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ABSTRACT 

Idiopathic pulmonary fibrosis (IPF) is a progressive and ultimately fatal disease.  Recent findings 

have shown a marked metabolic reprogramming associated with changes in mitochondrial 

homeostasis and autophagy during pulmonary fibrosis. The microRNA-33 (miR-33) family of 

microRNAs (miRNAs) encoded within the introns of SREBP (sterol regulatory element binding 

protein) genes are master regulators of sterol and fatty acid (FA) metabolism. miR-33 controls 

macrophage immuno-metabolic response and enhances mitochondrial biogenesis, FA oxidation, 

and cholesterol efflux. Here, we show that miR-33 levels are increased in Broncho Alveolar 

Lavage (BAL) cells isolated from IPF patients compared to healthy controls. We demonstrate that 

specific genetic ablation of miR-33 in macrophages protects against bleomycin-induced pulmonary 

fibrosis. The absence of miR-33 in macrophages improves mitochondrial homeostasis and 

increases autophagy while decreasing inflammatory response after bleomycin injury.  Notably, 

pharmacological inhibition of miR-33 in macrophages via administration of anti-miR-33 Peptide 

Nucleic Acids (PNA-33) attenuates fibrosis in different in vivo and ex vivo mice and human models 

of pulmonary fibrosis. Together, these studies elucidate a major role of miR-33 in macrophages in 

the regulation of pulmonary fibrosis and uncover a novel therapeutic approach to treat this disease. 

 

 

 

 



INTRODUCTION 1 

Pulmonary Fibrosis (PF) is a chronic, fatal and progressive disease characterized by an 2 

aberrant wound healing caused by repetitive alveolar epithelial cell injury and excessive deposition 3 

of extracellular matrix proteins in the interstitial space of the lung (1). There are two main types 4 

of pulmonary fibrosis: 1) with unknown etiology (Idiopathic) and 2) secondary to autoimmunity, 5 

exposure to environmental factors such as foreign antigens, toxins, chemical warfare, radiation, or 6 

viral infection. The median survival of Idiopathic Pulmonary Fibrosis (IPF) is 3-5 years after initial 7 

diagnosis and its incidence continues to rise (1-3). Two FDA-approved drugs,  pirfenidone, and 8 

nintedanib slow disease progression,  but have no effect on patient symptoms or quality of life, 9 

and the only curative treatment for pulmonary fibrosis is lung transplantation (4).  10 

A growing body of evidence supports the role of macrophages in the pathogenesis of 11 

pulmonary fibrosis. Although many cell types are involved in tissue repair, macrophages have 12 

been shown to exhibit critical regulatory activity at all stages of repair and fibrosis (5). 13 

Consequently, because macrophages represent potentially important therapeutic targets, there has 14 

been a great deal of interest over the past few years in deciphering the contributions of the different 15 

macrophage populations that control the initiation, maintenance, and resolution of wound healing 16 

responses (5). Lung macrophages are a critical component of the pulmonary fibrotic response in 17 

mice and humans, as has been most recently demonstrated by studies that applied single cell RNA 18 

sequencing technologies (6, 7), and numerous mechanistic studies (8-10). In the past decade, there 19 

has been increased recognition of the roles of aging, innate immunity, metabolic reprogramming, 20 

and mitochondrial dysfunction in PF (10-13), and it has been shown that mitochondria in Alveolar 21 

Macrophages (AM)s from IPF patients have prominent morphological and transcriptional defects 22 



(14). Taken together manipulation of these macrophages and their metabolic programs may present 23 

an attractive therapeutic strategy to treat pulmonary fibrosis (15).  24 

The miR-33 family (miR-33a and miR-33b) of intronic miRNAs has been shown to control 25 

lipid metabolism, as well as cellular energy status and mitochondrial function (16-23). Inhibition 26 

of endogenous miR-33 in macrophages promotes mitochondrial biogenesis and efficient 27 

production of adenosine triphosphate (ATP) (16, 24). miR-33 sustains cardiac fibrosis and 28 

remodeling by preserving lipid raft cholesterol content and controlling proliferation in cardiac 29 

fibroblasts (25). Loss or inhibition of miR-33 is protective in multiple models of kidney 30 

dysfunction, which may be in part due to a reduction of the repression of fatty acid oxidation 31 

(FAO) in fibrotic kidneys and reduced lipid accumulation (26). Additionally, hepatic miR-33 32 

deficiency has been demonstrated to protect against liver fibrosis and improve metabolic function 33 

in mice fed a high fat diet (27). However, the regulatory role of miR-33 in the context of lung 34 

fibrosis has not been elucidated yet.  35 

In this study, we discovered that miR-33 regulates the immuno-metabolic responses of 36 

macrophages during PF. Most importantly, we demonstrate that miR-33 therapeutic silencing in 37 

lung macrophages attenuates the progression of lung fibrosis in in vivo and ex vivo models. These 38 

findings may overcome one of the main problems in treating lung-related disorders with RNA-39 

based medicines, which is the lack of targeted miRNA delivery technology to minimize off-target 40 

effects and improve the safety of miRNAs in vivo (28). 41 

 42 

RESULTS  43 

miR-33 levels are increased in monocytes/macrophages isolated from Broncho Alveolar 44 

Lavages (BAL) and lungs of IPF patients compared to healthy controls: 45 



 We evaluated the level of miR-33 in BAL cells, obtained from 62 well-characterized 46 

patients with IPF and 10 age-matched healthy controls (Table S1). This analysis revealed that 47 

miR-33 is significantly increased in IPF cells compared to controls (fold change; +2.5, P-48 

value=0.0024) (Fig. 1A). Since more than 90% of BAL cells are immune cells, we aimed to 49 

evaluate miR-33 levels in the immune cells of the human lungs. We isolated CD45+ cells from the 50 

lungs of the patients with IPF (n=9) (Table S2) and identified a significant increase in miR-33 51 

levels (P-value=0.023) in IPF CD45+ cells compared to controls (n=4) (Fig. 1B). Interestingly, the 52 

expression of miR-33 in IPF CD45- populations were significantly lower than controls (P-53 

value≤0.001), which suggested a potentially important regulatory role for miR-33 in immune cells 54 

and perhaps monocyte/macrophage populations in IPF. To expand our analysis and provide a 55 

better understanding of miR-33 regulation in human, we assessed indicators of miR-33 activity in 56 

publicly available gene expression lung datasets. We identified miR-33 target genes in two gene 57 

expression datasets, one from lung tissue (GSE47460) and one from BAL (GSE70866). As a single 58 

gene’s expression is a poor correlate for miRNA activity, we determined overall miRNA activity 59 

by analyzing all target genes using Gene Set Variation Analysis (GSVA). This analysis revealed 60 

that miR-33-5p target gene expression is significantly decreased in both IPF BAL (5p; P-61 

value=0.000187,3p; P-value=2.57e-05) (Fig. 1C) and IPF lung tissues (5p; P-value=2.64e-06) 62 

(Fig. 1D). Targets of the 3p strand of the microRNA were significantly decreased in BAL but not 63 

in lung tissue (Fig. S1A and B).  64 

Myeloid-specific miR-33 knockout mice are protected against bleomycin-induced 65 

Pulmonary Fibrosis:  66 

To directly test the immune cell specific role of miR-33, we generated myeloid-specific 67 

miR-33 knockout (KO) mice (LysMCRE+miR-33LOX/LOX, miR-33M/M-/-), and appropriate controls 68 



LysMCRE-miR-33LOX/LOX, miR-33M/M+/+) and subjected to a bleomycin-induced PF model. The 69 

evaluation of miR-33 levels in BAL Alveolar Macrophages (AM), as well as the total lungs of 70 

these mice, confirmed the absence of miR-33 in macrophages, and that bleomycin administration 71 

increases the levels of miR-33 in control mice compared to the saline-treated group (Fig. 2A and 72 

Fig S2A). miR-33M/M-/- mice were protected from bleomycin-induced lung fibrosis as indicated by 73 

a reduction in collagen content, measured by hydroxyproline assay (fold change; -2, P≤0.0001), 74 

(Fig. 2B), and expression of profibrotic genes including Col1a1 and Acta2 (fold change; -2.5, 75 

P≤0.0001), (Fig. 2C-D). The histological evaluations using Masson-Trichrome staining of lung 76 

tissues confirmed these findings (Fig. 2E-F). Next, we evaluated the inflammatory response in 77 

these mice via the measurements of BAL cell recovery and the cytokines level after the bleomycin 78 

injury. BAL total cell numbers as well as macrophage and lymphocyte cell numbers were 79 

significantly increased in the control mice with bleomycin treatment and largely ameliorated in the 80 

absence of miR-33 (Fig. 2G). Measurements of cytokine panels in the BAL isolated from these 81 

mice revealed that many of the inflammatory markers including TNFα, IL-12p70, IL-2, INF-γ, 82 

KC-GRO, IL10, IL-13, and IL-4 are decreased in the absence of miR-33 after bleomycin injury 83 

(Fig. 2H-O). 84 

We investigated the expression of miR-33 target transcripts relevant to mitochondrial 85 

homeostasis in these samples and identified numerous targets, including peroxisome proliferator-86 

activated receptor gamma coactivator-1α (Pgc-1α, Ppargc1a), Carnitine O-Octanoyltransferase 87 

(Crot), Carnitine Palmitoyltransferase-1 α (Cpt1α), and ATP Binding Cassette Subfamily A 88 

Member1 (Abca1), with increased expression in the absence of miR-33 at baseline and after 89 

bleomycin exposure (Fig. 2P-S). The same pattern of changes was observed in the level of Sirtuin3 90 

(Sirt3) expression (Fig. 2T), which could be secondary to other effects induced by the absence of 91 



miR-33. As expected, the administration of bleomycin reduces the expression of some of these 92 

genes in the control mice (Fig. 2P-T). The expression of the miR-33 host gene, Sterol Regulatory 93 

Element Binding Transcription Factor 2 (Srebp-2) was increased in the lungs of the miR-33M/M-/- 94 

mice (Fig.  S2B and S2C).  Together, this data revealed the protective effect of macrophage-95 

specific miR-33 ablation in the bleomycin model of PF in mice and suggested that this effect could 96 

be via alterations in the expression of target genes relevant to mitochondrial function.  97 

Pharmacological inhibition of miR-33 in lung macrophages protects against bleomycin in in 98 

vivo murine model of PF:  99 

Peptide Nucleic Acids (PNAs) are synthetic analogs of DNA comprised of nucleobases 100 

that are connected to a pseudo-peptide backbone which imparts resistance to nuclease enzymes 101 

and considerably increases stability and half-life (29, 30). We generated and assessed the efficacy 102 

of anti-miR-33 PNA (PNA-33) as a cell-specific inhibitor for miR-33. Our results showed that 103 

PNA-33 binds specifically to well-established miR-33 target transcripts by gel shift assay (Fig. 104 

3A). In prior studies, we optimized the protocol for the preparation of PNA conjugates containing 105 

the fluorophore TAMRA (31). We administered PNA-33 TAMRA conjugated anti-miR in WT 106 

mice via intravenous (IV) route and confirmed the accumulation of the compound in lung 107 

macrophages 24 hours after injection using a two-photon microscopy imaging system (Fig. 3B). 108 

Next, we administered PNA-33 and scrambled control in WT mice via an intranasal (IN) route, 109 

which is the most efficient method for direct delivery to the lung and isolated lungs and alveolar 110 

macrophages (AM) at different time points. As shown in Figure 3C, miR-33 levels were 111 

dramatically decreased, specifically in AM after PNA-33 administration, and remained at low 112 

levels even 5 days after a single administration of PNA-33 (Fig. 3C). After confirming the efficacy 113 

of PNA-33 in delivering and antagonizing miR-33 in macrophages, we tested whether therapeutic 114 



silencing of miR-33 using PNA-33 protects against bleomycin-induced PF in mice. Notably, we 115 

found that intranasal administration of PNA-33 markedly reduces lung fibrosis as indicated by a 116 

significant decrease in collagen content and fibrogenic gene expression (Col1a1 and Acta2) 117 

compared to mice treated with scrambled control (Fig. 3D-F). Histological assessments in lung 118 

sections via quantifications of the collagen accumulations in Mason Trichrome staining confirmed 119 

the fibro-protective effects of PNA-33 in this mice model (Fig. 3G and H). Consistent with what 120 

we observed in miR-33M/M-/- mice, the expressions of mitochondrial-related miR-33 target genes 121 

(Pgc-1α) and (Abca1) were increased in response to PNA-33 treatment (Fig. 3I and J).  122 

Collectively, our results demonstrated that macrophage-specific deletion and 123 

pharmacological inhibition of miR-33 in the lung protect against bleomycin-induced PF in in vivo 124 

model.  125 

The absence of miR-33 in macrophages improves mitochondrial homeostasis at baseline and 126 

after bleomycin injury:  127 

To understand the mechanism behind the fibro-protective effects of miR-33 inhibition and 128 

to confirm its regulatory role in the expression of genes associated with mitochondrial biogenesis 129 

and metabolism in macrophages, we tested primary mice AM in an ex vivo system.  Inhibition of 130 

miR-33 using a miR-33 antagomir with or without bleomycin treatment revealed a significant 131 

increase in the expression of miR-33 target genes Pgc-1α, Abca1, and Sirt3 expression indicating 132 

a role of miR-33 in regulating key mitochondrial pathways (Fig. 4A-D). To further explore the 133 

regulatory role of miR-33 in mitochondrial homeostasis in macrophages, we measured 134 

mitochondrial function in primary AM isolated from myeloid-specific miR-33 knockout mice by 135 

Seahorse XF96 Extracellular Flux Analyzer. As expected, mitochondrial activity in AM of control 136 

mice was very limited at baseline and after bleomycin injury. Interestingly, we found a dramatic 137 



increase in mitochondrial function, as indicated by a significant increase in Oxygen Consumption 138 

Rate (OCR, pmol/min) and Extracellular Acidification Rate (ECAR, pmpH/min) (Fold=+3), in the 139 

miR-33M/M-/- AM compared to control AM at baseline and after bleomycin exposure (Fig. 4E-H).  140 

Emerging evidence suggests that the examination of circulating mitochondrial DNA 141 

(mtDNA) could be a mechanism-based prognostic biomarker of PF (32). Thus, we evaluated 142 

mtDNA in the extracellular fraction of the BAL isolated from miR-33M/M-/- and controls post 143 

bleomycin injury (32). Notably, we observed a significant increase in mtDNA content in control 144 

mice after bleomycin injury, which is markedly decreased in the absence of miR-33 in 145 

macrophages after bleomycin or even at baseline (Fig. 4I). As we observed an improved 146 

oxygenation rate and decreased extracellular mitochondrial DNA in the BAL, we hypothesized 147 

that miR-33 deficiency improves mitochondrial stability. To evaluate the effect of miR-33 148 

inhibition on structural alterations in the mitochondria in the lung, we performed Transmission 149 

Electron Microscopy (TEM) imaging analyses on lung tissues as well as AM isolated from control 150 

and miR-33M/M-/- mice (Fig. 4J-M). Ultrastructural qualitative and quantitative analysis revealed 151 

that the mitochondria in macrophages from control mice after bleomycin injury were dysmorphic 152 

and contained disorganized cristae (Fig. 4L, N, and O). These deleterious morphological 153 

mitochondrial alterations were partially prevented in macrophages from miR-33M/M-/- mice. 154 

Detailed morphometric analysis of macrophages from miR-33M/M-/- mice demonstrated a 155 

significant improvement in the mitochondrial structure as well as an increase in the mitochondrial 156 

number/area at the baseline and strikingly after bleomycin exposure (Fig. 4M, N and O).  157 

The absence of miR-33 in macrophages induces autophagy after bleomycin injury: 158 

We extended our investigation by further evaluating the TEM images acquired from the 159 

lung tissues and AM from miR-33M/M-/- mice after bleomycin exposure. In addition to the 160 



improvement in mitochondrial structure, we found a dramatic enhancement in autophagy as 161 

visualized by an increase in autophagosome contents, specifically in the miR-33M/M-/- 162 

macrophages after bleomycin (Fig. 5A). Given that AMP-activated protein kinase Alpha (AMPK-163 

α) and PGC-1α are well-established miR-33 target genes, relevant to mitochondrial homeostasis 164 

and autophagy, we evaluated their protein expressions in these mice.  Western blot analysis of the 165 

lung tissues revealed an increase in the expression of Phospho-AMPK-α and PGC-1α, in miR-166 

33M/M-/- mice at baseline and after bleomycin exposure compared to control mice (Fig. 5B). To 167 

confirm the relationship between the absence of miR-33 in macrophages and autophagy, we also 168 

evaluated AM after the inhibition of miR-33 using an antagomir and found an increase in phospho-169 

AMPK-α as well as LC3A/B and P62 (also known as SQSTM1) expression in these cells compared 170 

to the scrambled control (Fig. 5C). Immunohistochemistry (IHC) staining in lung tissues isolated 171 

from miR-33M/M-/- mice showed a significant increase in LC3A/B (Fig. 5D and E) and P62 (Fig. 172 

5F and G) positive cells in these mice compared to controls after bleomycin injury. Co-IHC of 173 

LC3A/B and P62 along with F4/80 (a marker of macrophages in the lung) identified co-174 

localization of F4/80 with LC3A/B and P62n in the lungs of miR-33M/M-/- mice after bleomycin 175 

(Fig. S3A-C). 176 

miR-33 deficiency in macrophages induces mitophagy in response to injury: 177 

 Mitophagy is a quality control mechanism that could be regulated independently of the 178 

signals that govern autophagy (33), therefore we sought to study the effects of miR-33 inhibition 179 

on mitophagy after bleomycin injury. To this end, we isolated primary AM from WT mice and 180 

treated them with PNA-33 or scramble control after bleomycin injury. Confocal imaging analysis 181 

demonstrated that miR-33 inhibition markedly induces mitophagy at baseline and after bleomycin 182 

injury in macrophages (Fig. 6A and B). We next evaluated Pink1 and Parkin gene expressions and 183 



found a significant increase in the expression of these two critical regulators of mitophagy in the 184 

miR-33 deficient AM after bleomycin treatment (Fig. 6C and D). Notably, mitophagy was also 185 

increased in CD45+ cells isolated from IPF patients after miR-33 inhibition (Fig. 6E), which 186 

further confirmed the concordance of this finding between human and mice lung fibrosis.  187 

Taken together, these data demonstrate the fibro-protective role of macrophage miR-33 188 

ablation via improving mitochondrial function and structure at baseline and after bleomycin injury 189 

as well as increasing autophagy/mitophagy in these cells.   190 

Targeted inhibition of miR-33 in macrophages alters the proinflammatory/anti-191 

inflammatory gene expression profile: 192 

Given the importance of macrophages in the Th1/Th2 paradigm in PF, we assessed how 193 

miR-33 inhibition influenced macrophage immune responses. We isolated AM from WT mice and 194 

skewed them toward M1 (using INF-γ plus LPS) or M2 (using IL-13) after miR-33 inhibition using 195 

PNA-33. As was expected INF-γ induced the expression of pro-inflammatory genes including 196 

Arg1(Arginase 1), Chi3L1(chitinase 3 like 1), and IL-12, and interestingly the expression of all 197 

these profibrotic markers decreased after miR-33 inhibition (Fig. 6F-H). Conversely, INF-γ 198 

decreased the expression of Sirt-1, which was reversed after PNA-33 treatment (Fig. 6I). 199 

M2 alternative activated macrophages gene expression analysis revealed that miR-33 200 

ablation reversed the IL-13 induced YM1 (Chitinase like 3, Chil3) levels in these cells (Fig. 6J). 201 

Notably, miR-33 inhibition of IL-13 treated cells increased the expression of Abca1 and Ppar-γ 202 

(Fig. 6K and L). 203 

This experiment suggests a potential regulatory role for miR-33 in skewing 204 

proinflammatory/anti-inflammatory macrophages which may be beneficial in fibrosis resolution. 205 



Lack of miR-33 in myeloid cells improves mitochondrial homeostasis and decreases cell 206 

death in Alveolar Type II cells after bleomycin injury:  207 

Given the importance of cell-cell communications between macrophages and other players, 208 

such as alveolar epithelial cells, in the pathogenesis of PF (34), we sought to determine the impact 209 

of myeloid-specific miR-33 deficiency on alveolar epithelial cells. Improvement of mitochondrial 210 

integrity and function in alveolar type-II cells (AECII) has been shown to have antifibrotic effects 211 

(11). We analyzed AECII morphology in the lung tissue of miR-33M/M-/- mice after bleomycin 212 

exposure. As previously reported (35), we confirmed that most of the mitochondria in AECIIs of 213 

the control mice after bleomycin cells were structurally abnormal and dysmorphic (Fig. 7A and 214 

B). The morphometric quantification of the mitochondria in AECIIs in the miR-33M/M-/- mice 215 

revealed a significant improvement in mitochondrial structure and morphology by area and 216 

number at baseline and after bleomycin injury (Fig. 7A, B, and C).  217 

After observing that the absence of miR-33 in the macrophages preserves bleomycin-218 

induced mitochondrial abnormalities in AECII, we further aimed to determine the effects of miR-219 

33 ablation on mitochondria-regulated apoptotic pathways. To this end, we performed a TUNEL 220 

assay on the lung tissues after bleomycin and identified a significant increase in apoptosis as 221 

indicated by TUNEL-positive cells in control mice after bleomycin (Fig. 7D and E). We observed 222 

a significant reduction in apoptosis in the lungs of miR-33M/M-/- mice after bleomycin (Fig. 7D 223 

and E). We also analyzed whether AECII cells in these mice are protected against apoptosis by 224 

combining the TUNEL assay with Pro-SPC IF. We found a significant reduction in apoptosis of 225 

AECIIs (double-positive cells) in miR-33M/M-/- mice compared to the control mice after bleomycin 226 

exposure (Fig. 7F and G).  227 



We extended our investigation by performing a deeper analysis of this macrophage-228 

epithelial cell interaction in vitro. To this end, we inhibited miR-33 in AM isolated from untreated 229 

WT mice and transferred supernatants from these cells after miR-33 ablation to cultured small 230 

airway epithelial cells (SAEC). We found that these supernatants significantly reduced bleomycin-231 

induced apoptosis measured by Caspase3/7 activity in SAEC compared to the supernatants from 232 

AM treated with scrambled control (Fig. 7H and I), which was concordant with the in vivo 233 

reduction of the inflammatory cytokines in the BAL of the miR-33M/M-/- mice after bleomycin 234 

(Fig.2H-O). This observation provides evidence for beneficial crosstalk from miR-33 depleted 235 

macrophages to a key lung structural cell such as AECII.  236 

Our results revealed that the absence of miR-33 in macrophages could have a protective 237 

role on AECIIs by improving mitochondrial homeostasis and reducing apoptosis in these cells 238 

after bleomycin. 239 

Pharmacological inhibition of miR-33 in lung macrophages protects against ex vivo murine 240 

models of PF: 241 

To extend our investigation and to confirm the fibro-protective effects of miR-33 ablation 242 

using PNA-33 we used murine precision cut lung slices (PCLS) generated from the bleomycin-243 

induced PF model. We isolated lung slices from WT mice on day 14 after bleomycin and treated 244 

them with PNA-33 and/or scramble control for 5 days ex vivo. We also used PNA-33-TAMRA 245 

conjugated to validate the successful uptake of this PNA by macrophages in these PCLS. As shown 246 

in Fig. 8A, PNA-33 not only accumulates in macrophages in PCLS but also attenuates collagen 247 

accumulation measured by second harmonic generation microscopy (SHG) compared to control 248 

slices (Fig. 8A). This assay also confirmed there is a significant decrease in fibrogenic gene 249 



expression (Col1a1 and Acta2), as well as an increase in miR-33 target gene expressions (Pgc-1a) 250 

and (Abca1) in PNA-33, treated lung slices compared to controls (Fig. 8B-D).   251 

Pharmacologic inhibition of miR-33 ameliorates fibrosis in human precision cut lung slices 252 

from IPF patients: 253 

We sought to assess how the miR-33 inhibition using PNA-33 affects PF in human lungs. 254 

We utilized an ex vivo culture of human precision cut lung slices (hPCLS) prepared from human 255 

IPF lungs and treated with PNA-33 or scramble control for 5 days. At the end of the treatment, we 256 

performed bulk RNA sequencing to identify the effects of miR-33 inhibition on gene alterations 257 

in these fibrotic lung slices. GVSA analysis did not demonstrate a statistically significant effect on 258 

all miR-33 target genes, however, there was a significant increase in the expression of multiple 259 

relevant miR-33 target genes including PPARGC1A (PGC-1α) (P-value=0.03) and ATP Binding 260 

Cassette Subfamily G Member1) ABCG1 (P-value=0.012) after PNA-33 treatment (Fig. S4A-D). 261 

Further transcriptomic analysis of this IPF PCLS dataset revealed that PNA-33 reduces numerous 262 

fibrosis-relevant genes including ACTA2 (P-Value=0.01, FC=0.7) and multiple collagen genes 263 

(Fig. 8F, Table S3).  264 

IPF lung single cell RNA sequencing identified a fibrotic macrophage archetype with a 265 

distinct profibrotic signature (6, 36, 37). We evaluated the expression of a signature of 179 266 

profibrotic macrophage genes which are previously reported upregulated in IPF (6, 36, 37), and 267 

discovered that PNA-33 treatment significantly reduced the expression of 74 of these genes in IPF 268 

PCLS (Table S4). Many of While CTSK (Cathepsin K) is the most downregulated gene after 269 

miR33 inhibition in IPF PCLS (P-value=0004), the expression of multiple important profibrotic 270 

genes from this signature is also decreased including; CHI3L1 (Chitinase-3-like protein 1) (P-271 

Value=0.003, FC=0.7), CHIT1 (chitinase 1) (P-Value=0.001, FC=0.8), ITGA8 (Integrin Subunit 272 



Alpha 8) (P-Value=0.005, FC=0.9), ITGB5 (Integrin Subunit Beta 5) (P-Value=0.002, FC=0.84), 273 

CCL2 and CCL4 (C-C Motif Chemokine Ligand) (P-Value=0.01, FC=0.6, and P-Value=0.03, 274 

FC=0.54), respectively), CD36 (cluster of differentiation 36) (P-Value=0.01, FC=0.9) and  275 

MERTK (MER proto-oncogene, tyrosine kinase) (P-Value=0.01, FC=0.88)  (Fig. 8G, Table S4).  276 

To validate PNA-33's ability to attenuate the IPF macrophage disease signature, we also 277 

compared the log fold changes of these genes in IPF PCLS following treatment with PNA-33 to 278 

the differentially expressed genes in IPF macrophages from ScRNA seq data (from 32 IPF lungs 279 

and the 28 controls) (37). Our analysis revealed that miR-33 inhibition attenuated multiple genes 280 

from the IPF macrophage's signature list, including, CHI3L1, CHIT1, MERTK, CTSK, ITGB5, 281 

FN1(Fibronectin1), LGMN (Legumain), LPL (lipoprotein lipase), FABP5 (Fatty Acid Binding 282 

Protein 5), LIPA (lipase A) and, CTSZ (Cathepsin Z), (Fig. 8H. Table S5). 283 

In summary, the analysis of the ex vivo lung model of fibrosis demonstrated that miR-33 284 

inhibition has potent antifibrotic effects in human lung tissue at the level of gene expression and 285 

alters the profibrotic macrophage gene expression in this setting.  286 

 287 

DISCUSSION  288 

Metabolic changes in macrophages are recognized as a key feature in the pathogenesis of 289 

chronic lung diseases including PF (38). Here, we demonstrate that these metabolic alterations can 290 

be improved in the absence of miR-33. miR-33 regulates key biological and metabolic functions 291 

in lung macrophages including bioenergetics, autophagy, mitophagy, and induction of 292 

inflammation in response to injury, and the ablation of this miRNA results in improved resolution 293 

of fibrosis. Following the observation that levels of miR-33 are substantially increased in BAL 294 

cells as well as monocytes isolated from the IPF patients, we studied the role of this miRNA in 295 



preclinical models of PF in mice. Genetic deletion of miR-33 in the lung macrophages attenuated 296 

PF in the bleomycin mouse model, likely via an improvement in mitochondrial homeostasis, as 297 

well as augmentation of autophagy. Pharmacological inhibition of miR-33 using intranasal 298 

delivery of PNA-33 in mice model of PF, as well as the 3D culture of murine PCLS and human 299 

IPF, established the possibility of a macrophage-specific miR-33 inhibitor as a novel therapeutic 300 

approach for PF. 301 

The identification of a novel, effective, long-term anti-fibrotic agent that targets the 302 

underlying mechanisms of PF is very appealing. Individual miRNAs can modulate the expression 303 

of multiple mRNA targets and can have broad effects on multiple cellular pathways. For this 304 

reason, therapies targeting individual miRNAs can have a broader impact than traditional single-305 

molecule/single-target approaches. Current anti-miRNA technologies are hindered by 306 

physiological and cellular barriers to delivery into target cells. Presenting a targeted lung 307 

macrophage miRNA silencing can be a unique and novel therapeutic approach for pulmonary 308 

fibrosis. PNAs are synthetic analogs of DNA comprised of nucleobases that are connected to a 309 

pseudo-peptide backbone through a carboxymethylene linker (29, 30). The charge-neutral 310 

backbone reduces electrostatic repulsion and enables PNAs to hybridize with DNA and bind to 311 

single-strand targets with high specificity and affinity. These constructs are also not susceptible to 312 

proteases or nucleases, making PNAs ideal molecules for targeting miRNAs(39). We generated 313 

PNA-33 as a specific anti-sense inhibitor of miR-33 and tested the accumulation of this 314 

nanoparticle in the lung macrophages after direct delivery to the lung. The strong antifibrotic 315 

protection of this system was evident in the animal model of PF as well as the ex vivo 3D culture 316 

system from mice and human. 317 



There is evidence of the vital role of AMs in the process of PF and they have been presented 318 

as the chief effector cells of immune responses with both pro-inflammatory and anti-inflammatory 319 

properties (40).  miR-33 regulates cellular lipid metabolism and mediates the balance of aerobic 320 

glycolysis and mitochondrial oxidative phosphorylation to instruct macrophage inflammatory 321 

polarization and shape innate and adaptive immune responses (16, 41, 42). The ability of miR-33 322 

to reprogram immune cells has been identified as a player in the osteoprotective actions of anti-323 

miR-33 therapies (43). Our discovery that the antifibrotic effects of miR-33 ablation are mediated 324 

through enhanced mitochondrial homeostasis, as well as augmented autophagy and repression of 325 

post-injury inflammation, opens the possibility of a novel pro-mitochondrial anti-miRNA therapy 326 

for PF. Furthermore, reprogramming of immune cells via miR-33 inhibition could have important 327 

implications for a wide variety of diseases characterized by exaggerated immune responses such 328 

as rheumatoid arthritis, and asthma. 329 

There is clear evidence showing the cellular interaction between macrophages and 330 

epithelial cells in the process of lung repair and fibrosis (9). It has been shown that during 331 

homeostasis, alveolar macrophages interact with alveolar epithelial cells to clear apoptotic cells, 332 

environmental particulates, and pathogens (44). Herein we documented that the specific ablation 333 

of miR-33 in lung macrophages improves mitochondrial homeostasis in macrophages as well as 334 

AECII cells after bleomycin injury. We also demonstrated that these AECII cells are protected 335 

against cell death. This striking cell-cell interaction has an important antifibrotic effect, although 336 

the cascades of cellular and mechanistic events behind this interaction are yet to be explored.  337 

Autophagy is one of the basic cellular homeostatic processes induced under conditions of 338 

stress, and dysregulation of autophagy impacts numerous human diseases including IPF (45). It 339 

has been shown that autophagy is not induced in total human IPF lungs and there is a decrease in 340 



the number of autophagosomes observed with electron microscopy in IPF lungs (46). The 341 

regulatory role of this important process depends on the cell type and is decreased in lung epithelial 342 

cells from IPF patients and in murine models of IPF (47). At the same time, it has been shown that 343 

augmenting autophagy in fibroblasts results in the resolution of PF (48). These findings 344 

demonstrated that autophagy plays a vital yet complicated role in the pathogenesis of these chronic 345 

diseases. In this study, we presented a profound increase in autophagosome formation in miR-33 346 

deficient macrophages after bleomycin injury. It has also been shown that autophagy plays an 347 

essential role in the inflammatory response of the lung to infection and stress (49). We 348 

demonstrated a significant decrease in the inflammatory response in our model along with this 349 

augmentation in autophagy. 350 

Mitophagy is a highly specialized form of autophagy that is induced to clear the 351 

dysfunctional mitochondria after the injury. Insufficient mitophagy gives rise to the accumulation 352 

of damaged mitochondria and it is implicated in a cell-specific manner in the pathogenesis of IPF 353 

(35, 50, 51). Mitochondrial quality control in lung macrophages is a critical determinant of PF. 354 

Diminished mitochondrial quality control results in augmented mitochondrial dysfunction and 355 

increased mtROS that leads to PF by promoting profibrotic macrophages (52). The absence of 356 

miR-33 in the macrophages leads to an augmentation of autophagy as well as mitophagy, which 357 

results in the resolution of fibrosis by polarizing the macrophages from profibrotic to anti-fibrotic.     358 

Macrophages are innate immune cells and the interplay between pro-inflammatory/anti-359 

inflammatory macrophage phenotypes has been suggested to play a key role in the development 360 

and progression of lung fibrosis as well as inhibit fibrosis (53-55). The recent findings from single 361 

cell RNA sequencing data from mice and human lung fibrosis revealed the presence of a distinct 362 

profibrotic macrophage subtype in the fibrotic lung with a higher level of CHI3L1. CHIT1, APOE, 363 



and Integrins (36, 37, 56-58). Inhibiting miR-33 in PCLS isolated from IPF patients not only 364 

decreased the expression of ACTA2 and Collagen but also altered the expression of genes known 365 

to be expressed in profibrotic macrophages, suggesting an effect on this population.  366 

AMPK is a critical cell bioenergetic sensor and metabolic regulator (56). Importantly, 367 

previous studies have demonstrated that AMPK activators such as metformin exert protective 368 

effects on lung injury (48). In addition to AMPK, PGC-1α is another master regulator of metabolic 369 

reprogramming and inducer of mitochondrial biogenesis, and we previously discovered that 370 

thyroid hormone (T3) inhibits lung fibrosis by restoring mitochondrial health and function through 371 

a PGC-1α-dependent pathway (11, 13).  miR-33 has previously been shown to regulate 372 

mitochondrial homeostasis by targeting both Pgc-1α and Ampk in the context of atherosclerosis 373 

(17, 22, 59). The importance of the AMPK-SIRT3-PGC-1α pathway in the regulation of metabolic 374 

remodeling is also well-known (60, 61).  AMPK and PGC-1α may modulate autophagy, apoptosis, 375 

inflammation, and mitochondrial function through SIRT3 signaling (62, 63).  In this work, we 376 

confirmed a significant increase in the expression levels of AMPK, PGC-1α, and SIRT3 in miR-377 

33 deficient macrophages, which their downstream effects might be responsible for the resolution 378 

of PF via an increase in autophagy, decrease in apoptosis, amelioration of the inflammation and 379 

improvement of mitochondrial homeostasis. 380 

 Despite elucidating the role of miR-33 in regulating macrophage immune-metabolic 381 

response during lung fibrosis, we did not address several important mechanistic insights in this 382 

study. For Instance, we did not explore the role of lipid metabolism and FAO in the pathogenesis 383 

of lung fibrosis. The contribution of miR-33 in regulating lipid metabolism is well established (18-384 

23, 26, 42, 64), although the relationship between this concept and lung fibrosis still needs to be 385 

explored. In the current study, while we provide strong experimental evidence suggesting active 386 



crosstalk between macrophages and other cells in the lung such as epithelial cells, the molecular 387 

mechanism that mediates these profibrotic responses need to be further elucidated. Finally, many 388 

of our analyses were based on the comparison between advanced IPF samples with disease-free 389 

controls; miR-33 may have different effects in different stages of the progression of IPF, or in 390 

other advanced lung diseases, thus, future studies will need to assess Mir-33 and its targets in 391 

different stages of IPF and other lung diseases.  392 

 Herein using in vivo and ex vivo models of PF, we demonstrated that genetic and 393 

pharmacologic inhibition of miR-33 in macrophages attenuates lung fibrosis via improvement of 394 

mitochondrial homeostasis and augmentation of autophagy. Finally, we propose an efficient 395 

targeted therapy for PF that could be further evaluated as a therapeutic strategy in humans. 396 

 397 

MATERIALS AND METHODS 398 

 399 

In vitro Experiments. 400 

Primary mouse alveolar macrophages (AM) isolation. 401 

 AM was isolated as previously described (65). Briefly, bronchoalveolar lavage was 402 

harvested by slowly injecting and withdrawing 1 ml of PBS into the lung three times through a 403 

cannula in the trachea. BAL fluid was centrifuged (300 ×g, 5min), the cell pellet was washed in 404 

PBS, and cells were plated and used for different purposes as described in the appropriate figure 405 

legend. For miR-33 inhibition in initial in vitro studies miR-33 antagomir was purchased from 406 

Dharmacon and transfected using lipofectamine RNAiMAX (ThermofiserScinetific) according to 407 

the manufacturer's protocols. 408 

 409 



Cell isolation from human lungs.  410 

Human immune cells were isolated from fresh human lung samples as previously described 411 

(66, 67). Briefly, 2-3 grams of tissue were used for digestion using (1 mg/mL Collagenase/Dispase 412 

(Roche), 3 U/mL Elastase (Worthington), and 20 U/ mL DNAse (Roche) for 30 min at 37 degrees. 413 

All CD-45 positive and negative cells were isolated using MACS (Miltenyi Biotec Inc.) according 414 

to the manufacturer’s protocol.  415 

 416 

In vivo Experiments. 417 

Generation of macrophage-specific miR-33 deficient mice. 418 

 Generation of conditional miR-33 knockout mice (miR-33loxP/loxP) was accomplished with 419 

the assistance of Cyagen Biosciences Inc. The success of this approach has been verified by 420 

Southern blotting and confirmed by PCR-based genotyping using specific primers.  To generate 421 

macrophage/monocyte specific miR-33 Deficient mice, miR-33loxP/loxP mice were crossed with 422 

LysMCre mice from Jackson Laboratories (004781). 423 

Bleomycin-induced mice model of pulmonary Fibrosis. 424 

 miR-33 macrophage-specific knockout (KO) mice (miR-33M/M-/-), and appropriate 425 

controls (miR-33M/M+/+) were used in a bleomycin-induced PF model. Briefly, PF was induced in 426 

mice by intrapulmonary delivery of bleomycin (1.5 U/kg) or 0.9% normal saline via oropharyngeal 427 

instillation. Mice were euthanized, and lungs were harvested on day 14 for fibrosis analysis. Mice 428 

were randomly assigned to groups. Mice of both sexes were studied and 10-15 mice per group 429 

were used. The bleomycin challenge was not blinded, but the analysis of animal samples was. All 430 

animal model experiments were performed three times.  431 

Pharmacological inhibition of miR-33 in mice.  432 



All mice used for this study were WT C57/BL6 (Jackson Laboratories). PF was induced in 433 

mice by intrapulmonary delivery of bleomycin (1.5 U/kg) or 0.9% normal saline via oropharyngeal 434 

instillation. PNA-33 or scramble control was administered intranasally (2mg/kg) on day 7 after the 435 

bleomycin injury and repeated every 3 days. Mice were euthanized, and lungs were harvested on 436 

day 21 for fibrosis analysis.    437 

 438 

Ex vivo Experiments. 439 

Precision cut lung slices. 440 

Mouse precision cut lung slices (mPCLS): were generated as previously described (68-441 

70). Mouse lungs from both vehicle and bleomycin (day 14) models were used and repeated 442 

accordingly. Briefly, low melting grade agarose (3 wt-%) was slowly injected via the trachea to 443 

artificially inflate the lung. Lungs were cooled at 4°C for 15 minutes to allow gelling of the agarose 444 

and then cut to a thickness of 150µm using a Compresstome (VF-300-0Z by Precisionary®) at a 445 

cutting speed of 6 μm/s and the oscillation frequency of 5Hz. The mPCLS were cultured in 24 446 

multi-well plates (Corning®) in 500μL DMEM-F12 no-phenol red containing 0.1% FBS and 1% 447 

penicillin/streptomycin 37 °C, 5% CO2, and 95% humidity. Treatment with PNA-33 or scramble 448 

control was administered in the first 24 hours after slicing, all media were changed daily, and lung 449 

slices were isolated 5 days after treatment for analysis. Serial live imaging of lung slices by second 450 

harmonic generation microscopy technique was performed before (Time; 0 hours) and after each 451 

treatment (Time;120 hours) (71). mPCLS were fixed with 4% (weight/volume) paraformaldehyde 452 

overnight, and paraffin was embedded at 0h and 120h. 3µm sections were cut using a microtome, 453 

mounted on glass slides, and subjected to antigen retrieval. After deparaffinization and 454 

rehydration, staining was performed according to standard protocols for Masson's trichrome. 455 



Finally, samples were mounted using a mounting medium and covered with a cover slip. 456 

Microscopic scanning of the slides was conducted in bright field (BF) with a Nikon inverted 457 

microscope at 20X magnification. 2 representative images were acquired for each sample and at 458 

least 20 different random fields of view were used for collagen quantification. RNA was isolated 459 

from 5-6 replicated lung slices from each treatment using miRNeasy mini kit (Qiagen) at time 0 460 

and time 120 hours for all groups.  mRNA levels of fibrogenic genes were quantified by TaqMan 461 

qPCR and normalized to GAPDH expression. All experimental groups were performed in a group 462 

of 6 technical replicates and repeated at least three times.  463 

Human precision cut lung slices (hPCLS): Cryopreserved 300µm thick sections of 464 

human lungs, derived from the patients with IPF were cultured and treated with, and used for this 465 

study. Briefly, the right middle and lung lower lobes are inflated by injecting 2% warm (37°C) 466 

low-melting agarose, and peripheral slices (300 μm thick) are cut with a vibratome and then 467 

punched to a diameter of 4 mm using a biopsy punch (69). Individual PCLS/punches were treated 468 

with PNA-33 or scramble control for 5 days. All IPF PCLS were harvested at the end of the 5 days 469 

treatment and used RNA extraction using miRNeasy mini kit (Qiagen) for further analysis.   470 

 471 

RNA sequencing. 472 

Total RNA from all IPF PCLS samples was extracted with miRNeasy Mini Kit (Qiagen-473 

217004) according to the manufacturer's instructions. The purity of the RNA was verified using a 474 

NanoDrop at 260 nm, and the quality of the RNA was assessed using the Agilent 2100 Bioanalyzer 475 

(Agilent Technologies). Libraries were prepared using KAPA Stranded mRNA-Seq Kit. mRNA 476 

was enriched by ribosomal RNA depletion. Library quality was checked using an Agilent 477 

TapeStation analyzer and sequencing was performed with NovaSeq (2X100, 25 M reads per 478 



sample).  FastQC files were generated and trimmed 479 

(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and a quality review was 480 

performed by FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) before and 481 

after quality trim. Reads were aligned with STAR aligner (version 2.6.1d, using the default 482 

settings) to the HG38 human genome and ENSEMBL94 annotation GTF file. After alignment and 483 

summarization with featureCounts of the Subread package (feature Counts release 1.6.3 and Picard 484 

version 2.18.21), data was normalized and differential expression was carried out with edgR 485 

package(72) and implemented in R.  486 

For comparing the effect of miR-33 inhibition in IPF PCLS to IPF lung macrophage 487 

signature, processed scRNAseq data of IPF and control lungs (37) was downloaded from GEO 488 

accession GSE136831. Gene expression counts were normalized by scaling values to 10,000 489 

transcripts per cell, then natural log transformation with a pseudo count of 1. IPF and control cells 490 

labeled as "Macrophage" (37) were extracted from the entire dataset, and average normalized gene 491 

expression values of all genes were calculated for each subject (32 IPF; 28 controls); these average 492 

per subject values were then used for a student's t-test comparing IPF and control values; the 493 

resulting p-values were adjusted for false discovery rate (FDR). Non-ribosomal genes with 494 

an adjusted p-value below 0.5 and absolute log fold change greater than 0.07 were used to represent 495 

differentially expressed genes in IPF macrophage; of these 1,197 genes, 1,181 genes were also 496 

evaluated via bulk RNAseq of IPF PCLS either treated or untreated with miR-33 inhibitor. To 497 

evaluate mir-33 inhibition's ability to attenuate the IPF macrophage disease signature, we compare 498 

the log fold changes of these genes in ex vivo IPF PCLS following treatment with miR-33 inhibitor 499 

to the reported log fold changes in IPF versus control lung macrophage in vivo. 500 

 501 



Detailed methods are provided in the online data supplement. 502 

\ 503 

Statistical analyses.  504 

For in vitro and in vivo assays statistical analysis was performed by GraphPad Prism 505 

version 8.1.2. Results were analyzed by Mann–Whitney U test for comparisons of two groups 506 

when sample data were not normally distributed, by unpaired Student's -t-test for comparisons of 507 

two groups with normal distribution, and by one-way ANOVA with Student–Newman–Keuls post 508 

hoc test for pairwise comparisons of three or more groups or more than 10 per group and by 509 

Kruskal-Wallis one way analysis of variance for comparison of groups with fewer than 10 samples 510 

per group followed by Dunn’s post hoc test for pairwise comparisons. Efficacy experiments were 511 

designed for ten-fifteen animals in the control and treated groups, to allow for 82% power to detect 512 

a difference of 20% between the two groups at a statistical significance level of 0.05, but the actual 513 

size of the groups differed because of mortality. All data were presented as (means+ SEM) and the 514 

differences were considered statistically significant at P < 0.05. Unless specified in the text, data 515 

are expressed as means of at least 3 independent experiments. Fold change for qPCR was 516 

determined using the 2^-DDCt method (Livak).  517 

 518 

Studies approval. 519 

Human studies. Demographic characteristics of the BAL Freiburg cohort (73) used for 520 

miR-33 measurements are described in Table S1. IPF diagnosis was established by a 521 

multidisciplinary board according to the American Thoracic Society/European Respiratory 522 

Society criteria and was later determined to be consistent with recent guidelines (74). Healthy age 523 

and sex-matched controls were used from the healthy volunteers and the lung disease was ruled 524 



out by pulmonary function test and clinical examination (73). Demographic characteristics of the 525 

IPF explant lung samples used for cell isolation used are described in Table S2. Age and sex-526 

matched healthy lungs were from rejected donor lung organs that underwent lung transplantation 527 

at the Brigham and Women’s Hospital, or donor organs provided by the National Disease Research 528 

Interchange (NDRI). The study protocol was approved by the Partners Healthcare Institutional 529 

Board Review (IRB Protocol ID: 2011P002419) and the Yale University Institutional Review 530 

Board (IRB Protocol ID: 2000022618).  531 

Animal studies. -All mice were housed and used for the experiments under the direction 532 

and approved protocols. All animal studies were conducted in accordance with the NIH guidelines 533 

for the humane treatment of animals and were approved by the Institutional Animal Care and Use 534 

Committee (IACUC), of Yale University.  535 
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Figure 1. miR-33 levels increase in BAL and lung CD45+ cells in IPF patients, and its target gene 
expressions decrease in IPF BAL and lung. 
 (A) miR-33 relative expression in cells isolated from BAL of patients with IPF (n=62) compared to healthy 
controls (n=10) by Quantitative RT-PCR analysis. (B) miR-33 relative expression in hematopoietic cells 
(CD45+) isolated from IPF (n=9) compared to healthy controls (n=4). (C) Gene Set Variation Analysis 
(GSVA) of miR-33 5-p targets in BAL dataset (GSE70866), 212 IPF patients, and 20 healthy donors (D) Gene 
Set Variation Analysis (GSVA) of miR-33 5-p targets in Lung LTRC dataset (GSE47460), 254 IPF patients 
and 108 healthy donors. All PCR data were analyzed by non-parametric tests (Mann–Whitney U test or 
Kruskal-Wallis test where appropriate) and is presented as Mean+/-SEM.  *P £0.05, **P <0.01, ***P<0.001, 
****P<0.0001.  
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Figure 2. Loss of miR-33 in myeloid cells is protective against bleomycin-induced lung fibrosis and 
increases mitochondrial-related target gene expression.  
Evaluation of bleomycin-induced lung fibrosis in myeloid-specific miR-33 knockout mice (miR33M/M-/-) vs 
controls (miR33M/M+/+) in bleomycin (red) compared to saline (blue) n=8 for saline and n=16 for bleomycin 
groups; (A) miR-33 relative expression by qRT-PCR analysis in AM isolated from miR33M/M-/- vs controls 
miR33M/M+/+. (B) Quantitative analysis of hydroxyproline in lung homogenates from indicated groups of mice. 
(C, D) Acta2 and col1a1 relative gene expression by qRT-PCR analysis in mice lungs from indicated groups. 
(E, F) Representative images and quantitative measurements of Masson’s Trichrome staining of lung sections 
in miR33M/M-/- vs controls miR33M/M+/+ with saline and bleomycin.  (G) Differential cell counts in BAL were 
harvested from indicated groups. (H-O) BAL Cytokines inflammatory panel in indicated groups; (H) TNFα, (I) 
IL-12p70, (J) IL-2, (K) INF-γ, (L) KC, (M) IL-1β, (N) IL-13, and (O) Il-4. (P-T) Quantitative RT-PCR analysis 
of mitochondrial-related miR-33 target genes; (P) Pgc-1α, (Q) Crot, (R) Abca1, (S) Cpt1α, and (T) Sirt3 in 
miR33M/M-/- vs controls miR33M/M+/+ with saline and bleomycin. All data were analyzed by ANOVA or 
Kruskal-Wallis tests followed by posthoc analysis and is presented as Mean+/-SEM. * P £ 0.05, **P <0.01, 
***P<0.001. 
 



 816 

 817 

 818 

Figure 3. Pharmacological inhibition of miR-33 using PNA-33 in lung macrophages protects against 
bleomycin-induced pulmonary fibrosis in in vivo mice model of PF. 
(A) Binding efficiency of PNA-33 to the known miR-33 targets by gel shift assay on 10% nondenaturing 
polyacrylamide gel. Bound and the unbound fraction of target miR-33 were visualized by staining the gel in SYBR-
gold. (B) Two-photon microscopy imaging of PNA-33 TAMRA conjugated in WT mice 24 hours after intravenous 
(IV) administration, (red arrows; orange accumulation of TAMARA dye in macrophages). (C) miR-33 relative 
expression in alveolar macrophages of WT mice after intranasal (IN) administration of PNA-33 and scrambled 
control in different time points. (d0, d1, d3 and d5).  (D) Quantitative analysis of hydroxyproline in lung 
homogenates from indicated groups of mice in Bleomycin induced lung fibrosis model. (E, F) Acta2 and Col1a1 
relative gene expression by quantitative RT-PCR analysis in mice lungs from indicated groups. (G, H) 
Representative images and quantitative measurements of Masson’s Trichrome staining of lung sections after 
administration of PNA-33/scramble control in saline and bleomycin. (I, J) Quantitative RT-PCR analysis of 
mitochondrial related miR-33 target genes; Pgc-1α and Abca1 after PNA-33/ scramble control in saline and 
bleomycin groups. (Bleomycin; red, Saline; blue), (n=6 for saline, n=8 for bleomycin groups). All data were 
analyzed by ANOVA or Kruskal-Wallis tests followed by posthoc analysis and is presented as Mean+/-SEM.  * P 
£ 0.05, **P <0.01, ***P<0.001. 
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Figure 4. The absence of miR-33 in macrophages improves mitochondrial homeostasis (function and 
structure) at baseline and after bleomycin injury. 
(A-D) qRT-PCR analysis of miR-33 and target gene expression in response to inhibition by miR-33 antagomir in 
AM in vitro with and without bleomycin (n=10); (A) miR-33, (B) Pgc-1α, (C) Abca1 and (D) Sirt3 relative 
expressions.  (E-H) Seahorse Analysis of AM isolated from miR33M/M-/- vs miR33M/M+/+ in response to bleomycin 
and saline. The analysis was measured under basal conditions followed by the addition of oligomycin, FCCP, 
rotenone, and antimycin (n=16 in all groups). (E and F) Oxygen consumption rate (OCR, pmol/min), (G and H) 
Extracellular Acidification Rate, and (ECAR, pmpH/min). (I) Measurement of free circulating mitochondrial DNA 
(mtDNA) by Quantitative PCR in the BAL isolated from miR33M/M-/- vs miR33M/M+/+ mice in response to 
bleomycin and saline, (n=6 for saline and n=10 for bleomycin groups). (J-M) Representative images of 
Transmission Electron Microscopy (TEM) imaging on lung tissues isolated from miR33M/M-/- vs miR33M/M+/+ 
mice in response to bleomycin and saline. (n=8), red arrows are used for mitochondria. (N) Blinded measurements 
of mitochondria in TEM images from mice AM in miR33M/M-/- vs miR33M/M+/+ mice in bleomycin-treated mice 
by counting the dysmorphic versus normal-looking mitochondria in different groups (n=8). (O) Ultrastructural 
qualitative and quantitative analysis of mitochondria in mice lung TEM images represented as mitochondrial area 
(au) in miR33M/M-/- vs miR33M/M+/+ mice in bleomycin and saline-treated mice. The statistical test used were 
ANOVA or Kruskal-Wallis tests followed by posthoc analysis. All data is presented as Mean+/-SEM.  * P £ 0.05, 
**P <0.01, ***P<0.001. 
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Figure 5. Genetic Ablation of miR-33 in lung macrophages induces autophagy after bleomycin injury. 
(A) Representative images of Transmission Electron Microscopy (TEM) imaging on lung tissues isolated from 
miR33M/M-/- after bleomycin. There is a dramatic increase in autophagosome contents, only in the miR33M/M-/- 
macrophages after bleomycin along with the improvement in mitochondrial structure in these cells. (n=6), (red 
arrows for mitochondria, black arrows for autophagosome). (B) Western blot analysis of phospho-AMPK-α (Ph.-
AMPK-α) and PGC-1α in the lung homogenates isolated from miR33M/M-/- and controls after bleomycin and saline. 
(C) Western blot analysis of Ph.-AMPK-α, LC3A/B, and P62 in AM after inhibiting miR-33 by miR-33 antagomir. 
(D, E) Representative images and quantifications of Immunohistochemistry (IHC) staining of LC3A/B in lung 
tissues isolated from miR33M/M-/- and controls after bleomycin and saline. (F, G) Representative images and 
quantifications of IHC staining of P62 in lung tissues from miR33M/M-/- and controls after bleomycin and saline. 
All data were analyzed by ANOVA or Kruskal-Wallis tests followed by posthoc analysis and is presented as 
Mean+/-SEM.  * P £ 0.05, **P <0.01, ***P<0.001. 
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Figure 6. The absence of miR-33 in macrophages induces mitophagy in response to injury and alters 
cytokine-induced gene expressions in AMs. 
(A, B) Mitophagy assay in primary AM isolated from WT mice treated with PNA-33 (2 nM) or scramble control 
after bleomycin (15nM) or saline, (A) Representative images in indicated groups (B) Quantitation of mitophagy 
staining. (C, D) Pink1 and Parkin expression in PNA-33/Scramble treated primary mice AM after bleomycin/saline. 
(E) Mitophagy measurement (RFU) in CD45+ cells isolated from human IPF lungs in response to PNA-33 versus 
scramble control after 24 hours in culture. (n=4). (F-L) Evaluation of the effects of PNA-33/Scramble on primary 
mice AM after cytokines stimulation.  Primary mice AM macrophages were treated with PNA-33 (2 nM) or 
scramble control for 24 hours before exposing them to IL-13 or INF-γ + LPS for another 24 hours. (F-I). Expression 
of Arg1, Chi3l1, IL-12, and Sirt1 in INF-γ treated cells PNA-33/Scramble treatments. (J-L) Expressions of Ym1, 
Abca1, and Pparg in IL-13 treated cells after PNA-33/Scramble treatments, (N=7). All data were analyzed by 
ANOVA or Kruskal-Wallis tests followed by posthoc analysis and data is presented as Mean+/-SEM.  * P £ 0.05, 
**P <0.01, ***P<0.001. 
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Figure 7. The absence of miR-33 in lung macrophages improves mitochondrial homeostasis and decreases 
cell death in Alveolar Type II cells (AECII) after bleomycin injury. 
(A) Representative images of Transmission Electron Microscopy (TEM) on lung tissues isolated from miR33M/M-
/- and miR33M/M+/+ after bleomycin and saline. (Red arrows are used for mitochondria in AECII cells). (n=8 per 
group). (B) Blinded measurements of mitochondria in mice AECII cells after bleomycin in TEM images by 
counting the dysmorphic versus normal-looking mitochondria in miR33M/M-/- and control groups (n=8). (C) 
Ultrastructural qualitative and quantitative analysis of mitochondria in mice lung AECII cells in TEM images 
represented as mitochondrial area (au). (D and E) Representative images and quantification analysis of TUNEL IF 
staining on Lung sections from miR33M/M-/- and miR33M/M+/+ after bleomycin and Saline. (n= 6) (green: TUNEL 
+ cells). (F) Representative images of TUNEL IF staining with Pro-SPC on Lung sections from miR33M/M-/- and 
miR33M/M+/+ after bleomycin (n= 6), (Green: TUNEL, Red; SPC). (G) Quantification analysis of double positive 
(TUNEL+/SPC+) cells on lung sections from miR33M/M-/- and miR33M/M+/+ after bleomycin. (n=6). (H and I) 
Schematic experimental planning of Caspase 3/7 activity measured in small airway epithelial cells (SAEC) with 
and without bleomycin after exposure to the supernatants harvested from ablated miR-33 AM (using PNA-33 or 
Scr. Control) from WT mice. All data were analyzed by ANOVA or Kruskal-Wallis tests followed by posthoc 
analysis and is presented as Mean+/-SEM.  *P £ 0.05, **P <0.01, ***P<0.001. 
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Figure 8. Pharmacologic inhibition of miR-33 using PNA-33 ameliorates fibrosis in mice and human ex vivo 
models of PF.  
(A-E) Evaluation of antifibrotic effects of PNA-33 in murine ex vivo model. (Mice PCLS isolated at day 14 after 
bleomycin or saline. bleomycin; red, saline; blue). (A) Two-photon microscopy imaging of mice PCLS from 
bleomycin treated group at the end of 5 days stimulation with PNA-33 TAMRA conjugated or scramble control. 
(Blue; collagen, orange; TAMRA accumulation in macrophages). (B-D) qRT-PCR analysis of Acta2, Col1a1, Pgc-
1α, and Abca1 in mouse PCLS after bleomycin following 5 days stimulation with PNA-33 or scramble. (n=6 per 
group). All data were analyzed by ANOVA or Kruskal-Wallis tests followed by posthoc analysis and is presented 
as Mean+/-SEM. *P £0.05, **P <0.01, ***P<0.001. (F-H) Evaluation of antifibrotic effects of PNA-33 in human 
ex vivo model. Human precision cut lung slices (hPCLS) prepared from human IPF lungs isolated and treated with 
PNA-33 or scramble control for 5 days before performing RNA sequencing. (F) Heatmap showing the fibrotic gene 
expression in IPF PCLS treated with PNA-33 or scramble. (G) Heatmap showing the profibrotic macrophage gene 
expression alterations by PNA-33 in IPF PCLS. (H) Scatterplot of genes found significantly differentially 
expressed in IPF lung macrophage versus controls (in single-cell RNAseq analysis) compared with IPF PCLS 
treated or untreated with miR-33 inhibitor (PNA-33). The x-axis corresponds to the log fold change differences in 
IPF versus control lung macrophage reported in single-cell RNAseq analysis, the y-axis corresponds to fold change 
differences in IPF PCLS following treatment with PNA-33. The size of each dot corresponds to the negative log 
base-10 transformed p-values of a comparison of IPF PCLS with or without miR-33 treatment.  
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