
 

 
 
 
 
 

Early View 
 
 
 

 

    Original research article  
 
 

Mesenchymal Stromal (stem) Cell (MSC) therapy 

modulates miR-193b-5p expression to attenuate 

sepsis-induced acute lung injury 
 
 

Claudia C. dos Santos, Hajera Amatullah, Chirag M. Vaswani, Tatiana Maron-Gutierrez, Michael Kim, 

Shirley H.J. Mei, Katalin Szaszi, Ana Paula T. Monteiro, Amir K. Varkouhi, Raquel Herreroz, Jose 

Angel Lorente, James N. Tsoporis, Sahil Gupta, Amin Ektesabi, Nikolaos Kavantzas, Vasileios Salpeas, 

John C. Marshall, Patricia R. M. Rocco, Philip A. Marsden, Daniel J. Weiss, Duncan J. Stewart, 

Pingzhao Hu, W. Conrad Liles 

 
 
 

Please cite this article as: dos Santos CC, Amatullah H, Vaswani CM, et al. Mesenchymal 

Stromal (stem) Cell (MSC) therapy modulates miR-193b-5p expression to attenuate sepsis-

induced acute lung injury. Eur Respir J 2021; in press 

(https://doi.org/10.1183/13993003.04216-2020). 

 
 
 
 
 
 

This manuscript has recently been accepted for publication in the European Respiratory Journal. It is 

published here in its accepted form prior to copyediting and typesetting by our production team. After 

these production processes are complete and the authors have approved the resulting proofs, the article 

will move to the latest issue of the ERJ online. 

 
 
 
 

 Copyright ©The authors 2021. For reproduction rights and permissions contact permissions@ersnet.org  



 

Mesenchymal Stromal (stem) Cell (MSC) Therapy Modulates miR-193b-5p Expression to 

Attenuate Sepsis-Induced Acute Lung Injury 

 

Claudia C. dos Santos1,2,3*, Hajera Amatullah1, Chirag M. Vaswani1,2, Tatiana Maron-Gutierrez4, 

Michael Kim1, Shirley H.J. Mei5, Katalin Szaszi1,6, Ana Paula T Monteiro1, Amir K Varkouhi1, 

Raquel Herreroz7, Jose Angel Lorente7,8,9, James N Tsoporis1, Sahil Gupta1,3, Amin Ektesabi1,3, 

Nikolaos Kavantzas10, Vasileios Salpeas10, John C Marshall1,3, Patricia R. M. Rocco11, Philip A. 

Marsden1, Daniel J. Weiss1, Duncan J. Stewart5, Pingzhao Hu13, and W. Conrad Liles14. 

 

1) The Keenan Research Centre for Biomedical Science of St. Michael's Hospital, 30 Bond 
Street, Toronto, ON, Canada.  

2) Department of Physiology, Temerty Faculty of Medicine, University of Toronto, Toronto, ON, 
CA.  

3) Institute of Medical Sciences and Interdepartmental Division of Critical Care, Temerty 
Faculty of Medicine, University of Toronto, Toronto, ON, Canada. 

4) Fundação Oswaldo Cruz, FIOCRUZ · Instituto Oswaldo Cruz (IOC), Rio de Janeiro, Brazil. 
5) Regenerative Medicine Program, Ottawa Hospital Research Institute, Ottawa, ON, Canada. 
6) Department of Surgery, University of Toronto, Toronto, ON, CA 
7) University Hospital of Getafe, Critical Care Department, Madrid, Spain. 
8) CIBER de Enfermedades Respiratorias, Madrid, Spain. 
9) Universidad Europea de Madrid, Madrid, Spain.  
10) 1st Department of Pathology, School of Medicine, National and Kapodistrian, University of 

Athens, Greece. 
11) Laboratory of Pulmonary Investigation, Carlos Chagas Filho Institute of Biophysics, Federal 

University of Rio de Janeiro, Brazil 
12) Department of Medicine, University of Vermont, Burlington VT, USA  
13) Department of Biochemistry and Medical Genetics, University of Manitoba, Winnipeg, MB, 

Canada. 
14) Department of Medicine, University of Washington, Seattle, WA, USA. 
 
*Correspondence and reprint requests to:  

C. C. dos Santos, MSc, MD.  
Clinician-Scientist, Associate Professor of Medicine,  
Interdepartmental Division of Critical Care, St. Michael's Hospital/University of Toronto,  
30 Bond Street, Room 4-008, Toronto, ON, M5B 1WB, CA.  
Tel: (+1416)-864-6060 (3198) 
Fax: (+1416)-864-6013  
E-mail: claudia.dossantos@unityhealth.to 
 
Author Contributions: Concept and design: C.C.D.S., H.A, T.M.G., P.H., W.C.L. Performed 
experiments and original data collection: H.A., C.V., T.M.G., M.K., S.H.J.M., K.S., A.P.T.M.; 
A.K.V; R.H., J.A.L., A.E.,  J.N.T, N.K., V.S, S.G, A.E. Data analysis and interpretation: H.A., 
P.M., J.C.M., P.H., P.R.M.R., D.J.W., C.C.D.S. Manuscript editing and discussion: D.J.W., 
P.R.M.R., P.H., J.C.M., D.J.S., H.A., W.C.L., and C.C.D.S.   

mailto:dossantosc@smh.toronto.on.ca


Take home message: The therapeutic effects of MSCs on polymicrobial sepsis-induced Acute 
lung Injury is mediated in part by regulation of recipient-derived miR-193b. This is important in 
human Acute Respiratory Distress Syndrome and may represent a new target for therapy.   
Funding Sources: This work was supported by the Canadian Institutes of Health Research 
(Grant # MOP-130331, MPO-106545 to CCDS), the Canada Research Chair in Infectious 
Diseases and Inflammation to WCL, and the Ontario Research Fund (Grant # RE07-086 to DJS, 
SHJM WCL and CCDS). HA was the recipient of the Ontario Graduate Scholarship, St. 
Michael’s Hospital Li Ka Shing Knowledge Institute Graduate Scholarship and Mary J. Santalo 
Fellowship. 
 
  



 
Abstract: 

 

Although mesenchymal stromal (stem) cell (MSC) administration attenuates sepsis-

induced lung injury in pre-clinical models, the mechanism(s) of action and host immune system 

contributions to its therapeutic effects, remain elusive. We show that treatment with MSCs 

decreased expression of host-derived microRNA (miR)-193b-5p and increased expression of its 

target gene, the tight junctional protein occludin (Ocln), in lungs from septic mice. Mutating the 

Ocln 3’ UTR miR-193b-5p binding sequence impaired binding to Ocln mRNA. Inhibition of miR-

193b-5p in human primary pulmonary microvascular endothelial cells (HPMECs) prevents tumor 

necrosis factor (TNF)-induced decrease in Ocln gene and protein expression and loss of barrier 

function. MSC conditioned media mitigated TNF-induced miR-193b-5p upregulation and Ocln 

downregulation in vitro. When administered in vivo, MSC conditioned media recapitulated the 

effects of MSC administration on pulmonary miR-193b-5p and Ocln expression. MiR-193b 

deficient mice were resistant to pulmonary inflammation and injury induced by LPS instillation. 

Silencing of Ocln in miR-193b deficient mice partially recovered the susceptibility to LPS-

induced lung injury. In vivo inhibition of miR-193b-5p protected mice from endotoxin-induced 

lung injury. Finally, the clinical significance of these results was supported by the finding of 

increased miR-193b-5p expression levels in lung autopsy samples from Acute Respiratory 

Distress Syndrome patients who died with diffuse alveolar damage.   

 

Keywords: microRNA, mesenchymal stem/stromal cells, vascular leakage, occludin, tight-

junctions, sepsis, acute lung injury, acute respiratory distress syndrome, cell therapy, molecular 

therapy, miRNA inhibitor.        



Introduction  

 

Sepsis associated with multiorgan dysfunction syndrome (MODS) rivals myocardial 

infarction as a leading cause of mortality in the developed world. The lung is the organ most 

commonly affected (3), and sepsis is the leading cause of acute respiratory distress syndrome 

(ARDS), the clinical syndrome of acute lung injury (ALI) in humans (4). ARDS-associated 

alveolar-capillary injury results from both the direct and indirect actions of microbial and host 

factors on the alveolar-capillary membrane (5, 6). Cell death, loss of cell-cell (tight and adherens 

junctions) and/or cell-matrix attachments contribute to membrane denudation, inflammation and 

barrier dysfunction (6, 7). Mesenchymal stromal (stem) cell (MSC) administration reduces 

alveolar-capillary injury and mortality in pre-clinical models of ALI (8-12). Moreover, MSC-

derived conditioned medium conveys many of the protective effects of MSCs themselves. 

Several paracrine mediators have been proposed to confer the anti-inflammatory, anti-bacterial, 

and/or immune modulatory effect(s) of MSCs,  including IL-10 (13), angiopoetin-1 (9, 14, 15), 

keratinocyte growth factor (KGF) (16, 17) and antimicrobial peptide LL-37 (10). MSC 

administration attenuates endotoxin (lipopolysaccharide [LPS]) and bacterial-induced pulmonary 

vascular edema (16, 18). Here we profiled the lung ‘microRNAome’ from septic mice treated 

with MSCs vs. placebo to identify host-derived regulatory microRNAs (miRs) that may contribute 

to reduce, limit, or reverse inflammation-induced alveolar-capillary membrane injury (19).  

MicroRNAs are a class of non-protein-coding small RNAs (21- to 23-nucleotides). In 

association with other factors that form the RNA-induced silencing complex (RISC), miRs bind 

to the 3′ untranslated regions (UTRs) of mRNA and negatively regulate gene expression at the 

post-transcriptional level. Here, we postulated that the beneficial effect of MSCs is in part 

conferred via regulation of host-derived miRNAs that in turn modulate global gene expression in 

various sepsis-target organs. Computational analysis of miRNA and mRNA profiles identified 

miR-193b-5p and its putative target occludin (Ocln), a critical tight junction protein, as putative 

targets in MSC recipients. The nucleotide and ‘seed’ sequences for both miR-193b-5p and Ocln 



are 100% homologous between mice and humans. We used both gain and loss of function 

approaches in human pulmonary microvascular endothelial cells (HPMECs) and miR-193b 

deficient mice exposed to LPS-induced ALI to demonstrate the impact of miR-193b-5p on lung 

inflammation. Lastly, to demonstrate clinical relevance, we show miR-193b-5p expression levels 

are increased in lung autopsy samples from ARDS patients who died with histology-proven 

diffuse alveolar damage (DAD) compared to no DAD.      

 

Results  

 

Identification of MSC-responsive microRNAs in Septic Lungs 

From our previously published work (19), a total of 2,016 mRNAs were found to be 

differentially expressed (DE), clustering by treatment (Fig 1A), in septic and MSC-treated mouse 

lungs (LIMMA, FDR ≤0.05). Gene set enrichment analysis (GSEA) was used to analyze the 2-

kb 3’UTR of these 2,016 genes to identify 178 putative microRNAs that shared predicted 3’UTR 

microRNA binding sites (false discovery rate [FDR] ≤0.25, schematic of experiment Suppl. 

Fig1A-D). In parallel, we profiled microRNAs in the same biobanked sham, MSC- and placebo-

treated septic lung samples using the Exiqon miRCURY LNA™ microRNA arrays. A total 41 

microRNAs predicted to be DE using computational strategies were confirmed experimentally 

(LIMMA, p≤0.01 S Fig 1). Mir-193b-5p found to be DE in septic lungs after MSC administration 

using both in silico and experimental approaches (Fig 1B and C) was selected for further 

analysis based on: (i) statistical significance; (ii) a fold change [FC] ≥ 1.5 in septic and MSC 

treated lungs; (iii) overlap between in silico and experimental; (iv) verified sequence homology 

between mice and humans, and (v) evidence of increased miR-193b-5p expression in human 

ARDS. 

Functional enrichment and biological plausibility 

MiRWALK 2.0 was used to identify a maximally inclusive list of putative miR-193b-5p targets 

that was matched to the list of genes previously found to be MSC-responsive in our microarrays 



(19). A total of 58 putative miR-193b-5p targets were found to be DE after MSC administration. 

Enrichment analysis identify overrepresentation of genes involved in: tumor necrosis factor 

(TNF) pathway (adjusted (*) p=0.00066), leukocyte transendothelial transmigration (*p=0.00246), 

cell adhesion molecules (*p=0.00354) and tight junction (*p=0.00352).  

Target ‘biomarker’ of miR-193b-5p activity 

We selected Ocln as a target biomarker to demonstrate the impact of MSCs and host-

derived miR-193b-5p activity in sepsis-induced ALI based on: (i) biological plausibility; (ii) 

homology between murine and human OCLN; (iii) conserved protein structure and function; (iii) 

differential expression of Ocln mRNA in MSC-treated septic lungs (adjusted p=0.03); and (iv) 

known involvement of Ocln in the pathogenesis of ALI/ARDS. Changes in expression of miR-

193b-5p and Ocln mRNA were confirmed in separate banked MSC-treated vs. non-treated 

septic lungs (Fig 1D and E) not used in the microRNA discovery. Independent in vivo 

experiments confirmed increase in miR-193b-5p (Fig 1F), as well as decrease in Ocln mRNA 

(Fig 1G) and protein levels in murine lungs 24h after CLP (Fig 1H and I).  

MiR-193b-5p regulates Ocln in human pulmonary microvascular endothelial cells 

Murine (MMU) and human (HSA) miR-193b-5p share 100% sequence homology (Fig 

2A). Little is known about the role of miR-193b-5p in lung injury. We confirmed enrichment for 

TNF signaling by treating primary human pulmonary microvascular endothelial cells (HPMECs) 

with recombinant TNF (10 ng/ml x 24 hrs) to demonstrate increased miR-193b-5p (Fig 2B) and 

TNF-induced decrease in Ocln mRNA (Fig 2C) and protein expression (Fig 2D and E). 

Transfection of HPMECs with miR-193b-5p mimic (MIM, Fig S2A) was sufficient to induce a 

decrease in Ocln mRNA (≥50%, Fig S2B) and protein expression (Fig S2C and D). The addition 

of recombinant TNF resulted in no further decreases in Ocln levels (Fig S2A and C). 

Transfection of HPMECs with the miR-193b-5p inhibitor (INH) did not alter Ocln mRNA 

expression under basal conditions, but attenuated TNF-dependent induction of miR-193b-5p 

(Fig 2F) and loss of Ocln mRNA expression (Fig 2G). Co-treatment with the INH prevented 

TNF-induced decrease in Ocln protein (Fig 2H and I). Immunocytochemistry demonstrated loss 



of Ocln protein after TNF which was mitigated by INH treatment (Fig 2J, S2E and F). Changes 

in mRNA and protein expression in presence of either MIM or INH were not due to changes in 

cell viability (Fig S2G). 

Binding of miR-193b-5p to the 3’ UTR of human Ocln gene 

The 7-mer seed sequence in miR-193b-5p is complementary to the heptametrical 

sequence in the 3’UTR region of Ocln mRNA (Fig 2K). Transient co-transfection of the wild-type 

(WT) Ocln-3’UTR-luciferase reporter construct and mimic into HPMECs resulted in decreased 

luciferase activity (Fig 2L), which is not seen when the binding site is mutated (Fig 2M). Co-

treatment with recombinant TNF did not alter the effects of the mutation on luciferase activity 

(Fig 2M). Transfection of the miR-193b-5p inhibitor in TNF-treated cells rescued luciferase 

activity indicating inhibition of miR-193b-5p prevents binding of miR-193b to the 3’UTR of Ocln 

(Fig 2M). Transfection with control luciferase constructs containing the 3’UTR from the beta-

actin (ACTB) gene or a non-targeting control R01 that had no effect of luciferase activity (Fig 

S3A and B).  

MiR-193b-5p inhibition attenuates TNF-Induced transendothelial permeability  

Confluent monolayers of HPMECs transfected with the negative control microRNA (NC) 

and exposed to TNF showed decreased monolayer electrical resistance at 24h, indicating an 

increase in paracellular gaps. TNF stimulation in cells transfected with the miR-193b-5p INH 

prevented TNF-induced decrease in transendothelial resistance (Fig 2N). In a transwell system, 

HPMEC cell monolayers transfected with the miR-193b-5p inhibitor showed a significant 

reduction in TNF-induced FITC-Dextran leakage (Fig 2O). Loss of cell number due to death, 

which could increase FITC-Dextran measured in the bottom chamber, was not a confounding 

factor (Fig S2G). Silencing RNA-mediated knockdown of Ocln in HPMECs reduced Ocln protein 

expression by 60% compared to control siRNA (NC, Fig 2P). Knockdown of Ocln significantly 

increased paracellular leakage of 70kD FITC-Dextran in TNF-stimulated cells (Fig 2Q).  

  



 

MSC-conditioned medium downregulates miR-193b-5p expression 

 To determine if MSC-conditioned medium modulates miR-193b-5p expression, we 

treated TNF-stimulated HPMECs with conditioned media (MSC-CM) from mouse bone marrow 

derived MSCs (Fig 3A). MiR-193b-5p expression increased in response to TNF (10ng/ml) 

exposed to medium alone (control [CTRL]-M, Fig 3B), while Ocln mRNA and protein levels 

decreased (Fig 3C & D). Administration of MSC-CM to HPMECs had no effect on cells under 

basal conditions but prevented increase in miR-193b-5p expression following TNF stimulation 

(Fig 3B). In parallel, septic mice were randomized to receive MSC-CM or CTRL-M administered 

intravenously (intra-jugular, IJ) 6 hrs after CLP (Fig 3E). MSC-CM administration prevented 

CLP-induced increase in miR-193b-5p and decrease in Ocln mRNA and protein expression 24 

hours post-CLP (Fig 3H-J).  

MiR-193b-5p deletion confers partial resistance to LPS  

 Mice with a deletion of miR-193b (miR-193b -/-, knockout [KO]) and control littermates 

(heterozygous miR-193b +/- [Het] and homozygous miR-193b +/+ [WT]) were randomized to 

receive intraperitoneal LPS (15 mg/kg body weight) and monitored for 7 days. MiR-193b 

deletion improved 7-day mortality from 70% in miR-193b WT and 41% in miR-19b3 Het to 18% 

in KO mice (Fig 4A). Absence of miR-193b protected mice from diffuse LPS-induced edema 

formation (Fig 4B). In independent experiments, mice were randomized to intraperitoneal LPS 

(10 mg/kg body weight) or equal volume saline instillation. Total protein and cell count in the 

bronchoalveolar lavage fluid (BALf) were reduced at 24 hrs (Fig 4C and D). MiR-193b deletion 

partially prevented LPS-induced decrease in Ocln protein expression (4E and F).  

Silencing of Ocln in miR-193b-deficient mice 

 To demonstrate relative contribution of Ocln to the miR-193b phenotype, we randomized 

mice to receive LPS or the transfection reagent alone (HiPerfect Transfection Reagent, HPF 15 

ul) in equal volume saline (60 ul total volume) mixed with either the siRNA against Ocln (siOcln, 

3.2 nmol/mouse) or a scrambled siRNA negative control (Scr, 3.2 nmol/mouse). The mixture of 



siRNA Ocln or siRNA Scr in HPF plus LPS was delivered via intratracheal instillation (IT). The 

advantage of co-delivery is that the by combining the HPF with the LPS and the siRNA 

maximizes silencing of Ocln in the same locations where LPS exerts the most intense injury as 

shown by decrease in Ocln expression (Fig 4H and I) and increased alveolar cellular leakage 

(Fig 4J and K) in WT mice exposed to LPS. Silencing of Ocln resulted in a relative increase in 

inflammatory cell infiltration compared to the negative control siRNA, but had no significant 

effect on protein exudation into the alveolar space (data not shown) was noted at 24hrs.        

MiR-193b-5p inhibition attenuates LPS-induced lung injury in vivo 

We randomized 8-10-week-old male C57Bl/6J mice to receive either the miR-193b-5p 

inhibitor (INH; 1.6 nmol) or negative control (NC; 1.6 nmol) mixed with HPF (15 uL) and LPS (10 

mg/kg body weight). The mixture of INH or NC in HPF plus LPS was delivered IT. In preliminary 

experiments, we did not find differences between mice that received saline with or without HPF 

(data not shown); therefore, all controls presented hereafter were randomized to HPF plus 

saline in equal volume solution (SAL, 60 uL total volume). To assess lung microvascular 

permeability, we injected Evans blue dye (IJ) 8 hours post-LPS instillation. LPS delivery with 

HPF or NC resulted in increased Evans blue dye extravasation indicating decreased barrier 

function, which was attenuated in mice that received the INH (Fig 5A). Lung wet-to-dry ratios 

showed increased fluid accumulation in HPF and NC groups which was not present in INH 

group (Fig 5B). In the presence of LPS, treatment with the miR-193b-5p INH attenuated total 

protein (Fig 5C) and IgM (Fig 5D) leakage into the BALf when compared to NC or HPF. Co-

treatment with miR-193b-5p INH attenuated neutrophil infiltration (Fig 5F & G), and lung tissue 

myeloperoxidase (MPO) activity (Fig 5H). Histological assessment demonstrated thickening of 

alveolar membrane, congestion of alveolar spaces, increased cellular infiltration, and increased 

hyaline membrane formation, was attenuated by co-administration of LPS with miR-193b-5p 

INH (Fig 5J). 

  



 

MiR-193b-5p inhibition attenuates LPS-induced pulmonary mechanics dysfunction 

 Co-administration of HPF/LPS with the miR-193b-5p INH significantly attenuated LPS 

induced decrease in compliance (Fig 5L) and increase resistance (Fig 5K) compared to co-

administration with HPF or NC. MiR-193b-5p inhibition also mitigated LPS-induced increase in 

serum lactate production (Fig 5I).  

MiR-193b-5p inhibition in vivo prevents LPS-induced decrease in Ocln expression  

 In vivo, miR-193b-5p inhibition prevented LPS induced increase in miR-193b-5p (Fig 6A) 

and decrease in Ocln message (Fig 6B) and protein expression (Fig 6C). LPS instillation with 

HPF or NC resulted in decreased Ocln protein staining, which was partially attenuated in lungs 

from mice by co-treatment with LPS plus INH as evidenced by immunohistochemistry (Fig 6D).  

MiR-193b-5p expression is increased in patients who died with ARDS 

In the absence of fresh human lung tissue from patients with ARDS, we extracted RNA 

from formalin fixed paraffin embedded lung autopsy sections from patients who died with biopsy 

proven diffuse alveolar damage (DAD) and determined by semi-quantitative RT- PCR that the 

expression level of miR-193b-5p was significantly increased in ARDS lungs with DAD compared 

to non-DAD (Fig 7A). Archival human autopsy lung samples (3 critically ill non-ARDS and 3 

critically ill sepsis-induced ARDS) were stained with anti-occludin antibody and protein 

expression was evaluated using immunohistochemistry. Occludin protein was markedly 

decreased in human sepsis-induced ARDS compared to non-ARDS controls as visualized by 

brown staining (Figure 7B).   



Discussion  

In the current study, we used integrative analysis of mRNA and microRNA 

computationally predicted relationships between MSC-regulated host microRNAs and their 

putative targets to identify miR-193b-5p as a novel mechanistic explanation for the beneficial 

effects of MSCs and as putative therapeutic target for sepsis-induced ALI. Inhibition of miR-

193b-5p in vitro prevents TNF-induced loss of barrier function. Mice with a miR-193b deletion 

are resistant to endotoxin induced ALI and co-administration of a miR-193b-5p inhibitor in-vivo 

mitigates endotoxin induced ALI. Importantly, miR-193b-5p is increased in post-mortem lungs 

from ARDS patients who died with histology proven diffuse alveolar damage.  

MiR-193b-5p was initially described as a tumor suppressor gene, limiting clonogenicity, 

apoptosis, and metastasis (21). Here we exploited the binding between miR-193b-5p and Ocln 

as a ‘biomarker’ of miR-193b-5p post-transcriptional regulatory activity – given its biological 

plausibility (25) and co-regulation with miR-193b-5p in the same samples and time points. Most 

of the debate concerning the role of Ocln in barrier protection centers on the fact that TJ 

ultrastructures appear unaltered in Ocln deficient mice and initial experiments suggested 

isolated tissues has normal transepithelial resistance and permeability (26), although this is by 

no means reproducible across models. Recent and detailed studies have shown that although 

TJs are morphologically intact, Ocln deficient mice have complex histological phenotypes 

characterized by chronic inflammation and poor TJ integrity in several epithelial/endothelial 

tissues, pointing to a more complex role in TJ stability, assembly, and signaling (27, 28). Using 

a luciferase construct of the wild type and mutated 3’UTR of the Ocln gene, we confirmed Ocln 

to be a true target of miR-193b-5p (29).  

To demonstrate ‘proof-of-concept of the relative importance of Ocln to the phenotype we 

silenced Ocln in vitro and in vivo. Silencing of Ocln potentiated the effect of LPS on cell 

infiltration in wild type and miR-193b deficient mice, but did not affect protein exudation, 

suggesting that although the miR-193b-5p and its target Ocln play a role in ALI this by no 

means represents the definitive target of this microRNA. Importantly, recent studies support our 



data, suggesting alternative critical roles for Ocln in cell-cell signaling, trafficking and 

endoplasmic reticulum stress (20). Current experiments are underway to determine the role of 

MSCs in mitigating ER stress in ALI in an Ocln-dependent fashion (30).  

An important limitation of a bioinformatics-based discovery study is identifying causative 

relationships which can be exploited for future therapy. Although we focused on Ocln, miR-

193b-5p may have other non-recognized targets that may contribute to its therapeutic effect. 

During the preparation of this manuscript, new data emerged showing this microRNA targets the 

3’UTR of other important genes implicated in the pathogenicity of ARDS including CD44 the 

receptor for hyaluronan – a multifunctional glycoprotein expressed on many cell types, including 

progenitor cells, that regulates cell–cell adhesion and migration (22); and histone deacetylase 7 

– a critical histone deacetylase involved in the regulation of cellular metabolism (24). Of note, 

mRNA for CD44 and histone deacetylase 7 did not pass our statistical thresholds for differential 

expression at the time point selected. Future pre-clinical studies will have to investigate the 

impact of other targets of this regulatory-RNA-based therapeutic in short and long time-series 

experiments.  

 In the current study, treatment of mice with conditioned medium from MSCs resulted in 

decreased miR-193b-5p and increased Ocln protein expression. We speculate that dose 

response batch effects and kinetics of changes in gene expression versus the timing of 

assessments could account for the observed variability in response (12). Moreover, we 

purchased a commercially available anti-miR (miR-inhibitor). The commercially available 

inhibitor is modified to reduce in vivo degradation (2′-O-methyl-group (OMe)-modified 

oligonucleotides). We delivered the miRNA in vivo by mixing it with Hiperfect reagent essentially 

generating cationic lipid nanoparticles containing the miRNA-inhibitor or the negative control 

(NC) lipid micelles. The stability of microRNA inhibitor in vivo was unknown to us therefore we 

limited the proof of concept experiments to 8 hrs. Based on our results, the miR-193b-5p 

inhibitor (stability and specificity) remained active given its biological effect: decrease Evans 



blue dye leakage, lung wet-to-dry ratio, total protein and IgM leakage and decrease total and 

neutrophil cell counts in BALf, improved lung injury scores and pulmonary mechanics at 24 hrs 

and prevented loss of Ocln mRNA and protein in lung tissues after exposure to LPS. Importantly, 

because the effect of the miR-193b-5p inhibitor on lung mechanics was measured 24 hrs after 

induction of lung injury, we presume the beneficial effects may extend to at least 24 hrs after 

treatment. The HPF alone did not seem to impart significant independent effect. Further studies 

to compare aerosolization versus intravenous delivery of the microRNA inhibitor is currently 

underway to determine the effect of miR-193b inhibition as treatment for ALI.  

Here we used co-treatment with LPS to demonstrate proof-of-concept; future studies will 

have to explore delivering the microRNA inhibitor later in the course of injury, and for longer pre-

clinical models, to address the ability of the inhibitor to either limit or even reverse pulmonary 

edema once the cascade leading to loss of vascular integrity is initiated. An important lingering 

question is whether the beneficial effect imparted by miR-193b-5p inhibition is limited to 

endotoxin-induced ALI or is applicable to various inflammatory and perhaps non-inflammatory 

causes of endothelial dysfunction.   

Finally, it remains unclear how the expression levels of miR-193b-5p are regulated in 

MSC recipients. Although multiple studies provide clinically important insights into the role of 

MSCs in modulating endogenous transcriptional host responses (31, 32), specific transcriptional 

regulatory mechanisms remain elusive. Several paracrine mediators have been proposed to 

confer the anti-inflammatory, anti-bacterial, and/or immune modulatory effect(s) of MSCs, 

including IL-10, angiopoetin-1, keratinocyte growth factor (KGF) and antimicrobial peptide LL-37 

(19). Our data provides new insights into MSC regulated epigenetic mechanisms that may be 

further exploited to modulate and/or mitigate the innate immune dysregulated responses in the 

host. This is important as, despite the initial disappointing results from the first Phase II of MSCs 

for ARDS (ClinicalTrials.gov, NCT02097641), multiple studies are underway to evaluate cell-

therapy for ARDS (33), including ARDS related to SARS-CoV-2 (34). Functional genomic 



studies, such as ours, are required to delineate the risks and benefits of future cell-free 

therapeutics (35, 36). As we learn more about regulatory RNAs and their use as treatment 

or/and adjuvant therapy we recognize the potential for both systemic (37, 38) and/or local 

applications (inhaled RNA-based therapeutics, 39). Recent studies have suggested this 

approach even for the treatment of SARS-CoV-2 (40). But safety and efficacy considerations as 

well as a deeper understanding of mechanisms of action are required to ascertain benefit and 

the future well being of our patients.  
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Abbreviated Materials and Methods (602 words, see details in supplemental material) 

All studies were approved by the animal care committee at St. Michael’s Hospital (Toronto, ON, 

Canada) in accordance with Canadian Council of Animal Care guidelines. RNA used for 

microRNA and mRNA profiling was extracted from tissues collected from previously published 

experiments (12, 19). Briefly, C57/BL6 female mice (25-30g) were randomized to either the 

caecum ligation and puncture (CLP) or sham surgeries. Mice were then further randomized to 

saline or MSCs (2.5 x 105 cells, 100 µl, courtesy of Dr. Darwin Prockop, Texas A&M Health 

Science Center) 6 hours post-surgery.  

mRNA Profiling and microRNA profiling 

Total RNA from lungs (collected at 28 hours after CLP) from 5 animals per group was extracted, 

purified, assessed for quality and hybridized to the Illumina Mouse WG 6v2.0 expression bead 

array (12, 19). MicroRNA was profiled using the Exiqon miRCURY LNA™ microRNA Arrays. 



Differential expression (DE) was performed using LIMMA  as described (41). Two main 

comparisons were considered: 1) Sham vs. CLP + placebo (CLP); and 2) CLP + placebo (CLP) 

vs. CLP + MSC (MSC).  

Cell Culture, TNF Treatment, Transfections and Antibodies 

Primary human pulmonary microvascular endothelial cells (HPMECs, PromoCELL, Heidelberg, 

Germany) were transfected with 5 nM syn-hsa-miR-193b-5p miScript mimic (MSY0004767), 50 

nM anti-hsa-miR-193b-5p miScript microRNA inhibitor (MIN0004767), 50 nM hsa-miRNA 

inhibitor negative control (1027271), 75nM Ocln siRNA (SI05054385), or 5 nM AllStar siRNA 

Negative Control (1027280), all from Qiagen, using HiPerfect Transfection Reagent (HPF, 

Qiagen) or Lipofectamine RNAiMAX (Thermo). Cells were treated 24h after transfection with 

recombinant TNF (10 ng/ml; Life Technologies) or equal volume PBS in serum-free EBM-2 (42). 

Luciferase reporter construct, pLightSwitch_3UTR (SwitchGearGenomics), containing either the 

wild type human Ocln-3’UTR, a mutated version of the 3’UTR sequence of Ocln (miR-193b-5p 

seed sequence deleted) were used.  Antibodies used: Ocln (71-1500, Invitrogen), Ocln (sc-

133255, Santa Cruz), Ocln (LS-B2187, LSBio), GAPDH (#2118, Cell Signaling), and B-actin (sc-

47778, Santa Cruz).  

Mesenchymal Stem Cell (MSC) Conditioned Medium in CLP-induced Experimental Sepsis  

Murine MSCs were isolated and used as described (43). Conditioned medium (CdM) and 

Control medium (CM) were kept at -20C. CLP was performed as above and mice were treated 

with CdM or CM 6 hrs post CLP (100 uL).  

miR-193b Deficient Mice  

MiR-193-365-1 null mice (miR-193KO) were a generous gift from Dr. Lothar Hennighausen 

(NIH) (17) and were bred to C57Bl/6 inbred mice to establish a colony.   

In vivo inhibition of miR-193b  

Male C57Bl/6J wild-type (WT) mice 8-12 weeks old (Jackson Laboratories) were randomized to 

receive miR-193b-5p inhibitor (INH), negative control (NC), or equal volume saline combined 



with transfection reagent (HPF). The oligonucleotide mixtures were co-administered intra-

tracheally with LPS (10 mg/kg body weight) or equal volume saline up to a total volume of 60 uL.  

In vivo Ocln Silencing 

MiR-193b deficient mice -/- (KO), heterozygotes +/- (Het), and wild-type +/+ (WT) litter mates 

were randomized as to receive HPF, LPS +/- siRNA against Ocln (3.2 nmol/mouse) or 

scrambled siRNA control (3.2nm/mouse) via intra-tracheal instillation as described above.  

Human Samples 

Formalin-fixed, paraffin-embedded 8 um sections of lung autopsy samples from patients who 

died with ARDS, with or without histology-proven diffuse alveolar damage (DAD) were obtained 

after explicit written consent from the Critical Care Department at the University Hospital of 

Getafe, Spain. RNA was isolated using RecoverAll Total Nucleic Acid Isolation Kit for FFPE 

(Ambion, Life Technologies). Archival blocks of formalin-fixed, paraffin-embedded lung 

tissue from 3 patients who died with ARDS (2 male and 1 female; mean age 53+8) and 

3 control patients deceased from cancer (lung negative for malignancy: 2 male and 1 

female; mean age 64+7 )  were obtained through a collaboration  (research ethic board 

protocol # 10/2021) with the 1st Department of Pathology, School of Medicine, National 

and Kapodistrian, University of Athens, Greece. 

 

Statistics 

Mice were randomized. Observers assessing end-points were blinded to group assignment. 

Data for individual animals and independent experiments are presented as individual data 

points. Non-parametric analysis is presented as median ± interquartile range (IQR and Dunn’s 

post hoc test). Parametric data are presented as means ± standard deviation (SD); Holm-Sidak 

test for multiple comparisons.  



Figure Legends 

 

 

Figure 1. Change in the expression levels of miR-193b-5p and Occludin (Ocln) in CLP 

lungs treated with MSCs compared to saline placebo: A) Principle component analysis 

(PCA) showing clustering by treatment of transcriptional profiles from septic lungs treated with 

placebo or MSCs (2,016 genes LIMMA, FDR≤0.05). Volcano plot of 391 miRs present in lung 

showing statistically significant microRNAs differentially expressed (DE) in the comparisons: B) 

CLP vs. Sham and C) CLP+ Placebo vs CLP+MSCs (MSCs vs CLP). Each dot corresponds to 

one miRNA with miR-193b-5p indicated in red. Real-time PCR using independent samples 

showing expression of D) miR-193b-5p and E) Ocln in mouse lungs following sham surgery 

(black), caecum ligation and perforation (CLP, red) and CLP surgery + mesenchymal stem cell 

(MSC) treatment (blue). Bar graphs represent fold change (FC) over sham control normalized to 



miR-191 or glyceraldehyde dehydrogenase (GAPDH) for miR-193b-5p and Ocln levels, 

respectively. Symbols represent values for individual mice (n = 4 per group). Real-time PCR 

shows relative change in the expression of F) miR-193b-5p and G) Ocln mRNA in an 

independent in vivo experiment. Bar graphs show FC as above (n = 6 per group, *p ≤ 0.05, 

Kruskal-Wallis). H) Representative western blot of changes Ocln protein in sham and CLP 

animals with I) associated quantification shown as FC over sham control and normalized to 

GAPDH (N=3). Data are presented as means ± SD (*p ≤ 0.05, **p ≤ 0.01; Mann-Whitney).  

  



 

 



 

Figure 2. Inhibition of miR193b-5p prevents TNF induced down regulation of Ocln in 

human pulmonary microvascular endothelial cells. A) Human and mouse miR-193b-5p 

show 100% homology. Real-time PCR results for B) miR-193b-5p and C) Ocln levels (n = 4 – 8 

per group) in human pulmonary microvascular endothelial cells (HPMECs) stimulated with TNF 

(10 ng/ml) for 24h. Bar graphs show FC over saline control, normalized to miR-191 and GAPDH 

for miR-193b-5p and Ocln, respectively. Data is represented as means ± SD (* p ≤ 0.05, ** p ≤ 

0.01; Mann-Whitney). D) Representative western blot showing decreased Ocln protein 

expression in HPMECs following 24h TNF stimulation. E) Quantification shown below with FC 

over saline control, normalized to GAPDH. RT-PCR results for F) miR-193b-5p and G) Ocln 

levels in HPMECs transfected with a miR-193b-5p inhibitor (INH; 25 nM) or negative control 

(NC; 25 nM) for 24h and then stimulated for 24h with TNF (10 ng/ml). Bar graphs show FC over 

saline + NC control, normalized to miR-191 and GAPDH for miR-193b-5p and Ocln, respectively 

(n = 3 per group). Data is presented as means ± SD (**p ≤ 0.01, ***p≤0.001; Kruskal-Wallis). H) 



Representative western blot decrease Ocln protein expression after treatment with TNF, that is 

partially prevented by transfection of the miR-193b-5p INH. I) Quantification presented as FC 

over NC only control, normalized to GAPDH (N=3, p ≤ 0.05; Kruskal-Wallis). J) Representative 

immunofluorescence staining shows decreased staining for Ocln (red) protein along the 

perimeter of the cells (nucleus stained with DAPI, blue) in response to TNF, which is partially 

preserved following transfection of the miR-193b-5p INH (N=3). K) Sequence of luciferase 

reporter constructs containing either the wild-type [WT] or mutated (deletion) Ocln miR-193b-5p 

3’UTR binding seed sequence. L) Luciferase activity in HPMECs transfected with either the WT 

or mutated Ocln (Ocln mut) 3’UTR and the miR-193b-5p overexpression (MIM) or the negative 

control (N=3). M) Luciferase activity in HPMECs transfected with the WT or mutated Ocln 3’UTR 

challenged with TNF (10ng/mL) and transfected with either miR-193b-5p inhibition (INH) or the 

negative control (N=3). Data represented as means ± SD (*p≤0.05; Kruskal-Wallis). N) 

Transendothelial electrical resistance (TEER) of HPMECs transfected with INH, MIM, or 

negative control (NC) measured over 24h following TNF treatment. Kolmogorov-Smirnov was 

used to determine the data was normally distributed. Data are normalized to saline control 

(CTRL) of each respective time point and presented as median ± IQR (n=6 per group; *p≤0.05, 

two-way ANOVA). O) Bar graph showing change in dextran leakage in HPMECs monolayers 

transfected with NC or INH and treated for 24h with TNF. Bar graphs show means ± SD 

normalized to CTRL (n=3 per group; **p≤0.01, ***p≤0.001; two-way ANOVA following 

ascertainment of normal distribution). P) Representative western blot showing dose-dependent 

knockdown of Ocln by RNA interference. Quantification values shown below are normalized to 

β-actin expression with FC over 100 nM NC. Q) Dextran leakage assay in HPMECs transfected 

with Ocln siRNA (n=3 per group). Normally distributed data are presented as median ± SD 

(*p≤0.05; one-way ANOVA). 

  



 

 

Figure 3. Mesenchymal conditioned media prevents TNF- and CLP-induced miR-193b-5p 

levels and subsequent loss of Ocln expression. A) Schematic of MSC-conditioned medium 

(MSC-CM) in vitro experiments. MSCs were generated from bone marrow of WT C57Bl6J mice. 

HPMEC monolayers were co-treated with TNF (10 ng/ml) and 20% conditioned media from 

cultured MSCs for 24h. Bar graphs showing relative fold change (FC) in the expression of B) 

miR-193b-5p and C) Ocln over saline plus medium alone (CTRL-M) or MSC-CM normalized to 

miR-191 or GAPDH respectively. Data presented as means ± SD (*p ≤ 0.05; Kruskal-Wallis). D) 

Representative Western Blot showing MSC-CM prevents decrease in Ocln protein expression in 

HPMECs exposed to TNF compared to control medium (N=2). E) Schematic of MSC-CM 

treatment in vivo. WT mice randomized to a sham or CLP procedure were further randomized to 

receive a bolus dose of MSC-CM or control media (CTRL-M,100 ul) through the jugular vein at 

6h post-surgery. Lungs were collected at 24h.  Bar graph showing relative FC in the expression 



of F) miR-193b-5p expression and G) Ocln mRNA levels (n=3–9 per group), and H) 

representative western blot and I) quantification showing Ocln protein levels in 24h lungs with 

MSC-CM or CTRL-M treatment (N=3). Data presented as mean ± IQR (*p ≤ 0.05; one-way 

ANOVA after normal distribution was ascertained using Kolmogorov-Smirnov test). 

Quantification of representative western blot shown in numbers below as FC over Sham + 

CTRL-M, normalized to β-actin. J) Immunohistochemistry staining for Ocln in murine septic 

lungs 24 hours post-CLP treated with control medium (CLP) or MSC conditioned medium (MSC, 

N=3).  

  



 

 

Figure 4. MiR-193b deficient mice are Resistant to Endotoxin-Induced Lung Injury. A) 

Percent survival of miR-193b knockout (miR193-/-, KO) and control littermates (WT miR193+/+, 

WT and heterozygotes miR193+/-, Het) mice challenged with intraperitoneal instillation of LPS 

(15 mg/kg) (n=8–15; *p ≤ 0.05, ***p ≤ 0.001; log-rank test). B) Quantitative Evans Blue dye 



accumulation in lungs of miR-193b KO, miR-193b Het, and miR-193b WT mice 24 hours 

following LPS challenge. Bronchoalveolar lavage measurement of total protein C) and total cell 

count D). E) Representative Western Blots showing decrease in Ocln protein levels in WT and 

Het mice 24 hours after LPS instillation and F) quantification shown as arbitrary unit (AU) ratio 

of Ocln over β-actin normalized to saline controls (N=3-8 mice per group). G) Intratracheal co-

administration of an siRNA against Ocln (siOcln) or scrambled siRNA (siScr) with LPS on high 

perfect (HPF) transfection reagent control alone. Mice were sacrificed at 24 hrs and whole lungs 

were used to determine changes in Ocln protein expression. The siRNA against Ocln resulted in 

decreased Ocln protein levels in both WT (H) and miR-193b deficient mice (I). Data is presented 

as medians ± IQR after ascertainment of normality (*p<0.05, **p<0.01, two-way ANOVA). 

Treatment with LPS resulted in increased BALf cell infiltration in both genotypes (J and K), this 

was however much more pronounced in WT compared to the miR-193b deficient mice. Results 

are presented means +/- SD change in total cell count relative to the saline + HPF group treated 

with the scrambled siRNA (AU). Symbols represent values for individual mice. Comparisons 

were made using Kruskal-Wallis (Dunn’s multiple comparison, *p≤0.05, **p≤0.01).  

  



 

 

Figure 5. In vivo miR-193b-5p inhibition decreases LPS-induced lung injury. A) 

Representative photographs show Evans blue dye accumulation in lungs 8h after intratracheal 

instillation of LPS (10 mg/kg) with vehicle (HiPerfect Transfection reagent, HPF) or negative 

control (NC; 1.6 nmol), with minimal accumulation after LPS instillation plus miR-193b-5p 

inhibitor (LPS+INH; 1.6 nmol), and no accumulation in the absence of LPS (SAL groups). B) 

Lung wet/dry ratio 8h after in vivo exposure to LPS. (n = 4 – 8). C) Total protein concentration 

(mg/ml; n = 4 – 13), D) IgM levels (ng/ml; n = 4 – 10), and E) total cell count (cells/ml; n = 5 – 8) 

in bronchoalveolar lavage fluid (BALf) was significantly increased in mice receiving LPS, relative 

to saline and negative control, in the absence of INH treatment. Differential counts from BALf 

showing F) percent macrophages and G) neutrophils (n = 3 - 6). H) Myeloperoxidase activity 

(mU/ug protein) in lungs of mice receiving HPF, NC, INH with or without LPS treatment (n = 3 – 



6). I) Serum lactate was measured to demonstrate decrease lung injury in mice treated with the 

miR-193b-INH is associated with improved global marker of organ hypoperfusion (n = 3-6). Data 

are represented as mean ± SD (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001; Kruskal-Wallis). J) 

Representative H&E stained images of lungs 8h post-instillation of saline (SAL) or LPS (10 

mg/kg) with transfection mixture of transfection reagent alone (HPF), HPF plus negative control 

(NC; 1.6 nmol), or HPF plus miR-193b-5p inhibitor (INH; 1.6 nmol) showing decreased lung 

injury as determined by decrease in alveolar membrane thickening, congestion of alveolar 

spaces, cellular infiltration, and hyaline membrane formation in miR-193b-5p INH compared to 

HPF alone or NC (scale bar 200 mm). We determined the effects of miR-193b-5p co-inhibition 

on lung mechanics (n = 4-6 per group) using Scireq FlexiVent 24h post-instillation of saline or 

LPS with or without INH and assessed (K) Resistance and (L) Compliance showing improved 

lung mechanics compared to NC.  Data are represented as mean ± SD (ANOVA after 

ascertaining normality and Tukey’s correction, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001;). 

  



 

 

Figure 6. MiR-193b-5p inhibition in vivo attenuates decreased in Ocln expression. Real-

time PCR (RT-PCR) results for changes in the expression of A) miR-193b-5p levels and B) Ocln  

in lungs of mice 8h post-instillation with saline or LPS (10 mg/kg) with HiPerfect transfection 

reagent (HPF) and negative control (NC; 1.6 nmol) or miR-193b-5p inhibitor (INH; 1.6 nmol) in a 

total volume of 60 uL. Bar graphs represent FC of miR-193b-5p expression over the SAL HPF 

control, normalized to miR-191 or GAPDH. Bar graphs represent mean ± SD (n = 4 – 7 per 

group *p ≤ 0.05, Kruskal-Wallis). C) Representative western blot showing co-treatment with 

miR-193b INH prevents decrease in Ocln protein expression in lungs of mice following 8h post-

LPS. D) Representative immunohistochemistry images showing decreased Ocln expression in 

both epithelial and endothelial (magnified) populations in response to LPS instillation, but not in 

mice receiving INH.   



 

 

Figure 7. Increased miR-193b-5p correlates with attenuated occludin expression in lungs 

from patients with ARDS. 

A) Real-time PCR results for miR-193b-5p expression in RNA extracted from formalin-fixed and 

paraffin-embedded lung autopsy samples from patients who died from ARDS with or without 

diffuse alveolar damage (DAD). Box plots represent fold change (FC) with respect to No DAD 



cohort and normalized to miR-191 levels.Data presented at median ± interquartile range [IQR] 

(n = 4 – 8 per group; *p ≤ 0.05; Mann-Whitney). B) Immunohistochemistry staining for occludin 

protein expression in human non-ARDS and human ARDS  lung autopsy samples. Slides from 

the same patients were sectioned and stained for negative control.   
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Materials and Methods (see details in supplemental material) 

Animal Experiments 

All studies were approved by the animal care committee at St. Michael’s Hospital (Toronto, ON, 

Canada) in accordance with Canadian Council of Animal Care guidelines. Mice were housed in a 

specific pathogen free facility with standard 12-hour light/dark cycle with ad libitum access to 

Teklan Global 18% Protein Rodent Diet and RO water. Mice were acclimatized to the animal 

facilities for 48 hrs before beginning experiments. Total RNA used in mRNA and microRNA 

analysis presented in the current paper was extracted from tissues collected from previously 

published animal experiments (12, 19).  

Mesenchymal Stem Cell Animal Experiments for mRNA and microRNA Profiling 

Original experiments detailing MSC administration in a murine model of cecum ligation and 

puncture (CLP) have been published (12). Briefly, C57/BL6 female mice (25-30g) were 

randomized to either the CLP protocol or sham surgeries. Mice were then further randomized to 

receive through the jugular vein either saline or MSCs (at 2.5 x 105 cells, 100 µl total volume, 

isolated from male C57Bl/6J mice, courtesy of Dr. Darwin Prockop, Texas A&M Health Science 

Center) 6 hours post-surgery. Published outcome measures included 7-day survival, assessment 

of organ failure, bacterial clearance, and degree of innate immune system activation (human and 

cellular) in mice sacrificed 28 hours after initial sham or CLP. Tissues used for mRNA and 

microRNA profiling were snap-frozen and stored at -80◦C for profiling here.  

mRNA Profiling and Enrichment for microRNAs at 3’ UTRs of MSC \Responsive Genes 

Total RNA from lungs (collected at 28 hours after CLP) from 5 animals per group (sham/saline, 

CLP/saline and CLP/MSCs) was extracted, purified, and assessed for quality as previously 

described (12). A total of 300 ng of mRNA was hybridized to the Illumina Mouse WG 6v2.0 

expression bead array as per manufacturer’s specifications and as previously described (12, 19). 



Non-normalized raw-intensity values were uploaded to the R-Project Bioconductor statistical tools 

package (www.bioconductor.org) (36, 37). Variance-stabilizing transformation (VST) was used for 

normalization (38). Differential gene expression was performed using LIMMA (linear models for 

microarray data) as previously described (33). In this analysis, two main comparisons were 

considered: 1) Sham vs. CLP+placebo (CLP); and 2) CLP+placebo (CLP) vs. CLP+MSC (MSC). 

We focused on the main effect of treatment and determined the difference between Sham (S) and 

CLP (CLP) as well as CLP (CLP) and MSC (MSC). The false discovery rate (FDR) ≤0.05 for 

independent groups (CLP/saline and CLP/MSCs) is used to correct for multiple comparisons and 

to select genes that are DE for further analysis. We analyzed the 3’UTR region of MSC-responsive 

genes DE in the lung to identify enrichment for putative microRNA binding sites using Gene Set 

Enrichment Analysis version 3.0 (GSEA, http://www.broadinstitute.org/gsea/index.jsp)(39). An 

FDR of ≤.05% was used as the cut-off for significance. 

microRNA Profiling  

Total RNA from whole lungs was collected as described above as previously published (12, 19). 

microRNA profiling was performed using the Exiqon miRCURY LNA™ microRNA Arrays 

(http://www.exiqon.com/microrna-microarray-analysis-microrna-array). A total of 300 ng of total 

RNA isolated from mouse lung tissues were labeled using the miRCURY LNA™ microRNA Hi-

Power Labeling Kit. First, 5’-phosphates were removed from the microRNA termini using Calf 

Intestinal Alkaline Phosphatase (CIP). Second, a fluorescent label was attached enzymatically to 

the 3’-end of the microRNAs in the total RNA sample. This was followed by an enzyme inactivation 

step after which the sample was ready for hybridization to the microRNA Array (6th gen) can 

measure the abundance of 1081 possible features/microRNAs. VST was used for normalization 

(38). Differential expression was performed using LIMMA  as described (33). As for the microRNA, 

two main comparisons were considered: 1) Sham vs. CLP+placebo (CLP); and 2) CLP+placebo 

(CLP) vs. CLP+MSC (MSC). Target prediction for DE microRNAs was performed according to the 



algorithm of mirdb (http://mirdb.org/miRDB/) and then compared to changes in genome-wide 

expression levels. 

Cell Culture, TNF Treatment and Transfections 

Primary human pulmonary microvascular endothelial cells (HPMECs, PromoCELL, Heidelberg, 

Germany) were cultured in Endothelial Cell Basal Medium MV 2 (EBM-2, CC-3202, Lonza) 

supplemented with EGM-2MV SingleQuot Kit Supplements and Growth Factors (CC-4176, Lonza) 

37oC with 5% CO2. All in vitro experiments were performed with cells at passage 3 – 7. Cells (70 – 

80% confluence) were transfected with 5 nM syn-hsa-miR-193b-5p miScript mimic (MSY0004767), 

50 nM anti-hsa-miR-193b-5p miScript microRNA inhibitor (MIN0004767), 50 nM hsa-miRNA 

inhibitor negative control (1027271), 75nM Ocln siRNA (SI05054385), or 5 nM AllStar siRNA 

Negative Control (1027280), all from Qiagen, using HiPerfect Transfection Reagent (HPF, Qiagen) 

or Lipofectamine RNAiMAX (Thermo) as per manufacturer’s specifications. Cells were treated 24h 

after transfection with recombinant TNF (10 ng/ml; Life Technologies) or equal volume PBS in 

serum-free EBM-2 (34). End points were analyzed 24h post-treatment. Luciferase reporter 

construct, pLightSwitch_3UTR (SwitchGearGenomics), containing either the wild type human 

Ocln-3’UTR, a mutated version of the 3’UTR sequence of Ocln (miR-193b-5p seed sequence 

deleted) were used. For reporter studies, HPMECs were plated (4 x 104/well) in triplicate on a 12-

well plate, grown to 70%–80% confluency, and transfected with 100 ng of the indicated reporter 

constructs. miR-193b-5p mimics or inhibitors were co-transfected at 10 or 50 nM final 

concentration, respectively; after 24 or 48 hours of incubation, respectively, cells were treated with 

10 ng/ml TNF for 24 hours. Empty vector and non-target sequence (ACTB and R01, 

https://switchgeargenomics.com/wp-

content/themes/switchgear/images/docs/resources/LightSwitchManual.pdf) were included as controls. 

Transfected cells were collected in 200 μl Reporter Lysis Buffer (Promega). The activity of 

luciferase was measured with a luminometer (Thermoscientic, Waltham, MA). The coefficients of 

https://switchgeargenomics.com/wp-content/themes/switchgear/images/docs/resources/LightSwitchManual.pdf
https://switchgeargenomics.com/wp-content/themes/switchgear/images/docs/resources/LightSwitchManual.pdf


variance for the reporter construct is less than 10%; luciferase activity was normalized as per 

manufacturer’s specifications (SwitchGearGenomics). For MSC conditioned medium experiments, 

HPMECs were grown and transfected as described above. TNF treatment was performed in 

serum-free EBM-2 media supplemented with 20% (v/v) MSC conditioned medium and control 

medium, collected as described below. 

Real-Time PCR 

Total RNA was isolated using Trizol (Ambion, Life Technologies) according to the manufacturer’s 

instructions. First Strand cDNA was synthesized with 2 ug RNA samples from tissues or 1 g RNA 

samples from cells using Superscript First-Strand Synthesis System for RT-PCR (Invitrogen, Life 

Technologies). Real-time PCR (RT-PCR) was performed with ViiA 7 Real Time PCR System 

(Applied Biosystems, Life Technologies) using Power SYBR Green Reagents (Applied 

Biosystems, Life Technologies). Primers were generated using PrimerQuest (IDT DNA 

Technologies).  MicroRNA-specific primers are provided in Table 1. The relative change in gene 

expression was calculated by the ΔΔCt method (Applied Biosystems) from triplicate determinations 

using GAPDH or miR-191-5p as housekeeping gene or microRNA, respectively. Fold difference 

was calculated by normalizing all values to the average value of the respective control group. miR-

191 has been previously reported to be the most suitable endogenous control gene owing to lower 

stability values and the least amount of intergroup variation in its expression level (40).     

Table 1. microRNA specific primers for qRT-PCR 

microRNA Reverse Primer (5’ – 3’) Forward Primer (5’ – 3’) 

miR-193b-5p TGG TGT CGT GGA GTC G ACA CTC CAG CTG GGC GGG GTT TTG AGG G 

miR-191-5p TGG TGT CGT GGA GTC G ACA CTC CAG CTG GGC AAC GGA ATC CCA AA 

 

Immunoblotting 



Protein concentration was measured using Bradford protein assay. Protein expressions were 

determined by Western blot, as previously described (41). Western blot bands were processed 

using Bio-Rad Gel Doc 2000. Densitometry was performed using GelQuantNet software. 

Antibodies used were as follows: Ocln (71-1500, Invitrogen), Ocln (sc-133255, Santa Cruz), Ocln 

(LS-B2187, LSBio), GAPDH (#2118, Cell Signaling), and B-actin (sc-47778, Santa Cruz).  

In vitro Measurements of Vascular Leakage 

Cells were seeded on transwell inserts with membrane pore size of 0.4 μm coated with gelatin. 

Barrier integrity was assessed using transwell solute flux assays and through transendothelial 

electrical resistance measurements (42). Briefly, 50 ug/mL of 70kD FITC-Dextran (Invitrogen) was 

added to the top chamber of a transwell for 3 hours after which permeability into the bottom 

chamber was assessed by fluorescence at 494/521 nm. Transendothelial electrical resistance was 

assessed using Endohm-12 (43). 

Mesenchymal Stem Cell (MSC) Conditioned Medium in CLP-induced Experimental Sepsis  

MSCs were isolated as previously described (35). Briefly, adult WT mice (25-30g weeks) were 

sacrificed; femurs and tibiae were removed, and cleaned of all connective tissue in Dulbecco’s 

PBS without calcium and magnesium. The marrow cavity was flushed with PBS and the pellet was 

suspended and filtered. Cells were layered on a Ficoll-Paque density gradient, centrifuged (400 x g 

for 30 min), mononuclear cells were collected, washed with phosphate buffered saline (PBS) twice 

and plated in 25cm2 flasks in DMEM supplemented with 20% fetal bovine serum, 2 mM L-

glutamine, and antibiotics (50 U/ml penicillin and 50 µg/ml streptomycin). Plastic adherent cells 

were maintained in culture, medium changed every 2-3 days. Conditioned medium was collected 

from passage 2 cells at 80% confluency for 48h in serum-free media. CM was kept at -20oC until 

used in CLP experiments. Cell and serum-free medium was incubated in the same conditions and 

used as control medium for subsequent experiments. Male C57/BL6 mice (25-30 g) anesthetized 



with inhaled isofluorane were randomized to CLP or sham surgery as described (9, 69, 70). Briefly, 

the chest and abdomen were shaved and prepared with 70% ethanol and betadine. The cecum 

was exteriorized and ligated 1 cm from the apex with 3–0 silk suture, penetrated through-and-

through with an 18-gauge needle and then the abdominal incision was closed. In control sham 

surgeries, the cecum was exteriorized and manipulated but not ligated or punctured. All animals 

received subcutaneous (s/c) fluid resuscitation with 50ml/kg saline and 0.2mg/kg Buprenorphine 

(Buprenex). At 6 hrs post CLP, mice were randomized to receive via jugular vein injection either 

100 uL control medium (CM) or MSC-conditioned medium (CdM). Animals were placed in a 

temperature-controlled incubator and monitored every 6 hours. Welfare-related assessment scores 

included gross appearance, motor activity and reflexes. Mice were humanely euthanized 24 hrs 

post-CLP. Lung tissues were collected for qRT-PCR, Western Blot and immunohistocehmistry. 

miR-193b Deficient Mice  

MiR-193-365-1 null mice (miR-193KO) were a generous gift from Dr. Lothar Hennighausen (NIH) 

(17) and were bred to C57Bl/6 inbred mice to establish a colony.  Mice were bred in-house at the 

Keenan Research Center vivarium and housed on a standard light:dark cycle and had free access 

to food and water. Heterozygotes were bred together, and each resulting male mouse was 

genotyped to assess for deletion of the miR-193-365-1 locus. DNA from ear notches was extracted 

using REDExtract-N-Amp (Sigma-Aldrich). PCR was performed per manufacturer’s instructions 

with the exception of using three primers instead of two. Primer sequences are given in Table 2. 

Primer pair 1 produces a 546 kb band in miR-193KO animals while primer pair 2 produces a 

roughly 500 kb band in miR-193 WT animals. The presence of two bands, as resolved on a 2% 

agarose gel, indicates heterozygosity (Fig S4). miR-193b-5p -/- [KO] mice, heterozygotes +/- [Het], 

or +/+ wild types (WT) litter mates were randomized (random number generator) to receive LPS 

(15 mg/kg body weight), or equal volume saline, intraperitoneally followed by fluid resuscitation, as 

previously described. Outcome measures for microRNA mouse deficient experiments were 7-day 



survival or 48 hour assessment of lung edema using Evans Blue Dye permeability assay (as 

below) (12, 41). 

 

Table 2. Primer sequences for miR-193-365-1 locus. 

Primer Pair 1 5’- GCG AAT GAG ACC AGA AGG AAA CTG -3 

5’- GGG CTC ATT GTG TCG CGT AAG G -3’ 

Primer Pair 2 5’- AGA AGA GTG ATG GCA TCT CTG ACG -3’ 

5’- GGG CTC ATT GTG TCG CGT AAG G -3’ 

 

Evans Blue Permeability Assay 

Mice were anesthetized with 100 mg/kg body weight ketamine/xylazine mixture 8h post-

intratracheal instillations with LPS. 100 uL of 0.1% Evans blue dye solution was injected through 

the jugular vein. Sensorcaine was used as a local anesthetic at the incision site. Mice were placed 

on a heating pad and allowed to rest for 30min. Afterwards, 20 mL PBS was perfused through the 

right ventricle of the heart. Lungs were harvested, weighed, and placed in 1 mL formamide. The 

samples were incubated at 65oC for 24h to extract the dye from the lungs and then absorbance 

was measured at 620 nm. The amount of dye present was compared to a standard curve and 

normalized by weight of the tissue (44). 

Bronchoalveolar Lavage 

Bronchoalveolar lavage was performed on a subset of animals (21). The trachea was cannulated 

and lavaged with three 0.5 mL aliquots of 1X PBS. The collected volume was spun down to collect 

cells and the supernatant was stored at -80C for further analysis. Cell pellets were resuspended in 

100 uL PBS. Total cell counts were obtained by ViCell. BALf cells were spun down, fixed onto 

slides, and stained with haematoxylin and eosin (H&E). Slides were imaged using Olympus 

Upright BX50 microscope – 10 fields per slide were imaged. Macrophages and neutrophils were 



counted on all 10 fields to obtain differential cell counts. Total protein was measured in BALf 

supernatant by Bradford (Bio-Rad). IgM levels in BALf supernatant was measured by ELISA (E90-

101, Bethyl BioSciences). 

Lung Wet-to-Dry and Lung Injury Scores 

Lungs were harvested and cleaned of connective tissues. The lung weight was measured 

immediately after excision (wet weight). The lung tissue was then dried at 65C for 2 days and re-

weighed as dry weight. The wet weight was divided by the dry weight to obtain the wet-to-dry ratio. 

Lungs were inflated and submerged in 10% formalin, embedded in paraffin, and sectioned onto 

slides in 6um sections. Slides were stained with hematoxylin and eosin. Lung injury scores were 

determined by a blinded pathologist using 10 random fields. Lung injury was based on assignment 

of a score of 0 (no injury), 1 (less than 25% involved), 2 (25 – 50% involved), or 3 (more than 50% 

involved) based on the presence of alveolar fibrin/edema, alveolar hemorrhage, septal thickening, 

and cellular infiltration. Lung injury scores were presented as a composite of the four criteria. 

Immunohistochemistry  

HPMECs were fixed with ice cold methanol for 15 minutes at -20 deg. Samples were then blocked 

with 5% milk in PBS for 1h in room temperature. Samples were incubated with primary antibody for 

1hr at room temperature, followed by 1h incubation with secondary antibody. Coverslips were 

mounted with Dako mounting medium supplemented with DAPI. Immunofluorescent images were 

acquired on an Olympus IX81 spinning disc confocal microscope with a 20x/0.75 NA objective. 

Settings were kept constant between conditions and images were deconvolved using Volocity 6.3 

(PerkinElmer). 

Detection of Ocln was performed by DAB staining. Briefly, slides were deparaffinised by 

xylene incubation and hydrated with subsequent ethanol washes. Antigen retrieval was performed 

using hot citrate buffer (10 mM, pH 6). Slides were blocked with 10% bovine serum albumin (BSA) 



for 1h, washed, and then incubated with primary antibody (Ocln 1:50) overnight at 4oC. 

Endogenous peroxidase activity was blocked by incubating slides in 3% hydrogen peroxide before 

incubating with secondary antibody (anti-rabbit) for 1h at room temperature. Slides were 

developed with DAB substrate for 15 minutes and counterstained with hematoxylin.  

Pulmonary Mechanics 

Mice were anesthetized with ketamine/xylazine mixture and cannulated with a 20-gauge cannula. 

For measurement of in vivo airway responsiveness, mice were connected to FlexiVent (SciReq 

Inc., Montreal, QC). Respiratory mechanics was assessed using the linear first-order single 

compartment model, which provides resistance of the total respiratory system, as well as 

elastance, and compliance measurements.  

In vivo inhibition of miR-193b  

Male C57Bl/6J wild-type (WT) mice 8-12 weeks old (Jackson Laboratories) were randomized 

(random number generator) to receive miR-193b-5p inhibitor (INH), negative control (NC), or equal 

volume saline combined with transfection reagent (HPF). The lipid transfection reagent mixed with 

microRNA inhibitor (1.6 nmol) or control (1.6 nmol) was allowed to incubate for half an hour at 

room temperature (total volume of 40 uL). The oligonucleotide mixtures were co-administered 

intra-tracheally with LPS (10 mg/kg body weight) or equal volume saline up to a total volume of 60 

uL. Animals were anesthetized with inhaled isofluorane. The anterior part of the neck was cleared 

of fur and prepared with isopropanol and betadine. A small incision was made near the anterior 

aspect of the neck. The platysma and anterior tracheal muscles were bluntly dissected in order to 

visualize and access the rings of the trachea. Using a 31-gauge insulin syringe (BD Sciences), the 

LPS and oligonucleotide mixture were co-administered directly into the trachea. The surgical area 

was sutured and animals were allowed to recover in a bedding free cage. All animals received 

subcutaneous (s/c) fluid resuscitation with 50ml/kg saline and 0.2mg/kg Buprenorphine (Buprenex) 



for pain. Endpoints were measured at 8h post-instillation with the exception for measurement of 

pulmonary mechanics which were done at 24h post-instillation. 

In vivo Ocln Silencing 

MiR-193b deficient mice -/- (KO), heterozygotes +/- (Het), and wild-type +/+ (WT) litter mates were 

randomized as to receive HPF, LPS +/- siRNA against Ocln (3.2 nmol/mouse) or scrambled siRNA 

control (3.2 nm/mouse) via intra-tracheal instillation as described above. For siRNA delivery 

experiments, mice were sacrificed at 24 hrs and lungs collected and areas associated with the 

highest degree of gross pathological evidence of injury were excised and used for Ocln protein 

measurement. Whole lungs from separate animals were used for bronchoalveolar lavage as 

previously described (12).  

Human Samples 

Formalin-fixed, paraffin-embedded 8 um sections of lung autopsy samples from patients who died 

with ARDS, with or without histology-proven diffuse alveolar damage (DAD) were obtained from 

the Critical Care Department at the University Hospital of Getafe, Spain. RNA was isolated from 

the section slides using RecoverAll Total Nucleic Acid Isolation Kit for FFPE (Ambion, Life 

Technologies) per manufacturer's protocol. RNA was pooled from 3 - 5 slides to obtain sufficient 

amount. cDNA synthesis and qRT-PCR for miR-193b-5p were performed as described above. 

Statistics 

Mice were randomized to treatment groups using a random number generator. Observers 

assessing end-points were blinded to group assignment. Where appropriate Kolmogorov-Smirnov 

(K-S) test was used to demonstrate normal distribution (based on p-value ≥0.05 if the data follows 

normal distribution). Data for individual animals and independent experiments are presented as 

individual symbols. Non-parametric analysis is presented as median ± interquartile range (IQR and 

Dunn’s post hoc test was used to correct for multiple comparisons. Parametric data are presented 



as means ± standard deviation (SD) and corrected using Holm-Sidak test for multiple 

comparisons. 

 

Supplemental Figure 1: Identification of MSC-regulated microRNAs in septic mice. A) 

Schematic of experimental design. Archived biological samples collected from CLP or sham 

surgery mice treated with MSCs or placebo were used for mRNA and microRNA profiling.  B) 

Experimental design. Microarrays (Ilumina) and microRNAs (Exiqon) were profiled as per 

manufacture’s instructions and overlap between differentially expressed mRNAs and microRNAs 

used to select candidate mRNA:miRNA pairs for further functional validation. C) Heat map of 

microRNAs and their matching mRNA targets differententially expressed in CLP + placebo vs. 

CLP + MSC conditions. Top 10 biological functional enrichment categories are shown. By 

convention, red is up- while blue is down-regulated transcripts.  



 

Supplementary Figure 2. Real-time PCR results for miR-193b-5p A) and Ocln B) levels (n = 3 per 

group) in human pulmonary microvascular endothelial cells (HPMECs) transfected with a miR-

193b-5p mimic (MIM) and stimulated with TNF (10 ng/ml) for 24h. Bar graphs show FC over saline 

control, normalized to miR-191 and GAPDH for miR-193b-5p and Ocln, respectively. Data are 

presented as means ± SEM (*** p ≤ 0.001; Kruskal-Wallis). Representative immunofluorescence 

staining for Ocln (red, C and D) and vWF (green, D) in HPMECs transfected with miR-193b-5p 

mimic (MIM) or inhibitor (INH) and stimulated with or without TNF (10 ng/ml). E) 

Immunocytochemistry reversing antibodies so that Ocln (green) and vWF (red) can clearly be 

visualized in the perimeter of the cell after treatment with TNF (10 ng/ml for 24h) in cells 



transfected with the miR-193b-5p inhibitor compared to the NC. F) Representative western blot 

showing Ocln protein expression in HPMECs transfected with miR-193b-5p mimic (N=2).  

 

Supplemental Figure 3: Luciferase activity assay using housekeeping gene ACTB and random 

non-targeting vector R01 constructs with TNF (10ng/mL) treatment and miR-193b-5p 

overexpression (MIM, A) or inhibition (INH, B). Data represented as means ± SD. 

 

Supplementary Figure 4: Sample genotyping results using both primer pairs 1 and 2 (shown in 

Table 2) in the same PCR reaction. Primer pair 1 produces a 546 kb band in miR-193b -/- animals 



while primer pair 2 produces a band at approximately 500 kb in miR-193b +/+ animals. The 

presence of two bands, as resolved on a 2% agarose gel, indicates heterozygosity. 

 

 

 

 

 

 

 

 

 


