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h i g h l i g h t s

� Pulmonary macrophages of PF at late
stage exhibited predominantly the
M2 phenotype with correlated
metabolism.

� DPI inhibits M2-like macrophage
polarization in vitro.

� IMS and chemical proteomics analysis
showed that DPI specifically is
homing to pulmonary macrophages
in vivo.

� DPI improves bleomycin-induced
pulmonary fibrosis in mice.

� DPI inhibits bleomycin-induced M2
polarization of macrophages in vivo.
g r a p h i c a l a b s t r a c t

Imaging mass spectrometry (IMS) and chemical proteomics approaches reveal DPI specifically is homing
to pulmonary macrophages, resulting in M2 macrophages inhibition, and concomitant improvement in
fibrosis mice.
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Introduction: Pulmonary fibrosis (PF) is a fatal disease with a variable and unpredictable course. Effective
clinical treatment for PF remains a challenge due to low drug accumulation in lungs and imbalanced
polarization of pro/anti-fibrotic macrophages.
Objectives: To identify the alteration of immunometabolism in the pulmonary macrophages and investi-
gate the feasibility of specific inhibition of M2 activation of macrophages as an effective anti-PF strategy
in vivo.
Methods: The high-content screening system was used to select lung-specific homing compounds that
can modulate macrophage polarization. Imaging mass spectrometry (IMS) conjugated with chemical pro-
teomics approach was conducted to explore the cells and proteins targeted by diphenyleneiodonium
chloride (DPI). A bleomycin-induced fibrotic mouse model was established to examine the in vivo effect
of DPI.
Results: Pulmonary macrophages of PF at late stage exhibited predominantly the M2 phenotype with
decreased glycolysis metabolism. DPI was demonstrated to inhibit profibrotic activation of macrophages
in the preliminary screening. Notably, IMS conjugated with chemical proteomics approach revealed DPI
specifically targeted pulmonary macrophages, leading to the efficient protection from bleomycin-induced

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jare.2022.04.012&domain=pdf
https://doi.org/10.1016/j.jare.2022.04.012
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:louhongxiang@sdu.edu.cn
mailto:tingdong2021@sdu.edu.cn
https://doi.org/10.1016/j.jare.2022.04.012
http://www.sciencedirect.com/science/journal/20901232
http://www.elsevier.com/locate/jare


H. Wang, Y. Gao, L. Wang et al. Journal of Advanced Research 44 (2023) 213–225
pulmonary fibrosis in mice. Mechanistically, DPI upregulated glycolysis and suppressed M2 programming
in fibrosis mice, thus resulting in pro-fibrotic cytokine inhibition, hydroxyproline biosynthesis, and col-
lagen deposition, with a concomitant increase in alveolar airspaces.
Conclusions: DPI mediated glycolysis in lung and accordingly suppressed M2 programming, resulting in
improved lung fibrosis.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The treatment of lung diseases, particularly lung fibrosis, is one
of the most challenging problems in clinical practice. One reason is
the low efficiency of the conventional drug delivery systems, which
results in low drug exposure to lungs. Moreover, unspecific drug
distribution also causes clinical toxicity and has been a major bot-
tleneck in the translation of potent drug candidates [1–2]. Next-
generation drug delivery technologies, such as nanoparticles (e.g.,
liposomes) [3–4], conjugates of drugs, and affinity moieties (e.g.,
antibodies) [2], have overcome the limitations over traditional
drug delivery systems by enhancing therapeutic selectivity and
function, but have also introduced new delivery challenges. A par-
ticular challenge to deliver drugs to lungs is that the respiratory
tract has evolved defense mechanisms by inactivating or removing
the inhaled drugs out of the lungs once they have been deposited.
Apart from these immunological, chemical, and mechanical barri-
ers, poor inhaler technique and non-adherence to treatment also
detrimentally affect pulmonary drug delivery [5]. Therefore, the
discovery of novel lung-specific homing therapeutic agents not
only increases drug accumulation, improves drug efficacy, and
reduces drug toxicity, but also has promising benefits in the treat-
ment of pulmonary fibrosis (PF).

PF is a common interstitial lung disease, while a lack of effective
treatment leads to significant decreases in the survival rates and
quality of life of PF patients [6–8]. PF is manifested by excessive
extracellular matrix (ECM) deposition and fibroblast proliferation,
thus resulting in impaired static lung compliance, disruption of
gas exchange, and eventually, deaths from respiratory failure [9].
Pathologically, PF is likely due to a fibroproliferative and aberrant
wound healing cascade driven by macrophages [8]. Pulmonary
macrophages constitute approximately 70% of the immune cells
in the lung environment, and are referred to as the critical sentinels
of lung homeostasis by exhibiting various biological functions such
as cellular senescence, collagen synthesis, host defense, epithelial
integrity, and mucin production, which determines the pathologi-
cal characteristics of fibrotic tissues [10–11]. Notably, pulmonary
macrophage populations are heterogeneous and display remark-
able plasticity, making them able to be functionally polarized in
response to microenvironmental cues. Despite this diversity, they
have been classified into two distinct macrophage activation
states, namely, classical activation (M1 macrophages) and alterna-
tive activation (M2 macrophages), in which the latter is responsi-
ble for the pathogenesis of PF [12]. Specifically, in the context of
PF, M1/M2 paradigm is dynamic and relies on different disease
stages. In the early inflammatory stage, the resident alveolar
macrophages (AMs) shift toward the M1 phenotype upon pathogen
recognition, thus releasing various inflammatory cytokines (e.g.,
ROS, MCP-1, MIP-2, IL-1b, IL-6, and TNF-a), and ultimately leading
to lung tissue destruction [13]. Following the late fibrotic stage,
some pathogenic factors are eliminated. M1-type AMs then shift
to the M2 phenotype in the presence of driving factors and induce
a broad array of pro-fibrotic cytokines (e.g., TGF-b, IL-4, IL-10, and
IL-13), which are involved in abnormal wound healing processes
during fibrosis [14–16]. This finding was supported by clinical
studies showing that patients with radiation-induced PF had
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elevated M1 marker in the early stage, while increased M2 marker
in the fibrotic stage [10,17]. Collectively, these studies indicate that
M1 macrophages prevent fibrotic response while M2 macrophages
play an opposite fibrogenesis role. Hence, targeting M2 macro-
phage activation can serve as a potential treatment for PF [18–
19]. Pirfenidone, an FDA-approved drug for PF treatment, exerts
its anti-fibrotic effect partially by inhibiting M2 macrophage polar-
ization [10,20]. Therefore, modulating the macrophage phenotype
fromM2 to M1 state may be a promising strategy for PF treatment.

Recent studies of the macrophage cell metabolism have focused
on the close association between the polarization and metabolic
state of the macrophages, as validated by the obvious metabolic
state differences between M1 and M2 macrophages [21]. Pro-
inflammatory macrophages (M1) are predominantly dependent
on glycolysis by impairing the tricarboxylic acid (TCA) cycle and
suppressing oxidative phosphorylation (OXPHOS), while anti-
inflammatory macrophages (M2) rely on mitochondrial OXPHOS
together with reduced glycolysis. Moreover, some nutrients, such
as FAs, vitamins, and iron molecules, are involved in macrophage
polarization. Collectively, macrophage polarization requires the
coordination and fine-tuning of all metabolic changes [22–23].
Interfering these processes can inhibit the functional polarization
of macrophages, leading to macrophage repolarization. For exam-
ple, the increased expression of glucose transporter 1 (GLUT-1)
improves glycolysis and metabolites in the pentose phosphate
pathway, reduces oxygen consumption, and enhances M1 polariza-
tion [24]. In contrast, a loss of pyruvate dehydrogenase kinase-1-a
glycolysis regulatory enzyme activity can inhibit M1 polarization
and improve M2 differentiation by enhancing mitochondrial respi-
ration [25]. These results imply that tissue-specific glucose uptake
and metabolism are crucial for the polarization of macrophages
into a pro-inflammatory M1 phenotype. Thus, regulating the meta-
bolic switch between OXPHOS and glycolysis can be a good way to
reprogram macrophage polarization and the corresponding
immune functions. Enlightened by this, we have identified a total
of 10 potential candidate compounds that reprogram M2-like phe-
notype to M1 in human macrophages [26]. In particular, DPI exhib-
ited the most potent activity to reprogram pulmonary
macrophages among all the candidate compounds; thus, it was
selected in this study. Notably, imaging mass spectrometry (IMS)
revealed its specific homing in lung macrophages, which led to
its efficient protection against a bleomycin (BM)-induced PF mouse
model. Mechanistically, DPI upregulated glycolysis and subse-
quently inhibited M2 program by decreasing the fibrosis markers
(i.e., collagen and TGF-b1) and slightly increasing the anti-fibrotic
markers (i.e., CD86 and iNOS), thus promoting the expansion of
alveolar airspaces.
Materials and methods

Human samples

The broncho-alveolar lavage fluids (BALFs) from PF patients
(n = 6) and healthy individuals (n = 7) were collected at the Affili-
ated Hospital of Yan’an University after obtaining written informed
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consent. The samples from each group were pooled, centrifuged at
500g for 5 min to sediment the BALF immune cells, and then sub-
jected to the following assay. Diagnosis of PF was performed in
accordance with the American Thoracic Society (ATS)/European
Respiratory Society (ERS) consensus diagnostic criteria. The study
protocols were approved by the Human Assurance Committee of
the Affiliated Hospital of Yan’an University.

Medium, reagents, drugs, and cytokines

Fetal bovine serum (FBS) was obtained from Life Science Pro-
duction (Barnet, UK). RPMI 1640 medium containing Glutamax,
sodium pyruvate, non-essential amino acids, and penicillin/
streptomycin were supplied by Gibco (Paisley, UK). The cytokines
IFN-c, IL-4, and M-CSF were purchased from Biolegend (CA, USA).
Oligomycin (Oligo) and 2-Deoxy-D-glucose (2-DG) were obtained
from CST (Cell Signaling Technology, #9996). DPI was supplied
by Bidepharm (Shanghai, China). BM was purchased from Mackin
(Shanghai, China). TGF-b1 (ab215715), fibronectin (ab2413) and
a-SMA (ab32575) were obtained from Abcam (CA, USA). CD86
(ab242142) and CD206 monoclonal antibody (MR5D3) were pur-
chased from Themo Fisher (USA). EasySepTM Mouse F4/80 Positive
Selection Kit was purchased from STEMCELL (#100-0659).

Cell culture and macrophage polarization

HEPF cells were cultured in DMEM supplemented with 10% (v/
v) FBS (Gibco, 10099-141), penicillin (100 units/mL) and strepto-
mycin (100 mg/ml), and maintained in a humidified 5% CO2 incu-
bator at 37℃. BMDMs were obtained from mice as described
previously [26]. To induce bone marrow–derived macrophages
(BMDMs) polarization, M1 macrophages were treated with
lipopolysaccharide (LPS, 100 ng/mL) and IFN-c（10 ng/mL）for
12 h, while M2 macrophages were exposed to 20 ng/mL IL-4 for
24 h, and then treated DPI at different concentrations, the detail
information was according to a previous method [27].

Hydroxyproline assay

The levels of collagen in lung homogenates were assessed using
a Hydroxyproline Assay Kit (Colorimetric, ab222941). The assay
was performed in accordance with the kit’s protocol.

Mouse model

PF mouse model was constructed via intratracheal instillation
of 5 mg/kg BM hydrochloride. After exposure to BM for 10 days,
mice were routinely examined by micro-computed tomography
(micro-CT). Mice with a fibrotic lesion were randomly assigned
to three experimental groups (n = 6 per group), and subjected to
treatment twice per week, total 2 weeks. The mice were treated
with DPI-1(0.5 mg/kg) or DPI-2 (1 mg/kg) through tail vein injec-
tion, starting on days 10, 13, 16, and 19; while those received the
same amount of saline via tail vein injection were used as controls.
All mice were euthanized at 28 days after BM exposure and sub-
jected to further analyses.

Histological and immunochemical analyses

For histological analysis, formalin-fixed lung tissues were
embedded in paraffin, sectioned (6 lm) onto glass slides, and
stained with hematoxylin-eosin for morphological examination
and Masson’s trichrome for determination of collagen deposits,
the lung fibrosis was scored using the modified Ashcroft scale as
described previously [28]. For immunohistochemical analysis, the
sections were permeabilized with 0.1% Triton X-100 in 1 � PBS
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for 10 min, probed with the primary CD206 and CD86 antibodies,
and then stained with secondary antibodies.

Macrophage isolation from BALF

BALF was obtained by perfusing PBS into the lung tissue of
experimental groups and was centrifuged to isolate cells [29].
These cells were cultured in a cell culture incubator for 2 h, and
then changed medium to obtain pure primary pulmonary
macrophage.

Murine endothelial cell isolation

The endothelial cells were isolated from mouse lungs using
PECAM-1 antibody via immunoprecipitation. The detailed protocol
was described by Abcam (murine endothelial cell isolation).

Pulmonary macrophage isolation of mouse lung tissue

Enzymatic lung digestion was conducted by adding 1 mL of Col-
lagenase to mince lung tissue, and then centrifuge at 300g for
10 min to obtain the cell pellets. Finally, ammonium chloride solu-
tion was added to the cell pellet. The detailed procedure was
adapted from the EasySepTM Mouse F4/80 Positive Selection Kit
protocol.

Slide preparation for IMS analysis

Mouse tissues (brain, heart, lung, liver, kidney, and spleen) were
freshly collected and embedded in optimal cutting temperature
(OCT) compound before being cut on a cryostat at 10 lm thickness.
Subsequently, these slides were stored at -80 �C overnight. On the
next day, the sections were transferred into a desiccator for 1 h,
and then subjected to IMS detection.

IMS analysis

IMS analysis was performed using an AFADESI ion source
（AFAI-MSI, Beijing Viktor, China ）coupled with a Q-Orbitrap
mass spectrometer (Q Exactive, Thermo Scientific, Bremen, Ger-
many). A mixture of acetonitrile and water (4:1, v/v) was used as
the spray solvent at a flow rate of 5 lL/min. The unidirectional
scanning speed in the X and Y directions was 200 lm/s. The data
were obtained over a m/z range of 100–600 at a mass resolution
of 70,000 in positive ion mode. The specific protocol was described
previously [30]. Image analysis was performed with Mass Imager
1.0 as described previously [31].

Western blotting

The cells and tissues were harvested with RIPA buffer contain-
ing PMSF protease inhibitors. An equal volume (50 lg) of protein
lysates was separated through SDS-PAGE and transferred onto
PVDF membranes. After blocking in 5% (w/v) skimmed milk for
1 h at room temperature, the membranes were incubated over-
night with primary antibodies. The source of each primary anti-
body is listed in Section 2.2.

Glucose consumption rate

BALF was sampled at the end of the experiment, followed by
centrifugation to collect the cell pellet. The cells were seeded in a
96-well plate containing 100 lL culture medium at a density of
2,000 cells/well. Then, 2-DG6P uptake was measured by following
the Glucose Uptake Assay Kit protocol (ab136955).



Fig. 1. PF is characterized by M2 dominant macrophages. (A) The characteristics of patients from which the lung specimens were obtained. (B) HEPF cells were seeded at
the density of 5000 cells/well, after being serum-starved for 24 h. The cells were incubated with BALF for 48 h, and qPCR was performed to analyze pro-fibrotic proteins such
as Collagen and a-SMA. (C) Flow cytometry analysis of M1 (CD86) and M2 (CD206) surface marker. (D) 2-DG uptake in macrophages cells (2000 cells/well) from BALF. (E)
Extracellular acidification rate (ECAR) was measured with a glycolysis stress test. The representative kinetics were used to assess glycolysis-dependent ECAR (mpH/min) in
pulmonary macrophages isolated from the PF patients by sequentially adding 10 mM glucose (Gluc), 1.25 lM oligomycin (Olig), and 50 mM 2-deoxyglucose (2-DG). (F) Bar
graphs showing the basal ECAR levels, glycolytic capacity (GC), and glycolytic reserve (GR). (G) For the human samples, RNA was purified, and the mRNA level of the indicated
glycolytic enzyme was measured by RT-PCR. Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GLUT-1, glucose transporter 1; GPI, phosphoglucose
isomerase; PDK1, pyruvate dehydrogenase kinase 1; PFK, phosphofructokinase; LDH, lactate dehydrogenase; HK1, Hexokinase 1; PGK, 3-phosphoglycerate kinase; ENO,
Enolase; PKM2, pyruvate kinase M2. (H) BALF was collected from BM-induced fibrotic mice and the glucose consumption rate was determined. (I) ECAR was measured with a
glycolysis stress test. The representative kinetics were used to assess glycolysis-dependent ECAR (mpH/min) in pulmonary macrophages isolated from BM-induced mice by
continuously adding Gluc and Olig. (J) Bar graphs showing the basal ECAR levels, GC and GR. (K) Glycolytic enzymes were examined by qPCR in BM-induced fibrotic mice.
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Preparation of BALF

After euthanasia, the trachea was exposed and cannulated with
20G catheter. The lungs of mice were lavaged by instilling 0.8 mL
1X PBS (4 �C), and this process was repeated for 3–5 times. The col-
216
lected BALF was centrifuged at 1500 rpm for 10 min at 4 �C, and the
pellet was then resuspended with RPMI-1640 medium. Total cell
count was performed using a hemocytometer or CASY1 TT Cell
Counter & Analyser System (Roche Innovatis) as described previ-
ously [32].



Fig. 1 (continued)
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Ethics statement

All experiments involving animals were conducted according to
the ethical policies and were approved by the Shandong Univer-
sity’s Animal Ethics Committee (license no. 21139).
Statistical analysis

Comparison between groups was conducted using the Graph-
Pad Prism 7 software. Differences between two groups were ana-
lyzed by Student’s t-test with Welch’s correction for unpaired
data. In all cases, P-values of < 0.05 were deemed statistically
significant.
Results and discussion

Pulmonary macrophages at the late-stage exhibit M2 phenotype
predominantly with decreased glycolysis metabolism in PF mice

PF is a chronic progressive disease that lacks effective treat-
ments. There is evidence indicating that lung macrophage polariza-
tion can affect the pathogenesis of PF. Particularly, M2
macrophages rather than M1 macrophages are involved in fibrotic
progression by producing IL-2, IL10, and TGF-b1, which induce the
differentiation of fibroblasts into myofibroblasts and exaggerate
PF. In this study, BALF was sampled from 6 patients with PF, with
the upregulated expression of collagen 1a1 and a-SMA (Fig. 1A-B),
while 7 healthy individuals were employed as a control group. The
proportions of positive cells were counted by flow cytometry using
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the CD86 (M1) and CD206 (M2) markers. As displayed in Fig. 1C,
the expression of CD206 was remarkably higher in PF patients than
in control subjects, while there was only a minor upregulation in
the expression of CD86 (Fig. 1C). Macrophages usually have unique
metabolic properties to better adapt to their multiple functional
phenotypes, which is called metabolic reprogramming. For exam-
ple, M1 macrophages can derive their energy predominantly
through glycolysis, while M2 macrophages rely on OXPHOS to fuel
their long-term functions. A dramatic switch in cellular metabo-
lism is usually accompanied by their phenotypic and functional
reprogramming. To investigate whether the compromised glycoly-
sis is characterized by the presence of pro-fibrotic M2-like macro-
phages in PF patients, a seahorse extracellular flux analyzer was
used to measure extracellular acidification rate (ECAR, a key
parameter of aerobic glycolysis). As shown in Fig. 1D-F, we found
that the pulmonary macrophages from PF patients had 30%
decreased levels of glucose consumption and glycolytic flux com-
pared with control subjects. To clarify the mechanisms underlying
the dysregulated glycolysis of pulmonary macrophages in PF
patients, the levels of cell surface glucose transporters and gly-
colytic enzymes were measured. It was found that the expression
levels of Glut-1, GPI, PFK, HK1, Aldolase, GAPDH, PGK, ENO, and
PKM2 were markedly downregulated (Fig. 1G). This metabolic
remodeling matched well with the M2 dominant phenotype
observed in PF patients. As for further verification, we extended
the analysis from human to mouse model. Notably, metabolic
reprogramming was observed in BM-induced fibrotic mice such
as decreased glucose consumption (Fig. 1H), dysregulated glycoly-
sis (Fig. 1I-J), and reduced glycolytic-related enzyme expression
(Fig. 1K). These results suggest that the alternatively activated



Fig. 2. DPI inhibits macrophage M2-like polarization. (A) The mRNA levels of Arg1, CD206, Fizz1, iNOS, IL-1b, IL-6, TNF-a, and Ym1 in non-activated BMDMs. (B-C) BMDMs
were skewed to acquire an M1 or M2-like phenotype (see Materials and Methods) and then exposed to 0, 10, and 50 nM of DPI for 24 h. The mRNA levels of the indicated
surface markers were measured by qPCR. (D-E) Flow cytometry analysis of M1 (CD86) and M2 (CD206) surface markers after DPI treatment.
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M2macrophages, along with decreased glycolysis, are the common
pathogenic processes of PF.

DPI inhibits M2-like macrophage polarization, with no effect on M1-
like polarization in vitro

Given the critical roles of dysregulated M2 macrophages in the
initiation and progression of PF, we hypothesize that the repro-
gramming of M2 to M1 macrophages may improve PF. Our previ-
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ous work has reported several chemical modulators for immune
cell reprogramming [33], and DPI has the strongest suppressive
effect on IL-4-triggered activation of M2-type BMDMs, as indicated
by using M2 markers such as Ym1, Fizz1, CD206 and Arg1 (Supple-
mentary Fig. 1). Moreover, 50 nM DPI could significantly inhibit
M2-like macrophages, but had a minor effect on resting state or
M1-like macrophages (Fig. 2A-2C). Consistently, the amount of
CD206 (M2-like macrophage surface marker)-positive cells was
remarkably reduced with DPI treatment (Fig. 2D), while CD86



Fig. 3. Tissue homing of DPI after intravenous (IV) injection. (A) Optical and mass images of the [M + H] + ions at m/z 278.9665, corresponding to the DPI in mice. (B-C)
Clodronate liposomes were given 72 h before DPI (1 mg/kg) injection, and the mice tissue sections were isolated for subsequent analysis. Blank liposomes were administered
into the vehicle control at an equal volume. (D) At 6 h following DPI treatment, the BALF was sampled for the evaluation of macrophage depletion. (E) Concentration-time
profile of DPI in lung tissues. The mice were intravenously injected with DPI (1 mg/kg) for the indicated time periods, and then analyzed by IMS.
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(M1-like macrophage surface marker)-positive cells were not
affected (Fig. 2E). These results suggest that DPI significantly inhi-
bits M2-like macrophage polarization in vitro and has a minor
effect on M1-like macrophages.
IMS analysis shows that DPI specifically targets pulmonary
macrophages

Unwanted organ distribution of compounds not only causes
safety concerns and inadequate efficacy but also determines the
219
fate of clinical trials. Thus, we first estimated the bio-distribution
of DPI before the in vivo test. IMS is a powerful technology used
for determining the spatial distribution and quantitation of drugs
and their metabolites in tissue sections without using target-
specific labels or reagents. A qualitative analysis of DPI was per-
formed on the liver, spleen, kidney, brain, heart, and lung tissues
of mice. As shown in Fig. 3A, images were obtained from the tissue
sections of DPI-treated mice using air-flow-assisted desorption
electrospray ionization-mass spectrometry imaging (AFADESI-
MSI), which was generated by extracting the ions corresponding



Fig. 4. Chemical proteomics study of DPI. (A) Schematic illustration of chemical tracking of DPI in vivo. (B-D) In vivo tracking of Cy3-DPI. The mice were given clodronate
liposomes for 72 h, and then injected with or without Cy3-DPI (1 mg/kg) for 6 h, analyzed the fluorescence signals by using an in-vivo imaging instrument (PerkinElmer) in
mice, tissue, or cell levels. (E) Quantitative analysis of the fluorescence signals in the above experimental groups. (F) Pre-target imaging of Cy3-DPI in living cells. The isolated
pulmonary macrophages were treated with 1 lM of Cy3-DPI or Cy3 for 24 h. Before imaging on a confocal microscope, all cells were incubated with DAPI (scale bar, 200 lm).
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to the drugs at m/z of 278.9665. DPI was mainly distributed in the
lung rather than in the liver, heart, brain, and so on. Inspired by
these findings, we further evaluated whether DPI can specifically
target macrophages in fibrotic lungs. Clodronate liposome, a com-
mon macrophage-depleting agent, was applied to remove macro-
phages. Blank liposome or clodronate liposome was administered
72 h before DPI injection. Then, the mouse tissue section or BALF
was prepared for subsequent analysis (Fig. 3B–C). Next, the intra-
tracheal administration of clodronate liposome reduced BALF
macrophages by 70% in DMSO- or DPI-treated mice (Fig. 3C–D),
revealing the effective clearance of pulmonary macrophages. In
220
the state of macrophage depletion, DPI was not detected in the
lung sections (Fig. 3B), indicating that DPI specifically targets
macrophages in lung tissues. Finally, the mice were treated with
DPI for different periods to determine its concentration-time pro-
files in lung tissues, which could provide us a better dosage guid-
ance for the in vivo therapy. As shown in Fig. 3E, the organ
concentrations of DPI increased rapidly after its injection, peaked
at 4 h, and then declined until almost disappeared on day 3. Lung
accumulation of DPI was significantly higher compared with the
clodronate liposome-treated group, suggesting the specific cell tar-
geting of DPI in vivo (Fig. 3E).
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Fig. 5 (continued)
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Chemical proteomics confirms that DPI homes to pulmonary
macrophages

Apart from IMS, chemical proteomics has become an essential
tool in cell biology to reveal the subcellular distribution and target-
ing proteins. Cy3-DPI (Supplementary scheme 1) was prepared for
in vivo localization (Fig. 4A). Interestingly, Cy3-DPI was detected in
normal mice, but not when macrophages were depleted by clo-
dronate liposome (Fig. 4B). Further analysis of the resected tissues
indicated that DPI was significantly accumulated in the lungs with
minor or no absorption in other tissues, while pre-injection of clo-
dronate liposomes into DPI-treated mice showed no fluorescence
signal retained in the lungs, suggesting that DPI could target pul-
monary macrophages in vivo (Fig. 4C). Moreover, isolation and
analysis of different lung cells revealed that fluorescence signals
existed in lung macrophages, but not in endothelial cells (Fig. 4-
D-4E). Previous studies have shown that DPI can be used as an
NADPH oxidase (NOX) inhibitor or GPR3 agonist [34]. To clarify
the possible targets, fluorescence microscopy was used to pre-
image the localization. The results showed that Cy3-DPI signals
were mostly accumulated in the cell membrane, implying that
GPR3, instead of NOX, is the possible target (Fig. 4F). Taken
together, these findings demonstrate that DPI targets GPR3 in pul-
monary macrophages without accumulating in other tissues.
DPI exhibits an anti-fibrotic effect on BM-induced PF mice.

Given its accumulation in pulmonary macrophages, we then
sought to evaluate whether DPI can suppress PF. BM-induced PF
mice were intravenously administrated with DPI or vehicle every
3 days (i.e., days 10, 13, 16 and 19), corresponding to the transi-
tional and late phases of inflammation/fibrosis (days 7–14) and
Fig. 5. DPI suppresses BM-induced PF in mice. (A) Schematic diagram of the
experimental design. A single dose of BM (5.0 mg/kg) was given via intratracheal
instillation on day 0. DPI-1(0.5 mg/kg) or DPI-2 (1 mg/kg) was administered every
three days starting on days 10, 13, 16, and 19, and then euthanized on day 28. (B)
Bodyweight changes in mice over time. (C) Hematoxylin-eosin and Masson’s
trichrome staining of the lung tissues (scale bar, 100 lm). (D) Quantification of the
inflammatory score (n = 5). (E) Quantification of total hydroxyproline content was
used as a measure to express the collagen content of each lung sample (n = 6). (F)
Ashcroft scoring of fibrosis (n = 5). (G) Representative micro-CT images of the lung
tissues of DPI treatment and normal mice after BM induction. Horizontal (upper
row), horizontal axis (middle row) and 3D micro-CT (right image) images can be
obtained four weeks after BM induction. (H-I) Quantification of normal lung vol-
ume was performed by using living image software, and the calculation process was
recorded as a video shown in 5I. (J) Changes in the mRNA expression of the pro-
fibrosis markers (TGF-b1, Fibronectin, collagen 1a1, and a-SMA) were evalu-
ated by qPCR. (K) BALF was sampled on day 28, followed by centrifugation to
separate the cell pellet. Western blot analysis was conducted to detect collagen 1a1,
Fibronectin, a-SMA, and TGF-b1 protein levels. GAPDH was used as a loading
control.
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lung collagen deposition (days 14–28), respectively (Fig. 5A). Fibro-
sis induction resulted in a significant bodyweight loss, and DPI-2
(1 mg/kg) improved weight recovery, as pirfenidone did. (Fig. 5B,
Supplementary Fig. 2). After euthanasia on day 28, BALF and lung
tissue were collected from each mouse. Masson’s trichrome and
hematoxylin-eosin staining were conducted to evaluate extracellu-
lar collagen deposition and tissue morphology, respectively. As dis-
played in the histology-staining panel, the abundant levels of air
sacs were found in healthy lungs, accompanied by a thin reticular
basement membrane. However, BM-induced PF lungs had a signif-
icantly lower number of alveoli with a prominent extracellular
matrix deposition located nearby the air sacs. Interestingly, DPI-
treated PF mice had a healthy lung architecture similar to that of
control mice (Fig. 5C), which was also reflected by the decreased
inflammatory score (Fig. 5D), collagen deposition (Fig. 5E), and
Ashcroft score (Fig. 5F). In addition to the histochemical analyses,
micro-CT images of the lungs were used to predict the occurrence
of pneumonia. Micro-CT is comparable to human clinical CT [35],
which has been widely employed for lung studies in mouse mod-
els. Fig. 5G shows the representative micro-CT images of progres-
sive changes in the lung functions of control and DPI-treated
mice. In BM-induced fibrotic lung, there was consolidation in the
alveoli, which prevented air from entering the lungs, and the entire
left lung appeared as a gray area. On the contrary, DPI-treated PF
mice showed fewer consolidation areas (Fig. 5G). The 3D images
provide a more intuitive indication of the lung damage than 2D
images and support the similar findings. As demonstrated in
Fig. 5I, normal lung volume was lower in BM-induced PF mice than
in control mice. However, compared with that in the BM induction
group, the volume of the lungs was significantly restored in the DPI
treatment group (Fig. 5H). Taken together, these data suggest that
DPI-targeting fibrotic lung macrophages can inhibit all major PF
hallmarks. Besides the improved morphology after DPI treatment,
we also harvested lung tissues for the quantification of pro-
fibrotic markers. As shown in Fig. 5J-K, DPI treatment markedly
reduced the expression of TGF-b1, collagen 1a1, a-SMA, and Fibro-
nectin in PF mice, as analyzed by qPCR or Western blot analyses.
The protein levels of the fibrotic markers in DPI-treated mice were
relatively similar to those in control mice, which agree well with
the hypothesis that M2 macrophages are involved in the produc-
tion of fibroblast-activated cytokines [10].
DPI suppresses BM-induced M2 polarization of macrophages in lung
tissues, consistent with the reduced expression levels of fibrotic
markers

To assess whether DPI can mediate the reprogramming of PF
macrophages, BALF and lung tissues were collected from the mice
in four experimental groups (Saline, BM, DPI-1, DPI-2), and the
polarization and metabolic states of pulmonary macrophages were



Fig. 6. DPI inhibits the expression of M2-like macrophages in vivo. (A) Immunohistochemical analysis of the surface markers CD86 (M1 macrophages typical surface
marker) and CD206 (M2 macrophages typical surface marker) in the lung tissues from different experimental groups on day 28. (Scale bar: 100 lm) （B）Quantification of
CD206 + and CD86 + IHC stained tissues of the mice (n = 5). (C) Changes in the mRNA levels of the macrophage markers in lung tissues after exposure to DPI or saline
treatment. (D-E) ECAR was measured with a glycolysis stress test. The representative kinetics were used to assess glycolysis-dependent ECAR (mpH/min) pulmonary
macrophages isolated from the various experimental mice by sequentially adding Gluc, Olig and 2-DG. (E) Bar graphs showing the basal ECAR levels, GC and GR. (F-G) The
representative kinetics were used to assess glycolysis-dependent ECAR (mpH/min) in endothelial cells isolated from the above mice. (G) Bar graphs showing the basal ECAR
levels, GC and GR.
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Fig. 6 (continued)
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analyzed in parallel. First, the M2 marker (CD206) and M1 marker
(CD86) were detected in the fibrotic lungs by immunofluorescence
staining. As shown in Fig. 6A, CD206-positive macrophages were
strongly reduced, while CD86 positive macrophages were slightly
increased in DPI-2-treated lung tissues compared with the non-
treated group, indicating the in vivo reprogramming of PF macro-
phages after DPI treatment (Fig. 6A-B). To confirm the immunos-
taining results, RT-PCR analysis was conducted on two additional
macrophage markers (CD163 and iNOS), which demonstrated sim-
ilar results (Fig. 6C). At the same time, we analyzed the same batch
of pulmonary macrophages for their metabolic status. Consistently,
DPI upregulated glycolysis to a similar level as the control groups,
which was required by M1 macrophages (Fig. 6D–E). However, the
effect disappeared in endothelial cells (Fig. 6F–G), confirming that
DPI improves fibrotic lungs by specifically targeting pulmonary
macrophages.
Conclusions

PF is manifested by the accumulation of excessive ECM in the
lung parenchyma and has been associated with poor survival.
The development of PF is related to the activation of a-SMA in
fibroblasts, also known as myofibroblasts. Recently, pulmonary
macrophages have been recognized as a key indicator for abnormal
wound healing processes, due to their ability to secrete large
amounts of collagen and proline as well as degrade MMPs and
plasmin. Cockwell et al. indicated that infiltrating macrophages
are correlated with the severity of fibrotic damage [7]. Macrophage
depletion by clodronate can improve tissue injury and suppress the
pro-fibrotic process [36–37]. Notably, M2-activated macrophages
are directly involved in architectural remodeling and homeostasis
by secreting pro-fibrotic factors (e.g., Galactin-3 and TGF-b1) [38].
The metabolic states of macrophages are closely related to their
phenotypes and functions. For instance, pro-inflammatory macro-
phages (M1) are characterized by high glycolysis and compromised
OXPHOS. Thus, we hypothesize that screening compounds that
revive mitochondrial energy metabolism as indicated by OCR/
ECAR, can reprogram the macrophage polarization from M2 to
M1 and greatly improve lung fibrosis. In this study, we estimated
the distribution ratio of M1/M2 macrophages in control subjects
and PF patients. Consistent with the previously reported works,
PF patients showed an increase in the levels of M2 macrophages
compared with control subjects, which were relatively similar to
those in BM-induced fibrosis model (Fig. 1). Our previous works
have identified a series of immune modulators, including DPI, that
are responsible for macrophage reprogramming. In the present
study, we found that DPI might convert PF macrophages into
anti-fibrotic phenotype using an in vitro system (Fig. 2). Since con-
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ventional drug delivery usually results in low efficiency and safety
concerns because of unwanted organ distribution, we used IMS
conjugated with chemical proteomics to map DPI directly in lung
tissues and specific cell populations. As displayed in Figs. 3-4,
DPI could target pulmonary macrophages, which implied its effec-
tive application in lung fibrosis-related disease. Furthermore, we
evaluated the in vivo effect of DPI on fibrosis progression. Both
micro-CT and tissue histology analyses indicated that DPI could
improve lung fibrosis (Fig. 5). Finally, a mechanistic study indi-
cated that DPI altered mitochondria metabolism and then sup-
pressed M2 macrophages, which has important therapeutic
significance to prevent ECM development during lung fibrosis pro-
gression (Fig. 6). This work not only discovered a lead compound
for efficient PF therapy, but also correlated macrophage metabo-
lism with fibrosis formation, which might deepen the understand-
ing of fibrosis progression in the context of pulmonary macrophage
metabolism regulated by this novel drug. Considering pulmonary
delivery offers the potential to address unmet medical needs in
lung-related disease, amounts of evidence indicates that increased
proportions of the cationic lipids in nanoparticles can achieve lung-
targeted delivery [39–40]. Thus, we will expect that DPI may serve
as a useful head group conjugated to lipid, which would assist
mRNA formulations for lung disease therapy.
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