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Introduction
Idiopathic pulmonary fibrosis (IPF) is a chronic progressive respiratory disease that is characterized by 
clinical features such as shortness of  breath, hypoxemia, radiographically evident pulmonary infiltrates, 
and continuing accumulation of  fixed fibrosis (1–3). Arguably, the complex interplay between immune cell 
subsets, coupled with an incomplete understanding in disease pathophysiology, have contributed to the 
paucity of  successful therapies (4–6). In turn, IPF remains a fatal disease with, at present, a 5-year survival 
rate of  less than 10% from the time of  diagnosis (7–9). Thus, with no effective therapy for either the preven-
tion or treatment of  IPF, the need for new therapies is paramount.

To this end, novel approaches are required to address this multifactorial progressive disease. Interest-
ingly, in experimental models of  pulmonary fibrosis, mesenchymal stromal/stem cell (MSC) therapy has 
shown promise, reducing lung collagen deposition, improving Ashcroft score, and decreasing inflamma-
tory markers in bronchoalveolar lavage (10–14). Despite such physiological improvements in the recipient 
lung following MSC transplantation, there is a burgeoning awareness that the mechanism of  therapeutic 
action is predominantly paracrine. Indeed, one of  the major therapeutic modalities identified in the MSC 
secretome are extracellular vesicles (EVs), including exosomes, the EV subset that is generated through the 
endocytic/endosomal pathway (15–18). Recently, we and others have shown that i.v. delivery of  purified 

Mesenchymal stromal/stem cell (MSC) therapy has shown promise in experimental models of 
idiopathic pulmonary fibrosis (IPF). The aim of this study was to test the therapeutic effects of 
extracellular vesicles produced by human BM MSCs (MEx) in a bleomycin-induced pulmonary 
fibrosis model and investigate mechanisms of action. Adult C57BL/6 mice were challenged with 
endotracheal instillation of bleomycin and treated with MEx concurrently, or for reversal models, 
at day 7 or 21. Experimental groups were assessed at day 7, 14, or 28. Bleomycin-challenged 
mice presented with severe septal thickening and prominent fibrosis, and this was effectively 
prevented or reversed by MEx treatment. MEx modulated lung macrophage phenotypes, 
shifting the proportions of lung proinflammatory/classical and nonclassical monocytes and 
alveolar macrophages toward the monocyte/macrophage profiles of control mice. A parallel 
immunomodulatory effect was demonstrated in the BM. Notably, transplantation of MEx-
preconditioned BM-derived monocytes alleviated core features of pulmonary fibrosis and lung 
inflammation. Proteomic analysis revealed that MEx therapy promotes an immunoregulatory, 
antiinflammatory monocyte phenotype. We conclude that MEx prevent and revert core features 
of bleomycin-induced pulmonary fibrosis and that the beneficial actions of MEx may be mediated 
via systemic modulation of monocyte phenotypes. 
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human MSC-derived exosomes (MEx) has provided substantial functional and immunomodulatory ben-
efits in several experimental models of  lung disease (15, 19, 20) characterized by low levels of  fibrosis. In 
this study, we utilize the murine bleomycin–induced lung injury model to investigate the therapeutic and 
immunomodulatory capacity of  MEx on IPF pathology, a disease with prominent features of  fibrosis.

Results
Purification, isolation, and characterization of  exosomes. Exosomes were isolated from fraction 9 (F9) of  con-
centrated cell culture supernatants after flotation on an iodixanol cushion (Figure 1A). Transmission elec-
tron microscopy (TEM) and nanoparticle tracking analysis (NTA) revealed that both human BM MSCs 
and human dermal fibroblasts (HDFs) gave rise to a heterogeneous exosome population that occupied a 
diameter of  ~35–150 nm and exhibited the typical morphological features of  exosomes (Figure 1, B and 
C). Purified MEx and fibroblast-derived exosome (FEx) fraction (F9) had comparable particle counts (8.6 ± 
1 × 10 10 and 9.5 ± 1 × 10 10, respectively) (Figure 1A, data for FEx not shown). Immunoblots demonstrat-
ed that all exosome preparations were positive for established exosome markers (CD63, ALIX, Flotillin-1 
[FLOT1], and CD9) and lacked the cellular marker GM130 (Figure 1D and Supplemental Figure 3; sup-
plemental material available online with this article; https://doi.org/10.1172/jci.insight.128060DS1).

A bolus dose of  MEx prevents and reverts bleomycin-induced pulmonary fibrosis. We used the murine bleo-
mycin–induced experimental model of  pulmonary fibrosis to assess the therapeutic capacity of  MEx (21). 
First, to evaluate the preventive effect of  MEx, 14-week-old mice received a single dose (endotracheal 
administration) of  bleomycin (3 U/kg) or saline (vehicle control) on day 0. Mice that received bleomy-
cin were compared with an untreated control group. Concurrent with bleomycin administration (day 0), 
treatment groups received a single i.v. dose of  MEx, FEx, or exosome-free iodixanol vehicle. Mice were 
sacrificed at day 14, and lung sections were assessed for quantification of  fibrosis (Masson’s trichrome) and 
collagen content (schematic shown in Figure 2A). Bleomycin-exposed mice demonstrated a histological 
pattern akin to human IPF, characterized by severe septal thickening and prominent fibrosis (Figure 2B). 
Accordingly, compared with the control group, animals that received bleomycin presented with a greater 
Ashcroft score (1.76 ± 0.6 vs. 7.2 ± 0.3, P < 0.001, Figure 2C), coupled with an elevated degree of  collagen 
deposition (2.18 ± 0.09 vs. 3.02 ± 0.23 mg/mL, P < 0.05, Figure 2D). A single i.v. dose of  MEx dramatical-
ly blunted the bleomycin-induced pulmonary fibrosis, improved the Ashcroft score (2.7 ± 0.6, P < 0.0001), 
and restored collagen content to levels similar to their untreated-counterparts (2.18 ± 0.15 mg/mL, P < 
0.05). FEx and exosome-free iodixanol served as biologic and treated-vehicle controls, respectively, and 
had no effect on pulmonary fibrosis, Ashcroft score, or collagen deposition (P > 0.05, Figure 2, B–D).

Given the critical role of  apoptosis in the pathogenesis of  fibrotic lung diseases (22, 23), we also inves-
tigated the antiapoptotic effect of  MEx in the lung parenchyma. Here, both flow cytometric analysis of  
annexin V and TUNEL staining in whole lung sections revealed that bleomycin control mice presented 
with elevated levels of  whole lung apoptosis compared with untreated control animals and that MEx treat-
ment efficiently reduced the degree of  apoptosis (Figure 2, E–G).

In addition to the preventive capacity of  MEx, we also assessed the ability of  MEx to revert bleomy-
cin-induced pulmonary fibrosis after the injury occurred. Here, following endotracheal bleomycin instil-
lation at day 0, we administered a bolus dose of  MEx at day 7 and assessed experimental groups at day 
14 (schematic shown in Figure 3A). Notably, a single MEx dose substantially reverted bleomycin-induced 
pulmonary fibrosis, improved the Ashcroft score (P < 0.0001), and restored collagen content to levels akin 
to their untreated counterparts (P < 0.05, Figure 3, B–D).

We also sought to test the capacity of MEx to revert core features of bleomycin-induced pulmonary fibrosis 
at a late rescue time point. Here, mice that received bleomycin (day 0) were given a bolus MEx dose at day 21 
and assessed at day 28 (schematic shown in Figure 3E). Compared with bleomycin control animals, late-rescue 
MEx treatment significantly reduced the bleomycin-induced elevation in collagen content (P < 0.0001, Figure 
3, F and G), although no difference was noted in the Ashcroft score (P > 0.05, Figure 3, F and H).

MEx treatment modulates alveolar macrophage and monocyte populations in the lung. Alveolar macrophages 
(alveolar MΦ) and infiltrating monocytes play a pivotal role in pulmonary inflammation and in the devel-
opment and progression of  fibrosis (24–26). To investigate changes in immune cell populations following 
bleomycin-induced lung injury, we performed whole lung cytometric analysis at days 7 and 14 in animals 
that received MEx at day 0. On day 7, compared with control mice, we noted a decrease in the proportion 
of  alveolar MΦ and nonclassical monocytes (defined as CD45+CD11b–CD11c+CD64+ cells and CD45+ 

https://doi.org/10.1172/jci.insight.128060
https://insight.jci.org/articles/view/128060#sd
https://doi.org/10.1172/jci.insight.128060DS1


3insight.jci.org   https://doi.org/10.1172/jci.insight.128060

R E S E A R C H  A R T I C L E

CD11b+MHCII–CD64lo/intCCR-2–Ly6clo cells, respectively), coupled with a concomitant increase in the 
number of  proinflammatory classical monocytes (defined as CD45+CD11b+MHCII–CD64lo/intCCR-2+Ly-
6chi cells) in bleomycin-exposed animals. MEx therapy effectively rescued all cell populations, increasing 
the levels of  alveolar MΦ (P < 0.01) and nonclassical monocytes (P < 0.05), while decreasing the number 
of  classical monocytes comparable with controls (P < 0.001, Figure 4A).

Paradoxically, at day 14 (Figure 4B), we found that the proportion of  alveolar MΦ was increased (P < 
0.05), while the number of  classical monocytes were reduced in bleomycin-treated animals, compared with 
controls. Again, MEx therapy shifted the alveolar MΦ and monocyte profiles toward that of  their untreated 
counterparts. Importantly, cytometric analysis showed that the overall percentage of  CD45+ monocytes did 
not change across the 3 experimental groups at either time point (day 7 and day 14). Representative gating 
strategy is shown in Figure 4C.

Administration of  MEx modulates whole lung inflammation. To investigate the effect of  MEx on pul-
monary inflammation, whole lung mRNA levels were assessed at days 7 and 14. We noted that gene 
expression levels of  proinflammatory cytokines that were typically associated with activation of  MΦ, 
such as Ccl2 and arginase 1 (Arg1), were dramatically elevated in mice that received bleomycin com-
pared with control animals at both 7 and 14 days), and that this bleomycin-induced elevation was 
reduced by MEx administration (P < 0.05, Figure 5, A and B). Il6 showed a similar trend, but the differ-
ence did not reach statistical significance between groups (P > 0.05). Tgfb expression was similar at day 
7 and day 14 between all experimental groups (P > 0.05; Figure 5, A and B). In accordance, immuno-
fluorescence analysis of  lung tissue sections showed a marked increase in the expression of  CD206 and 

Figure 1. Exosome isolation, purification, and characterization. (A) Concentrated conditioned media (CM) was floated on an iodixanol (IDX) cushion 
gradient, and the purify exosome fraction was isolated from fraction 9 (F9; mesenchymal stromal/stem cell–extracellular vesicles/exosomes [MEx] density 
~ 1.16–1.18 g/mL). Nanoparticle tracking analysis (NTA) and protein concentration was used to assess exosome concentration and particle/protein ratio in 
the IDX cushion (12 × 1 mL fractions), respectively. (B) Transmission electron microscopy images demonstrating heterogeneous vesicle morphology (scale 
bar: 500 nm) . (C) Size distribution and particle concentration was measured by NTA. (D) The IDX cushion gradient fractions were analyzed by Western blot 
(fractions 1–6 and 7–12, side by side), using antibodies to proteins representing exosome markers. Equivalent volume of each fraction was loaded per lane. 
Representative images are shown. Flotillin 1 (FLOT1), ALIX, and tetraspanins (CD63, CD9) were enriched in F9. GM130 (cytoplasmic marker) was absent in F9.
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Figure 2. A bolus dose of MEx prevents bleomycin-induced pulmonary fibrosis. (A) Fourteen-week-old mice (C57BL/6 strain) received endotra-
cheal bleomycin (3 U/kg) or 0.9% normal saline on day 0 (control). Concurrently, treated groups received a bolus i.v. dose of MEx (Bleo+MEx), FEx 
(Bleo+FEx), or iodixanol (Bleo+IDX). Mice were sacrificed on day 14. The cross symbol represents animal harvest. (B) Lung sections were stained 
with Masson’s trichrome. Images were taken at ×100 magnification. Bleomycin, Bleo+FEx, and Bleo+IDX showed architectural destruction, alveolar 
septal thickening, and fibrotic changes. Administration of MEx to bleomycin-challenged mice substantially reduced fibrosis and alveolar distortion. 
Scale bar: 100 μm. (C) Lung fibrosis was measured at day 14 by Ashcroft score. (D) Collagen deposition was assessed by Sircol assay and represent-
ed as mg/mL of left lung homogenate. (E) Data are representative of 3 independent experiments, mean ± SD. n = 3–4 per experimental group; each 
symbol represents 1 mouse. *P < 0.05; ****P < 0.0001, 1-way ANOVA followed by Fisher’s LSD post hoc analysis. (F and G) MEx therapy decreases 
apoptosis. Annexin V/PI staining in whole lungs shows an increase in apoptosis (annexin V+PI–) in bleomycin-exposed mice compared with control 
and bleomycin+MEx mice. TUNEL staining in whole lung sections shows increase in apoptosis (green) in the bleomycin-exposed group of mice 
compared with control and bleomycin+MEx. Nuclei were stained with DAPI. Images obtained at ×20 magnification. MFI quantified using ImageJ 
software and normalized for DAPI. Data are representative of 2 independent experiments, mean ± SD. n = 6–8 per group; each symbol represents 
1 mouse. *P < 0.05; **P < 0.01 vs. bleomycin-exposed mice. One-way ANOVA followed by Fisher’s LSD post hoc analysis. MEx, mesenchymal stro-
mal/stem cell–extracellular vesicles/exosomes; FEx, Human dermal fibroblast exosomes; IDX, iodixanol; Bleo, bleomycin; PI, propidium iodide.
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ARG1 proteins in bleomycin-exposed mice, and it was effectively reduced by MEx therapy to levels akin 
to the control group (P < 0.01; Figure 5, C and D). As expected, bronchoalveolar lavage (BAL) protein 
content was increased in bleomycin-exposed mice as opposed to control. MEx therapy decreased the 
BAL total protein content (P < 0.05, Figure 5E).

MEx therapy modulates monocyte population in the BM. Recruited monocytes from the BM to the lung 
have been associated with the pathophysiology of  pulmonary fibrosis (24–27) and considering our finding 
that MEx therapy was associated with modulation of  monocyte populations in the lung, we next investi-
gated if  i.v.-delivered MEx exert immunomodulatory actions directly on BM progenitors. Here, mice were 
sacrificed at day 7 and myeloid cells in the BM were assessed by flow cytometry.

Interestingly, bleomycin-exposed mice presented with dramatically reduced levels of  nonclassical 
monocytes present in the BM compared with control animals (14.18 % ± 2.7 vs 32.3 % ± 5.5, P < 0.05, 
respectively). A single dose of  MEx therapy administered concomitantly with bleomycin, shifted the BM 
nonclassical monocyte profile (27.57 % ± 5.7, P < 0.05) toward that of  their untreated counterparts. More-
over, the classical monocyte population in the bleomycin-exposed group was greater (67.8 % ± 1.7) than the 
control group (50.1 % ± 3.2, P < 0.001), and effectively suppressed by MEx therapy (57.5 % ± 3.9, P < 0.05, 
Figure 6A). Notably, cytometric analysis showed that the proportion of  total monocytes did not change 
across the 3 experimental groups (Figure 6).

MEx therapy reprograms monocytes to a nonclassical phenotype. Since MEx therapy was associated with 
a “prohomeostatic” shift in lung MΦ/monocyte phenotype and a concomitant rescued BM nonclassical 

Figure 3. MEx therapy reverts bleomycin-induced pulmonary fibrosis. (A and E) MEx were administered 7 days or 21 days after the administration of 
bleomycin, and mice were sacrificed on day 14 or 28. Cross symbol represents animal harvest. (B and F) Lung sections were stained with Masson’s tri-
chrome. Images were taken at ×100 magnification. Scale bar: 100 μm. Representative lung sections from control, Bleomycin, and Bleo+MEx mice. (C, D, G, 
and H) Lung sections were assessed for collagen deposition (C and G) and histology (D and H). Data represent mean ± SD. Data in A–D are representative 
of 3 independent experiments, n = 3–4 per experimental group. Data in E–G are representative of 2 independent experiments, n = 5–6 per experimental 
group; each symbol represents 1 mouse. *P < 0.05; **P < 0.01; ****P < 0.0001. One-way ANOVA followed by Fisher’s LSD post hoc analysis.
 

https://doi.org/10.1172/jci.insight.128060


6insight.jci.org   https://doi.org/10.1172/jci.insight.128060

R E S E A R C H  A R T I C L E

monocyte population, we sought to determine whether MEx therapy affords such robust physiological 
changes in the lung by directly modulating the BM-myeloid/monocyte (My/Mo) cell lineage phenotype. 
To investigate the modulatory effect of  MEx on My/Mo populations, we preconditioned these cells 
with MEx ex vivo. Here, primary myeloid cells were isolated from the BM of  WT (healthy) FVB mice 
aged 6–8 weeks. At day 0 of  in vitro culture, the population of  myeloid cells was heterogeneous with 
monocyte lineage accounting for approximately 24% of  the cells in culture (BM-derived myeloid cells 
[BMDMy], data not shown). Cells were subsequently cultured for 3 days in the presence of  MΦ colony 
stimulating factor (M-CSF) to drive the monocyte/MΦ lineage (28). Myeloid cells were treated with 
MEx or cell culture (MEx-free) medium alone (schematic shown in Figure 7A) and confirmed to be 
CD45+ and CD11b+ by flow cytometry (>90%, Figure 7B). There was no difference in the number of  via-
ble cells and the degree of  apoptosis between MEx treated or media (control) treated myeloid cells (data 
not shown). To understand the impact of  MEx on My/Mo cells, we next profiled this cell lineage by per-
forming proteome analysis after MEx treatment using Liquid Chromatography Tandem Mass Spectrom-
etry (LC-MS/MS). To this end, we treated the My/Mo cells on day 1 and 2 with MEx (Figure 7A) or 
FEx (control) and harvested cells at day 3 for protein extraction. Analysis of  the proteomic data revealed 
a signature composed of  84 features whose abundance varied significantly between MEx-treated My/
Mo cells and FEx-treated controls (FDR < 0.25, Figure 7C). Interestingly, MEx treatment was associat-
ed with lower abundance of  multiple proinflammatory proteins such as those belonging to the MAPK 
and the serpin family. On the other hand, MEx increased the abundance of  proregulatory proteins such 
as Mrc1 and CerS2. We next set out to test if  this proteomic signature was indicative of  either a classical 
or a nonclassical phenotype in MEx-treated monocytes using publicly available transcriptome data of  
Ly6cpos and Ly6cneg BM-derived monocytes (BMDMo) (29). Indeed, gene set testing revealed that genes 
encoding for the proteins overrepresented in the MEx-treated group were overexpressed in nonclassical 

Figure 4. MEx therapy modulates alveolar macrophage and monocyte populations in the lung. (A and B) Flow 
cytometry was used to assess whole lung monocyte and alveolar macrophage (alveolar MΦ) at day 7 (A) and day 14 
(B). (C) Classical monocytes (Mo) were defined as CD45+CD11b+MHCII–CD64–CCR-2+Ly6Chi. Nonclassical monocytes were 
defined as CD45+CD11b+MHCII–CD64–CCR-2–Ly6Clo. Representative gating strategy of alveolar MΦ (CD45+ CD11b– CD11c+ 
CD64+ cells), classical Mo, and nonclassical Mo. The gating strategy was performed according to fluorescence minus 
one controls (Supplemental Figure 1). Data are representative of 3 independent experiments, mean ± SD, n = 4–5 per 
experimental group; each symbol represents 1 mouse. *P < 0.05; **P < 0.01; ***P < 0.001. One-way ANOVA followed by 
Fisher’s LSD post hoc analysis.
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Ly6cneg monocytes (P < 0.001), whereas genes encoding for the proteins under-represented in MEx-treat-
ed My/Mo cells were overexpressed in classical Ly6cpos monocytes (P < 0.001) (Figure 7D and Supple-
mental Figure 2). These results provide compelling evidence that the protective effects induced by MEx 
treatment are, at least in part, mediated by reprogramming of  BMDMo to a nonclassical phenotype.

Transplantation of  BMDMo preconditioned with MEx prevents bleomycin-induced pulmonary fibrosis. Since 
our proteomic data indicated a primary effect of  MEx on monocyte phenotypes within the BMDMy 
populations, we sought to address whether the promodulatory effect of  MEx on BMDMo is responsible 
for the prevention of  fibrosis. We performed adoptive transfer experiments of  BMDMo that were precon-
ditioned with MEx (as shown in the schematic of  Figure 8A) ex vivo and delivered into the bleomycin-in-
duced pulmonary fibrosis model. Mice that received 2 doses of  BMDMo on days 0 and 3 after bleomycin 
injection were sacrificed at day 14 and lungs were assessed for histology and collagen content (Figure 
8). Compared with bleomycin control mice, the group that received BMDMo preconditioned with MEx 
(BMDMo+MEx) presented with a drastically improved Ashcroft score (7.2 ± 0.3 vs. 3.5 ± 1, P < 0.0001, 
respectively) coupled with lower total collagen levels (3.02 ± 0.23 vs. 0.68 ± 0.41 mg/mL, P < 0.001, 
respectively). Interestingly, mice that received BMDMo control (not preconditioned with MEx, [BMD-
Mo+Media]), presented with evidence of  partially reduced fibrosis, as assessed by the Ashcroft score (P 
< 0.05), however collagen deposition was similar between the 2 experimental groups (Figure 8, D and E).

To explore if  the antifibrotic effect of  MEx is due to resident alveolar MΦ, we also administered 
alveolar MΦ preconditioned with MEx (alveolar MΦ+MEx) endotracheally following bleomycin instil-
lation. Again, alveolar MΦ were sourced from bronchoalveolar lavage fluid (BALF) obtained from WT 
(healthy) FVB mice aged 6–8 weeks. Importantly, we did not detect any amelioration of  fibrosis in mice 
who received preconditioned alveolar MΦ compared with the bleomycin group (Figure 8, C, D, and E). 
To further assess the inflammatory changes in the lung after the administration of  MEx-preconditioned 
BMDMo, we quantified the Cd68- and Retnla-expressing MΦ in the pulmonary parenchyma using immu-
nofluorescent staining. Mice that received monocytes and were preconditioned with MEx showed reduced 
pulmonary MΦ numbers compared with BMDMo plus Media–treated littermates (P < 0.05, Figure 9).

Discussion
Here, we demonstrate that a single i.v. dose of  purified exosomes derived from human BM MSCs effec-
tively prevented and reverted core features of  bleomycin-induced pulmonary fibrosis, improving pulmo-
nary morphology, blunting collagen deposition, and restoring lung architecture. Furthermore, we show 
that MEx treatment is associated with an analogous modulation of  lung and BM monocyte populations. 
We demonstrated a shift in the proportion of  infiltrating classical monocytes, nonclassical monocytes, and 
alveolar MΦ to favor the monocyte/MΦ profiles of  untreated control mice. We further extended our obser-
vations to show that the systemic modulatory role and prohomeostatic nonclassical effect of  MEx is pri-
marily executed by the modulation of  myeloid cell phenotype. Proteomic analysis of  MEx-preconditioned 
monocyte revealed a signature indicative of  proregulatory (Ly6clo, nonclassical) monocytes. Strikingly, we 
found that transplantation of  BMDMo that were preconditioned by MEx prevented collagen deposition, 
restored lung architecture in bleomycin-exposed animals, and decreased inflammation.

Previous reports established that MSC/stem cell–based therapies have been effective in preventing 
experimental models of  pulmonary fibrosis (11, 13). Although the findings from this report should be judged 
in the context of  the bleomycin experimental model used, our findings here are in accordance with our pre-
vious reports, which demonstrate that the MSC secretome harnesses the prominent therapeutic modalities 
and that the major therapeutic vector within the conditioned media is represented by the exosomes (15, 
18). The potent immunomodulatory role of  MEx and MSC conditioned media has been well recognized in 
preclinical models of  bronchopulmonary dysplasia, pulmonary hypertension, cardiotoxin-induced skeletal 

Figure 5. Administration of MEx modulates whole lung inflammation. (A and B) Whole lung qPCR demonstrated an increase in the mRNA expression 
levels of Ccl2 and Arginase1 (Arg1) at days 7 and 14 in bleomycin-challenged animals compared with untreated control mice. This was ameliorated by MEx 
treatment. (C and D) Il6 expression showed a similar trend, but statistical significance was not achieved. Levels of Tgfb remained unchanged between the 
groups. Results are expressed relative to control expression (fold change). Immunofluorescence analysis of lung sections using antibodies against ARG1 
(green) and CD206 (red) . Nuclei staining performed with DAPI (blue). Images obtained at ×10 magnification. Mean fluorescence intensity (MFI) normal-
ized for cell number (DAPI stain). Analysis performed by ImageJ software. Mean ± SD, n = 5–8 per group; each symbol represents 1 mouse. *P < 0.05; ** P 
< 0.01. One-way ANOVA followed by Fisher’s LSD post hoc analysis. (E) BAL protein content was decreased after MEx treatment. Mean ± SD, n = 3–4 per 
group; each symbol represents 1 mouse. *P < 0.05; **P < 0.01. One-way ANOVA followed by Fisher’s LSD post hoc analysis. BAL, bronchoalveolar lavage.  
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muscle injury, and acute lung injury (19, 30, 31). In agreement, our present study not only suggests that 
MEx therapy modulates whole lung inflammation but demonstrates a potentially novel immunomodulatory 
effect of  MEx on lung and BM monocyte populations. Specifically, we report that MEx therapy initiates 
an increase in nonclassical monocytes and a concurrent reduction in proinflammatory monocytes in the 
BM. This is associated with similar immunomodulatory effects in the lung and with drastic improvements 
in lung architecture and the subsequent prevention of  bleomycin-induced pulmonary fibrosis. Interestingly, 
MEx-preconditioned monocytes exhibit a proteomic signature compatible with nonclassical monocytes.

In experimental models of  fibrosis, it is well recognized that recruitment of  inflammatory (Ly6Chi) 
monocytes and chronic activation of  proremodeling MΦ play an important role in the development and 
progression of  fibrosis (24–26, 30, 32–36). For example, using a diphtheria toxin receptor–induced acute 
kidney injury model, Lin and colleagues have shown that BM Ly6Chi monocytes are selectively recruited to 
injured kidney and play a pivotal role in regulating fibrosis (36). Previous reports have also demonstrated 
that patients with IPF present with differential expression of  monocyte/MΦ-specific markers (37) and that 
altered monocytic profiles may contribute to the pathogenesis of  interstitial lung diseases (ILD) (38). More 
recent studies investigating the transcriptome profile of  monocyte/MΦ populations in a bleomycin model 
of  pulmonary fibrosis, suggest that selectively targeting monocyte-derived alveolar MΦ differentiation may 
ameliorate pulmonary fibrosis (39).

The striking prevention of  bleomycin-induced pulmonary fibrosis from transplantation of  
MEx-preconditioned BMDMo implies that the systemic modulation of  BMDMo phenotype is likely 
associated with the antifibrotic actions of  MEx in the lung. Notably, no beneficial effects were found 
with transplantation of  MEx-preconditioned alveolar MΦ. In contrast, using a LPS-induced acute 
lung injury model, Morrison and colleagues recently demonstrated that endotracheal administration 
of  alveolar MΦ preconditioned with MSC EVs decreased whole lung inflammation and BALF protein 
(30). It is fair to speculate that this may be due to the differences in experimental models and subse-
quent underlying pathophysiology due to distinct MΦ phenotypes and mechanism of  injury. van de 
Laar et al. demonstrated that both mature alveolar MΦ and BMDMo have the capacity to colonize an 
empty alveolar MΦ niche and develop into functional tissue-resident MΦ (40). Indeed, it is possible 
that the absence of  an empty alveolar MΦ–specific niche at the beginning of  inflammation (day 0–3) in 
our model did not allow sufficient colonization by the transplanted alveolar MΦ. Furthermore, given 
our findings that “normal” BM contains a fraction (~32%) of  nonclassical monocytes, it is expected 
that the adoptive transfer of  monocytes that have not been exposed to MEx may confer some benefit. 
However, this beneficial effect is much reduced when compared with MEx-preconditioned BMDMo. 
In agreement, we show that MEx therapy not only ameliorates total lung dysregulation of  MΦ pheno-
type, but it is also associated with an analogous immunomodulatory effect on both the lung and BM 
myeloid cell populations.

Figure 6. MEx modulate monocyte phenotype in the BM. (A) To investigate the systemic effects of MEx, we ana-
lyzed the myeloid cell profile of the BM at day 7 by flow cytometry. Classical monocytes (Classical Mo) were defined as 
CD45+CD11b+MHCII–CD64–CCR-2+Ly6Chi. Nonclassical monocytes (Nonclassical Mo) were defined as CD45+CD11b+MH-
CII–CD64–CCR-2–Ly6Clo. (B) Representative gating strategy. Data represents mean ± SD, n = 5–8 per group; each symbol 
represents 1 mouse *P < 0.05; *** P < 0.001. One-way ANOVA followed by Fisher’s LSD post hoc analysis.
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Bioinformatics analysis identified 84 proteins to be differentially abundant in MEx- vs. FEx-precondi-
tioned monocytes. This protein signature highlighted a decrease in proinflammatory state and an increase 
in proregulatory state of  monocytes in response to MEx treatment. We could further establish an associ-
ation between the MEx-induced proteomic signature and Ly6Cneg proregulatory monocytes at the tran-
scriptome level. Collectively, these analyses reinforce the hypothesis that MEx act directly on regulatory 

Figure 7. MEx therapy reprograms monocytes 
to a nonclassical (Ly6Cneg) phenotype. (A) 
BM-derived myeloid cells (BMDMy) were isolat-
ed from 6- to 8-week-old FVB mice, cultured ex 
vivo for 3 days to drive the monocytic lineage, 
and treated with MEx (MEx dose: 1 × 106 MSC 
equivalents) or media alone on day 1 (D1) and 
day 2 (D2). (B) Flow cytometric analysis of 
BM-derived monocytes (BMDMo) after 3 days of 
culture showed that > 90% were CD45+CD11b+ 
cells. Student’s t test (2 tailed) . To assess the 
direct effect of MEx on monocyte phenotype, 
BMDMo were treated with 2 doses of MEx or 
FEx on days 1 and 2, and cells were processed 
for liquid chromatography–tandem mass 
spectrometry (LC-MS/MS) on day 3, as shown 
in A. (C) Eighty-four peptides where deemed 
differentially abundant in MEx-treated BMDMo 
vs. FEx-treated controls at FDR < 0.25. (D) Gene 
set analysis revealed that genes encoding for 
peptides abundant in MEx-treated BMDMo 
were, on average, overexpressed in the Ly6Cneg 
monocytes (P < 0.001), whereas genes encoding 
for peptides abundant in the FEx-treated 
BMDMo were, on average, overexpressed in the 
Ly6Cpos monocytes (P < 0.001) . Transcriptome 
data were obtained from GSE95411.
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pathways to reprogram monocytes into an antiinflammatory state. Further, findings from this report show 
that MEx, at least in part, via modulation of  BM and lung monocyte/MΦ profiles, suppress whole lung 
inflammation to favor prohomeostatic myeloid population phenotypes, which is associated with the pre-
vention and reversal of  bleomycin-induced pulmonary fibrosis.

Deciphering the molecular mechanism of  action and identifying any specific bioactive modalities 
responsible for the beneficial effects of  MEx remain pending. We strongly believe that this beneficial effect 
is not exerted via one mediator, but the constellation of  mediators such as proteins and noncoding RNAs 
packaged in exosomes (41).

We noted the most remarkable results with early administration of  MEx (day 0 and 7). Despite 
no improvement in Ashcroft score, we noted a significant reduction of  collagen deposition with late 
administration of  MEx (day 21). In the absence of  inflammation in established fibrotic stage, we 
believe that other mechanisms such as nucleic acid transfer (41), inhibition of  alveolar epithelial cell 
apoptosis (42), or promotion of  endogenous growth factor secretion (43) may take part in the antifi-
brotic effect of  MEx.

Figure 8. Transplantation of BM-derived monocytes preconditioned with MEX prevents bleomycin-induced pulmonary fibrosis. (A) We explored the 
effects of ex vivo treated BM-derived monocytes and alveolar macrophages (alveolar MΦ) in the prevention of fibrosis. BMDMo were stained with lipophilic 
dye (DiI) on day 3 (D3) and i.v. administered at a 1:1 ratio on days 0 and 3 to C57BL/6 mice following endotracheal instillation of bleomycin. Mice were 
sacrificed at day 14. Cross symbol represents animal assessment. (B) DiI-labeled BMDMo were detected in the lung 14 days after injection, while no signal 
was seen in the lung of mice that received cell-free dye (vehicle). Images obtained at ×20 magnification. Arrow marks the DiI-labeled monocytes. (C–E) 
Pulmonary fibrosis was ameliorated in mice that received monocytes that were preconditioned with MEx, while alveolar MΦ had little effect. Inserts were 
taken at ×100 magnification. Data are representative of at least 2 independent experiments. Mean ± SD, n = 4–5 per experimental group; each symbol 
represents 1 mouse. Between-group comparison: *P < 0.05; ** P < 0.01; ***P < 0.001; ****P < 0.0001. One-way ANOVA followed by Fisher’s LSD post hoc 
analysis. Scale bar: 100 μm. DiI, 1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindocarbocyanine Perchlorate (“DiI”; DiIC18(3)).
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Future studies beyond the scope of  this manuscript should investigate how MEx may alter the epigen-
etic landscape and regulatory gene expression of  BMDMo. Additionally, the effect of  MEx on other cell 
types in IPF such as lung epithelial cells and endothelial cells needs further investigation.

On balance, the application of  exosomes represents an exciting and innovative approach to treat fibrotic 
lung diseases, especially considering that exosome-based therapeutics may obviate safety concerns associ-
ated with live cell treatments. However, we acknowledge a number of  limitations in our study. Firstly, MEx 
dose was based on previous work using MEx in experimental models of  bronchopulmonary dysplasia and 
pulmonary hypertension. However, for considering the clinical application of  MEx, dose response experi-
ments should be performed in future studies. Additionally, future experiments beyond the scope of  this study 
could investigate different routes of  administration, specifically comparing endotracheal administration vs. 
i.v., to decipher if  localized delivery is sufficient to afford systemic immunomodulatory benefits and to ame-
liorate bleomycin-induced pulmonary fibrosis. It is worth mentioning that, although our isolation method 
mostly allows for the purification of  EV in the exosomal range, due to overlap of  exosomes with microvesi-
cles in size and morphology, the presence of  microvesicles in our preparation is very likely.

Our group and others have shown that MSC exosomes distribute primarily to the lung, liver, and spleen 
(44, 45). It is plausible that MEx exert their upstream immunomodulatory effect in the BM by reprogram-
ming the myeloid cells to a proregulatory phenotype, leading to lower lung infiltration of  proinflammato-
ry/profibrotic monocytes. An effective tool to track MEx in vivo and accurately assess the biodistribution 
remains elusive, and it is an important question to address for potential monocyte/MΦ-targeted therapies.

On balance, findings described in this report provide insights into the systemic immunomodulatory 
responses following bleomycin-induced lung injury and the subsequent nonclassical effects of  MEx-mod-
ulated monocyte phenotypes. Collectively, MEx treatment represents a promising cell-free therapy for the 
treatment of  fibrotic lung diseases.

Methods
Exosome isolation and purification. Exosome isolation, purification, and characterization were performed as pre-
viously described using iodixanol (OptiPrep) cushion density flotation (19). Briefly, concentrated conditioned 
media from human BM MSCs or HDFs were floated on an iodixanol cushion and centrifuged for 3.5 hours at 
100,000 g at 4°C. The exosome-containing fraction (F9) was used for subsequent in vitro and in vivo experiments 

Figure 9. Transplantation of BM-derived monocytes preconditioned with MEx prevents bleomycin-induced pulmonary 
inflammation. (A and B) Pulmonary inflammation was analyzed at day 14 after the injection of MEx-preconditioned 
BMDMo (see details in Figure 8) by counting Cd68- and Retnla-expressing macrophages in the pulmonary parenchyma. 
Mice that received monocytes that were preconditioned with MEx showed reduced macrophage numbers compared with 
BMDMo+media–treated littermates. Images were taken at ×200 magnification. Arrows mark inflammatory macrophages 
in alveolar spaces. Data are representative of at least 2 independent experiments, n = 3–5 per experimental group. Mean ± 
SD; each symbol represents 1 mouse. Between-group comparison: *P < 0.05, Student’s t test (2-tailed). Scale bar: 100 μm. 
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after confirming the presence of established exosome markers (ALIX, CD63, CD9, and FLOT1) (19).
Bleomycin-induced pulmonary fibrosis model. Fourteen-week-old mice (C57BL/6 strain, Charles River 

Laboratories) were anesthetized with isoflurane and received a single endotracheal dose of  bleomycin sul-
phate (50 μL, 3 U/kg) at day 0. Bleomycin naive mice (control) received an endotracheal dose of  saline (50 
μL). Treated animals received a single i.v. (tail vein) dose of  MEx (200 μL; dose, 5 × 106 MSC equivalents; 
~8.6 × 108 particles) at day 0. HDF-derived exosomes (FEx; 200 μL; dose, 5 × 106 HDF equivalents; ~9.2 × 
108 particles) or exosome-free iodixanol vehicle only (200 μL; 10% w/v; iodixanol [IDX]) served as biologi-
cal and vehicle controls, respectively. Mice were assessed at day 7 and/or at day 14 or day 28 for cytometric, 
histological, and/or quantitative PCR (qPCR) analysis.

Cell isolation and culture. Human BM mesenchymal stem cells were obtained from RoosterBio. HDFs 
were established by tissue explant method (46). BM MSCs and HDFs were cultured, expanded, and further 
characterized as described previously (19).

TEM. An aliquot of  5–10 μL of the exosome preparation was adsorbed for 15 seconds on a formvar/car-
bon-coated grid (Electron Microscopy Sciences). Samples were stained with 2% uranyl acetate after removal 
of  excess liquid with Whatman Grade 1 filter paper (MilliporeSigma). EVs were then viewed by a JEOL 
1200EX transmission electron microscope (TEM), and images were recorded with an AMT 2k CCD camera.

NTA. Size and concentration distributions of  exosomes were determined using NTA (NanoSight 
LM10 system, Malvern instruments) as described previously (19).

Western blot analysis. Proteins in exosome preparations were separated on a 4–20% polyacrylamide gel 
(Bio-Rad), followed by transfer to 0.45 μm PVDF membrane (MilliporeSigma). Rabbit polyclonal anti-
FLOT1 and anti-CD63 antibodies (Santa Cruz Biotechnology Inc.; 25506 and 15363, respectively), and 
mouse monoclonal anti-ALIX, anti-CD9, and anti-GM130 antibodies (Santa Cruz Biotechnology Inc.; 
53538, 13118, and 55590, respectively) were used based on recommended dilutions by the manufacturer.

Exosome dosing. Exosome preparations were diluted on PBS to correspond to 5 × 106 cell equivalent. 
This dose was estimated based on our previous dose calculation in newborn mice with corresponding NTA 
and protein concentrations (19).

Histology. Mice were euthanized with i.p. injection of  pentobarbital at designated time points follow-
ing the instillation of  bleomycin. The hearts were perfused with PBS (Invitrogen) through the right ventri-
cle. BALF was collected after the instillation of  3 mL of  intratracheal PBS (5 gentle collection of  0.6 mL), 
cells were discarded after ultracentrifugation, and supernatant was stored for further analysis. BAL pro-
tein was quantified using Pierce BCA protein assay (Thermo Fisher Scientific). For histologic analysis, the 
trachea was cannulated, and lungs were inflated with 4% paraformaldehyde (PFA) at a constant pressure 
with a tubbing connected to a PFA reservoir 25 cm above the level of  the mouse. The trachea was secured 
with a knot to avoid the drainage of  PFA. The right lung was embedded in paraffin and sectioned for H&E 
or Masson’s trichrome staining. The left lung was either snap frozen in liquid nitrogen and used for RNA 
and protein isolation or used fresh for collagen quantification or cytometric analysis. Randomly selected 
areas (10–15 fields) from 5-μm thick lung sections were acquired at ×100 and ×200 magnification using 
a Nikon Eclipse 80i microscope (Nikon). For histologic quantification, the Ashcroft score was used in a 
blinded fashion. Scores of  0–1 represented no fibrosis, scores of  2–3 represented minimal fibrosis, scores 
of  4–5 were considered as moderate fibrosis, and scores of  6–8 indicated severe fibrosis.

Immunofluorescence staining. Lung tissue sections were deparaffinized in xylene and rehydrated. Tissue 
slides were treated with 10 mM citrate buffer and blocked with serum and BSA for 20 minutes. Samples 
were then incubated at 4ºC overnight with indicated primary antibody Arg-1 (Santa Cruz Biotechnolo-
gy Inc.; 20150), CD206 (Santa Cruz Biotechnology Inc.; 58987), CD68 (Bio-Rad; MCA1957GA), and 
Retnla (Abcam; 39626) and then further incubated with secondary antibody (Alex Fluor 488–conjugated 
goat anti-rabbit, A-11008; Alexa Fluor 594–conjugated rabbit anti-rat, A-21211) for 20 minutes, followed 
by nuclear staining with DAPI for 10 minutes. Arg1+ and CD206+ cells were imaged using a Nikon 
Eclipse 80i microscope. Ten random images were analyzed using ImageJ software (NIH). Mean Fluores-
cence Intensity (MFI) was calculated using the following formula: MFI = integrated density – (area of  
selected cell × mean fluorescence of  background reading).

Sircol collagen assay. The left lung was used for collagen quantification per manufacturer’s protocol 
(Bicolor, Life Science Assays). Briefly, left lung homogenate was shaken overnight at 4°C in 5 mL of  0.5 
M acetic acid with 0.6% v/v pepsin. A total of  1 mL of  dye reagent was added to 100 μL of  transparent 
supernatant, and the samples were vortexed for 30 minutes. The residual pellet was washed by acid-salt 
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wash buffer to eliminate unbound collagen, and pH was normalized with alkalization buffer. Absorbance 
was measured at a wavelength of  550 nm in a microplate reader. Measured collagen content was compared 
with a standard curve and represented as mg/mL of  left lung homogenate.

Cytometric analysis of  mouse whole lung and BM. Lung MΦ populations were assessed by flow cytom-
etry as previously described (47). Lungs were harvested on days 7 and 14. Left lung was cut into small 
pieces and digested in 5 mL of  digestion buffer consisting of  RPMI-1640 (Invitrogen), collagenase IV (1.6 
mg/mL), and DNAse1 (50 unit/mL), (both from Worthington Biochemical Corp.). Lung were shaken at 
37°C for 30 minutes, and RBC were lysed using RBC lysis buffer (Roche). Homogenized lung was passed 
through a 40-μm cell strainer (Corning) to obtain a single-cell suspension.

For the assessment of  alveolar MΦ and monocyte populations, the cell suspension was stained with anti-
bodies PE/Cy7-conjugated anti–mouse CD45 (BioLegend; 103114), FITC-conjugated anti–mouse CD11b 
(BD Biosciences; 553310), PerCP Cy 5.5–conjugated anti-–mouse CD11c (BD Pharmingen; 560584), BV 
605–conjugated anti–mouse MHC II (BioLegend; 107639), PE-conjugated anti–mouse CD64 (BioLegend; 
139303), BV 421–conjugated anti–mouse CD24 (BioLegend; 101825), BV 510–conjugated anti–mouse 
Ly6C (BioLegend; 127627), and Alexa 647–conjugated anti–mouse CCR-2 (BioLegend; 150603).

For the evaluation of  BMDMo, freshly flushed cells from the femur and tibia of  adult mice were 
stained with PE/Cy7-conjugated anti–mouse CD45, FITC-conjugated anti–mouse CD11b, BV 605–conju-
gated anti-mouse MHC II, PE-conjugated anti–mouse CD64, BV 421–conjugated anti–mouse CD24, BV 
510–conjugated anti–mouse Ly6C, and Alexa 647–conjugated anti–mouse CCR-2.

Compensation was adjusted accordingly and supported by UltraComp ebeads (Affymetrix). Fluores-
cence-minus-one controls were used accordingly. Cell populations were identified according to the gating 
strategy illustrated in Supplemental Figure 2 and recorded as a percentage of  total cell population.

Reverse transcription PCR analysis. Total RNA was extracted from left lung using TRIZOL (Thermo Fisher 
Scientific) as per manufacturer’s instructions. Taqman primers used in the PCR reactions, including Ccl2, 
Il6, Tgfb, and Arg-1, were obtained from Invitrogen. Nuclear pore protein 133 served as an internal control.

Annexin V/PI apoptosis assay, TUNEL staining. Annexin V staining kit (Sigma-Aldrich) was used 
to assess apoptosis in the whole lung. Single cell suspension was obtained from left lung as described 
above. Cells were then floated in 1× binding buffer and stained with FITC-conjugated annexin V and 
propidium iodide (PI) antibody for 10 minutes and immediately assessed by flow cytometry.

Apoptosis was assessed in paraffin-embedded lung tissue using TACS TdT in situ — Fluorescein 
TUNEL assay (R&D Systems) per manufacturer protocol. Briefly, deparaffinized lung sections were per-
meabilized using Cytonin for 1 hour and labeled with a combination of  Manganese cation, TdT dNTP 
Mix, and TdT enzyme (R&D Systems), followed by incubation with Strep-Fluor solution for 20 minutes. 
Fluorescent imaging and quantification were performed as described above.

Adoptive transfer of  MEx treated BMDMo. BMDMy were isolated from 6- to 8-week-old FVB by flush-
ing the femur and tibia and culturing cells for 3 days in DMEM (Sigma-Aldrich) supplemented with 
10% FBS, containing 30% v/v L929 conditioned medium (as a source of  MΦ CSF; M-CSF). Each well 
was treated with MEx generated from 1 × 106 MSCs or media only on days 1 and 2. Cells were har-
vested on day 3 and after 2 washes with PBS and stained with DiI (Thermo Fisher Scientific) as per the 
manufacturer’s protocol (Invitrogen). BMDMo were then administered via tail vein injection at a 1:1 
ratio (BMDMo isolated from 1 mouse were injected into the experiment mouse; approximately 3 × 106 
cells) on day 0 and day 3 after endotracheal instillation of  bleomycin.

Adoptive transfer of  MEx-treated murine-derived alveolar MΦ. Six- to 8-week-old FVB mice were euthanized by 
i.p. pentobarbital injection. The anterior wall of the trachea was cannulated with a 21-gauge needle and secured 
using a string. BALF was collected with 5 flushes of 0.6 mL of sterile HBSS (supplemented with 0.5 mM EDTA 
and 1 mM HEPES) using a 1-mL syringe. BALF was centrifuged at 400 g for 5 minutes, and the supernatant was 
aspirated. Murine alveolar MΦ were resuspended in fresh RPMI media (Sigma-Aldrich) supplemented with 1% 
penicillin/streptomycin and 10% FBS and were seeded in a 35-mm plate at a seeding density of 2 × 105 per plate. 
Each plate was treated overnight with MEx generated from 2 × 105 cells. The cells were harvested after 24 hours, 
washed twice with PBS, stained with DiI, and resuspended in 50 μL of PBS. Alveolar MΦ were administered 
endotracheally at a 1:1 ratio (alveolar MΦ isolated from 1 mouse were administered to the experiment mouse; 
approximately 6 × 105) on day 0 and 3 following instillation of bleomycin.

Liquid chromatography–tandem mass spectrometry (LC-MS/MS). BMDMo were isolated from WT mice as 
previously described and treated with MEx (generated from 1 × 106 MSCs) or FEx (exosomes generated 
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from 1 × 106 fibroblasts) on day 1 and day 2. Cells were harvested on day 3, and proteins were extracted 
using the administration of  0.1% SDS buffer.

For LC-MS/MS, a previously published procedure was used (48). Briefly, peptides were desalted using 
StageTips, dried in a vacuum concentrator, and separated by reverse phase chromatography using a Dionex 
ultimate 3000 RSLC nano UPLC system connected in-line with an Orbitrap Elite (Thermo Fisher Scientific). 
A database search was performed using Mascot 2.5 (Matrix Science) and SEQUEST in Proteome Discoverer 
v.1.4. against a murine Uniprot protein database. Data were further processed and inspected in Scaffold 4.8.4 
(Proteome Software); quantitative values normalized to total spectra were extracted for downstream analysis.

Bioinformatics analysis. To compare the proteomic profiles of MEx- and FEx-preconditioned BMDMo (n = 
4 in each group), lowly abundant peptides were filtered out by keeping features with at least 10 counts in at least 
4 samples irrespective of group labels. Following log transformation and quantile normalization, differentially 
abundant features were identified using a moderated t-statistic as implemented in the limma package from 
Bioconductor (49). Using an FDR threshold of 0.25, we identified 84 peptides to be differentially abundant 
between MEx- and FEx-preconditioned BMDMo, hereafter referred to as the MEx-FEx proteomic signature.

To assess the enrichment of  classical and nonclassical monocyte genes among the genes encoding for the 
MEx-FEx proteomic signature, we used a previously published transcriptome data of  BM-derived Ly6Cpos and 
Ly6Cneg monocytes (29). In brief, raw counts and metadata were obtained from DEE2 database (50). Count 
data was normalized using the rlog variance stabilization functionality from DESeq2 Bioconductor pack-
age (51). Gene annotation was obtained using biomaRt package also from Bioconductor (52), and normal-
ized count data was further summarized at the gene symbol level using the collapseRows functionality from 
WGCNA R package (53). In the case of  more than 1 ENSEMBL gene ID mapping to the same gene symbol, 
normalized counts from the ENSEMBL ID with maximum variance were retained. Finally, self-contained 
gene set testing was performed using the QuSAGE package from Bioconductor (54). In short, QuSAGE 
summarizes differential expression of  a given gene set by convoluting individual gene t-distributions into a 
single PDF for the gene set and tests the null hypothesis that the mean fold change is zero for a comparison of  
interest. All bioinformatics analysis were performed using the R statistical computing language (55).

Statistics. Data between 2 groups were compared using 2-tailed Student’s t test, and data between multiple 
experimental groups were compared using 1-way ANOVA with Fisher’s LSD post hoc analysis in GraphPad 
Prism (v6.0). Flow cytometry data analyses were performed using FlowJo software v10.2 (Tree Star Inc.). 
Whole lung mRNA levels were assessed by qPCR relative to endogenous control (Nuclear pore protein 133 
[Nup133]), where the ΔCT was used for statistical analysis. Data are presented as mean ± SD. Significance was 
determined with respect to the P < 0.05 threshold. For in vivo studies, sample size calculations were based on 
preliminary data (not shown), suggesting that detection of a 20% improvement in lung collagen content with 
a greater than 90% power at the 5% α-level would require a minimum of 5 animals per experimental group.

Study approval. Animal experiments were approved by the BCH Animal Care and Use Committee.
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