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Sciences, Henry Ford Health, Detroit, MI, United States, 4Department of Medicine, College of Human
Medicine, Michigan State University, East Lansing, MI, United States, 5Henry Ford Health + Michigan
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Introduction: Idiopathic pulmonary fibrosis is a progressive lung disease with a

poor prognosis. Alveolar macrophages (AMs) are essential for maintaining lung

homeostasis and play a significant role in the development of lung fibrosis.

Tissue-Resident Alveolar Macrophages (TR-AMs), which originate from

embryonic progenitors, can self-renew locally in a steady state, independent of

hematopoiesis. During fibrogenesis, circulating monocytes rapidly migrate into

the lungs and differentiate into monocyte-derived AMs (Mo-AMs). MicroRNAs

(miRNAs), small non-coding RNAs, are critical for regulating gene expression.

Our recent study found that the loss of miRNAs in embryonic progenitors

significantly decreased the number of TR-AMs in late-stage embryos,

indicating that miRNAs are necessary for TR-AM development. However, the

role of miRNAs in the postnatal maintenance of TR-AMs and Mo-AMs, as well as

their function in pulmonary fibrosis, remains unclear.

Methods and Results: Here, we demonstrate that deleting miRNAs after birth

severely disrupts TR-AM homeostasis and Mo-AM repopulation from the bone

marrow following irradiation. The deficiency of miRNAs in TR-AMs and Mo-AMs

was linked to diminished bleomycin-induced experimental lung fibrosis.

Mechanistically, the absence of miRNAs increased TR-AM apoptosis under both

normal and fibrotic conditions. RNA sequencing (RNA-seq) analysis revealed

distinct transcriptomic and pathway changes in miRNA-deficient AM subgroups

after lung injury. The integration of RNA-seq and miRNA array analyses identified

miRNA-mRNA networks in TR-AMs and Mo-AMs in response to bleomycin injury.

Ingenuity Pathway Analysis further predicted let-7a, miR-155, and miR-125 as

unique upstream regulators of Mo-AM responses to lung fibrosis.

Conclusions: Our findings suggest that miRNAs are key epigenetic mediators

that differentially regulate the maintenance and function of TR-AMs and Mo-AMs

in the pathogenesis of pulmonary fibrosis.
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GRAPHICAL ABSTRACT

Simplified scheme of the model. Arrow-headed solid lines - biological processes; hammer-headed solid lines - inhibitory regulation; circle-headed
solid lines - ineffective regulation; red arrows - upregulated gene expression; turquoise arrows - downregulated gene expression.
1 Introduction

Alveolar macrophages (AMs) are tissue-resident macrophages

(TRMs) in the lungs that play a crucial role in maintaining airway

homeostasis and are implicated in lung diseases, such as pulmonary

fibrosis (PF) (1). Recent lineage tracing studies have revealed that

TRMs originate from embryonic yolk sac (YS)-derived erythro-

myeloid progenitors (EMPs) in distinct waves (2–4). In the first

wave, YS EMPs differentiate into pre-macrophages (pMacs) that

colonize all embryonic organs (5). These YS EMPs also migrate to

the fetal liver (FL) starting at E12.5, where they expand and

differentiate into pMacs and/or monocytes (MOs), which then

travel to various tissues and mature into tissue-specific TRMs in

the second wave (4). Fetal MOs begin to accumulate in the

developing lung around E14.5, where they differentiate into F4/

80intCD11bint AM precursors (preAMs). These preAMs

subsequently mature into CD11chiSiglec-FhiCD11blo tissue-

resident AMs (TR-AMs) in the alveolar space after birth (4, 6, 7).

Under steady-state conditions, TR-AMs self-maintain in the lung

throughout adulthood with minimal input from the bone marrow

(BM) (4, 8). However, during lung injury, BM-derived circulating

MOs are rapidly recruited into the lung, where they differentiate

into MO-derived AMs (Mo-AMs), which exhibit distinct

characteristics from TR-AMs (4, 8, 9).

Macrophage identity and homeostasis depend on the precise

regulation of gene expression, which is controlled by various
Frontiers in Immunology 02
epigenetic mechanisms, including small non-coding miRNAs and

histone modifications (10). While several key genes involved in

alveolar macrophage (AM) development and homeostasis have

been identified such as M-CSF (11), GM-CSF (7), TGF-b (12),

and PPAR-g (7, 12); much less is known about the epigenetic factors

that govern embryonic AM development and postnatal

maintenance. We recently reported that histone deacetylase 3 is

essential for AM development, homeostasis, maturation, and

regeneration from the BM (13). However, the role of other

epigenetic regulators in AM development, maintenance, and

function remains largely unknown.

MicroRNAs (miRNAs) are a class of evolutionarily conserved

small non-coding RNAs (19–25 nucleotides) that negatively

regulate gene expression and play important roles in

development, tissue homeostasis, and disease progression (14, 15).

The RNase III enzyme Dicer is crucial for processing miRNAs into

their mature, functional forms, making its deletion a useful genetic

tool for studying miRNA function. However, global deletion of

Dicer (16), leads to developmental failure in mice, so conditional

Dicer knockout (KO) models have been used to explore the roles of

miRNAs in immune cell development and function (17–20). In our

previous work using myeloid-lineage Csf1rCre-induced Dicer

deletion mice, we observed that embryonic preAMs were nearly

absent in Csf1r.DicerKO mice (21), highlighting the essential role of

miRNAs in alveolar macrophage (AM) ontogeny. Nonetheless, it

remains unclear whether miRNAs are necessary for AM
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maintenance postnatally and their involvement in lung diseases like

pulmonary fibrosis (PF).

Idiopathic pulmonary fibrosis (IPF) is a chronic lung disease

characterized by the aberrant activation of alveolar epithelial cells,

accumulation of fibroblasts and myofibroblasts, and excessive

production of extracellular matrix (22). Bleomycin (BLM)-

induced pulmonary fibrosis (PF) is the most widely used

experimental model of IPF (23). miRNAs are thought to play a

significant role in the development of IPF, as altered miRNA

expression patterns in both the blood and lungs of IPF patients

are closely linked to disease onset (24–26). However, the specific

roles of differentially expressed miRNAs in distinct cell types during

IPF remain incompletely understood. Macrophages are involved in

various aspects of fibrosis development, including the regulation of

fibroblast proliferation, recruitment, and activation, as well as the

direct modulation of extracellular matrix components and the

secretion of profibrotic cytokines and growth factors (27). While

the contribution of tissue-resident alveolar macrophages (TR-AMs)

to fibrosis remains controversial (28, 29), there is increasing

evidence supporting a profibrotic role for monocyte-derived

macrophages (Mo-AMs) in experimental BLM-induced PF (28,

30, 31). However, whether miRNAs regulate the function of TR-

AMs and Mo-AMs during PF development is still unclear.

In this study, we aim to investigate the role of miRNAs in the

steady-state maintenance and bone marrow (BM)-derived

repopulation of alveolar macrophages (AMs), as well as their

function in the pathogenesis of experimental pulmonary fibrosis

(PF). Using mice with CD11c-Cre- or Csf1r-Cre-mediated Dicer

deletion and a BM chimeric model, we demonstrate that the

absence of miRNAs results in severe defects in AM maintenance,

maturation, and regeneration. In a bleomycin (BLM)-induced PF

model, we show that miRNA loss, driven by CD11c-Cre-mediated

Dicer deletion, induces significant changes in the transcriptomic

profiles and signaling pathways of tissue-resident AMs (TR-AMs)

and monocyte-derived AMs (Mo-AMs) during fibrogenesis,

contributing to a reduction in the severity of lung fibrosis.

Integrated RNA-seq and miRNA array analyses further reveal

miRNA-mRNA regulatory networks in TR-AMs and Mo-AMs

during PF development. Our findings highlight miRNAs as

crucial epigenetic regulators of AM homeostasis and function in

both health and disease.
2 Results

2.1 miRNAs are essential for the
maintenance of mature TR-AMs in the lung

Most TRMs, TR-AMs, originate from the embryonic yolk sac

and fetal live progenitors (2–4). After birth, immature TR-AMs

differentiate into mature TR-AMs, which are characterized by

increased expression of CD11c and Siglec F, alongside a decrease

in CD11b expression (7, 8). Once mature, TR-AMs are capable of

self-maintenance in the steady state throughout adult life, with

minimal contribution from BM input (4, 8). To investigate whether
Frontiers in Immunology 03
miRNAs are essential for the steady-state maintenance of TR-AMs,

we generated mice with a postnatal deficiency of miRNAs in AMs

by crossing Dicerfl/fl mice with CD11cCre transgenic mice, as CD11c

is highly expressed in AMs after birth (7).

We observed an over 80% reduction of Dicer mRNA levels in

TR-AMs from naïve CD11cCreDicerfl/fl KO adult mice compared to

Dicerfl/fl wild-type (WT) controls (Figure 1A). Meanwhile, Dicer-

deficient TR-AMs expressed lower levels of miRNAs that have been

reported to be implicated in macrophage activation, polarization,

and function, such as miR-21, miR-150, miR-155, and miR-223

(Figure 1B), which further validates the efficacy of miRNA depletion

in the DicerKO mice as reported previously (19). We first analyzed

the frequency and number of TR-AMs (CD45+Siglec-FhiCD11chi)

in the lung tissue compartments of naïve Dicerfl/fl and

CD11cCreDicerfl/fl adult mice, and found that they were both

significantly decreased in the DicerKO mice compared to the WT

mice (Figures 1C, D, gating strategy shown in Supplementary

Figure 2A). We next measured the maturation marker CD11b of

TR-AMs and found that there was higher expression of CD11b in

DicerKO AMs compared to WT AMs (Figure 1E), suggesting a less-

mature status of TR-AMs in the absence of miRNAs. These results

imply that miRNAs are required for fully mature TR-AM postnatal

maintenance at steady state.

The steady-state AM network can be maintained by a slow local

proliferation of AMs rather than by BM precursors (8). To

determine whether a reduced number of lung TR-AMs in

miRNA-deficient mice resulted from impaired proliferation

capacity of TR-AMs, we measured the expression of Ki-67

protein, a cell proliferation marker, in TR-AMs from Dicerfl/fl WT

and CD11cCreDicerfl/fl KO mice. We found comparable expression

of Ki-67 protein in TR-AMs of both groups (Figure 1F), suggesting

that lack of miRNAs did not affect TR-AM proliferation capacity.

We next determined whether loss of miRNAs affects cell survival

that may lead to deficient TR-AMs in CD11cCreDicerfl/fl mice.

Annexin V staining showed increased frequency of annexin V+

apoptotic TR-AMs in DicerKO mice compared to WT mice

(Figures 1G). Taken together, these results imply that miRNAs

are required for lung TR-AM steady-state maintenance, possibly

through regulation of cell survival rather than cell proliferation of

TR-AMs.
2.2 miRNAs are required for Mo-AM
repopulation from the BM after irradiation

Self-renewal of TR-AMs is independent of circulating

precursors at steady state (9). However, under certain stress or

inflammatory conditions, BM-derived monocytes can differentiate

into Mo-AMs and repopulate the AM niche (9, 32). To determine

whether the repopulation of Mo-AMs depends on miRNAs, we

applied an established BM chimeric mouse model (13) by co-

transferring BM cells from Dicerfl/fl WT or Csf1riCreDicerfl/fl KO

donors (CD45.2+) with competitor BM cells from B6.SJLhetero mice

(CD45.1+CD45.2+) into the irradiated B6.SJL (CD45.1+) recipient

mice (Figure 2A). In the BM chimeric mice, very few (<3%)
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FIGURE 1

miRNAs are required for lung TR-AM homeostasis in the steady state. (A) mRNA expression of Dicer in TR-AMs from naïve Dicerfl/fl (WT) and
Cd11ccreDicerfl/fl (KO) adult mice analyzed by qRT-PCR. (B) Representative miRNA expression in TR-AMs from naïve WT and Dicer KO mice analyzed
by qRT-PCR. (C) Representative flow cytometry plots: gated from CD45+ live cells of lungs from Dicerfl/fl (WT) and Cd11cCreDicerfl/fl (KO) adult mice.
(D) Frequencies and absolute numbers of TR-AMs (CD11chiSiglec-Fhi) as in (A) n = 12 Dicerfl/fl, n = 9 Cd11cCreDicerfl/fl. (E) Histogram plot for CD11b
expression of lung TR-AMs from n = 10 Dicerfl/fl, n = 9 Cd11cCreDicerfl/fl adult mice. The mean fluorescence intensity (MFI) of CD11b is shown on the
right. (F) Histogram plot for Ki-67 expression of lung TR-AMs from n = 7 Dicerfl/fl, n = 5 Cd11cCreDicerfl/fl adult mice. Rat IgG2a served as an isotype
(Iso) control. The MFI of Ki-67 is shown on the right. (G) Representative flow cytometry plots for annexin V staining of TR-AMs. Frequencies of
apoptotic (annexin V+) cells within TR-AMs are shown on the right. n = 7 Dicerfl/fl, n = 5 Cd11cCreDicerfl/fl. Each dot represents one mouse and bars
represent mean ± SD of biologically independent samples in each panel. All P values were obtained by the Student’s two-tailed unpaired t test. **P <
0.01. N.S., not significant.
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CD45.1+cells within the total AM population existed in the lung,

representing leftover TR-AMs from the recipient mice after

irradiation (Figures 2B, C). Meanwhile, the AM niche was almost

equally occupied by Mo-AMs of WT donor and competitor origins.

However, when the BM cells from DicerKO donors were co-

transferred with competitor cells, the AM niche was nearly

completely reconstituted by Mo-AMs of competitor origin. These

findings suggest that miRNAs are required for the repopulation of

Mo-AMs from adult BM following lethal irradiation.
2.3 Establishment of BLM-induced lung
fibrosis model using C57BL/6 mice

Emerging evidence reveals the important role of AMs in the

pathogenesis of experimental PF (29, 31). To delineate the

mechanisms regulating AM functions during fibrogenesis, we

applied a BLM-induced PF mouse model, which has been widely

used for experimental PF (28, 29, 33, 34). When C57BL/6 mice were

treated with various doses of BLM via intratracheal instillation

(Supplementary Figure 3A), we observed a dramatic decrease in the

survival rate of mice treated with higher doses of BLM (1.5 and 3.0

U/kg) starting from 10 days after treatment, while the vehicle
Frontiers in Immunology 05
control and lower doses of BLM (0.5 and 1.0 U/kg) had no effect

on mouse survival up to 14 days after treatment (Supplementary

Figure 3B). These results are in line with previous reports showing

less tolerance of C57BL/6 mice to BLM treatment (35). Meanwhile,

fibrogenesis was assessed 14 days post-treatment by measuring lung

tissue hydroxyproline levels, which are associated with collagen as

an indicator of the severity of fibrosis (36, 37). As shown in

Supplementary Figure 3C, a mild but significant increase in

hydroxyproline content was detected in the lungs of mice treated

with as low as 0.5 U/kg of BLM compared to the vehicle-treated

control mice, while a peak of lung hydroxyproline content was

observed in mice treated with 1.0 U/kg of BLM, along with a slight

decrease in hydroxyproline levels for the mice treated with 1.5 and

3.0 U/kg of BLM. These findings suggest that a low dose of BLM is

sufficient to induce PF in C57BL/6 mice and we chose 1.0 U/kg of

BLM as the working concentration for the experimental PF

mouse model.

To evaluate the cellular components in the fibrotic lungs, we

treated WT mice (C57BL/6 background) with 1.0 U/kg of BLM or

saline alone and analyzed the cellular compartments in both

bronchoalveolar lavage (BAL) and lungs of mice on day 14 after

treatment (Figure 3A). We found the numbers of total cells and

immune cells (CD45+) were dramatically elevated in the BAL and
FIGURE 2

miRNAs are required for AM regeneration from bone marrow in the steady state. Bone marrow (BM) cells from Dicerfl/fl and Csf1ricreDicerfl/fl mice
(CD45.2+) were co-transferred with competitor BM cells from B6.SJLhetero mice (CD45.1+CD45.2+) into lethally-irradiated B6.SJL mice (CD45.1+).
Lungs were harvested from recipient mice 10 wks after reconstitution. (A) Schematic representation of the BM chimeric mouse working models.
(B) Flow cytometry of CD45.1 and CD45.2 expression on CD11chiSiglec-Fhi lung AMs from n = 5 WT: Dicerfl/fl, n = 4 WT: Csf1ricreDicerfl/fl mice. Bars
represent mean ± SD of biologically independent samples. All P values were obtained by the Student’s two-tailed unpaired t test. ***P < 0.001. N.S.,
not significant.
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lungs after BLM injury compared to the saline-treated control

group (Figure 3B). Using flow cytometry, we further defined the

total AM population based on expression of CD64 and Siglec F, and

were able to distinguish TR-AMs (SiglecFhiCD11blo) and Mo-AMs

(SiglecFloCD11bhi) within the CD64+SiglecF+/lo AM population in

BLM- or saline-treated WT mice, consistent with previous studies

(Figures 3C, E, gating shown in Supplementary Figure 2B) (28, 31).

Although CD11c was expressed by both TR-AMs and Mo-AMs at

comparable levels, CD64 served as a better marker to separate the

total AM population from other cell lineages (Supplementary
Frontiers in Immunology 06
Figure 2B). As expected, most cells residing in the airspace were

AMs in saline-treated mice, while the frequency of AMs within total

BAL cells was substantially decreased in BLM-treated mice, which

suggests vigorous infiltration of other immune cell types into the

airways following BLM treatment (Figure 3D). Meanwhile, we

found that the numbers of total AMs were significantly increased

in both BAL and lungs of BLM-treated WT mice compared to

saline-treated mice (Figure 3D). Specifically, the numbers of TR-

AMs were remained unchanged in the lung tissues of mice given

BLM (Figures 3E, F). Moreover, the numbers of Mo-AMs were
FIGURE 3

Emergence of Mo-AMs during bleomycin-induced pulmonary fibrosis. (A) Schematic representation of the bleomycin (BLM)-induced lung fibrosis
model. (B) The numbers of total cells and CD45+ cells in bronchoalveolar lavage (BAL) and lungs from adult C57BL/6 mice treated with saline or
BLM. (C) Representative flow cytometry plots for CD64 and Siglec-F expression within CD45+ live cells in BAL and lungs. (D) The frequencies and
numbers of total AM cells (CD64+Siglec-F+) in BAL and lungs as in (C, E) Representative flow cytometry plots for CD11b and Siglec-F expression
within CD64+Siglec-F+ total AM cells in BAL and lungs from adult C57BL/6 mice treated with saline or BLM. (F) The numbers of TR-AMs
(CD11bloSiglec-Fhi) and Mo-AMs (CD11bhiSiglec-Flo) in BAL and lungs as in (E) Bars represent mean ± SD of biologically-independent samples. All P
values were obtained by the Student’s two-tailed unpaired t test. *P < 0.05. **P < 0.01. *** P < 0.001.
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robustly elevated in the BAL and lungs of BLM-treated mice, which

is consistent with other reports showing the emergence of Mo-AMs

in both airspace and tissue compartments after BLM injury (28, 31).

These results further support our BLM-PF mouse model as a valid

tool to investigate AM subset homeostasis and function during

experimental PF.
2.4 Reduced severity of lung fibrosis in
CD11c-Cre-Dicerfl/fl mice after BLM injury

CD11c-Cre-driven conditional gene deletion mice have been

commonly used to study the behavior and function of CD11c-

expressing cells including AMs and dendritic cells (DCs) in the

normal and pathological lung (7, 38, 39). To determine whether loss

of miRNAs influences maintenance and function of TR-AMs and

Mo-AMs during fibrogenesis, we intratracheally instilled 1.0 U/kg

of BLM into Dicerfl/fl WT and CD11cCreDicerfl/fl KO mice. To

provide a reference for non-injured lungs of Dicerfl/fl and

CD11cCreDicerfl/fl groups, animals were given saline without BLM.

Fibrosis was assessed 15 days later using mouse physical conditions,

lung histology and hydroxyproline, and BAL TGF-b1
measurements. As expected, mouse body weights were gradually

increased in both WT and DicerKO groups treated with saline

(Figure 4A). However, the body weights of BLM-treated WT mice

were significantly reduced with a peak of body weight loss (~20%) at

day 10 after treatment followed by a gradual recovery afterwards,

which is consistent with previous studies using BLM-treated mice

(40, 41). Interestingly, there was markedly less weight loss observed

in DicerKO mice following BLM treatment compared to BLM-

treated WT mice. Histological analysis using H&E staining and

trichrome staining of lungs from BLM-treated WT mice showed

robust cell infiltration and heavy collagen deposition, typical of

BLM-induced lung fibrosis (23) (Figures 4B, C). Similarly, smaller

areas of damage with relatively milder inflammatory infiltrates and

less collagen deposition were observed in CD11cCreDicerfl/fl KOmice

compared to WT mice given BLM. Likewise, lungs from BLM-

treated WT mice demonstrated a marked increase in

hydroxyproline content and airway TGF-b1 levels compared to

saline-treated WT mice, whereas lungs from BLM-treated DicerKO

mice had dramatically reduced hydroxyproline and TGF-b1
compared to WT mice given BLM (Figures 4D, E). Taken

together, these results suggest that deletion of miRNAs in AMs

and other CD11c+ cells using CD11c-Cre-Dicerfl/fl mice attenuates

the development of BLM-induced fibrosis.

Using flow cytometry, we further analyzed lung immune

profiles of both WT and CD11cCreDicerfl/fl KO mice following

saline or BLM treatment (gating shown in Supplementary

Figures 2B, C). In saline-treated mice, as expected, the number of

TR-AMs was lower in DicerKO mice compared to WT mice and

most of other immune cell types remained unaltered including

MOs, DCs, neutrophils, eosinophils, B cells, interstitial

macrophages (IMs) and, CD8+ T cells and regulatory T cells

(Treg), (Supplementary Figure 4). Interestingly, we observed

increased numbers of CD4+ T cells, natural killer T (NKT) cells
Frontiers in Immunology 07
and mucosal-associated invariant T (MAIT) cells in the lungs of

DicerKO mice, suggesting that these cells may play a compensatory

role during loss of TR-AMs at steady state. On the other hand, lungs

isolated from BLM-treated DicerKO mice had significant decreased

numbers of total cells and CD45+ immune cells compared to BLM-

treated WT mice (Supplementary Figure 4), which is consistent

with our observations from histological analysis (Figure 4B). These

results suggest that deletion of miRNAs in AMs and other CD11c+

cells lessens both innate and adaptive immune responses induced by

BLM injury. Further, our Ashcroft fibrosis scores showed a strong

positive correlation with hydroxyproline levels, confirming

consistency between histological and biochemical assessments of

fibrosis in the BLM model. Furthermore, correlation analysis

revealed a significant association between increasing Ashcroft

scores and the TR-AM population in both BAL and lung, while

no significant correlation was observed with Mo-AM populations,

suggesting that macrophage heterogeneity (Supplementary

Figures 5A-C), particularly TR-AM dynamics, is linked to the

extent of bleomycin-induced lung injury.
2.5 Lack of miRNAs barely affects Mo-AM
generation in lung fibrosis

In contrast to TR-AMs that can self-maintain in the steady

state, Mo-AMs rapidly emerge in both airspace and lung tissue

compartments as early as 4 days after BLM treatment and the

number of Mo-AMs continues increasing over fibrotic progression

(days 7–21 post-BLM) (28, 31). As shown in Figures 4F, G, we

found a significant decrease in the number of TR-AMs

(CD64+Sig lec-Fh iCD11b lo) in the BAL and lungs of

CD11cCreDicerfl/fl KO mice compared to WT mice at day 15 post-

BLM treatment. Meanwhile, we observed a comparable number of

Mo-AMs (CD64+Siglec-FloCD11bhi) in the airways and lungs of

BLM-treated DicerKO mice compared to their WT counterparts.

The expression levels of Dicer mRNA and macrophage-associated

miRNAs were largely reduced in both TR-AMs and Mo-AMs

isolated from BLM-treated CD11cCreDicerfl /fl KO mice

(Supplementary Figures 1A, B), validating the efficacy of miRNA

depletion in the two AM subgroups under fibrotic conditions.

Additionally, as Ki-67 is a well-established marker of cell

proliferation, as it is expressed in cells actively progressing

through the cell cycle (G1, S, G2, and M phases). Hence, the use

of Ki-67 is to delineate the proliferation of TR-AMs, as it reliably

identifies proliferating cells. Both TR-AMs and Mo-AMs from

BLM-treated WT and DicerKO mice had unaltered expression

levels of Ki-67 protein (Figures 4H, I), while TR-AMs but not

Mo-AMs exhibited increased frequency of annexin V+ apoptotic

cells during fibrosis (Figures 4J, K). These results suggest that

miRNAs are not only required for TR-AM steady-state

homeostasis but are also essential for TR-AM maintenance

during BLM-induced lung fibrosis, possibly through the

regulation of TR-AM cell survival in both healthy and disease

conditions. However, miRNA deficiency has negligible effect on the

generation of Mo-AMs during lung fibrosis, suggesting that the
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FIGURE 4

miRNA deficiency in AMs prevents bleomycin-induced pulmonary fibrosis. Dicerfl/fl (WT) and Cd11ccreDicerfl/fl (KO) mice were intratracheally
administered with saline or BLM and were monitored for fibrosis progression for 15 days after treatment. (A) Mouse body weights were measured on
days 0, 4, 7, 10, and 15 after treatment. Plots showing normalized body weights at each time point compared to day 0. #, comparisons between
BLM- and saline-treated WT mice; *, comparisons between WT and KO mice given BLM. (B-K) Mouse BAL and lungs were collected to assess
fibrosis at day 15. H&E stain (B) and trichrome stain (C) on paraffin-embedded lung sections. Scale bars: 500 µm. (D) Hydroxyproline levels in the
lungs. (E) TGFb1 levels in BAL. (F-G) Representative flow cytometry plots for TR-AMs (CD64+CD11bloSiglec-Fhi) and Mo-AMs (CD64+CD11bhiSiglec-
Flo) in the BAL (F) and lungs (G). The numbers of TR-AMs and Mo-AMs in the BAL and lungs are on the right. (H) Histogram plots of Ki-67 expression
of lung TR-AMs and Mo-AMs in the lungs. (I) The MFI of Ki-67 expression as in (H, J) Representative flow cytometry plots for annexin V staining for
TR-AMs and Mo-AMs. (K) Frequencies of apoptotic (annexin V+) cells within lung TR-AMs and Mo-AMs. Each dot represents one mouse and bars
represent mean ± SD of biologically independent samples in each panel. All P values were obtained by the Student’s two-tailed unpaired t test. **P <
0.01; ***P < 0.001. N.S., not significant.
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fibrotic microenvironment can drive BM-derived cell differentiation

into Mo-AMs regardless of miRNA status.
2.6 Transcriptomic landscape of TR-AMs
and Mo-AMs with miRNA deficiency during
BLM injury

To better understand how miRNAs regulate the function of TR-

AMs and Mo-AMs during lung fibrosis, we flow-sorted TR-AMs

andMo-AMs fromDicerfl/flWT and CD11cCreDicerfl/fl KOmice two

weeks after the administration of BLM and analyzed their gene

expression using bulk RNA-seq (Figure 5A). Principle-component
Frontiers in Immunology 09
analysis of gene expression values showed clustering of the

replicates according to cellular populations from two mouse

strains given BLM (Figure 5B). A total of 2,689 differentially

expressed genes (DEG) were identified among 4 AM groups

(FDR < 0.05 with Bonferroni correction, Supplementary Table 1).

We then performed k-means clustering of the entire transcriptional

dataset of DEG, which revealed five distinct clusters of genes

(Figure 5C, Supplementary Table 2). Cluster 1 contained core

gene signatures that were highly enriched in WT Mo-AMs but

were dramatically downregulated in DicerKO Mo-AMs. A

significant portion of genes in this cluster were also moderately

expressed in WT TR-AMs and barely expressed in DicerKO TR-

AMs. Gene ontology and pathway analyses revealed genes in cluster
FIGURE 5

Lack of miRNAs impacts different pathways in TR-AMs and Mo-AMs after BLM injury. Transcriptional profiling of TR-AMs and Mo-AMs FACS-sorted
from Dicerfl/fl (WT) and Cd11ccreDicerfl/fl (KO) adult mice at day 14 after BLM treatment by bulk RNA-seq. (A) Experimental outline. (B) Principal-
component analysis (PCA) of the transcriptomes of each AM subtype. (C) k-means clustering of all identified differentially expressed genes (FDR <
0.05 with Bonferroni correction) among 4 AM groups. The characteristic genes and gene ontology (GO) processes as well as KEGG/Reactome
pathways associated with each cluster are shown on the left and right sides, correspondingly.
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1 associated with transcription (Runx3, Ahr, Crebbp, Irf1, Irf4, and

Irf5), cell adhesion (Plxna1, Plxnb2, Plxnc1, and Plxnd1), monocyte

chemotaxis (Ccl4, Ccl5, Ccl9, and Ccr2), immune responses (Nlrp3,

Il1b, Cd74, H2-Aa, H2-Eb1, and Ciita), autophagy (Bcl2, Ulk1, and

Atg2b), as well as BMP (Norch1 and Norch2), PI3K (Pik3r2, Pik3cb,

Pik3c2a, and Pik3cd), GPCR (Cx3cr1, Cxcr4, and Ccr5), VEGF

(Akt3 and Pik3r2), and MAPK (Il6, Csf2rb2, and Jak2) signaling

pathways. Several key genes implicated in fibrotic processes were

also identified in this cluster, including Pdgfb, Tgfb1, Smad3,

Mmp12, and Igf1. Cluster 2 contained a set of hub genes that

were upregulated in DicerKO Mo-AMs while remaining almost

unaltered in DicerKO TR-AMs compared to their WT control cells.

Genes in cluster 2 were associated with immune defense (Cd40,

Cd86, and Irf7), macrophage chemotaxis (Ccl2, Ccl3, and Ccl12),

phagocytosis (Fcgr1, Fcgr3, and Trem2), as well as TLR (Tlr1, Cd14,

and Spp1), NLR (Jun, Nfkb1a, and Tank), TNF (Tnf, Fos, and Junb)

and type I IFN (Ifnar2, Ifitm3, and Oas2) signaling pathways.

Cluster 3 included genes that were upregulated most significantly

in DicerKO TR-AMs and moderately in DicerKO Mo-AMs

compared to their WT counterparts. Genes in this cluster were

involved in steroid metabolism (Hsd11b1, Cyb5r3, Hmgcs1, and

Sc5d), fatty acid metabolism (Gpx4, Ltc4s, and Cpt2), and the innate

immune system (Casp1, Casp8, Cxcr1, and Cd47). Cluster 4

contained genes highly enriched in TR-AMs but not Mo-AMs

from both WT and DicerKO mice, and these genes were involved

in protein phosphorylation (Smad1, Camk2d, and Mak), the innate

immune system (Cd81, Trem1, and Ear1), peroxisomal lipid

metabolism (Pecr, Scp2, and Acox1), and GPCR downstream

signaling (Cxcr2, Fpr1, Fpr2, and Ffar4). Cluster 5 comprised

genes downregulated in both TR-AMs and Mo-AMs from

DicerKO mice compared to that from WT mice. Genes in this

cluster were associated with regulation of IL-2 production (Stat5a,

Stat5b, and Runx1), cell apoptosis/death (Nod1, Card11, Net1, and

Vav2), migration (Ctnnd1 and Itgal), and PPARa-regulated lipid

metabolism (Ncoa1, Ncor2, and Rxra). Collectively, these data show

that TR-AMs and Mo-AMs have distinct gene signatures in

response to BLM injury and that loss of miRNAs impacts

different pathways including apoptosis in the two AM subtypes

during the development of fibrosis.
2.7 Dysregulated miRNA expression
profiles in TR-AMs and Mo-AMs in BLM-
induced lung fibrosis

Hundreds of miRNAs have been identified in mammalian AMs

in both steady-state and pathological conditions (42, 43). To

investigate which individual miRNAs are involved in AM

regulation during lung fibrosis, we analyzed miRNA expression

profiles of TR-AMs purified from naïve WT mice as well as

responded TR-AMs and Mo-AMs purified from BLM-treated WT

mice using miRNA array. A total of 27 miRNAs were differentially

expressed in the responded TR-AMs compared to naïve TR-AMs,

including 4 upregulated miRNAs and 23 downregulated miRNAs

(Figure 6A). It is known that miRNAs can negatively regulate gene
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expression by suppressing gene translation and promoting mRNA

degradation (44). Most of the changes induced by global miRNA

loss (DicerKO system) occur at the level of transcription (45). We

then integrated miRNA expression patterns from miRNA array

with gene expression profiles identified by bulk RNA-seq and

particularly focused on the upregulated miRNAs in AMs from

fibrotic tissues which may shut down the gene expression during

fibrosis, and the upregulated DEG in DicerKO AM populations

from fibrotic lungs, which could be impacted by the lack of

miRNAs. The 4 miRNAs that were significantly upregulated in

TR-AMs following BLM injury include miR-598, miR-758, miR-

10a, and miR-9. Ingenuity pathway analysis (IPA) revealed that

these 4 miRNAs potentially regulated a group of DEG identified in

miRNA-deficient TR-AMs during BLM injury that were related to

canonical pathways involved in cell cycle, cell death, metabolism,

and immune responses (Figure 6B, Supplementary Table 3).

Likewise, a total of 44 miRNAs were differentially expressed in

the responded Mo-AMs compared to naïve TR-AMs, including 13

upregulated miRNAs and 31 downregulated miRNAs (Figure 6C).

We found that miR-598, miR-10a, and miR-9 were also upregulated

in the responded Mo-AMs and potentially impacted a substantial

number of DEG in the miRNA-deficient Mo-AMs during lung

fibrosis (Figure 6D, Supplementary Table 4). Interestingly, IPA

predicted several upstream regulator miRNAs, including let-7a

(sharing the same seeding sequence, GAGGUAG, with let-7c),

miR-155, and miR-125b (Figure 6E), which were also specifically

upregulated in the responded Mo-AMs (Figure 6C). These putative

upstream miRNAs possibly directly or indirectly regulate DEG

associated with dysregulated pathways in DicerKO Mo-AMs

during BLM injury (Figure 6F, Supplementary Table 5). Taken

together, these results suggest that BLM injury caused similar but

divergent miRNA expression changes in TR-AMs and Mo-AMs,

and that several miRNAs specifically regulated in Mo-AMs during

fibrosis might be responsible for Mo-AM-specific functional

changes in response to BLM injury.
3 Discussion

As the resident macrophages in the airways, AMs are essential

for maintaining lung tissue homeostasis through clearance of

surfactant and cell debris under physiological conditions as well

as regulating host defense against infection, stress, and injury under

pathological conditions (46). miRNAs are a cluster of small non-

coding RNAs that are important epigenetic regulators of immune

cell development, maintenance, and function. Our recent study

demonstrates that miRNAs are required for embryonic AM

development (19); however, it remains unclear whether

misregulation of miRNAs can influence AM homeostasis and

function in pulmonary diseases. Here, we show that miRNAs are

required for TR-AM postnatal maintenance and maturation in the

steady state. miRNAs also control AM repopulation from BM

progenitors after lethal whole-body irradiation. In a BLM-induced

experimental PF model, miRNA deficiency leads to distinct

transcriptomic and pathway changes in TR-AMs and Mo-AMs in
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FIGURE 6

Putative miRNAs targeting genes that regulate TR-AMs and Mo-AMs after BLM injury. (A) Heatmap showing differential miRNA expression levels
(-ddCt values) in naïve TR-AMs and responded TR-AMs from C57BL/6 mice given BLM. Bar chart showing fold changes (log2) of each miRNA by
comparing responded TR-AMs to naïve TR-AMs on the right. (B) Ingenuity pathway analysis (IPA) analysis of differentially expressed genes (DEG) in
DicerKO TR-AMs and associated signaling pathways targeted by 4 upregulated miRNAs as in (A) CP, canonical pathways. (C) Heatmap showing
differential miRNA expression levels (-ddCt values) in naïve TR-AMs and responded Mo-AMs from C57BL/6 mice given BLM. Bar chart showing fold
changes (log2) of each miRNA by comparing responded Mo-AMs to naïve TR-AMs on the right. (D) IPA analysis of the of DEG in DicerKO Mo-AMs
targeted by 3 upregulated miRNAs that were shared in A and (C, E) Predicated upstream miRNA regulators in Mo-AMs by IPA. (F) IPA analysis of DEG
targeted by predicated upstream regulator miRNAs.
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response to fibrotic injury, which could possibly contribute to the

attenuated development of fibrogenesis. Our results suggest

miRNAs as a critical regulator for AM behaviors in health

and disease.

In addition to TR-AMs, the most abundant macrophage

population in the lungs, the second macrophage subset IMs reside

in the lung interstitium and can be distinguished from TR-AMs

according to their anatomical location, morphology, and phenotype

(47). However, the origin of IMs and their function in steady and

pathogenic states remain less studied. Phenotypically, TR-AMs are

autofluorescent Siglec FhiCD11chiCD11bloCX3CR1– cells, while

IMs are non-autofluorescent SiglecF–CD11c–/loCD11bhiCX3CR1+

cells. Due to little expression of CD11c by IMs, gene deletion

induced by CD11c-Cre barely targets IMs (38). Interestingly, we

observed an increase in the number of IMs in CD11cCreDicerfl/fl KO

naïve mice compared to Dicerfl/fl control naïve mice, suggesting that

IMs may compensatorily increase due to the loss of TR-AMs in the

DicerKO mice in the steady state. On the other hand, the CD11c-

Cre promoter also targets DCs which highly express CD11c (48).

DCs have been implicated to play a role in BLM-induced lung

injury since inactivation of DCs by immune-mediator VAG539 and

depletion of DCs by CD11c-diphtheria toxin receptor mitigates

lung fibrosis, although the targets of both approaches are not

restricted to DCs (49, 50). Even though we did not see changes in

the numbers of DCs in the lungs of naïve DicerKO mice generated

using the CD11c promoter, we observed reduced numbers of DCs

in the fibrotic lungs of DicerKO mice given BLM. Thus, we cannot

exclude the possibility that some of the lessened effects we observed

are attributable to DCs. Additionally, lack of miRNAs led to

decreased numbers of TR-AMs in the BAL and lungs from both

naïve and BLM-treated mice. As TR-AMs are an important source

of fibroblast growth factor that drive fibrogenesis during PF (51),

the lower quantity of TR-AMs may also contribute to the reduced

PF severity in the DicerKO mice.

TR-AMs can self-renew in adult mice independent of BM input

in the steady state. However, under certain stresses that induce

significant TR-AM loss, the lungs are replenished with fresh Mo-

AMs from BM-derived MOs (52). BM chimeras have proven to be a

valuable tool to study hematopoietic cell development and their

participation in long-term immune responses in a physiological

setting (53). In our study, BM cells from DicerKO mice failed to

generate Mo-AMs in the BM chimeric mice following lethal

irradiation, indicating that miRNAs are required for Mo-AM

repopulation from BM under physiological conditions.

Interestingly, during BLM-induced lung injury, comparable

numbers of Mo-AMs emerged in the airways and lungs between

DicerKO and WT mice, implying that loss of miRNAs barely

influences the generation of Mo-AMs under inflammation. One

possibility for this discrepancy is that the local environmental cues

elicited by BLM injury may drive MOs to differentiate into Mo-AMs

in the inflamed tissues. The cytokine GM-CSF is essential for the

differentiation of fetal MOs into TR-AMs through induction of the

expression of PPAR-g, a key transcription factor required for TR-

AM embryonic development and Mo-AM replenishment after

irradiation-induced depletion (7). A previous study found a
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significant increase in the GM-CSF mRNA level in the lungs on

day 5 after BLM instillation, and that the percentage and number of

AMs within BAL fluid increased following GM-CSF infusion and

decreased following anti-GM-CSF IgG treatment (54). These results

suggest that GM-CSF induced by BLM injury may promote Mo-

AM differentiation in inflamed lungs. Moreover, our bulk RNA-seq

data showed a mild increase (1.34-folds change, FDR = 0.049) in the

PPAR-g mRNA level and comparable mRNA levels of GM-CSF

receptors (Csf2ra and Csf2rb) of Mo-AMs from Dicer cKO mice

compared to the WT control, suggesting that BLM-induced GM-

CSF could efficiently drive the differentiation of MOs into Mo-AMs

in the absence of miRNA regulation. Future studies using anti-GM-

CSF antibody treatment of DicerKO mice given BLM may address

whether there is a dependency of GM-CSF for Mo-AM generation

in the lung fibrosis model. On the other hand, deletion of Dicer

leads to a significant loss of almost all miRNAs in the Dicer-

deficient cells (55). Although the generation of Mo-AMs appears to

not be affected by Dicer deletion during BLM-PF, we cannot rule

out the possibility that some individual miRNAs may still play a role

in Mo-AM production under fibrosis disease conditions, and that

deficiency of these miRNAs in DicerKO mice may offset their

promoting or inhibitory functions in the generation of Mo-AMs

from BM during fibrogenesis. This concern could be addressed

using individual miRNA conditional KO or overexpressing (knock-

in) mouse strains with the experimental PF model.

BLM-induced lung injury is a self-limiting process

characterized by a profound initial inflammatory phase (0–7

days), a progressive fibrogenic phase (7–21 days), and a

spontaneous resolution phase (42–56 days) (34, 56). Depletion of

TR-AMs by clodronate liposomes either accelerates or attenuates

acute pulmonary damage induced by a variety of toxicants or

mechanical disruption, suggesting that the pro/anti-inflammatory

role of TR-AMs in the acute inflamed lungs is context dependent

(57–59). Moreover, the role of TR-AMs in the fibrotic phase of BLM

injury remains debatable (28, 29, 60), although the profibrotic role

of Mo-AMs in developing BLM-induced fibrosis has been firmly

established (29–31). There is also evidence indicating that depletion

of lung macrophages during the resolution phase of BLM-PF slows

the resolution of fibrosis (33, 34). Thus, the roles of TR-AMs and

Mo-AMs could be distinct in the different phases of lung injury and

repair. In the current study, we showed that loss of miRNAs in AMs

and other CD11c+ cells attenuated lung fibrogenesis at day 14–15

after BLM treatment. However, whether miRNAs regulate AM

function at the initial inflammatory and resolution phases

remains unclear. Inducible gene deletion models, such as

CD11cCreERT mice (61), could be used to induce timed deletion

of miRNAs in AMs and evaluate the role of miRNAs in AM

function at different phases of BLM-induced lung injury. One

may also argue that CD11c promoter-driven Cre activity occurs

in both TR-AMs and Mo-AMs, which vaguely defines the specific

role of TR-AMs and Mo-AMs with miRNA deficiency contributing

to the lessened fibrogenesis. This concern could be addressed by

using recently developed transgenic mice that specifically target TR-

AMs (e.g., CD169-Cre) (62–64) or Mo-AMs (e.g., hCD68rtTA-tet-

On-Cre) (31, 65) in the experimental lung disease models. Despite
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the limitation using CD11c-Cre mice, our bulk RNA-seq analysis

demonstrated divergent transcriptomic changes and differentially

impacted pathways in TR-AMs and Mo-AMs purified from the

fibrotic lungs of miRNA-deficient mice, which provides some

interesting clues on miRNA differential regulation in AM subtype

behaviors during lung fibrosis.

Using an integration of miRNA array, mRNA-seq, and

bioinformatics analyses, we identified several miRNAs and their

potential targeted mRNAs and pathways that possibly contribute to

AM-mediated fibrogenesis during BLM injury. Among potential

pathway, the increased apoptosis observed in DicerKO TR-AMs

can be linked to the transcriptomic alterations identified in our

RNA-seq analysis. Notably, Cluster 5 contained several apoptosis-

and survival-related genes (Nod1, Card11, Net1, Vav2) that were

downregulated in both TR-AMs and Mo-AMs from DicerKO mice,

suggesting a loss of pro-survival signaling pathways. In addition,

Cluster 1 featured key transcriptional and fibrotic regulators (Runx3,

Smad3, Tgfb1) that were diminished in Dicer-deficient TR-AMs,

potentially impairing homeostatic and repair functions. Cluster 3

included genes involved in lipid and steroid metabolism (Hsd11b1,

Cpt2, Gpx4) and innate immune activation (Casp1, Cd47), indicating

a shift in metabolic and immune tone that may further sensitize TR-

AMs to apoptotic stress. Conversely, genes in Cluster 4, which were

selectively enriched in TR-AMs, may represent a core identity

signature that is maintained, but insufficient to compensate for the

apoptotic pressures triggered by miRNA loss. Together, these data

suggest that Dicer deletion disrupts a network of survival, metabolic,

and immune-regulatory pathways that collectively contribute to the

heightened apoptosis observed in TR-AMs during fibrotic injury. An

important aspect of TR-AM depletion in Dicer KO mice is the

potential role of repopulatingMo-AMs, which may influence TR-AM

depletion due to their distinct origin and roles in lung injury. Mo-

AMs, recruited from the bone marrow during inflammation, play a

key role in immune responses, while TR-AMs are tissue-resident

macrophages that maintain lung homeostasis and respond to local

injury. This distinction may contribute to differential effects on

macrophage populations during lung fibrosis. While our study

primarily focused on miRNA loss in TR-AMs and their association

with increased apoptosis, Mo-AMs, recruited to the lungs during

injury and inflammation, could contribute to the depletion of TR-

AMs. These Mo-AMs may secrete pro-apoptotic factors or other

molecules that exacerbate TR-AM loss, potentially through a

paracrine mechanism. The interplay between TR-AMs and Mo-

AMs in the context of Dicer loss and fibrosis is an exciting area for

future research. Furthermore, miR-598, miR-10a, and miR-9 were

significantly upregulated in both TR-AMs and Mo-AMs following

BLM and potentially targeted a group of DEG shared by TR-AMs

and Mo-AMs, such as Arg2, Casp8, Ccne2, Dusp6, Eif4e, Gstm1,

H3f3a, Lepr, Mdm2, Prkar1b, and Ywhah. These shared DEG are

involved in multiple signaling pathways that are associated with the

pathogenesis of lung fibrosis, including G1/S checkpoint regulation,

Myc-mediated apoptosis, clathrin-mediated endocytosis, ERK/

MAPK, and PI3K/AKT signaling pathways. On the other hand, let-

7c (sharing the same seeding sequence with let-7a), miR-125b, and

miR-155 uniquely upregulated in Mo-AMs during BLM injury were
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and pathway changes in DicerKOMo-AMs. The levels of let-7c, miR-

125b, and miR-155 were significantly increased in the lung biopsies

from rapidly progressive IPF patients compared to normal lung

samples (66), suggesting that their aberrant regulation might

correlate to severity of IPF disease progression. Furthermore, let-7c

levels were reported greater in AMs from fibrotic lungs after BLM

treatment as compared to those from normal lungs (67), which is

consistent with our results. Although extensive gain- or loss-of-

function studies have revealed that let-7c and miR-125b have

major impact on BM-derived macrophage polarization and

activation (67–70), whether they are essential for regulating Mo-

AM profibrotic phenotypes during experimental PF remains unclear.

On the other hand, miR-155 has been reported to promote pro-

inflammatory activation of BM-derived macrophages and inhibit the

polarization of anti-inflammatory and repair macrophage

phenotypes (71). However, the role of miR-155 in the regulation of

AMs in BLM-induced lung fibrosis remains debated. Kurowska-

Stolarska, M. et al. reported that miR-155–/– conventional KO mice

given a single dose of BLM developed exacerbated lung fibrosis,

increased collagen deposition, TGF-b production, and activation of

profibrotic macrophages by dysregulation of liver X receptor (LXR)a
in lung fibroblasts and macrophages (72). Christmann, R.B. et al.

reported that miR-155KO mice chronically exposed to BLM

developed milder chronic lung fibrosis, better survival rates, and

lower expression of BLM-induced lung profibrotic genes, such as

Arginase-1 and tissue inhibitor of metalloproteinases-1, both of

which were produced prominently by lung macrophages (73, 74).

Thus, miR-155 appears to play either pro- or anti-fibrotic role in the

pathogenesis of lung fibrosis. This discrepancy may result from

different experimental setups of BLM treatment in the two studies,

i.e., 2.4 U/kg for 1 dose by intranasal injection versus 90 U/kg for 7

days by subcutaneous osmotic pump injections. Additionally, global

deletion of miR-155 could compromise its role in AMs during BLM

injury given the overall effects of miR-155 deficiency on fibroblasts

and other immune cell types, such as IMs, DCs and T cells. This

notion could be addressed by future functional experiments using

transgenic mice with AM-specific deletion or overexpression of

individual miRNAs. Considering the time-consuming process of

generating new mouse strains, we believe that in vivo local delivery

of miRNA mimics or antagomirs via liposomes or nanoparticles

specifically targeting AMs would provide a promising and more

efficient strategy for AM functional studies in lung disease models.

Specifically, we plan to perform targeted inhibition of selected

miRNAs followed by apoptosis assays in TR-AMs to further

elucidate their functional relevance (60, 75).

In conclusion, our data have provided evidence that miRNAs

serve as key epigenetic regulator to control AM maintenance,

maturation, and repopulation from BM under physiological

conditions. More importantly, our finding that miRNAs are

involved in the regulation of AM survival and function during the

development of lung fibrosis may provide additional knowledge

about miRNA regulation in AM biology and may suggest

modulation of AMs using miRNAs for clinical applications to

treat IPF.
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4 Methods

4.1 Animals

C57BL/6 (strain #000664), B6.SJL (strain #002014), Cd11cCre

(strain #008068), and Dicerfl/fl (strain #006001) mice were

purchased from the Jackson Laboratory (Bar Harbor, ME). To

generate CD11c-expressing, cell-specific Dicer mutant mice

(Cd11cCreDicerflfl), we crossed Cd11cCre and Dicerfl/fl mice. All

experiments included age-matched and sex-matched littermate

controls of 6–18 weeks of age. Mice were housed under barrier-

and specific pathogen-free conditions at temperatures of 20-26 °C

with 30-70% humidity and a 12h light/12h dark cycle at Henry Ford

Health System (HFHS). All procedures were approved by the HFHS

Institutional Animal Care and Use Committee (Protocol No.1478)

and conformed to the Guide for the Care and Use of Laboratory

Animals published by the U.S. National Institutes of Health.
4.2 Bleomycin injury

Bleomycin (Sigma, catalog #B8416) was instilled intratracheally

at a dose of 0.5-3.0 U/kg in 40 µL of saline using an established

protocol (76). Briefly, anesthetized mice (45 mg/kg ketamine and 8

mg/kg xylazine) were suspended on a 60-degree incline board. With

the tongue gently extended, a 40 ul aliquot of bleomycin in saline or

saline alone was placed in the back of the oral cavity to be aspirated

by the animal. To guide the solution down the trachea rather than

the esophagus, nasal breathing was blocked by covering the nose

until the full volume was consumed. The treated mice were then

placed in the original cage and kept monitoring until full recovery

from anesthesia.
4.3 Assessing fibrosis

To assess lung fibrosis development and severity, mouse body

weight loss and survival were monitored over a 2-week period.

Additionally, lung tissue was harvested for hydroxyproline analysis

and H&E and trichome staining. Tissue samples were homogenized

or fixed in 10% formalin, respectively. Lung hydroxyproline content

was quantified using the colorimetric Hydroxyproline Assay Kit

(Abcam, catalog # Ab222941), while H&E- and trichome-stained

slides were imaged using the Olympus FSX100 Inverted Microscope

(Olympus) and FSX-BSW image capturing software v.03.02.12

(Olympus). TGF-b1 levels in BAL were measured using Human/

mouse TGF beta 1 uncoated ELISA Kit (Invitrogen, catalog# 88-

8350). Further, Hematoxilin Eosin-stained slides were scanned with

light microscope (Leica, Germany) at 100× magnification for

images, reviewed and degree of fibrosis was assigned according to

Ashcroft’s fibrosis score system (77): normal lung was referred to as

score “0” while score “8” represented maximal degree. Later, degree

of Ashcroft’s fibrosis score was correlated with hydroxyproline, TR-
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AM and Mo-AM to determine their association with

fibrotic progression.
4.4 Bulk RNA sequencing and data
processing

cDNA synthesis and preamplification for total RNA of the sorted

cells were performed using the SMART-Seq v4 Ultra Low Input RNA

Kit (Clontech, Mountain View, CA) following the manufacturer’s

instructions as described previously (13). Illumina P5 and P7 primers

with adaptors were used for final library amplification. Sequencing

was performed using paired-end 150 bp reads on the Illumina Hiseq

4000 platform from Novagene. The RNA-Seq reads were aligned to

the mouse GRCm38/mm10 reference genome and expression levels

for each sample were quantified and normalized using Biomedical

Genomics Workbench 5.0 (QIAGEN). Differentially expressed gene

analysis was performed in R (4.1.2) using the DESeq2 package

(1.37.0). Principle-component analysis was performed in R (4.1.2)

using the ggplot2 package (3.3.5). Heatmap was created in R (4.1.2)

using the pheatmap package (1.0.12). Gene ontology (GO) biological

process enrichment analysis as well as KEGG and Reactome pathway

analyses were performed using DAVID Bioinformatics Resources 6.8

(78). Integration of miRNA and DEG interaction analysis was

performed using the Ingenuity Pathway Analysis (QIAGEN

Bioinformatics, version 42012434).
4.5 Bone marrow chimeras

B6.SJL (CD45.1+) mice were lethally irradiated with 550 Rads

for 2 times. Donor BM cells were harvested from age- and sex-

matched CD45.2+ Dicerfl/fl (WT) and Csf1ricreDicerfl/fl (KO) mice by

flushing bones followed by lysis of erythrocytes. The BM cells (107

cells in 100 ml PBS) from either Dicerfl/f l(WT) or Csf1ricreDicerfl/fl

(KO) mice was retro-orbitally administered into each irradiated

recipient mouse. The recipient mice were kept for 10 weeks to allow

for reconstitution, after which they were used for experiments.
4.6 Statistics

No statistical method was utilized to predetermine sample size.

Student’s unpaired two-tailed t tests were performed using

GraphPad Prism 8.4.3 software (GraphPad, La Jolla, CA) unless

otherwise specified. Statistical significance is displayed as: N.S., not

significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
4.7 Study approval

All animal procedures were approved and performed in

accordance with the ethics guidelines of Henry Ford Health

System Animal Care and Use Committee.
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