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Extracellular vesicle-transmitted miR-671-5p
alleviates lung inflammation and injury
by regulating the AAK1/NF-kB axis
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Mesenchymal stem cells regulate remote intercellular signaling
communication via their secreted extracellular vesicles. Here,
we report that menstrual blood-derived stem cells alleviate
acute lung inflammation and injury via their extracellular
vesicle-transmitted miR-671-5p. Disruption of this abundantly
expressed miR-671-5p dramatically reduced the ameliorative
effect of extracellular vesicles released by menstrual blood-
derived stem cells on lipopolysaccharide (LPS)-induced
pulmonary inflammatory injury. Mechanistically, miR-671-
5p directly targets the kinase AAK1 for post-transcriptional
degradation. AAK]1 is found to positively regulate the activa-
tion of nuclear factor kB (NF-kB) signaling by controlling
the stability of the inhibitory protein IxBo. This study iden-
tifies a potential molecular basis of how extracellular vesicles
derived from mesenchymal stem cells improve pulmonary in-
flammatory injury and highlights the functional importance
of the miR-671-5p/AAK]1 axis in the progression of pulmonary
inflammatory diseases. More importantly, this study provides a
promising cell-based approach for the treatment of pulmonary
inflammatory disorders through an extracellular vesicle-depen-
dent pathway.

INTRODUCTION

Acute lung injury (ALI), or its clinical manifestation, acute respira-
tory distress syndrome (ARDS), is an acute and serious inflammatory
lung injury with high morbidity and mortality as well as development
of multiple organ dysfunction syndrome (MODS)." Multiple inflam-
matory mediators and effectors in cells are involved in this process,
which shows cascade inflammation, resulting in acute hypoxic respi-
ratory failure. The major manifestations of refractory hypoxemia and
respiratory distress are life threatening. With the ongoing global co-
ronavirus disease 2019 (COVID-19) pandemic, there is a parallel
rise in the prevalence of ARDS. Clinical outcomes suggest that the
mortality rate in COVID-19-associated ARDS is much higher.”™*
More importantly, crucial advances in pathophysiology and treat-
ment have been made, but there is still no effective pharmacotherapy
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based on repairing damaged lung tissues for ALL Therefore, develop-
ment of new approaches for the clinical treatment of acute lung
inflammation and injury is urgently needed.

Cell therapies using mesenchymal stem cells (MSCs) have emerged
for treating various untreatable disorders because of their character-
istic of multipotent differentiation, capability to replace damaged cells
and tissues and paracrine effects, as well as low immunogenicity.”
MSCs, derived from multiple sources, can secrete a variety of vascular
and tissue cell growth factors to promote the recovery and reconstruc-
tion of damaged vascular and alveolar tissues, which can rapidly and
significantly improve the prognosis of patients and effectively avoid
cytokine storm, providing a new idea for the clinical treatment of
ALL®” To date, numerous clinical trials have been targeting ARDS
or COVID-19 worldwide, suggesting that MSC transplantation
significantly improves lung injury and inflammation in clinical set-
tings.*” Growing evidence indicates that, in addition to soluble fac-
tors, extracellular vesicles (EVs) released by MSCs, acting as vehicles
for the cross-talk between cells, may critically facilitate immunoregu-
lation, tissue repair and regeneration, as well as inhibition of excessive
inflammatory response.'’'* EVs, including exosomes and microve-
sicles, are released by all cell types and contain cell-type-specific
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Figure 1. MenSC-EVs, as well as their parent cells, significantly improve LPS-induced ALI mice by i.t. transplantation
(A) Similar to the effect of MenSCs, MenSC-EVs administration dramatically improves ALI in mice, as demonstrated by histological analysis. Lung sections harvested from
mice on day 4 post LPS stimulation (4 mg/kg) were subjected to H&E staining. Scale bar, 200 um. (B) Decreased accumulation of pulmonary macrophages in mice subjected
to MenSCs or MenSC-EVs treatment was detected by CD68 IHC staining of lung sections. The mice were sacrificed on day 4 after LPS stimulation (4 mg/kg). Scale bar,
200 um. (C) Relative MRNA expression of proinflammatory factors in lungs of mice administered MenSCs, MenSC-EVs, or NHLF-EVs in the presence of LPS (4 mg/kg) was
detected by gRT-PCR assay. PBS was used as a negative control. (D) Total protein concentration in BALF isolated from mice treated with MenSCs, MenSC-EVs, or NHLF-
EVs was measured by BCA to examine the changes in pulmonary vascular and epithelial permeability. The mice were sacrificed on day 4 after LPS stimulation (4 mg/kg).
(E and F) WBC counts (E) and MPO activity (F) in BALF isolated from mice treated with MenSCs, MenSC-EVs, or NHLF-EVs was measured to examine the effect of MenSCs or
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and selectively packaged proteins, mRNAs, and small RNAs that are
transported stably in circulation and taken up by recipient cells in a
process believed to be nonrandom, and delivery of these bioactive
molecules may cause functional changes in recipient cells.'>'* There-
fore, MSC-EVs would be one of the most compelling alternatives for
cell-free therapy because of their lower risk of allogenic immune
rejection, accessible preservation, and higher stability than their
parent cells.

MicroRNAs (miRNAs), a class of small non-coding RNAs ~22 nt
in length, have been newly identified as critical mediators in
modulating diverse inflammatory pathological processes, such as
tumorigenesis,”> pulmonary inflammation,'®™®
deficiency diseases.'” ' Previous studies have shown that extracel-
lular miRNAs can be secreted and transmitted to specific effector
cells in an EV-dependent manner for functional modulation, pri-
marily through regulating posttranscriptional gene expression.*”
For example, adipose tissue macrophage-derived exosomes, a crucial
component of EVs, can deliver mediator miRNAs to modulate sys-
temic insulin responses through posttranscriptional regulation of
PPARY.” Another study also showed bone marrow (BM)-MSC-
secreted exosomal miR-182 could be transferred to macrophages
by an EV-mediated pathway, promoting M2-oriented polarization
to alleviate myocardial ischemia-reperfusion injury by targeting
Toll-like receptor 4 (TLR4) degradation.23 AAK1 (AP2-associated
kinase 1), a known CME (Clathrin-mediated endocytosis) enhancer,
has been suggested to play a pivotal role in facilitating rabies and
hepatitis C virus infection.”>*> Furthermore, its blockers are being
studied as promising therapeutic candidates to disrupt the entry
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
into target cells,”®*® but its intrinsic regulatory mechanism should
be investigated more deeply. Numerous inflammatory signaling
pathways participate in acute lung inflammation and injury, among
which nuclear factor kB (NF-kB) signaling is widely accepted as a
leading contributing factor.

and some immuno-

Here, we identify that miR-671-5p is required for menstrual blood-
derived stem cells (MenSC)-EV-mediated improvement of pulmo-
nary inflammatory injury using the LPS-induced ALI model.
miR-671-5p-deficient MenSC-EVs, compared with wild-type
MenSC-released EVs, substantially reduced the protective effects on
acute lung inflammation and injury, indicating a central role of
miR-671-5p in MenSC-based therapy of pulmonary inflammatory
disorders. More interestingly, miR-671-5p could directly target the
kinase AAK]1 for posttranscriptional degradation, and AAKI is a crit-
ical activator of the inflammatory response. Hence, miR-671-5p/
AAKI might be the key cascade responsible for the therapeutic effect
of MenSC-EVs on lung inflammation and injury. This study provides

new insight into the underlying molecular basis by which MSCs regu-
late pulmonary inflammatory disorders through their anti-inflamma-
tory properties.

RESULTS

MenSCs, as well as their secreted EVs, dramatically alleviate
LPS-induced ALI by intratracheal transplantation

It is well known that MSC-based improvement of multiple inflamma-
tory disorders majorly depends on their paracrine action.”’>* Thus,
we proposed that MenSC-derived EVs, known to mediate intercel-
lular communication via carrying critical regulators, such as miRNAs
and some other protein factors, are likely to participate in MenSC-
based inhibition of pulmonary inflammatory injury. To test this
hypothesis, we first isolated the primary MenSCs according to a stan-
dard protocol, as shown in Figure S1A, following characterization by
morphology and flow cytometry analysis (Figures S1B and S1C). Sub-
sequently, the EVs released by MenSCs were collected using a step-
wise ultracentrifugation procedure, as shown in Figure S2A. We
then verified the specificity of EVs in light of the guidelines from
the International Society for Extracellular Vesicles (ISEV).** Trans-
mission electron microscopy (TEM) combined with nanoparticle
flow cytometry (NanoFCM) analysis showed vesicles 50-150 nm in
diameter with the classical saucer shape for these MenSC-isolated
EVs (Figures S2B and S2C). Moreover, the characteristics of
MenSC-EVs were further confirmed by western blot analysis (Fig-
ure S2D). To define the regulatory role of MenSCs and MenSC-EV's
in pulmonary inflammatory injury, we intratracheally instilled
MenSCs or MenSC-EVs into mouse lungs challenged with lipopoly-
saccharide (LPS) and assessed the effect of MenSCs and their released
EVs on LPS-induced ALI Notably, hematoxylin and eosin (H&E)
and anti-CD68 immunohistochemistry (IHC) staining showed strik-
ing histological improvements of LPS-triggered pulmonary inflam-
matory injury after MenSCs or MenSC-EV's administration, as shown
by alleviated alveolar congestion and neutrophil influx, thickened
alveolar septa, and edema, as well as decreased alveolar macrophage
infiltration (Figures 1A and 1B).

Moreover, we further measured the expression of inflammatory fac-
tors in the lungs of mice and found that the expression of inflamma-
tory factors, including interleukin 1 beta (IL-1), IL-6, tumor necrosis
factor alpha (TNF-a), monocyte chemoattractant protein 1 (MCP-1),
interferon gamma (IFN-v), matrix metalloproteinase 9 (MMP-9),
and granulocyte-macrophage colony stimulating factor (GM-CSF),
were notably attenuated (Figure 1C). To further confirm the thera-
peutic role of MenSCs and MenSC-EVs in ALIL we extracted bron-
choalveolar lavage fluid (BALF) from LPS-treated mice with or
without MenSCs/MenSC-EVs administration and found that, com-
pared with either vehicle control PBS or negative control normal

MenSC-EVs on the influx of inflammatory cells. The mice were sacrificed on day 4 after LPS stimulation (4 mg/kg). (G and H) The effect of MenSCs or MenSC-EVs on
production of the proinflammatory cytokines IL-1p (G) and IL-6 (H) in BALF from mice treated with MenSCs, MenSC-EVs, or NHLF-EVs. The mice were sacrificed on day 4
after LPS stimulation (4 mg/kg). n = 5 per group (C-H); data are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 versus the injury group;
#p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001 versus the NHLF-EVs group. All p values in this figure were obtained by one-way ANOVA. NHLF, normal human
lung fibroblasts; BALF, bronchoalveolar lavage fluid; WBC, white blood cell; MPO, myeloperoxidase; BCA, bicinchoninic acid.
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human lung fibroblast (NHLF)-EVs treatment, MenSCs and MenSC-
EVs administration markedly reduced the alveolar protein perme-
ability (Figure 1D). Consistent with this, this inhibitory role of
MenSCs and MenSC-EVs in acute lung inflammation was further
validated by the marked decline of white blood cell (WBC) counts
and the activity of myeloperoxidase (MPO; a surrogate for neutrophil
infiltration) in BALF from MenSC/MenSC-EV-treated mice relative
to either PBS- or NHLF-EV-treated mice (Figures 1E and 1F). Simi-
larly, secretion of proinflammatory cytokines, including IL-1p and
IL-6, was also greatly impeded after MenSCs/MenSC-EV's adminis-
tration, as measured by ELISA (Figures 1G and 1H).

Additionally, we performed high-throughput mRNA sequencing
analysis to observe the MenSC/MenSC-EV-triggered changes in
RNA expression profiles in the lungs of mice at the genomic level
(Figure 2A). Consistent with the above finding, multiple biological
processes associated with inflammatory injury response were func-
tionally involved in the MenSC/MenSC-EV-mediated improvement
of pulmonary inflammatory injury (Figure 2B). In line with this,
the expression of the vast majority of regulators, particularly inflam-
matory factors, in the lungs of mice was significantly decreased upon
MenSCs or MenSC-EVs treatment (Figure 2C). Overall, these find-
ings strongly support that MenSC-released EVs have a similar inhib-
itory effect on acute lung inflammation and injury as MenSCs.

miR-671-5p is required for MenSC-EV-based improvement of
ALI

Many studies have shown that EVs carry miRNAs as critical regula-
tors responsible for EV-mediated remote communications between
effector cells during the progression of acute lung inflammation
and injury.” Therefore, we speculated that suppression of ALI by
MenSC-EVs might depend on specific miRNAs carried by EVs. To
prove this notion, we established miRNA profiles of MenSC-EV's us-
ing a small RNA microarray approach. Intriguingly, some miRNAs
were identified, among which we further analyzed the top 25 miRNAs
that were most abundantly expressed in MenSC-EVs (Figure S3A).
Strikingly, miR-671-5p and miR-32-3p showed high sequence con-
servation among different species (Figure S3B). More importantly,
quantitative PCR analysis exhibited a significant increase in expres-
sion of miR-671-5p (Figure 3A) but not miR-32-3p (Figure S3C) in
the presence of LPS induction. This inflammatory injury-responsive
change in miR-671-5p expression indicates a potential role in
regulating acute lung inflammation and injury. More interestingly,
the significant increase in expression of endogenous miR-671-5p in
response to inflammatory injury suggests a possible compensatory
mechanism to limit the progression of ALL>® Hence, we asked
whether the miR-671-5p carried by MenSC-EVs could be transferred
into lung epithelial cells through an EV-dependent pathway, thereby
preventing the progression of pulmonary inflammatory injury.

To verify this hypothesis, the collected MenSC-EVs labeled by the
fluorescent dye 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO)
were incubated with BEAS-2B cells to examine whether the EV's could
be uptaken by pulmonary epithelial cells. As shown in Figure 3B, a
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large amount of MenSC-EV's was observed after incubation 12 h later.
To further verify whether miR-671-5p could be delivered to the
effector cells by these transmitted MenSC-EVs, we transfected the
exogenously synthesized miR-671-5p mimic into MenSCs for subse-
quent in vitro incubation with BEAS-2B cells using a Transwell sys-
tem. Notably, miR-671-5p-overexpressing MenSCs (Figure S3D),
but not the scrambled control, showed efficient miR-671-5p trans-
mission to BEAS-2B cells (Figure 3C). However, these transmitted
miR-671-5p were abolished when the MenSCs were exposed to
GW4869 (Figure 3C), a specific inhibitor for EVs, suggesting an
EV-dependent manner for miR-671-5p transmission between
MenSCs and BEAS-2B  cells. indicate that the
MenSC-released miR-671-5p could be transferred into lung epithelial
cells in an EV-dependent pathway for remote intercellular

Our results

communication.

To verify whether MenSC-EV-transmitted miR-671-5p could help
limit the progression of ALIL, we first produced a lentivirus expressing
a sponge competitively inhibit miR-671-5p and then transduced into
MenSCs to deplete the endogenous miR-671-5p stably,”” then
collected the miR-671-5p-deficient MenSC-EVs, as well as empty
vector-treated control MenSC-EVs, for subsequent intratracheal
instillation into lungs of mice injured by LPS. Interestingly, miR-
671-5p-deficient MenSC-EVs, rather than the control MenSC-EVs,
showed failure to improve LPS-induced acute lung inflammation,
as demonstrated by histological analysis (Figures 3D and 3E) and
molecular assay (Figure 3F). To confirm abolishment of the beneficial
effect from MenSC-EVs because of miR-671-5p deficiency, we ex-
tracted BALF from mice treated with miR-671-5p-deficient
MenSC-EVs or control MenSC-EVs and measured the effects of
these MenSC-EVs on pulmonary endothelial permeability and
inflammation. Consistently, mice administered miR-671-5p-deficient
MenSC-EVs presented higher total protein concentration, WBC
counts, MPO activity, and proinflammatory cytokines compared
with the control MenSC-EVs treatment (Figures 3G-3K). Altogether,
these collective findings suggest a requirement of miR-671-5p for
MenSC-EV-based improvement of acute lung inflammation and

injury.

miR-671-5p negatively regulates acute lung inflammation and
injury

The requirement of miR-671-5p in MenSC-EV-mediated improve-
ment of pulmonary inflammatory injury prompted us to investigate
the intrinsic capacity of miR-671-5p to regulate acute lung inflamma-
tion and injury. Using intratracheal instillation, we constructed an ad-
eno-associated virus (AAV) vector carrying a sponge to deplete the
endogenous miR-671-5p in vivo. The histological analysis indicated
that miR-671-5p disruption significantly enhanced neutrophil infil-
tration, septal thickening, alveolar edema, and macrophage inflam-
matory infiltration (Figures 4A and 4B). In line with it, the levels of
inflammatory factors in miR-671-5p-depleted lungs of mice were
much higher than that in the empty vector-treated lungs of control
mice (Figure 4C), which was consistent with the in vitro observations
that miR-671-5p destruction crucially augmented the production of
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Figure 2. Comprehensive analysis of genes and pathways involved in MenSCs and MenSC-EVs treatment based on mRNA high-throughput sequencing
(A) Volcano plot of RNA-seq transcriptome data displaying the pattern of the gene expression profile in the lungs of mice with or without MenSCs or MenSC-EVs treatment.
The mice were sacrificed on day 4 post LPS stimulation (4 mg/kg). Red and blue dots indicate significantly up- or down-regulated genes, respectively. p < 0.05, llog,FCI > 1.
(B) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis showing the inflammatory pathways involved in MenSC-based improvement of ALI. Total RNAs
isolated from the lungs of mice with or without MenSCs or MenSC-EVs treatment in the presence of LPS stimulation (4 mg/kg) were subjected to RNA-seq analysis. (C)
Representative heatmap of key factors involved in regulation of the inflammatory response based on the above mRNA-seq data. Red, relatively up-regulated expression;
blue, relatively down-regulated expression. Each column represents one individual sample, and each row represents one single gene. n = 3 per group. DEG, differentially
expressed gene. FC: fold change.
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Figure 3. The improvement of ALI by MenSC-EVs depends on miR-671-5p transmitted by an EV-dependent pathway

(A) gRT-PCR analysis showing a robust elevation in miR-671-5p expression in the lungs of mice subjected to LPS stimulation (4 mg/kg). (B) Uptake assay showing the transfer
of DiO-labeled MenSC-EVs into BEAS-2B cells. The MenSC-EVs were pre-labeled with DiO for 15 min before incubation with BEAS-2B cells. (C) miR-671-5p is transferred
from MenSC-EVs to pulmonary epithelial cells by an EV-dependent pathway. MenSCs overexpressing the miR-671-5p mimic were pre-treated with GW4869 (10 uM) or a
vehicle control for 24 h and then incubated with BEAS-2B cells in a Transwell plate. (D and E) Depletion of miR-671-5p in MenSCs reduced the therapeutic effect of MenSC-
EVs on AL, as detected by H&E staining (D) and CD68 IHC staining (E) of lung sections from mice administered EVs isolated from MenSCs stably expressing a sponge
depleting miR-671-5p or an empty vector control. The mice were sacrificed on day 4 after LPS stimulation (4 mg/kg). Scale bar, 200 um. (F) The relative mRNA levels of
proinflammatory cytokines in lungs of mice administrated EVs isolated from MenSCs stably expressing a sponge depleting miR-671-5p or an empty vector control were
measured by gRT-PCR. (G-K) Total protein concentration (G), WBC counts (H), MPO activity (), and production of the proinflammatory factors IL-18 (J) and IL-6 (K) in BALF
from mice administered EVs isolated from MenSCs stably expressing a sponge depleting miR-671-5p or an empty vector control were measured to determine the effect
of miR-671-5p deficiency on EV-mediated amelioration of ALI. n = 3 per group (C); data are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ***p < 0.0001;
p value was calculated by one-way ANOVA compared with the MenSCs-NC + BEAS-2B group. #p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001, p value was
calculated by Student’s ttest. n = 5 per group (A and F-K); data are presented as mean + SD. *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001; all p values in this figure
were obtained by Student’s t test. NC, negative control; mimic, miR-671-5p-mimic; def, deficient.
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Figure 4. miR-671-5p negatively regulates acute lung inflammation and injury

(A) The effect of miR-671-5p depletion on ALI, as assayed by H&E staining of lung sections from mice with or without AAV-mediated miR-671-5p knockdown. The mice were
treated with LPS (4 mg/kg) or a vehicle control after 3 weeks of AAV infection. Scale bar, 200 um. (B) The effect of AAV-mediated miR-671-5p depletion on the accumulation
of pulmonary macrophages, as detected by CD68 IHC staining of lung sections from mice with or without AAV-mediated miR-671-5p knockdown. Scale bar, 200 um. (C) The
effect of AAV-mediated miR-671-5p depletion on the expression of proinflammatory factors in the lungs of mice treated with or without LPS, as determined by gRT-PCR
assay. (D-H) Total protein concentration (D), WBC counts (E), MPO activity (F), and production of the proinflammatory factors IL-18 (G) and IL-6 (H) in BALF from mice with or
without miR-671-5p depletion were detected to examine the influence of miR-671-5p on pulmonary inflammatory injury. The mice were treated with LPS (4 mg/kg) or a
vehicle control after 3 weeks of AAV infection. (I-K) Lung tissues isolated from mice receiving the AAV-expressing miR-671-5p sponge or an empty vector control were
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these proinflammatory factors in primary AT2 and BEAS-2B cells
with or without LPS stimulation (Figures S4A and S4B). Moreover,
we also assessed BALF from lungs with or without miR-671-5p
destruction and found that, similar to the histological observations,
the total protein concentration, WBC counts, MPO activity, as well
as production of inflammatory factors in BALF from mice with
miR-671-5p depletion were markedly induced in the presence or
absence of LPS induction (Figures 4D-4H). These results strongly
support the crucial inhibitory role of miR-671-5p in acute lung
inflammation and injury.

To further validate the significant inhibition of pulmonary inflamma-
tory injury conferred by miR-671-5p at the molecular level, we per-
formed high-throughput mRNA sequencing analysis of lungs of
mice with or without miR-671-5p depletion (Figure 4I). Unsurpris-
ingly, most inflammatory cytokines and chemokines, including
CCL3, CCL6, CCL9, IL-1B, and IL-10, were markedly augmented un-
der miR-671-5p inhibition (Figure 4K). Furthermore, enrichment
analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways demonstrated that miR-671-5p was tightly linked to classic
inflammatory pathways such as NF-kB, mitogen-activated protein ki-
nase (MAPK), TLR, and phosphatidylinositol 3-kinase (PI3K)-Akt
signaling pathways (Figure 4]). These molecular studies were consis-
tent with the in vivo observations described above, highlighting the
critical inhibitory function of miR-671-5p during the progression of
acute lung inflammation and injury.

miR-671-5p alleviates pulmonary inflammatory injury through
posttranscriptional regulation of AAK1

To explore the precise molecular mechanism by which miR-671-5p
negatively regulates acute lung inflammation and injury, we em-
ployed predictor tools to identify the downstream targets of miR-
671-5p. Interestingly, “TargetScan” and “miRDB,” two widely used
predictors for miRNAs, identified AAK1 as a potential candidate.
Of note, AAK1 has been reported previously to positively regulate
the inflammatory response, indicating that AAK1 is likely to be the
key downstream target by which miR-671-5p modulates lung inflam-
mation and injury. Further analysis by the predictors helped us define
two strong seed regions within the 3’ UTR of AAK1 mRNA (Fig-
ure S5B). Moreover, sequence alignment showed high conservation
of AAK1 among different species (Figure S5C). A significant negative
correlation between AAK1 and miR-671-5p RNA expression upon
inflammatory injury triggered by LPS was also observed by quantita-
tive PCR analysis (Figures 3A and 5A). More importantly, AAV-
mediated miR-671-5p depletion greatly enhanced AAK1 mRNA
expression in vivo (Figure 5B), and lentivirus-mediated miR-671-5p
overexpression strongly inhibited AAK1 mRNA levels in BEAS-2B
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and AT2 cells (Figure S4C). These findings raised a possibility that
AAK1 might be the downstream effector protein in miR-671-5p-
mediated suppression of pulmonary inflammatory injury. To prove
this notion, we first generated an SV40 promoter-driven luciferase re-
porter carrying a synthesized AAK1 3’ UTR DNA fragment with or
without the seed site mutation (i.e., AAK1-3' UTR-wild type [WT]
and AAK1-3' UTR-mutant [Mut]) (Figures S5A and S5B), and
then evaluated luciferase activity in the presence or absence of miR-
671-5p overexpression to ascertain whether AAKI is a direct target
of miR-671-5p. As predicted, miR-671-5p overexpression critically
blocked the activity of the luciferase reporter carrying the WT
AAK1 seed region, while the mutated AAK1 seed region-containing
reporter showed significant resistance to the inhibitory effect of
miR-671-5p (Figures 5C and S5D). Additionally, the sponge for
miR-671-5p remarkably impeded miR-671-5p overexpression-trig-
gered downregulation of AAK1 luciferase activity (Figures 5C and
S5D). These collective findings suggest that AAKI is a direct down-
stream target of miR-671-5p.

We next sought to characterize the functional involvement of AAK1
in acute lung inflammation and injury. Histological assays demon-
strated that AAV-based AAKI depletion strongly impeded LPS-
induced neutrophil infiltration, septal thickening, alveolar edema,
and macrophage inflammatory infiltration, as detected by H&E stain-
ing and anti-CD68 IHC staining analysis (Figures 5E and 5F). In line
with this, AAK1 disruption dramatically restrained the expression
levels of the proinflammatory factors because of LPS induction in
the lungs of mice in vivo (Figures 5D and 5G) as well as in primary
AT2 and BEAS-2B cells in vitro (Figures S5E and S5F). To further
ascertain the inhibitory role of AAK1 in acute pulmonary inflamma-
tory injury, we extracted BALF from mice infected with AAV-
expressing AAK1 short hairpin RNA (shRNA) or scrambled control
and analyzed the alveolar permeability and inflammation. As ex-
pected, BALF from mice infected with AAK1 shRNA showed lower
levels of total protein concentration, WBC counts, MPO activity,
and proinflammatory factor secretion compared with the control
group after LPS stimulation (Figures 5H-5L). These observations
demonstrate that miR-671-5p negatively regulates pulmonary in-
flammatory injury, at least partially, through posttranscriptional
regulation of AAKI.

AAK1 disruption rescues the reduced ameliorative effect of
MenSC-EVs on ALI caused by miR-671-5p deficiency
Considering the positive regulation of lung inflammation and
injury by AAK1, a direct target of miR-671-5p, as evidenced above,
we asked whether AAKI is required for miR-671-5p-mediated
improvement of pulmonary inflammatory injury. To test this

subjected to high-throughput mRNA sequencing analysis to detect the effect of miR-671-5p depletion on downstream gene expression profiles and signaling pathways. A
representative graph shows the up- or down-regulated genes (), a KEGG enrichment analysis shows the downstream pathways regulated by miR-671-5p (J), and a
representative heatmap shows the expression changes of the indicated factors (K). n = 4 per group (C), n = 5 per group (D-H); data are presented as mean + SD. *p < 0.05,
**p<0.01, **p <0.001, and ***p < 0.0001 compared with the AAV-vector (Vec) + PBS group; ns, not significant, #p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001
for comparisons between the indicated groups. A Student’s t test and one-way ANOVA were used to compare two groups and multiple groups. n = 3 per group (-K). AAV,

adeno-associated virus.
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Figure 5. AAK1, a direct target of miR-671-5p, positively regulates lung inflammation and injury in LPS-induced ALI mice

(A) gRT-PCR analysis of lung tissues from mice treated with or without LPS (4 mg/kg), showing the markedly declined AAK1 RNA level in response to LPS induction. (B) gRT-
PCR analysis showing the effect of AAV-mediated miR-671-5p depletion on AAK1 expression in lung tissues of mice subjected to 3 weeks of AAV infection. (C) Dual-
luciferase reporter assay showing that AAK1 is a direct target of miR-671-5p. The seed region (nt 685-692) within the 3' UTR of AAK1 or its Mut form was cloned into an SV40
promoter-driven luciferase reporter. (D) gRT-PCR analysis showing the AAV-mediated knockdown efficiency of AAK1 shRNA in lung tissues of mice receiving 3 weeks of
AAV-shAAK1 infection. (E and F) AAV-mediated AAK1 disruption alleviates LPS-induced pulmonary inflammatory injury. Mice administered the AAV-expressing AAKT shRNA
or amock control were subjected to histological analysis after LPS or PBS treatment. Shown are H&E staining analysis (E) and CD68 IHC histological analysis (F). Scale bar,
200 um. (G) The effect of AAV-mediated AAKT shRNA knockdown on expression of inflammatory mediators in lungs of mice injured with LPS (4 mg/kg) or a vehicle PBS

(legend continued on next page)
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hypothesis, AAV-expressing AAK1 shRNA was first instilled intra-
tracheally into the lungs of mice, followed by additional control
MenSC-EVs or miR-671-5p-deficient MenSC-EVs administration
to prove whether AAKI is a crucial downstream target for miR-
671-5p-modulated alleviation of ALI (Figure 6A). Strikingly, AAK1
disruption led to almost total abrogation of miR-671-5p deficiency-
induced inflammatory injury, as shown by H&E and anti-CD68
IHC staining (Figures 6B and 6C). Consistent with this, AAK1 deple-
tion profoundly attenuated the increased expression of inflammatory
factors in lung tissues induced by miR-671-5p-deficient MenSC-EVs
treatment (Figure 6D). The requirement of AAK1 in miR-671-5p
mediated pulmonary inflammatory injury was further confirmed by
the BALF results, as shown by the significantly alleviated total protein
concentration, WBC counts, MPO activity, and proinflammatory fac-
tor production in BALF from mice with AAK1 and miR-671-5p dou-
ble depletion compared with that from mice with only miR-671-5p
depletion (Figures 6E-6I). Altogether, these collective findings led
us to conclude that AAKI is indispensable in regulating acute lung
inflammation and injury by miR-671-5p.

AAK1 regulates the activity of NF-kB signaling

The significance of the miR-671-5p/AAK]1 axis in pulmonary inflam-
matory injury prompted us to investigate the underlying molecular
mechanism by which AAKI triggers activation of inflammatory
injury. According to the mRNA sequencing data in Figure 4], the
NEF-kB signaling pathway regulates pulmonary inflammatory injury
by miR-671-5p. Therefore, we speculate that, as a downstream target
of miR-671-5p, AAKI might be a crucial upstream regulator respon-
sible for activating NF-kB signaling. To examine this, we first per-
formed immunoblot analysis to determine the effects of AAK1 on
the stability of p65 or IkBa, a critical inhibitory protein of NF-kB.
Notably, AAK1 knockdown led to a marked decrease in IkBo. degra-
dation, whereas the p65 level did not appear to be influenced
(Figure 7A). Next, we performed p65 affinity purification from cells
expressing the exogenous FLAG-tagged p65 and then quantified the
phosphorylation level of p65 with or without AAK1 knockdown, us-
ing a phospho-specific antibody targeting p65 S536 phosphorylation
that is well known to activate NF-kB signaling. We found that knock-
ing down AAKI1 strongly attenuated the S536 phosphorylation of p65
(Figure 7B). Consistent with this, acetylation of p65 at the K310 site,
widely accepted as another modification to trigger NF-kB activation,
showed a marked decrease after AAK1 depletion (Figure 7B). To
further confirm the inhibitory effect on NF-kB signaling activation
conferred by AAKI depletion, we performed a ubiquitination assay
and found that AAK1 disruption significantly prevented ubiquitin-
mediated IkBa degradation (Figure 7C). In addition, we also con-
structed an AAK1-overexpressing vector to verify the positive regula-
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tion of NF-kB signaling by AAK1. Immunoblot analysis showed an
obvious increase in ubiquitin-mediated IkBo degradation after
AAK1 overexpression (Figures 7D and 7F), which is consistent
with the increased p65 S536 phosphorylation and K310 acetylation
caused by the highly expressed AAK1 level (Figure 7E). In summary,
these observations suggest that AAK1 positively regulates NF-«kB
signaling activity.

miR-671-5p has a significant negative correlation with AAK1 in
pulmonary inflammatory disease

The functional importance of the miR-671-5p/AAK]1 axis in pulmo-
nary inflammatory injury promoted us to study its clinical relevance.
For this purpose, we collected injured pulmonary samples paired with
corresponding adjacent normal samples from patients with orga-
nizing pneumonia and then determined their expression changes
after an inflammatory injury. Notably, a FISH assay indicated that
the expression of miR-671-5p was greatly decreased in the lesion
areas of lungs from patients with organizing pneumonia compared
with the corresponding normal areas (Figure 8A). Additionally,
similar results were verified by quantitative PCR analysis (Figure 8B).
In contrast, as determined by quantitative PCR analysis, the AAK1
expression levels were correspondingly increased in the lesion areas
relative to the normal control areas (Figure 8C). This significant nega-
tive correlation between miR-671-5p and AAKI in pulmonary in-
flammatory disease is consistent with the observations obtained
from in vivo mouse models showing that LPS induction strongly
induced miR-671-5p levels in the lungs of mice but dampened
AAK1 expression. Clinical studies and mouse pulmonary inflamma-
tory models demonstrate that miR-671-5p has a significant negative
correlation with AAK1 in pulmonary inflammatory disorders.

DISCUSSION

Uncontrolled inflammation is the main cause of high mortality in
individuals with ARDS and COVID-19, and molecularly targeted
therapies that minimize pulmonary inflammation and injury could
improve clinical outcomes. Studies from other groups in animal
models and human patients of acute lung inflammation and injury
have proven that administration of MSC-EVs duplicated the bene-
ficial protection of their parent MSCs.*>*** However, a complete
understanding of the mechanisms of the therapeutic potential of
MSC-EVs in acute lung inflammation and injury remains an
important gap in our knowledge. The data collected in this study
may offer new convincing theoretical evidence for MenSC-EVs
as a promising strategy to ameliorate inflammation and injury in
acute lung inflammatory disorders, especially the emerging human
infectious disease COVID-19, which is similar to the LPS-induced
ALI model with consistent pathological characteristics.'>*' Our

control. The mice were injured with LPS 3 weeks after AAV infection. (H-L) Total protein concentration (H), WBC counts (I), MPO activity (J), as well as production of the
proinflammatory factors IL-1B (K) and IL-6 (L) in BALF from mice with or without AAK1 disruption were detected to examine the influence of AAK1 disruption on pulmonary
inflammatory injury. The lungs of mice were treated with LPS (4 mg/kg) or a vehicle PBS control after 3 weeks of AAV infection. n = 5 per group (A and H-L), n = 4 per group
(B, D, and G), and n = 3 (C); data are presented as mean + SD. “p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001 compared with the AAV-Vec + PBS group; #p < 0.05,
##p < 0.01, ###p < 0.001, and ####p < 0.0001 for comparisons between the indicated groups. A Student’s t test and one-way ANOVA were used to compare two groups

and multiple groups. WT, wild type; Mut, mutant; sponge, miR-671-5p-sponge.
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Figure 6. Disruption of AAK1 reverses the reduced protective effect of MenSC-EVs on ALI caused by miR-671-5p deficiency

(A) Schematic showing the detailed procedure for the combined AAV-shAAK1 and MenSC-EVs treatment mouse model study; created with BioRender. (B and C)
Representative H&E (B) and CD68 IHC (C) staining of lung sections from mice administered the combined EVs isolated from MenSCs stably expressing a sponge depleting
miR-671-5p or an empty Vec control and AAK1 shRNA or a mock control. The mice were sacrificed on day 4 after LPS stimulation (4 mg/kg). Scale bar, 200 um. (D) gRT-PCR
analysis of inflammatory mediator expression levels in lungs of mice treated with the combined EVs isolated from MenSCs stably expressing a sponge depleting miR-671-5p
or an empty Vec control and AAK1 shRNA or a mock control. The mice were sacrificed on day 4 after LPS stimulation (4 mg/kg). (E-) Total protein concentration (E), WBC
counts (F), MPO activity (G), and production of the proinflammatory factors IL-18 (H) and IL-6 (I) in BALF from mice administered the combined EVs isolated from MenSCs
stably expressing a sponge depleting miR-671-5p or an empty Vec control and AAK1 shRNA or a mock control. The mice were sacrificed on day 4 after LPS stimulation
(4 mg/kg). n =5 per group; data are presented as mean + SD. *p < 0.05, **p < 0.01, **p < 0.001, and “***p < 0.0001 compared with the AAV-Vec + MenSC-EVs

treatment group. One-way ANOVA was used to obtain all p values in this figure.

study provides first-hand evidence of the potential molecular In the present study, we strongly demonstrated that human

mechanism by which MenSC-EVs improve acute lung inflamma- ~ MenSCs were a good source of EVs for ALI protection in cell-free
tion and injury through transmitting miR-671-5p in an EV-depen-  therapy. Our findings, using the LPS-induced ALI mouse model,
dent manner. suggested that MenSC-EVs and their parent MenSCs had a similar
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Figure 7. AAK1 activates the NF-«B signaling pathway by controlling IkBa stability

(A) Immunoblot analysis of IkBa and p65 expression in total lysates of BEAS-2B cells transfected with AAK1T siRNA or an NC in the presence or absence of LPS (100 ng/mL,

24 h). (B) Immunoblot analysis of p65 S536 phosphorylation (pho) and K310 acetylation (ac) levels in the immunoprecipitates from BEAS-2B cells transduced with a lentivirus
expressing AAK1 shRNA or the shGFP control by anti-p65 immunoprecipitation. The knockdown efficiency of AAK1 in total lysates of BEAS-2B cells is shown on the right. (C)
Immunoblot analysis of IkBe ubiquitination in total lysates of HEK293T cells expressing the indicated combinations of FLAG-tagged IkBa, HA-tagged ubiquitin, and AAK1

shRNA or the shGFP control. The cells were treated with MG-132 (20 uM, 4 h) before collection. (D) Immunoblot analysis of [kBe and p65 expression in total lysates of BEAS-
2B cells transduced with a lentivirus expressing FLAG-tagged AAK1 or an empty Vec control in the presence or absence of LPS (100 ng/mL, 24 h). (E) Immunoblot analysis of
p65 S536 phosphorylation and K310 acetylation levels in the immunoprecipitates from BEAS-2B cells transduced with a lentivirus overexpressing AAK1 or an empty Vec
control by anti-p65 immunoprecipitation. AAK1 reintroduction in BEAS-2B cells was verified by immunoblot analysis of the total lysates (bottom panel). (F) Immunoblot
analysis of IkBe. ubiquitination in total lysates of HEK293T cells expressing the indicated combinations of FLAG-tagged IkBa, Myc-tagged ubiquitin, and HA-tagged AAK1 or

empty Vec. The cells were treated with MG-132 (20 uM, 4 h) before collection.

therapeutic potency in vivo. Notably, compared with the LPS-
injured model group, MenSC- and MenSC-EV-administered groups
showed an obvious resistance to major histocompatibility complex
(MHC) expression (Figure 2C), as reflected by the enriched Graft
versus Host Disease (GVHD) pathway (Figure 2B). Hence,
MenSC-based transplantation is a beneficial strategy for the
treatment of pulmonary inflammatory disorders largely due to their
low immunogenicity.

More studies have shown that EVs can participate in remote cellular
functional regulation by transmitting specific miRNAs to recipient
cells.***” We established the miRNA profiles of MenSC-EVs for
high-throughput microarray analysis. Combined with the compensa-
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tory increase in endogenous miR-671-5p in response to ALI, the
abundantly expressed miR-671-5p, which is highly conserved among
different species in MenSC-EVs, was identified as a central regulator
for MenSC-EV-mediated improvement of acute lung inflammation
and injury. More importantly, depletion of miR-671-5p in MenSCs
substantially reduced the therapeutic effect of MenSC-EVs on acute
lung inflammation and injury, consistent with functional studies
showing that miR-671-5p disruption profoundly triggers activation
of multiple inflammatory signaling pathways, as evidenced by
mRNA sequencing analysis. Additionally, our in vitro investigations
showed that miR-671-5p could be transmitted into epithelial cells
in lung tissues, such as BEAS-2B cells, in an EV-dependent manner.
Thus, MenSC-EV-mediated miR-671-5p delivery to lung tissue
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Figure 8. miR-671-5p has a significant negative correlation with AAK1 in pulmonary inflammatory disease

(A) Representative images of lung sections from lesion areas or corresponding adjacent normal areas of 2 different patients with organizing pneumonia, showing the
expression levels of miR-671-5p, as determined by FISH assay. Scale bar, 200 um. (B and C) gRT-PCR analysis of miR-671-5p (B) and AAK1 (C) expression in inflammatory
lesion areas or corresponding adjacent normal areas of lung tissues from 5 different patients with organizing pneumonia. n = 3 (B and C), representing 3 pairs of samples from
one individual patient; data are presented as mean + SD. *p < 0.05, **p < 0.01, and ***p < 0.001 for comparisons between the indicated groups. All p values in this figure were

obtained by Student’s t test.

should be an effective strategy for mitigating LPS or other pathogen-
induced pulmonary inflammation and injury.

Despite some evidence showing engagement of miR-671-5p in modu-
lating pulmonary inflammatory injury,”® the underlying molecular
basis of how miR-671-5p impedes lung inflammation and injury
has not been illustrated until now. The current study identifies the ki-
nase AAK1 as a direct target of miR-671-5p. Of importance, AAK1
depletion rescues the reduced therapeutic effect of MenSC-EVs on
pulmonary inflammatory injury caused by miR-671-5p deficiency,
suggesting that AAKI is likely to be a central downstream effector
protein in miR-671-5p-mediated improvement of acute lung inflam-
mation and injury. AAK1 was previously known as a crucial regulator
responsible for CME of the virus, including SARS-CoV-2,>*2%#>>0
However, the intrinsic regulatory role of AAK1 in signal transduction

remains poorly understood. Here we characterize AAK1 as a vital
activator of NF-«kB signaling. AAK1 destruction dramatically
impaired ubiquitin-mediated IxBa. degradation, blocking activation
of NF-kB signaling. These observations suggest another regulatory
role of AAKI in viral or bacterial infection-induced pulmonary in-
flammatory disorders. Besides regulation of endocytosis to facilitate
virus infection, as previously illustrated, AAKI1 activates acute lung
inflammation and injury, perhaps more importantly, through modu-
lating its downstream inflammatory signaling, particularly NF-«kB
signaling. Additionally, a significant negative correlation between
miR-671-5p and AAK1 was also observed in clinical organizing pneu-
monia, highlighting the critical regulatory function of the miR-671-
5p/AAKI axis in clinical pulmonary inflammatory diseases. More
interestingly, the inflammatory injury in clinical samples of orga-
nizing pneumonia and lungs of mice injured by LPS shows opposite
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changes in expression of miR-671-5p, which indicates a rapid
compensatory mechanism to limit the progression of pulmonary
inflammatory injury in response to LPS stimulation. In the LPS-
induced mouse model, miR-671-5p was rapidly increased in response
to this acute pulmonary inflammation. This regulatory pattern pro-
vides a compensatory manner to immediately acquire enough miR-
671-5p to improve the pulmonary inflammatory injury. However,
for clinical patients with organizing pneumonia, it might involve a
long-term regulatory pattern for chronic inflammatory injury. Dur-
ing the development of organizing pneumonia, miR-671-5p becomes
unstable and gradually loses its inhibitory function on pulmonary
inflammation, consequently leading to dysregulation of this inflam-
matory disorder. We propose that this might be the major reason
that led to the distinct regulatory patterns in response to acute or
chronic pulmonary inflammatory injury. In summary, our study pro-
vides strong evidence showing the functional importance of the miR-
671-5p/AAK1 axis in MSC-based improvement of pulmonary in-
flammatory injury, and targeting the miR-671-5p/AAKI axis might
be a good strategy for MSC-based therapy of pulmonary inflamma-
tory disorders in the future.

MATERIALS AND METHODS

MenSCs culture and MenSC-EVs isolation

MenSCs were obtained from healthy young female individuals (aged
25-35) and provided by the Zhongyuan Stem Cell Research Institute
of the Xinxiang High Tech Zone. The third to fifth passages of
MenSCs were cultured for subsequent experiments. MenSCs were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
USA) with 10% Fetal Bovine Serum (FBS, Gibco, USA) and 1% peni-
cillin-streptomycin (Corning, USA) at 37°C in a humidified 5% CO,
incubator. When MenSCs were cultured to 70%-80% confluency,
they were ready for further use. MenSCs were identified with a human
MSC analysis kit (562245, BD Biosciences, USA) by flow cytometry
analysis. EVs were obtained from the supernatants of MenSCs or
NHLF (CC-2512, Lonza, Switzerland) culture over 48 h in DMEM
with 10% EV-depleted FBS or fibroblast basal medium (FBM; CC-
3131, Lonza, Switzerland) with 2% EV-depleted FBS, which was
also obtained by ultracentrifugation (100,000 x g for 18 h at 4°C),
conforming to MISEV2018.>* To isolate the EVs, cell-free condi-
tioned medium was obtained by differential ultracentrifugation
(XPN-100, Beckman Coulter, USA), which followed previously pro-
tocols,’! as shown in Figure S2A. The isolated MenSC-EV's were char-
acterized by TEM (HT-7700, Hitachi, Japan) and nanoparticle flow
cytometry (N30E, NanoFCM, China), and surface markers of EVs,
including CD9 (20597-1-AP, Proteintech, China), CD63 (25682-1-
AP, Proteintech, China), CD81 (27855-1-AP, Proteintech, China),
and Alix (21718, Cell Signaling Technology, USA), were identified
by western blot. The harvested MenSCs, MenSC-EVs, and NHLE-
EVs were resuspended in PBS for subsequent animal study.

Intratracheal administration of MenSCs or MenSC-EVs for the
LPS-induced ALI mouse model

This study was performed following approval from the Ethics Com-
mittee of Xinxiang Medical University. All animal experiments were
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implemented according to the guide for the care and use of laboratory
animals. Male BALB/c mice (aged 8-10 weeks), purchased from
Charles River Laboratories (Beijing, China; license SCXK [Beijing]
2021-0006) and housed in a facility with 12-h light/dark cycles under
pathogen-free conditions, were used in all animal experiments. For
MenSCs and MenSC-EVs administration, mice were pretreated
with LPS (L2880, Sigma, Germany), followed by intratracheal admin-
istration of 50 pL MenSCs (1 x 10° cells) or MenSC-EVs (released by
1 x 10° MenSCs over 48 h) after 4-h LPS induction (4 mg/kg, intra-
tracheally [i.t.]). The same volume of PBS was used as a vehicle con-
trol, and NHLF-EVs were treated as a negative control of MenSC-EV's
group. The lung tissue or BALF was harvested on day 4 post LPS
administration. To avoid any influence of the BALF collection pro-
cedure on histology features, separate animal experiments were im-
plemented for BALF analysis.

Histological assays

For histological analysis, whole left lungs of mice were fixed in 4%
paraformaldehyde, embedded in paraffin, and sectioned at 4 pum.
The sections were then subjected to H&E staining and CD68
(GB113109, Servicebio, China) IHC staining. For IHC staining, tissue
slides were first baked at 60°C for 2 h, followed by deparaffinization
with xylene and rehydration through an ethanol gradient. The slides
were then subjected to antigen retrieval by heating at 95°C in citrate
buffer (10 mM sodium citrate [pH 6.0]) for 30 min and cooling down
to room temperature. After blocking endogenous peroxidase activity
and serum sealing, the sections were incubated with appropriate pri-
mary and secondary antibodies and then subjected to a DAB chromo-
genic reaction with a DAB color-developing solution. After nucleus
counterstaining and dehydration, images of tissue sections were
captured by using an inverted microscope.

RNA extraction and gRT-PCR

Total RNA from right mouse lungs, patient samples, or human cells
was extracted for downstream analysis by qRT-PCR and transcrip-
tome sequencing using the RNAsimple Total RNA Kit (DP419,
Tiangen, China) according to the manufacturer’s instructions. The
concentration and purity of the total RNA were evaluated by
NanoDrop 2000 (Thermo Scientific, USA). Reverse transcription
was performed with 1 pg of total RNA using a 5x All-In-One RT
Kit (G486, ABM, Canada). For the reverse transcription of miRNA,
a stem-loop-based method was conducted using a RevertAid First
Strand ¢cDNA Synthesis Kit (K1622, Thermo Scientific, USA) and
normalized to U6 small nuclear RNA (snRNA) for subsequent quan-
tification. All cDNA samples were frozen at —20°C until used.
BlasTaq 2X qPCR MasterMix (G891, ABM, Canada) was used for
qPCR. The relative changes of mRNA and miRNA were determined
by the 27*2" method and normalized to glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) and U6, respectively. The primer se-
quences used in the qPCR analysis are shown in Tables S1 and S2.

mRNA sequencing and miRNA microarray chip screening
The mRNA sequencing experiments for MenSCs/MenSC-EVs treat-
ment and AAV-mediated miR-671-5p-depletion in lungs of mice
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were performed by Genewiz (Suzhou, China) and Annoroad (Beijing,
China), respectively; the detailed experimental procedures and subse-
quent data analysis were conducted as described previously.”* The
raw data have been deposited in the Sequence Read Archive (SRA)
database with BioProject accession number PRJNA872906 (for the
MenSCs and MenSC-EVs treatment experiment in lungs of mice)
and PRJNA873792 (for the AAV-mediated miR-671-5p depletion
experiment in lungs of mice).

miRNA microarray chip screening experiments were performed by
OE Biotechnology (Shanghai, China). Total RNA was extracted
from MenSC-EVs derived from two different donors and then quan-
tified by Nanodrop 2000 (Thermo Scientific, USA). The RNA integ-
rity number (RIN) was assessed using Agilent Bioanalyzer 2100
(Agilent Technologies, USA). Sample labeling, microarray hybridiza-
tion, and washing were performed based on the manufacturer’s stan-
dard protocol. The abundance of miRNAs was normalized with the
quantile algorithm. The raw data of the expression profiles for miR-
NAs derived from MenSC-EVs are shown in Tables S5, S6, and S7
(data accessible at NCBI GEO database, assession GSE223537).

BALF collection and analysis

The lungs of mice were lavaged twice with 600 pL ice-cold PBS to
collect BALF, harvested around 1 mL net recovered BALF volume,
which was used for WBC counts and, subsequently, acellular content
measurements, such as total protein concentration, MPO, and in-
flammatory factor levels after centrifugation (6,000 rpm, 2 min,
4°C). The total protein level was analyzed with a bicinchoninic acid
(BCA) protein assay kit (P0010S) from Beyotime (Shanghai, China),
and the concentration of MPO (ab155458, Abcam, UK) and inflam-
matory factors IL-1f (88-7013-22, Invitrogen, USA) and IL-6 (88-
7064-22, Invitrogen, USA) were detected by ELISA following the
manufacturer’s instructions.

Cell culture and transfection

Two types of epithelial cells, the BEAS-2B cell line and AT2 primary
cells, were used for in vitro experiments, and HEK293T cells were
used for virus packaging. The BEAS-2B (CRL-9609) cell line, isolated
from normal human bronchial epithelium, and HEK293T (CRL-
3216) cells were purchased from the ATCC and cultured in DMEM
(HyClone, USA). The human primary type II alveolar epithelial cells
(AT2; HUM-iCELL-a002) were purchased from iCell Bioscience
(Shanghai, China) and cultured in DMEM/F12 (HyClone, USA).
All culture media were supplemented with 10% FBS (Gibco, USA)
and 1% penicillin-streptomycin (Corning, USA). For transfection,
HEK293T cells and BEAS-2B/AT2 cells were transfected with the
indicated plasmids or in vitro-synthesized small interfering RNAs
(siRNAs) and the miRNA mimic using LipoFiter 3.0 (HB-TRLF3-
1000, HanBio, China) or RNAFit (HB-RF-1000, HanBio, China) ac-
cording to the manufacturer’s instructions.

Plasmid construction and transient and stable RNAi knockdown
FLAG-AAKI and hemagglutinin (HA)-AAK1 were generated by
cloning complementary human DNAs into a pLentivirus-EF1a lenti-

viral vector. FLAG-p65, FLAG-IkBa, HA-ubiquitin (Ub), and Myc-
Ub were generated by cloning complementary human DNAs into a
pCMV6 vector. For stable miRNA manipulation or target gene
knockdown, a pHBLV-U6 lentiviral vector was used for miRNA
depletion, miRNA overexpression, and shRNA expression. Mean-
while, miR-671-5p-sponge and shRNA targeting AAK1 were respec-
tively cloned into a pHBAAV-U6 AAV vector and then used for sub-
sequent depletion of miR-671-5p and AAKI in the lung tissues of
mice. siAAK1 (siG000022848A, RiboBio, China) was purchased for
transient target gene silencing to knock down intracellular AAKI.
The sequences of RNAi are provided in Tables S3 and S4.

Lentivirus and AAV infection

For lentivirus infection, procedures were conducted as described pre-
viously.5 ? Briefly, preconstructed pLentivirus-miR-671-5p-sponge,
together with PMD2G and PsPaX2 plasmids, were co-transfected
into HEK293T cells to produce lentiviral particles, which were ready
for MenSCs and BEAS-2B/AT?2 cells infection for subsequent in vivo
and in vitro experiments, respectively. For AAV infection, the AAV6
system was used for stably silencing specific factors in the lungs of
mice. AAV-based core plasmids depleting the indicated factors,
such as miR-671-5p-sponge or shAAKI, together with pAAV-RC6
and pHelper plasmids, were co-transfected into HEK293T cells for
production of the AAV. The AAV was extracted 72 h after transfec-
tion using an AAVpro Purification Kit (6666, Takara, Japan) accord-
ing to the manufacturer’s instructions. The purified AAV was titrated
with an AAVpro Titration Kit (6233, Takara, Japan). After quantifi-
cation, the AAV (1 x 10" viral genomes (vg)/mL, 60 pL) was instilled
i.t. into the lungs of mice following LPS induction after 3 weeks for
further in vivo studies, and then all animal samples were harvested
4 days post PBS or LPS stimulation.

Dual-luciferase reporter assay

To detect whether AAK1 is a direct target gene for miR-671-5p, an
AAK1 3’ UTR with the normal miR-671-5p-binding site or a Mut
binding site was inserted into the psiCHECK-2 reporter vector. The
constructed reporter vectors (0.3 pg) were co-transfected with the
lentiviral plasmid (1.2 pg) of miR-671-5p or its negative control
into HEK293T cells and incubated for 48 h. Subsequently, cells
were harvested and lysed, and the luciferase activity was measured
with a Dual Luciferase Reporter Gene Assay Kit (RG028, Beyotime,
China) following the manufacturer’s manual.

Immunoprecipitation and ubiquitination assays

For immunoprecipitation, cells were lysed in a lysis buffer containing
50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, and
1 mM DTT, supplemented with protease and phosphatase inhibitor
cocktail. The cell lysates were immunoprecipitated by using anti-
DYKDDDDK magnetic beads. The immunoprecipitates were washed
four times with the lysis buffer and then subjected to immunoblot
analysis. Cells were lysed in a 1% SDS buffer containing Tris-HCl
(pH 7.5), 0.5 mM EDTA, 1 mM DTT for the ubiquitination assay.
After boiling for 10 min, the cell lysates were diluted 10-fold with
Tris-HCI buffer, centrifuged to remove debris, and subjected to

Molecular Therapy Vol. 31 No 5 May 2023 1379


http://www.moleculartherapy.org

immunoprecipitation with anti-DYKDDDDK magnetic beads. The
immunoprecipitates were washed four times with a lysis buffer con-
taining 0.1% SDS and then subjected to immunoblot analysis. The
following primary antibodies were used: anti-IkBo (10268-1-AP, Pro-
teintech, China), anti-p65 (10745-1-AP, Proteintech, China), anti-
pho-p65 (3033, Cell Signaling Technology, USA), anti-ac-p65
(3045, Cell Signaling Technology, USA), anti-AAK1 (79832, Cell
Signaling Technology, USA), anti-GAPDH (2118, Cell Signaling
Technology, USA), anti-FLAG (20543-1-AP, Proteintech, China),
anti-HA (51064-2-AP, Proteintech, China), and anti-Myc (16286-
1-AP, Proteintech, China). Anti-DYKDDDDK magnetic beads
(A36798) were purchased from Thermo Fisher Scientific (USA).

EVs uptake experiment

MenSC-EVs were labeled with DiO (C1038, Beyotime, China) at
5 uM final concentration for 15 min, washed in PBS, and then
collected by ultracentrifugation (100,000 x g for 30 min) at 4°C.
Finally, DiO-labeled EVs were resuspended in PBS. Furthermore,
DiO-labeled EVs were added to the culture medium of BEAS-2B cells
in a confocal dish. After 12 h, cells were fixed with 4% paraformalde-
hyde after washing three times with PBS, following cell nucleus
staining by Hoechst 33342 (B2261, Sigma, USA). Images were ob-
tained using a confocal microscope (SP8, Leica, Germany).

Co-culture assay

After transfection with the miR-671-5p mimic, MenSCs (1 x 10°/well)
were co-cultured with BEAS-2B cells at a ratio of 1:1 using a Transwell
plate (0.4 pm, Corning, USA) for 12 h, with BEAS-2B cells placed in the
lower chamber and MenSCs placed in the upper chamber. MenSCs
treated with mimic-NC were used in the control group. To inhibit
EVs secretion, MenSCs mimics were pretreated with GW4869
(6823-69-4, Selleck, China), an inhibitor of neutral sphingomyelinase,
at 10 pM for 24 h.*>** These MenSCs were used for co-culture with
BEAS-2B cells in medium containing GW4869 for another 12 h.

Patient samples

Lung specimens from the patients with organizing pneumonia were
obtained following research ethics board approval from Xinxiang
Medical University. As described above, samples isolated from lesion
areas and corresponding adjacent normal areas were subjected to
quantitative PCR analysis and FISH staining. The detailed clinical in-
formation of patients is shown in Table S8.

FISH assay

Briefly, the fixed paraffin-embedded lung tissue sections were first
baked at 60°C for 2 h, followed by deparaffinization in xylene and
rehydration through graded series of ethanol. After tissue permeabi-
lization within proteinase K (20 pg/mL) working solution, the slides
were subjected to hybridization using an antisense probe against has-
miR-671-5p labeled with Cy3 at a concentration of 500 nM in hybrid-
ization buffer and incubated at 42°C overnight, then incubated in the
signal probe hybridization solution at 40°C overnight for signal
amplification, followed by a rinse in 2x saline sodium citrate (SSC)
at 40°C. After nucleus counterstaining with DAPI, the tissue slides

1380 Molecular Therapy Vol. 31 No 5 May 2023

Molecular Therapy

were mounted for microscopic examination and photography. The
probe used in the FISH assay is shown in Table S9.

Statistical analysis

All statistical analysis was performed using GraphPad Prism 9.
Briefly, t tests and one-way ANOVA were used to compare two
groups and multiple groups. The distribution of all data was tested
for normality via a Shapiro-Wilk test, and a parametric or nonpara-
metric test was used for subsequent statistical analysis based on
whether the data were normally distributed or not. Data are pre-
sented as mean * SD. A Student’s t test was used for comparisons
to compare two groups with normal distribution, while a Mann-
Whitney test was used to compare ranks when the data did not
follow a normal distribution. For comparison among multiple
groups with normal distribution, data were analyzed by Brown-
Forsythe and Welch ANOVA tests following Tukey’s or Dunnett’s
T3 post hoc test, whereas a Kruskal-Wallis test with Dunn’s post
hoc correction was used for multiple comparisons with non-nor-
mally distributed variables. A p value of less than 0.05 was consid-
ered statistically significant. In the figure legends, n refers to the
number of samples or mice, not the number of replicate experi-
ments for the same sample or mouse.
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