, 5′-CCA CTG AAG TCA TCC 
ATG TC-3′); FIZZ1  (5′-TCC CAG TGA ATA CTG ATG AGA-3′, 5′-CCA 
CTC TGG ATC TCC CAA GA-3′); Chop (5′-CAT ACA CCA CCA CAC 
CTG AAA G-3′, 5′-CAT ACA CCA CCA CAC CTG AAA G-3′); and 
β-actin (5′-TGA CGT TGA CAT CCG TAA AGA CC-3′, 5′-CTC AGG 
AGG AGC AAT GAT CTT GA-3′).

Flow cytometry analysis. The cultured BMDMs were stimulated by lipo-
polysaccharides (0.5 μg/ml) or IL-4 (10 ng/ml) for 12 hours, followed by 
staining with  anti-mouse F4/80-PE, CD11b-PerCP/Cy5.5, and CD206-
FITC. After washes, the cells were analyzed by flow cytometry as previ-
ously described.39 Data analysis was performed using the FACS Express V3 
software (De Novo Software, Glendale, CA) as instructed.

Statistical analysis. All statistical analyses were conducted using standard 
one-way analysis of variance with Dunnett’s multiple comparison test 
(GraphPad Prism 5.lnk, GraphPad Software, San Diego, CA). The data 
are presented as the mean ± SEM. In all cases, P < 0.05 was considered 
significant.
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