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MBD2 serves as a viable target against pulmonary
fibrosis by inhibiting macrophage M2 program
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Despite past extensive studies, the mechanisms underlying pulmonary fibrosis (PF) still remain poorly understood.
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Here, we demonstrated that lungs originating from different types of patients with PF, including coronavirus disease
2019, systemic sclerosis-associated interstitial lung disease, and idiopathic PF, and from mice following bleomycin
(BLM)-induced PF are characterized by the altered methyl-CpG-binding domain 2 (MBD2) expression in mac-
rophages. Depletion of Mbd2 in macrophages protected mice against BLM-induced PF. Mbd2 deficiency significantly
attenuated transforming growth factor-p1 (TGF-B1) production and reduced M2 macrophage accumulation in the lung
following BLM induction. Mechanistically, Mbd2 selectively bound to the Ship promoter in macrophages, by which it
repressed Ship expression and enhanced PI3K/Akt signaling to promote the macrophage M2 program. Therefore, intra-
tracheal administration of liposomes loaded with Mbd2 siRNA protected mice from BLM-induced lung injuries and
fibrosis. Together, our data support the possibility that MBD2 could be a viable target against PF in clinical settings.

INTRODUCTION

Pulmonary fibrosis (PF) is a type of chronic, progressive, and irre-
versible lung interstitial disease, which poses a huge threat to public
health (1). Some patients develop PF with identifiable triggers such
as systemic sclerosis—associated interstitial lung disease (SSc-ILD)
(2) and 2019 novel coronavirus disease (COVID-19) (3), while in
some with unknown origins, a term “idiopathic” is applied (IPF)
(2). Despite significant advances over the past few decades, the mo-
lecular mechanisms underlying PF remain poorly understood (4, 5),
which rendered its treatment largely unsuccessful. Macrophages are
crucially important sentinels integral to host pulmonary defense (6, 7)
characterized by their plasticity and diversity (8). They are either
polarized to the classically activated phenotype (M1) (9) or an alter-
natively activated phenotype (M2) depending on their resided
microenvironment (10). Previous studies including ours demon-
strated that macrophages, particularly M2 macrophages, contribute
to the pathogenesis of PF (6, 11). M2 macrophages are a major source
of transforming growth factor-p1 (TGF-B1) and platelet-derived
growth factor, which, in turn, induce the differentiation of fibro-
blast into myofibroblast to initiate PF (12). Therefore, the number
and phenotype of macrophages are thought to be crucial for PF
pathological processes (13, 14).

There is compelling evidence that DNA methylation, one of the
major epigenetic mechanisms, is involved in the pathogenesis of PF
(15, 16). It has been well recognized that the information encoded
by DNA methylation is read by a family of methyl-CpG-binding
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domain (MBD) proteins (i.e., MBD1, MBD2, MBD3, MBD4, and
MeCP2) (17). Each of these proteins, with the exception of MBD3,
mediates transcriptional repression or activation by directly bind-
ing to the methylated CpG DNA and recruiting proteins to form a
suppressive complex (18). Among these proteins, MBD2 has been
shown to have the highest binding activity to methylated CpG DNA.
Therefore, MBD2 has been recognized to be involved in the patho-
genesis of tumorigenesis (19), autoimmunity (20, 21), ischemic in-
jury (22), obesity (17), and neuronal degeneration (23).

MBD2 was also found to be highly expressed in macrophages in
the lungs derived from patients with COVID-19, SSc-ILD, or IPF
and mice following bleomycin (BLM)-induced PF. Moreover, loss
of Mbd2 in macrophages significantly protected mice from BLM-induced
PF along with a marked reduction of M2 macrophage accumulation
in the lung. Mechanistically, Mbd2 selectively bound to the methyl-
ated CpG DNA in the SH2-containing inositol 5'-phosphatase (Ship)
promoter, by which it regulated phosphatidylinositol 3-kinase (PI3K)/
Akt signaling to enhance macrophage M2 program. Therefore, intra-
tracheal administration of liposomes carrying Mbd2 small interfering
RNAs (siRNAs) significantly protected mice from BLM-induced PF
by targeting macrophage M2 program.

RESULTS

MBD2 is overexpressed in pulmonary fibrotic lungs

with different pathoetiologies

We first examined MBD2 expression in fibrotic lungs with different
origins. MBD2 was almost undetectable in the lung sections origi-
nated from normal controls, but it was highly expressed in the lungs
originated from patients with SSc-ILD (Fig. 1A) and IPF (Fig. 1B),
while coimmunostaining of CD206 suggested that MBD2 was
predominantly colocalized in M2 macrophages, and immunohisto-
chemical staining further confirmed this observation (fig. S1). Next,
we checked MBD2 expression in fibrotic lungs derived from severe
case of patients with COVID-19 (24). As expected, COVID-19 virus
could be detected in the lung sections (Fig. 1C), and hematoxylin
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Fig. 1. Analysis of MBD2 expression in patients with PF and mice with BLM induction. (A and B) Representative results for coimmunostaining of MBD2 and CD206 in
the lung sections from patients with SSc-ILD (A) and IPF (B). DAPI, 4',6-diamidino-2-phenylindole. (C) Representative results for immunostaining of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) in the lung sections from patients with COVID-19. The images were taken under original magnification of x100. (D) Histologi-
cal analysis [hematoxylin and eosin (H&E)] of the lung sections from patients with COVID-19. The images were taken under original magnification of x200. (E) Histological
analysis (Masson) of the lung sections from patients with COVID-19. The images were taken under original magnification of x200. (F) Representative results for coimmuno-
staining of CD68 (a macrophage marker) and CD206 (an M2 marker) in the lung sections from patients with COVID-19. (G) Representative results for coimmunostaining
of MBD2 and CD206 in the lung sections from patients with COVID-19. (H) Western blot analysis of Mbd2 and collagen | and a-SMA expression in the lungs of mice follow-
ing BLM induction. Gapdh, glyceraldehyde-3-phosphate dehydrogenase. (I) Results for coimmunostaining of Mbd2 and CD206 in BLM-induced lung sections. The nuclei
were stained blue by DAPI, and the images were taken under original magnification of x400. A total of two patients with COVID-19, three patients with SSc-ILD, eight
patients with IPF, and six control subjects were analyzed. Five mice were analyzed in each group. Col |, collagen I. The data are represented as the means + SD. **P < 0.01

and ***P <0.001.

and eosin (H&E) and Masson staining indicated the existence of
inflammatory infiltration (Fig. 1D) and PF (Fig. 1E). In particular,
lungs from patients with COVID-19 were also featured by the sig-
nificant M2 macrophage infiltration (Fig. 1F), along with MBD2 over-
expression in M2 macrophages (Fig. 1G). Collectively, these findings
suggest that altered MBD2 expression in M2 macrophages could be
a common feature in PF with different pathological origins.

To address the above assumption, we further examined Mbd2
expression in the lungs of mice following BLM-induced fibrosis. It
was noted that BLM time-dependently induced Mbd2 overexpression
in the lung. Specifically, an eightfold Mbd2 overexpression was noted
in the fibrotic lungs following day 21 of BLM induction, along with
increased expression of collagen I and o-smooth muscle actin
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(0-SMA), markers for PF (Fig. 1H). Moreover, the progression of
PF was highly correlated with the severity of M2 macrophage accu-
mulation and the levels of Mbd2 overexpression in the lungs
(Fig. 1I). Together, our data support that PFs with different origins
are characterized by the induction of MBD2 overexpression in M2
macrophages.

Mbd2 deficiency protects mice against BLM-induced lung
injury and fibrosis

To dissect the role of MBD?2 in the pathogenesis of PF, we generated
a macrophage-specific Mbd2 knockout (KO) mouse model, which
selectively deleted Mbd2 in macrophages (the LyzM-Cre"-Mbd2"™/o*
mice, hereinafter defined as Mbd2-CKO mice), and their littermates

20f12



SCIENCE ADVANCES | RESEARCH ARTICLE

(the LyzM:- _Cre”-Mbd2™°* rice, hereinafter defined as Mbd2-C mice)
were served as controls (Fig. 2A). Mbd2 depletion was confirmed by
genotyping of the tail blood DNA for the presence of the flox allele
(indicated by arrows in fig. S2A), along with the detection of Cre
allele (fig. S2B). Coimmunostaining of lung sections validated Mbd2
deficiency in F4/80" macrophages in Mbd2-CKO mice evidenced by
the absence of Mbd2 colocalization with macrophages observed in
Mbd2-C mice (Fig. 2B).

The Mbd2-CKO and Mbd2-C mice were subjected to assess the
severity of PF 21 days following BLM challenge. Significantly attenuated
lung injury and fibrosis were noted in Mbd2-CKO mice as illustrated
by the H&E, Sirius red, and Masson’s trichrome staining (Fig. 2C,
left). Phenotypically, the severity of PF was much lower in Mbd2-CKO

mice as demonstrated by the lower fibrotic scores (Fig. 2C, right). In
line with these observations, higher severity of fibrosis in Mbd2-C
mice was characterized by the higher levels of hydroxyproline than
that in Mbd2-CKO mice (Fig. 2D). Consistently, Western blot analysis
confirmed a significant reduction in the expression of fibronectin,
collagen I, and a-SMA in the lungs derived from Mbd2-CKO mice
(Fig. 2E), and similar data were also obtained by reverse tran-
scription polymerase chain reaction (RT-PCR) analysis (Fig. 2F).
Consistent with published data (25), the LyzM-Cre expression
alone did not affect macrophage M2 program and BLM-induced PF
(fig. S3). Together, our data support that specific loss of Mbd2 in
macrophages protects mice against BLM-induced lung injury and
fibrosis.
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Fig. 2. Comparison of the severity of lung fibrosis between Mbd2-C and Mbd2-CKO mice after BLM induction. (A) Mbd21% mice were generated by inserting two
loxP sequences in the same direction into the introns flanked with the exon 2 of MBD2 based on the CRISPR-Cas9 system, which could produce a nonfunctional MBD2
protein by generating a stop codon in exon 3 after Cre-mediated gene deletion. Mbd2™/"°* was then crossed with the LyzM-Cre transgenic mice to get the macrophage-
specific Mbd2-knockout mice, which were named as Lsz—Cre*-MbdZﬂ"X/ﬂOX. (B) Representative results for coimmunostaining of F4/80 and Mbd2 in the lung sections from
Mbd2-C and Mbd2-CKO mice. Nuclei were stained blue by DAPI, and the images were taken at an original magnification of x400. (C) Histological analysis of the severity
of lung fibrosis in mice after BLM induction. Left: representative images for H&E (top), Sirius red (middle), and Masson staining (bottom). Right: a bar graph figure showing
the quantitative mean score of the severity of fibrosis. Images were captured at x200 magnification. (D) Quantification of hydroxyproline contents in Mbd2-C and
Mbd2-CKO mice after BLM challenge. (E) Western blot analysis of fibronectin, collagen |, and a-SMA. (F) RT-PCR analysis of fibronectin, collagen I, and o-SMA. Seven mice
were included in each study group. BLM, bleomycin; Col |, collagen ; Fib, fibronectin. The data are represented as the means + SD. *P < 0.05 and **P < 0.01.
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Mbd2 deficiency suppresses TGF-B signaling

Given the critical role of TGF-B1 played in the initiation and pro-
gression of PF, we examined TGF-p1 expression in the lung. Impres-
sively, Mbd2-CKO mice displayed much lower levels of TGF-B1
expression both at protein (Fig. 3A) and mRNA (Fig. 3B) levels than
that of lungs from Mbd2-C mice following BLM induction. These
results rendered us to further check the TGF-B1 downstream signal-
ing molecules. Significantly higher levels of phosphorylated Smad2
(p-Smad2) and p-Smad3 were detected in the BLM-induced lungs
originated from Mbd2-C mice than that from Mbd2-CKO mice, while
no perceptible difference in terms of total Smad2/3 was observed
(Fig. 3C). Moreover, Tgfbrl and Tgfbr2, the two major TGF-B1 re-
ceptors, did not show a substantial difference in mRNA levels
between lungs from Mbd2-C and Mbd2-CKO mice following BLM
challenge (Fig. 3, D and E), indicating that the reduced Smad signal-
ing is likely caused by the decreased TGF-B1 expression in Mbd2-
CKO mice. Immunostaining revealed that TGF-B1 was predominantly
localized in the infiltrated macrophages after BLM induction as de-
termined by F4/80 costaining (Fig. 3F). Collectively, our data
suggest that Mbd2 deficiency attenuates the capacity of macrophages
for secretion of TGF-B1, thereby repressing Smad2/3 signaling fol-
lowing BLM induction.

Mbd?2 deficiency attenuates the M2 program in macrophages
The above results prompted us to embark on the impact of Mbd2
deficiency on macrophage M2 program. To confirm the immuno-
staining results (Fig. 11), lung F4/80" cells were subjected to flow
cytometry analysis as described following BLM induction. Mbd2-
CKO mice manifested a significantly lower percentage of lung M2
macrophages (F4/80*CD206") than that of Mbd2-C mice, but Mbd2
deficiency did not seem to affect the induction of M1 macrophages
as we failed to detect a perceptible difference in terms of the number
of F4/80"CD11c" macrophages (Fig. 4A). Consistently, Western
blot analysis of BLM-induced lung homogenates revealed a 2.6-fold
reduction in the expression of M2 marker Arg 1 in Mbd2-CKO mice
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as compared to the Mbd2-C mice (Fig. 4B), and RT-PCR analysis of
two additional M2 markers, found in inflammatory zone 1 (Fizzl;
Fig. 4C) and chitinase 3-like 3 (YM1I; Fig. 4D), demonstrated similar
results.

To further dissect the mechanism underlying Mbd2 regulation
of macrophage M2 program, bone marrow-derived macrophages
(BMDMs) were generated from Mbd2-C and Mbd2-CKO mice and
then subjected to interleukin-4 (IL-4) stimulation. IL-4 induced sig-
nificantly higher levels of mean fluorescence intensity for CD206 in
Mbd2-C BMDMs than that in Mbd2-CKO BMDMs (Fig. 4E), and a
substantial increase in Mbd2 protein expression was noted upon
IL-4 stimulation in Mbd2-C BMDMs, while Arg 1 was decreased in
Mbd2-CKO BMDMs as compared to Mbd2-C BMDMs following
IL-4 induction (Fig. 4F). RT-PCR analysis of two other M2 markers,
Fizzl (Fig. 4G) and YM1I (Fig. 4H), revealed similar results. Next,
Mbd2-CKO BMDMs were transduced with mock or Mbd2 lenti-
viruses followed by IL-4 stimulation. As expected, compared to mock-
transduced BMDMs, Mbd2-transduced cells were featured by the
significantly increased expression of Arg 1 during the course of IL-4
stimulation (fig. S4). Notably, consistent with previous data in the
lung, Mbd2 deficiency did not affect the induction of M1 macro-
phages (Fig. 4I) and IL-6 expression (Fig. 4]) following lipopolysac-
charide (LPS) and interferon-y (IFN-y) stimulation, suggesting that
Mbd2 might selectively modulate the M2 program in macrophages.

The above results support the assumption that Mbd2 deficiency
protects mice against BLM-induced lung injury and fibrosis de-
pending on the repression of macrophage M2 program. To address
this question, we first compared disease severity after depletion of
macrophages. Clodronate liposomes were intratracheally adminis-
tered to deplete macrophages in the lungs of Mbd2-CKO and Mbd2-
C mice, and mice administered with liposomes were served as
controls. Of note, similar to published data (11), macrophages were
almost undetectable in the bronchoalveolar lavage fluid (BALF) of
clodronate liposome-treated mice, along with a significant reduction in
the number of total cells (fig. S5). Therefore, 1 day after depletion of
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Fig. 3. Mbd2 deficiency repressed TGF-B/Smad signaling after BLM induction. (A) Western blot analysis of TGF-B1 expression in the lung homogenates. (B) Real-time
PCRresults for TGF-B1 expression in the lungs after BLM induction. (C) Western blot analysis of p-Smad2, p-Smad3, and Smad2/3 expression. Real-time PCR results for Tgfr1
(D) and Tgfr2 (E) expression in the lungs after BLM induction. (F) Coimmunostaining of TGF-B1 and F4/80in the lung sections of WT mice. The images were taken under
original magnification of x400. Each bar represents the means + SD of seven mice studied. *P < 0.05 and **P < 0.01.
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Fig. 4. Mbd2 was overexpressed by the infiltrated M2 macrophages in the lung following BLM induction. (A) Flow cytometry analysis of macrophages derived from
lung tissues of Mbd2-C and Mbd2-CKO mice after BLM induction. FITC, fluorescein isothiocyanate. (B) Results for Arg 1 expression in the lung homogenates. Real-time PCR
results for analysis of Fizz1 (C) and YM1 (D) expression in the lung. (E) Flow cytometry analysis of CD206 expression in BMDM:s following IL-4 stimulation. (F) Results for Arg 1
and Mbd2 expression in the BMDMs after IL-4 induction. PBS, phosphate-buffered saline. Real-time PCR for analysis of Fizz1 (G) and YM1 (H) expression in the BMDMs
after IL-4 induction. (I) Flow cytometry analysis of CD11c expression in BMDM:s. (J) Real-time PCR analysis of IL-6 expression. (K) The severity of PF in Mbd2-C and Mbd2-CKO
mice after depletion of macrophages. Left: representative results for H&E, Sirius red, and Masson staining. Right: a bar graph figure showing the semiquantitative Ashcroft
scores for the severity of fibrosis. (L) Levels of fibronectin and collagen | in the lungs of macrophage-depleted Mbd2-C and Mbd2-CKO mice after BLM induction. (M) Results
for adoptive transfer of WT macrophages into Mbd2-C and Mbd2-CKO mice following BLM induction. Left: representative results for H&E, Sirius red, and Masson staining.
Right: the semiquantitative Ashcroft scores relevant to the severity of fibrosis. (N) Western blotting for analysis of collagen | and fibronectin expression. All images were
captured at X200 magnification, and seven mice were included in each study group. Arg 1, arginase 1; BMDMs, bone marrow-derived macrophages; Fizz1, found in in-
flammatory zone 1; YM1, chitinase 3-like 3; Col |, collagen |; Fib, fibronectin; MFI, mean fluorescence intensity. The data are represented as the means + SD. *P < 0.05,
**P <0.01, and ***P < 0.001.

macrophages, the mice were induced for PF with BLM, respectively.
As expected, Mbd2-CKO mice displayed comparable disease
severity with that of Mbd2-C mice (Fig. 4, K and L). Higher disease
severity was noted in Mbd2-CKO mice treated with liposomes as
compared to that of Mbd2-CKO mice treated with clodronate lipo-
somes (fig. S6). Next, BMDM:s from Mbd2-C mice were treated with
IL-4 to induce M2 macrophages, and 1 x 10° M2 macrophages
were adoptively transferred through intratracheal injection into

Wang et al., Sci. Adv. 2021; 7 : eabb6075 1 January 2021

clodronate liposome-treated Mbd2-C and Mbd2-CKO mice on
day 7 of BLM induction. Same as above, adoptive transfer of wild-
type (WT) M2 macrophages significantly impaired the pro-
tective effect conferred by Mbd2 deficiency in Mbd2-CKO mice
(Fig. 4, M and N). Together, these results suggest that Mbd2
deficiency protects mice from BLM-induced lung injury and
fibrosis dependent on its suppressive effect on macrophage M2
polarization.
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Depletion of Mbd2 represses PI3K/Akt signaling

to attenuate M2 program

It is believed that PI3K/AKT and signal transducers and activators
of transcription 6 (STAT6)/peroxisome proliferator-activated re-
ceptor Y (PPAR-Y) signaling are critical for the optimal and sus-
tained macrophage M2 program upon IL-4 or IL-13 stimulation
(26, 27). We then compared temporal expression changes in terms
of PI3K/AKT and STAT6/PPAR-vy signaling between Mbd2-CKO
and Mbd2-C BMDMs following IL-4 stimulation. No significant
difference was observed for total P85 or Akt between Mbd2-C and
Mbd2-CKO macrophages. The phosphorylated P85 (p-P85) and p-Akt
were relatively low in both types of macrophages before IL-4 stimu-
lation, while a time-dependent increase was observed upon IL-4
stimulation. However, much higher levels of p-P85 and p-Akt (i.e.,
p-Ser”? and p-Thr’®) were detected in Mbd2-C BMDMs as com-

pared to Mbd2-CKO BMDMs, and IL-4 also time-dependently up-
regulated Mbd2 expression (Fig. 5A). Similarly, higher levels of p-P85
and p-AKT were detected in patients with IPF as well (fig. S7A).
Unlike its effect on PI3K/Akt signaling, no significant difference in
terms of p-STAT6 and PPAR-y was detected between Mbd2-C and
Mbd2-CKO BMDMs following IL-4 stimulation (Fig. 5B).

It has been reported that SHIP, inositolpolyphosphate 4-phosphatase
type II (Inpp4B), and phosphatase and tensin homolog (Pten) were
critical for PI3K/Akt signaling by hydrolyzing or inhibiting the ac-
tivity of PI-3,4,5-P3 (28, 29). Mbd2-C BMDM manifested a onefold
lower Ship expression than that of Mbd2-CKO BMDMs (Fig. 5C).
However, Mbd2 deficiency in macrophages did not seem to affect
the expression of Inpp4b and Pten (Fig. 5, D and E).

As MBD?2 acts as a reader to interpret DNA methylome-encoded
information, we thus next conducted studies to check global DNA
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Fig. 5. Loss of Mbd2 attenuated IL-4-induced PI3K/Akt signaling in macrophages. (A) Analysis of IL-4-induced PI3K/Akt signaling in macrophages. (B) Results for
time course Western blot analysis of STAT6, p-STAT6, and PPAR-y expression in BMDM following IL-4 stimulation. Real-time PCR for analysis of Ship (C), Inpp4b (D), and
Pten (E) expression in IL4-induced BMDM:s. (F) Global DNA methylation rate in BMDMs after IL-4 treatment. (G) Results for the bisulfite DNA sequencing analysis of the Ship
promoter. (H) ChIP results for the analysis of Mbd2 binding activity to the Ship promoter. The distal region of Ship promoter [-1770 to —1540 base pairs (bp)] was served
as a negative control. gDNA, guide DNA; MU, mutant. (I) Relative luciferase activity in BMDMs. (J) Results for a time course Western blot analysis of Arg 1 expression in
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are represented as the means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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methylation levels and Ship promoter methylation state in macro-
phages. Unlike reduced global DNA methylation levels in fibrotic
lung genomic DNA, IL-4 induced a global genomic DNA hyper-
methylation in BMDM:s (Fig. 5F). Particularly, IL-4 induced the
Ship promoter to undergo a DNA hypermethylation (Fig. 5G), and
similar results were noted in patients with IPF as well (fig. S7B). The
next key question is whether Mbd2 selectively binds to the above
hypermethylated CpG DNA within the Ship promoter. Chromatin
immunoprecipitation (ChIP) was then used to address this ques-
tion. Mbd2 selectively bound to the methylated CpG DNA in five
regions (from —1336 to +167 base pairs, the transcriptional start site
as +1; fig. S8) within the Ship promoter, while ChIP-PCR yielded
negative result in the distal region absent of CpG DNA (Fig. 5H).
Furthermore, DNA methylation-dependent luciferase reporter as-
says confirmed that the transcriptional activity of Ship was higher
in the BMDMs with mutant plasmid (no methylated DNA) than
those with the WT plasmid (with methylated DNA; Fig. 5I). Sup-
pression of Ship by siRNA in Mbd2-CKO BMDMs restored their
capability for M2 polarization following IL-4 stimulation (Fig. 5]).
Collectively, our data support that MBD2 binds to the Ship promoter
to repress its expression, by which it enhances PI3K/Akt signaling
to promote macrophage M2 program.

Intratracheal administration of Mbd2 siRNA liposomes
protects mice against BLM-induced PF

Last, we sought to translate the above discoveries into a therapeutic
approach against PF. To this end, we generated lipid-based liposomes
loaded with an Mbd2 siRNA (fig. S9A). The prepared liposomes
displayed >90% entrapment efficiency for loading siRNA with a
zeta potential of 3.2 mV (fig. S9B). A representative image was then
taken by transmission electron microscope (TEM; fig. S9C), and
those liposomes manifested a normal distribution of hydrodynamic
diameter (fig. S9D) with sustained stability within 24 hours (fig.
S9E). Next, Cell Counting Kit-8 assay was used to check the effect of
liposome-loaded siRNA on cell viability of BMDMs, and we failed
to detect any toxicity of liposome-loaded siRNA in cell viability
with different concentrations (fig. S9F). To assess the safety of lipo-
some in vivo, we conducted H&E staining and terminal deoxy-
nucleotidyl transferase-mediated deoxyuridine triphosphate nick
end labeling assay of lung sections following intratracheal liposome
administration. As expected, administration of liposomes did not
induce inflammation in the lung and epithelial apoptosis (fig. 9, G
and H). To demonstrate the biodistribution of liposomes, In Vivo
Imaging System (IVIS) was used to track the fluorescent signal of
lipophilic carbocyanine DiOC,4(7) (DiR)-labeled liposomes. Encour-
agingly, those intratracheal administered liposomes sustainably
accumulated in the lung for at least 7 days (Fig. 6A). To further con-
firm this observation, organs such as heart, liver, spleen, lung, and
kidney were collected from four mice after day 7 of intratracheal
injection of liposomes and then subjected to analysis of near-infrared
fluorescent (NIRF) signals. As expected, NIRF signals were only de-
tected in the lungs but absent in other organs (Fig. 6B).

Next, the distribution of liposomes in the lung tissues was fur-
ther explored in a BLM-induced mouse model. Unexpectedly, lipo-
somes were predominantly located in the fibrotic area of lung tissues
and could be mainly overlapped with F4/80" macrophages but not
prosurfactant protein C (pro-SPC)* epithelial cells, indicating a high
efficiency for their uptake by macrophages (Fig. 6C and fig. $10). To
further address the effect of siRNA-loaded liposomes on protein
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expression in lung tissues, we examined Mbd2 expression changes
in the lungs following liposome-based pulmonary delivery. Of note,
a significant decrease in Mbd2 expression was noted after intra-
tracheal delivery of Mbd2 siRNA-loaded liposomes, and the nadir
was detected at day 3 after the treatment. Nevertheless, this expres-
sion was returned to normal levels at day 7 (Fig. 6D).

Last, the therapeutic effect of siRNA-loaded liposomes was assessed
in mice following BLM induction. WT mice were administrated with
Scrambled or Mbd2 siRNA-loaded liposomes at day 14 and day 18
(1 mg/kg; intratracheal), respectively (Fig. 6E). Administration of
Mbd2 siRNA-loaded liposomes significantly alleviated BLM-induced
lung injury and fibrosis as illustrated by the histopathological anal-
ysis (Fig. 6F, left) and fibrotic scores (Fig. 6F, right). Consistently,
mice administered with Mbd2 siRNA-loaded liposomes displayed
much lower levels of hydroxyproline in the lung (Fig. 6G), coupled
with a significant reduction in the expression of fibrotic markers
(fibronectin, collagen I, and a-SMA) and macrophage M2 marker,
Arg 1 (Fig. 6H). Together, our data support that intratracheal ad-
ministration of Mbd2 siRNA-loaded liposomes could be a viable
therapy against PF in clinical settings.

DISCUSSION

In the present report, we conducted studies in patients and animals
to address the impact of MBD2, a reader for interpreting DNA
methylation-encoded information, on the pathogenesis of PF.
Lungs originating from different types of patients with PF and from
mice following BLM-induced PF were characterized by altered
MBD?2 expression. Specifically, MBD2 was overexpressed in infiltrated
M2 macrophages within the lung during course of fibrotic processes.
Therefore, depletion of Mbd2 in macrophages protected mice from
BLM-induced lung injury and PF. In general, macrophages are
characterized by the DNA hypermethylation in the fibrotic lungs.
As a result, Mbd2 binds to the methylated CpG DNA within the
Ship promoter to inhibit Ship expression, by which Mbd2 enhances
PI3K/Akt signaling to promote macrophage M2 program. M2 mac-
rophages, in turn, secrete a large amount of TGF-f1, which then
activates fibroblasts to initiate and promote fibrotic processes (Fig. 6I).
Mice with macrophage-specific Mbd2 deficiency are characterized
by the reduced TGF-B1 production, along with attenuated Smad2/3
signaling following BLM challenge. Together, our results support
that strategies aimed at silencing MBD2 in macrophages could be a
viable therapy against PF in clinical settings.

In general, PF is featured by idiopathic in nature with possible
genetic predisposition. However, it can also be recognized as a com-
plication of connective tissue disease or with certain environmental,
occupational, or drug exposures. For example, PF is a common con-
sequence in certain patients following COVID-19 infection (30, 31).
Unfortunately, no effective pharmacological therapy against PF,
thus far, is available other than lung transplantation. In this report,
we demonstrated evidence that macrophages originated from fi-
brotic lungs of patients with COVID-19 and SSc-ILD or IPF are
featured by the overexpression of MBD2, a methylated DNA bind-
ing protein. Those observations are consistent with previous studies
(32), in which patients with PF manifest a DNA methylation turn-
over characterized by the changes of methylation patterns for the
target genes and/or methylation levels for a particular gene. For
example, the levels of DNA methylation enzymes such as DNMT3a
and DNMT3b, and MBD proteins such as MeCP2, are highly elevated
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The data are represented as the means + SD. *P < 0.05 and ***P < 0.001.

in the lungs of patients with IPF, which were associated with up-
regulation of fibrotic genes (15, 33). Collectively, these data support
that DNA methylation is implicated in PF pathogenesis, and MBD2
serves as a reader of methylated DNA contributing to PF development.

The most exciting discovery in this report is that Mbd2 was not-
ed to regulate macrophage M2 program, which maybe a common
factor for the initiation of fibrotic processes. Previous studies sug-
gested that DNA methylation may modulate the activation of M2
macrophages during the course of obesity (34). We now provided
convincing evidence that loss of MBD2 promotes macrophage M2
polarization. Specifically, we demonstrated that mice with specific
deficiency of Mbd2 in macrophages were significantly protected
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from BLM-induced lung injury and fibrosis, which were abolished
once macrophages were depleted or Mbd2-C M2 macrophages were
adoptively transferred into the lung. Moreover, MBD2 only selectively
regulates macrophage M2 program, without a perceptible impact
on M1 macrophages. In addition, we also observed that loss of Mbd2
in macrophages did not affect the total number of macrophages in
the lung (fig. S11). It was noted that IL-4 stimulates the Ship pro-
moter in macrophages to undergo a DNA hypermethylation, along
with MBD2 overexpression, and MBD2, in turn, binds to the methyl-
ated CpG DNA within the Ship promoter to suppress its expression.
DNA methylation-dependent promoter reporter assays confirmed
that MBD2 significantly suppressed Ship transcription. The attenuated
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Ship expression would then release its suppressive effect on the
PI3K/Akt signaling (35), which is essential to activate and sustain macro-
phage M2 program (36). Of note, our macrophage depletion and
adoptive transfer studies further confirmed that the reduced M2
macrophages contribute to the protective effect on PF conferred by
Mbd2 deficiency. As a result, mice deficient in Mbd2 are manifested
by the significant reduction of M2 macrophages in the lung follow-
ing BLM induction.

Given the fact that no effective therapy is currently available for
PF, numerous clinical trials have been carried out to characterize
viable drugs (37, 38). For this purpose, properties for a particular
drug, such as half-life in the blood, concentrations in the lungs, and
possible side effects on other organs and tissues, are necessary for
consideration. Therefore, drug administration directly through
tracheal inhalation rather than systemic delivery could be a better
approach for patients with PF. Liposomes are established drug car-
riers for inhalation owing to their safety and ability to provide con-
trolled drug release in the lung. These carriers can entrap a wide
range of therapeutic molecules for delivery in large volumes to the
peripheral airways using medical nebulizers (39, 40). A unique de-
livery system with nanostructured lipid carriers through inhalation
of prostaglandin E2 coupled with MMP3 siRNAs, CCL12 (chemokine),
and hypoxia-inducible factor 1A has been used to limit lung injuries
in patients with PF and to prevent disease progression by suppressing
the synthesis of pro-fibrotic proteins (41, 42). Similarly, our studies
in this report demonstrated that liposomes carrying the Mbd2 siRNA
could be efficiently uptaken by the macrophages in fibrotic lesions
of the lung following intratracheal injection. The liposome-based
repression of Mbd2 expression lasted for a week or so. As a result,
intratracheal delivery of liposomes carrying the Mbd2 siRNA pro-
tected mice from BLM-induced lung injury and fibrosis.

Immunostaining of lung sections from BLM-induced fibrotic
mice also noted MBD2 overexpression in certain cells other than
F4/80" macrophages (Fig. 3F), while analysis of IPF single-cell
sequencing data suggested that those cells were fibroblasts and epi-
thelial cells (fig. S12). Given that this report selectively focused on
macrophages, the impact of altered MBD?2 expression in fibroblasts
and epithelial cells on PF would be tackled in our future studies.

In summary, we have demonstrated that lungs originating from pa-
tients with PF and from mice following BLM-induced PF are characterized
by the altered MBD2 expression. Therefore, mice with macrophages
deficient in Mbd2 are protected from BLM-induced lung injury and
fibrosis. MBD2 selectively binds to the methylated CpG DNA with-
in the Ship promoter in macrophages, by which it represses Ship ex-
pression and enhances PI3K/Akt signaling to promote the macrophage
M2 program. Since MBD?2 itself does not affect DNA methylation
and appears not to be essential for biological processes under physio-
logical conditions (17, 20, 22), MBD2 could be, therefore, a viable
target against PF. Intratracheal administration of liposomes carrying
the Mbd2 siRNA substantially protected mice from BLM-induced
lung injuries and fibrosis. Together, our data support the possibility
that intratracheal administration of liposome-based MBD2 siRNA
could be a viable therapy against PF in clinical settings.

MATERIALS AND METHODS
Human samples

Lung tissues from patients with non-small cell lung cancer (n = 6),
COVID-19 (n = 2), SSc-ILD (n = 3), and IPF (n = 8) were collected
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in the Tongji Hospital with informed consent. COVID-19 was diag-
nosed by nucleic acid test (43), SSc-ILD was classified according to
the American College of Rheumatology (ACR)/European League Against
Rheumatism (EULAR) criteria (44), and the IPF diagnosis was made
according to the American Thoracic Society (ATS)/European Respiratory
Society (ERS) consensus diagnostic criteria (45). The studies were ap-
proved by the Human Assurance Committee of the Tongji Hospital.
Clinical data and pulmonary function tests were provided in table S1.

BLM induction of PF
Mbd2"°% mice were generated using the CRISPR-Cas9 system by
the Bioray Laboratories Inc. (Shanghai, China). Two loxP sequences
were inserted in the introns flanked with the exon 2 of MBD2 as
described in Fig. 2A. The LyzM-Cre transgenic mice were purchased
from the Jackson laboratory (Bar Harbor, ME, USA) and bred into
C57BL/6 background by backcrossing with WT C57BL/6 mice for
more than 12 generations. LyzM-Cre*-Mbd2™"* (Mbd2-CKO) mice
were generated by crossing the LyzM-Cre mice with Mbd2//ox
mice for specific deletion of Mbd2 in macrophages, and their litter-
mates LyzM-Cre”-M bd2flox!flox (Mbd2-C) were used as controls. WT
C57BL/6 mice were derived from the Jackson laboratory. Mbd2-C
and Mbd2-CKO mice (8 to 10 weeks old) were anesthetized with 1%
pentobarbital sodium (60 mg/kg) and then intratracheally adminis-
tered BLM (0.5 mg/kg; Nippon Kayaku, Tokyo, Japan) in 40 pl of
normal saline (11). Mice administered with same volume of normal
saline served as controls. siRNA-loaded liposomes were injected
into the anesthetized animals via intratracheal on the days 14 and
18 after BLM injection. The mice were euthanized on day 21 follow-
ing BLM challenge to analyze PF. All mice were housed in an specific
pathogen-free (SPF) facility at the Tongji Medical College with a 12-hour
light/12-hour dark cycle. All experimental procedures were approved
by the Animal Care and Use Committee at the Tongji Hospital.
Fluorescent images were acquired on an IVIS Lumina XR system
(Caliper Life Sciences, Hopkinton, USA) equipped with a 150-W
quartz halogen lamp and a 1-mW power scanning laser. The follow-
ing parameters were used: exposure time of 0.5 s, binning of 1, and
f/stop of 2. Filter sets were fixed with the following parameters: ex-
citation wavelength at 640 nm and emission wavelength at 670 nm.
Acquired images were measured and analyzed by the Living Imag-
ing software.

Reagents and antibodies

Murine recombinant IL-4 was obtained from PeproTech (London,
UK). Antibodies against collagen type I was purchased from EMD
Millipore (Schwalbach, Germany). Antibodies against fibronectin,
0-SMA, arginase-1, CD68, MBD2, and pro-SPC were purchased
from Abcam (Cambridge, MA, USA), and antibodies against p-Smad2,
p-Smad3, STATS, P85, p-P85, and p-Akt (Thr’®®) were obtained
from Cell Signaling Technology (Danvers, MA, USA). Antibodies
against MBD2, glyceraldehyde-3-phosphate dehydrogenase, p-Akt
(Ser™), and p-STAT6 were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti-mouse F4/80-PerCP/Cy5.5 and CD206-
fluorescein isothiocyanate (FITC) were from BioLegend (San Diego,
CA, USA), and CD11c-allophycocyanin (APC) were purchased
from BD Biosciences (San Jose, CA, USA). Lipidoid (C12-200)
was purchased from Xinjiahecheng Medical Chemistry Corpora-
tion (Wuhan, Hubei, China). mPEG2000-DEG was purchased from
NOF Corporation (Tokyo, Japan). All other reagents were purchased
from Sigma-Aldrich (St Louis, MO, USA), unless otherwise stated.
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Histological and immunohistochemical analysis

The left lung was inflated and placed in fresh 4% neutral-buffered
paraformaldehyde for 24 hours at room temperature, embedded in
paraffin, and subjected to the histological analysis as previously re-
ported (17). Each successive field was individually assessed for the
severity of interstitial fibrosis in a blinded fashion by two patholo-
gists using the Ashcroft scoring system (46). For immunostaining,
the frozen sections (7 um) were probed with antibodies against
CD206, CD68, Mbd2, and F4/80, followed by staining with Alexa
Fluor 594-labeled anti-mouse/rabbit or Alexa Fluor 488-conjugated
anti-rabbit/mouse antibodies (Invitrogen, Carlsbad, CA, USA),
respectively. COVID-19 viral immunostaining was conducted as
previously reported (47).

Culture and treatment of BMDMs

BMDMs were obtained from male mice as reported (48, 49). Red
blood cells in bone marrow samples were lysed and then resuspend-
ed in 50 ml of culture medium consisting of RPMI 1640, 10% fetal
bovine serum (FBS), penicillin/streptomycin, and macrophage
colony-stimulating factor (30 ng/ml). The cells were next plated in
35 mm by 15 mm tissue culture dishes at 37°C, and the medium was
changed every 2 days. After 7 days, the differentiated macrophages
were cocultured with IL-4 (10 ng/ml) at the indicated time points.

Macrophage depletion and adoptive transfer studies
Clodronate liposomes (40 pl) were intratracheally administered
for two successive days before BLM induction, and the severity of
PF was assessed 21 days after BLM induction (11). For adoptive
transfer studies, WT naive BMDMs were first stimulated with
IL-4 (10 ng/ml) for 12 hours to induce M2 macrophages and
then transferred into the lungs of clodronate liposome-treated
Mbd2-C and Mbd2-CKO mice at a density of 1 x 10° cells per mouse
(50 pl) at day 7 of BLM induction through intratracheal injection.
The mice were sacrificed 2 weeks after the adoptive transfer for
fibrotic analysis.

Western blot analysis

Lung tissues and cultured cells were homogenized in radioimmuno-
precipitation assay lysis buffer (Beyotime, Shanghai, China), and
equal amounts of lysates were separated on 10% polyacrylamide gels
(Sigma-Aldrich) and transferred onto polyvinylidene difluoride mem-
branes. The membranes were next probed with indicated primary
antibodies for analysis of protein levels as described (50).

Quantitative RT-PCR analysis

Quantitative RT-PCR was performed using the SYBR Premix Ex
Taq (TaKaRa, Tokyo, Japan), and the relative expression of each
target gene was normalized by B-actin as previously described
(51, 52). The following primers were used for each target gene:
Fibronectin (5'-ATG CAA CGA TCA GGA CAC AA-3’ and 5'-TGT
GCC TCT CAC ACT TCC AC-3'), Collagen I (5'-CCT GGT AAA
GAT GGT GCC-3’ and 5-CAC CAG GTT CAC CTT TCG CAC
C-3'), 0-SMA (5'-CGT ACA ACT GGT ATT GTG CTG GAC-3’
and 5-TGA TGT CAC GGA CAA TCT CAC GCT-3'), YMI (5'-
GGG CAT ACC TTT ATC CTG AG-3’ and 5'-CCA CTG AAG
TCA TCC ATG TC-3'), Fizzl (5'-TCC CAG TGA ATA CTG ATG
AGA-3' and 5'-CCA CTC TGG ATC TCC CAA GA-3'), Ship (5'-
GAG ACA CTG TTT CAG CGT CTA C-3" and 5'-CGT CTT CAA
AAA GTC GGA ATC CA-3'), Inpp4B (5'-TCC AGA AGA TTC
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CGA ACG AGC-3' and 5'-GTT TCC GAT CAC TGA CAG GAG-
3'), Pten (5'-TGG ATT CGA CTT AGA CTT GAC CT-3’ and 5'-
GCG GTG TCA TAA TGT CTC TCA G-3'), Mbd2 (5'-GGA GGA
AGT GAT CCG AAA ATC AG-3’ and 5-AGC ATT TCC CAG
GTA TCT TGC-3'), and B-actin (5'-TGA CGT TGA CAT CCG
TAA AGA CC-3' and 5-CTC AGG AGG AGC AAT GAT CTT
GA-3'). Relative expression levels for each target gene were calcu-
lated using the 274 method.

ChIP assay and Ship promoter reporter assay

ChIP assays were conducted using the ChIP Assay Kit (Beyotime,
Shanghai, China) as reported (8). Briefly, 1 x 10° WT BMDMs were
cross-linked with formaldehyde, and chromatin fragmentation was
carried out according to the protocol provided. The above-prepared
diluted soluble chromatin solution was then incubated with an
Mbd2 antibody overnight at 4°C with rotation. Normal rabbit im-
munoglobulin G was used to determine nonspecific bindings. The
above mixtures were next incubated with protein A + G agarose
beads, and the protein-DNA complexes were eluted out after wash-
es. The eluted DNA was subjected to ChIP-PCR with indicated
primers. The primers used for Ship in the ChIP assay were as fol-
lows: F1, 5'-TCA GAA TGT AGA CGT GAG CTC TTG T-3; R1,
5'-GCT GTG TTG ATG TCA TCC ATG G-3'; F2, 5'-TCC CAT
GTC CTC CAC ACA CCA G-3';R2,5-CACTCCTTC ATC TGA
ACCTTG TCA C-3'; F3,5-AAC AAT CAC CAC TTC TGC CGT
AAG C-35R3,5'-CCT CTG TGG CTA GAC ATG GCT AT-3'; F4,
5-GGA AGG TAG ATG ATG CCC CC-3'; R4, 5'-CAG CAA AGT
AGT TCA GGG CC-3'; F5, 5-GAG TGT CCG TCC TGG GAG
TGG-3'; and R5, 5'-AGT TGG GAG GAG ACG GGT ACT CAC
A-3'. The distal region of the Ship promoter absent of CpG DNA
was used as a negative control. The primers were F (5'-CAT GAG
ATC CAA CTG TAA GGC-3') and R (5'-CAT ACT GCT GTT
CAT CAC CAA-3’). The Dual-Luciferase Reporter System (Prome-
ga, Madison, WI) was used for the Ship promoter luciferase report-
er assays, in which the Mbd2 binding site within the Ship promoter
was disrupted using the established techniques (17).

Global DNA methylation assay and bisulfite

DNA sequencing

Global DNA methylation was determined using the MethylFlash
Methylated DNA Quantification Kit (Epigentek, NY, USA) as in-
structed. Bisulfite DNA sequencing was conducted as previously
described (20).

siRNA transfection

Mbd2-CKO BMDMs cultured in RIPM1640 supplemented with
10% FBS were transfected with a Ship siRNA or Scrambled siRNA
(Ribobio, Guangzhou, China) using the Lipofectamine 3000 re-
agent (Invitrogen, Carlsbad, CA, USA) as previously described (53).
The transfected cells were next stimulated with murine IL-4 (10 ng/
ml) at indicated time points.

Flow cytometry analysis

Mononuclear cells were isolated from lung tissues using the estab-
lished techniques (54), while BMDMs were stimulated with LPS
(100 ng/ml) + IFN-y (100 U/ml) or IL-4 (10 ng/ml) for 12 hours.
The cells were then stained with anti-mouse F4/80-PerCP/Cy5.5
(1:100), CD11c-APC (1:100), and CD206-FITC (1:100) antibodies.
After washes, the cells were analyzed using a FACSCanto II (BD

100f 12



SCIENCE ADVANCES | RESEARCH ARTICLE

Biosciences, San Jose, CA, USA). All data were analyzed using the
FACS Express V3 software (De Novo Software) according to the
manufacturer’s instructions.

Preparation and characterization of siRNA-loaded liposomes
siRNA-loaded liposomes were prepared as reported (55). Briefly,
lipidoid, cholesterol, distearoyl phosphatidylcholine (DSPC), and
1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (mPEG-
DMG) were dissolved in ethanol at a molar ratio of 50:38.5:10:1.5.
siRNA was dissolved in citrated buffer (10 mM, pH 3). The lipid
components and the dissolved siRNA were then mixed rapidly by
vortex. The next step was to exclude unentrapped siRNA by ultrafil-
tration centrifugation. Last, the siRNA liposomes were diluted in
phosphate-buffered saline. Hydrodynamic diameter, polydispersity,
zeta potential, and stability of the liposomes were measured by dy-
namic light scattering (Malvern Zetasizer Nano-ZS, UK). A Ribogreen
assay was used to calculate the entrapment efficiency of siRNA. After
staining with 2% phosphotungstic acid, the liposomes were charac-
terized by TEM (JEM-1230, Jeol, Japan).

Statistical analysis

Comparisons between groups were undertaken using the Graph
Pad Prism (version 5.0) software (GraphPad Software Inc., San Diego,
CA, USA). Two experimental groups were compared using a
Student’s t test for paired data or a Student’s f test with Welch’s
correction for unpaired data. For comparisons of more than two
groups, a one-way analysis of variance (ANOVA) with Bonferroni’s
correction was used. The data are presented as the means + SD
unless otherwise specified. In all cases, P < 0.05 was considered with
statistical significance.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/sciadv.abb6075/DC1

View/request a protocol for this paper from Bio-protocol.
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